
Genetic Diversity in Plants
Edited by Mahmut Çalışkan

Edited by Mahmut Çalışkan

Photo by HT-Pix / iStock

Genetic diversity is of fundamental importance in the continuity of a species as it 
provides the necessary adaptation to the prevailing biotic and abiotic environmental 

conditions, and enables change in the genetic composition to cope with changes in the 
environment. Genetic Diversity in Plants presents chapters revealing the magnitude 

of genetic variation existing in plant populations. The increasing availability of 
PCR-based molecular markers allows the detailed analyses and evaluation of genetic 

diversity in plants and also, the detection of genes influencing economically important 
traits. The purpose of the book is to provide a glimpse into the dynamic process of 
genetic variation by presenting the thoughts of scientists who are engaged in the 
generation of new ideas and techniques employed for the assessment of genetic 

diversity, often from very different perspectives. The book should prove useful to 
students, researchers, and experts in the area of conservation biology, genetic diversity, 

and molecular biology.

ISBN 978-953-51-0185-7

G
enetic D

iversity in Plants

 





 GENETIC DIVERSITY  
IN PLANTS 

 
Edited by Mahmut Çalişkan 

 
   

INTECHOPEN.COM



Genetic Diversity in Plants
http://dx.doi.org/10.5772/2640
Edited by Mahmut Çalışkan

Contributors

Ibrahim Turna, Zeki Yahyaoglu, Hakan Sevik, Aydin Uzun, Turgut Yesiloglu, Olawale Aliyu, Innocenzo Muzzalupo, 
Adriana Ada Ceverista Chiappetta, Enzo Perri, Sónia Gomes, Henrique Guedes-Pinto, Paula Martins-Lopes, Braulio 
Jorge Soto-Cerda, Sylvie Cloutier, Mathilde Causse, Guillaume Bauchet, Peter Osobase Aikpokpodion, Bryan Kindiger, 
Kadir Ugurtan Yilmaz, Kahraman Gurcan, Jin Quan Li, Peng Zhang, Héctor Silos-Espino, Flora San Juan Hernández, 
Olivio Hernández, Dario Silva Bautista, Alan Roy Macias Avila, Francisco Nieto Muñoz, Luis L. Valera Montero, Silvia 
Flores Benites, Luis Martín Macías Valdéz, Mario Leonel Quezada Parga, Tarsicio Cororna Torres, Clebia Maria Alves 
De Almeida, Alexandre Silva, Maria Tereza Correia, Luciane Resende, Marcia Silva, Guo Lu Liang, Qiao He, Weixing 
Wang, Qi Gao Guo, Su Qiong Xiang, Xiao Lin Li, Dagmar Janovská, Petra Hlásná Čepková, Mária Džunková, Steven 
Rogstad, Stephan Pelikan, Melanie Simkins, Yamini Kashimshetty, Dobrinka Kostadinova Atanasova, Nikolay Tsenov, 
Ivan Todorov, Charity Aremu, Elena V. Artyukova, Marina Kozyrenko, Olga Koren, Alla Kholina, Olga Nakonechnaya, 
Yuri Zhuravlev, Tran Thanh, Lai Van Lam, Le Thi Thuy Trang, Vu Van Truong, Le Mau Tuy, Huynh Bao Lam, Rosa Paula 
Cuevas, Melissa Fitzgerald, Ibrokhim Y. Abdurakhmonov, Danielle Silva, Danielle Cristina Gregório Do Silva Silva, 
Honglang Xiao, Xiaohua Wang, Xin Zhao, Caizhi Li, Juan Ren, Fang Wang, Lei Pang

© The Editor(s) and the Author(s) 2012
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2012 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Genetic Diversity in Plants
Edited by Mahmut Çalışkan

p. cm.

ISBN 978-953-51-0185-7

eBook (PDF) ISBN 978-953-51-4325-3



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,000+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Mahmut Çalışkan is a Professor of genetics and molec-
ular biology in the Department of Biology at Mustafa 
Kemal University in Turkey. He obtained his BSc at 
Middle East Technical University in Ankara, and in the 
same year was appointed as Research Assistant to the 
Biology Department of the same University. During his 
MSc study he was awarded a grant from the Turkish 

High Education Council to continue his MSc and PhD studies abroad. He 
attended the University of Leeds Department of Genetics in England for 
his PhD study, focusing on analysis of germin gene products. After he re-
ceived his PhD degree, he was appointed as Assistant Professor at Mustafa 
Kemal University, Hatay. In 2000 he obtained the title of Associate Profes-
sor in genetics from the Turkish High Education Council. Following five 
years of extensive research and lecturing he was appointed as Professor of 
Molecular Biology in 2006. Prof. Çalışkan was awarded for his postdoctor-
al research in England with grants from NATO and University. In addition 
to acting as a reviewer and advisor to numerous journals and grant award-
ing institutions, he has been involved in the establishment of the Biology 
Department at Mustafa Kemal University.



 



Contents 

Preface XIII 

Part 1 Molecular Approaches for the  
Assesment of Genetic Diversity 1 

Chapter 1 Isolation of High-Quality DNA  
from a Desert Plant Reaumuria soongorica 3 
Xiaohua Wang, Honglang Xiao, Xin Zhao, Caizhi Li,  
Juan Ren, Fang Wang and Lei Pang 

Chapter 2 Olive Tree Genetic Resources  
Characterization Through Molecular Markers 15 
Sónia Gomes, Paula Martins-Lopes and Henrique Guedes-Pinto 

Chapter 3 Association Mapping in Plant Genomes 29 
Braulio J. Soto-Cerda and Sylvie Cloutier 

Chapter 4 Fruit Germplasm Characterization: Genomics  
Approaches for the Valorisation of Genetic Diversity 55 
Innocenzo Muzzalupo, Enzo Perri and Adriana Chiappetta 

Chapter 5 Assessment and Utilization of the  
Genetic Diversity in Rice (Orysa sativa L.) 87 
Jin Quan Li and Peng Zhang 

Chapter 6 Genetic Diversity and Utilization of  
Triploid Loquats (E. japonica Lindl) 103 
Qiao He, Weixing Wang, Qigao Guo, Suqiong Xiang,  
Xiaolin Li and Guolu Liang 

Chapter 7 Genetic Diversity in Aechmea fulgens (Bromeliaceae: 
Bromelioideae) Revealed by Molecular Markers 117 
Clébia Maria Alves de Almeida, Alexandre Gomes da Silva,  
Maria Tereza dos Santos Correia, Luciane Vilela Resende  
and Márcia Vanusa da Silva 



X Contents

Part 2 Genetic Diversity Analysis 131 

Chapter 8 Genetic Diversity in Tomato  
(Solanum lycopersicum) and Its Wild Relatives 133 
Guillaume Bauchet and Mathilde Causse 

Chapter 9 Genetic Diversity of Nigerian Cashew Germplasm 163 
Olawale Mashood Aliyu 

Chapter 10 Defining Genetic Diversity in the Chocolate Tree,  
Theobroma cacao L. Grown in West and Central Africa 185 
Peter Osobase Aikpokpodion 

Chapter 11 Genetic Diversity in Citrus 213 
Aydin Uzun and Turgut Yesiloglu 

Chapter 12 Determination of Genetic Variation Between Populations of 
Abies nordmanniana subsp. bornmulleriana Mattf  
According to some Seed Characteristics 231 
Hakan Sevik, Zeki Yahyaoglu and Ibrahim Turna 

Chapter 13 Genetic Diversity in Apricot 249 
Kadir Ugurtan Yilmaz and Kahraman Gurcan 

Chapter 14 Sampling the Genetic Diversity of Tall  
Fescue Utilizing Gamete Selection 271 
Bryan Kindiger 

Chapter 15 Genetic Diversity of Rice Grain Quality 285 
Rosa Paula Cuevas and Melissa A. Fitzgerald 

Part 3 Conservation of Germplasms 311 

Chapter 16 Genetic Diversity in Gossypium genus 313 
Ibrokhim Y. Abdurakhmonov, Zabardast T. Buriev,  
Shukhrat E. Shermatov, Alisher A. Abdullaev, Khurshid Urmonov, 
Fakhriddin Kushanov, Sharof S. Egamberdiev, Umid Shapulatov, 
Abdusttor Abdukarimov, Sukumar Saha, Johnnie N. Jenkins,  
Russell J. Kohel, John Z. Yu, Alan E. Pepper, Siva P. Kumpatla
and Mauricio Ulloa 

Chapter 17 Exploring Statistical Tools in Measuring 
Genetic Diversity for Crop Improvement 339 
C. O. Aremu

Chapter 18 Living on the Edge: Various Modes of Persistence at  
the Range Margins of Some Far Eastern Species 349 
Elena Artyukova, Marina Kozyrenko, Olga Koren,  
Alla Kholina, Olga Nakonechnaya and Yuri Zhuravlev 



VI Contents

Part 2 Genetic Diversity Analysis 131

Chapter 8 Genetic Diversity in Tomato  
(Solanum lycopersicum) and Its Wild Relatives 133 
Guillaume Bauchet and Mathilde Causse

Chapter 9 Genetic Diversity of Nigerian Cashew Germplasm 163
Olawale Mashood Aliyu

Chapter 10 Defining Genetic Diversity in the Chocolate Tree, 
Theobroma cacao L. Grown in West and Central Africa 185 
Peter Osobase Aikpokpodion

Chapter 11 Genetic Diversity in Citrus 213
Aydin Uzun and Turgut Yesiloglu

Chapter 12 Determination of Genetic Variation Between Populations of 
Abies nordmanniana subsp. bornmulleriana Mattf 
According to some Seed Characteristics 231
Hakan Sevik, Zeki Yahyaoglu and Ibrahim Turna 

Chapter 13 Genetic Diversity in Apricot 249
Kadir Ugurtan Yilmaz and Kahraman Gurcan

Chapter 14 Sampling the Genetic Diversity of Tall  
Fescue Utilizing Gamete Selection 271 
Bryan Kindiger

Chapter 15 Genetic Diversity of Rice Grain Quality 285 
Rosa Paula Cuevas and Melissa A. Fitzgerald 

Part 3 Conservation of Germplasms 311 

Chapter 16 Genetic Diversity in Gossypium genus 313 
Ibrokhim Y. Abdurakhmonov, Zabardast T. Buriev,
Shukhrat E. Shermatov, Alisher A. Abdullaev, Khurshid Urmonov,
Fakhriddin Kushanov, Sharof S. Egamberdiev, Umid Shapulatov, 
Abdusttor Abdukarimov, Sukumar Saha, Johnnie N. Jenkins, 
Russell J. Kohel, John Z. Yu, Alan E. Pepper, Siva P. Kumpatla
and Mauricio Ulloa

Chapter 17 Exploring Statistical Tools in Measuring 
Genetic Diversity for Crop Improvement 339
C. O. Aremu

Chapter 18 Living on the Edge: Various Modes of Persistence at
the Range Margins of Some Far Eastern Species 349
Elena Artyukova, Marina Kozyrenko, Olga Koren,  
Alla Kholina, Olga Nakonechnaya and Yuri Zhuravlev 

Contents XI

Chapter 19 Founder Placement and Gene Dispersal 
Affect Population Growth and Genetic Diversity  
in Restoration Plantings of American Chestnut 375 
Yamini Kashimshetty, Melanie Simkins, Stephan Pelikan  
and Steven H. Rogstad 

Chapter 20 Genetic Structure and Diversity of Brazilian Tree 
Species from Forest Fragments and Riparian Woods 391 
Danielle Cristina Gregorio da Silva, Mayra Costa da Cruz Gallo  
de Carvalho, Cristiano Medri, Moacyr Eurípedes Medri,  
Claudete de Fátima Ruas, Eduardo Augusto Ruas  
and Paulo Maurício Ruas 

Chapter 21 A Brief Review of a Nearly Half a 
Century Wheat Quality Breeding in Bulgaria 413 
Dobrinka Atanasova, Nikolay Tsenov and Ivan Todorov 

Chapter 22 Hevea Germplasm in Vietnam: Conservation, 
Characterization, Evaluation and Utilization 433 
Lai Van Lam, Tran Thanh, Le Thi Thuy Trang, Vu Van Truong, 
Huynh Bao Lam and Le Mau Tuy 

Chapter 23 Characterisation of the Amaranth  
Genetic Resources in the Czech Gene Bank 457 
Dagmar Janovská, Petra Hlásná Čepková and Mária Džunková 

Chapter 24 Agronomic and Biotechnological 
Strategiesfor Breeding Cultivated Garlic in Mexico 479 
Héctor Silos Espino, Flora San Juan Hernández, Olivio Hernández 
Hernández, Darío Silva Bautista, Alan Roy Macías Ávila, Francisco 
Nieto Muñoz, Luis L. Valera Montero, Silvia Flores Benítez, Luis 
Martín Macías Valdez, Tarsicio Corona Torres, Mario Leonel 
Quezada Parga and Juan Florencio Gómez Leyva 





Preface 

Genetic diversity is the fundamental source of biodiversity. In 1989, the World Wildlife 
Fund defined biodiversity as “the richness of life on Earth – millions of plants, animals 
and microorganisms, including the genes which they carry, and complex ecosystems 
that create the environment”. Currently, the issue of maintaining genetic diversity as a 
component of the conservation of biodiversity has been accepted at an international 
level. FAO has included the issue of conservation, evaluation, and the use of animal 
genetic resources in its fields of interest since the 1970s. In this context, one of the main 
concerns of scientific research activities is conserving the genetic diversity of local 
breeds, especially those of economic interest. Genetic diversity among individuals 
reflects the presence of different alleles in the gene pool, and hence, different 
genotypes within populations. Genetic diversity should be distinguished from genetic 
variability, which describes the tendency of genetic traits found within populations to 
vary. There is a considerable genetic variability within or between natural populations. 
Population geneticists attempt to determine the extent of this variability by identifying 
the alleles at each locus and measuring their respective frequencies. This variability 
provides a genomic flexibility that can be used as a raw material for adaptation. On 
the other hand, one of the consequences of low genetic variability could be the 
inability to cope with abiotic and biotic stresses. From the growing knowledge on the 
genome sequences of organisms it becomes evident that all forms of diversity have 
their origin at genetic level. In this context, genetic diversity analysis provides vital 
and powerful data that helps for a better understanding of genetic variation and 
improved conservation strategies. 

Plants are a distinct kingdom of organisms that possess unique properties of 
reproduction, development, physiology, and adaptation. Plant diversity refers to the 
variety of plants that exist on the Earth. Plants, in order to survive, have to compete 
with other plants and organisms in an ecosystem. Over time, they have developed 
various characteristics to help them survive, which leads to plant diversity. It is 
essential to have regular assessments of the conservation status of all plant species, in 
order to prioritize those in need of conservation action and to provide a measure of the 
success of actions being taken. The improvement of cultivated plants considerably 
depends on the extent of genetic variability available within the species. The genetic 
variation that exists among plant populations is a basic requirement for efficient 



XIV Preface

development and improvement of such populations. It also indicates whether a 
population can withstand and live with changes in the environment, which are mostly 
altered in an unpredictable way. Molecular studies shed light on relationships and 
diversity among plant breeds. The extent and nature of genetic diversity of plants 
from all around the world has been investigated by typing DNA markers in a set of 
individuals belonging to several breeds. The most useful techniques for these studies 
have been micro-satellites, RFLP, RAPD, SSR, AFLP, SCAR and ISSR.  

The purpose of Plant Genetic Diversity is to provide a glimpse into the dynamic process 
of genetic variation by presenting the thoughts of some of the scientists who are 
engaged in the development of new tools and ideas used to reveal genetic variation, 
often from very different perspectives. I would like to express my deepest gratitude to 
all the Authors who contributed to this book by sharing their valuable works with us. 
This book should prove useful to students, researchers, and experts in the area of 
conservation biology, genetic diversity and molecular biology. The year 2010 has been 
celebrated as the international year of biodiversity by the United Nations and it has 
been a unique opportunity to realize the vital role that biodiversity plays in sustaining 
the life on Earth. Let us all wish much success to all projects and initiatives dealing 
with the conservation of diversity of  life because rich genetic resources are a 
prerequisite for future generations to be able to breed crop varieties and face new 
challenges. 

Prof. Dr. Mahmut Caliskan 
Mustafa Kemal University, Department of Biology 

 Hatay, Turkey 
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Isolation of High-Quality DNA from a  
Desert Plant Reaumuria soongorica 
Xiaohua Wang1, Honglang Xiao1, Xin Zhao2, Caizhi Li1,  

Juan Ren1, Fang Wang1 and Lei Pang1 

1Key Laboratory of Ecohydrology and of Inland River Basin  
Cold and Arid Regions Environmental and Engineering Research Institute  

Chinese Academy of Sciences, Lanzhou  
2Extreme Stress Resistance and Biotechnology Laboratory  

Cold and Arid Regions Environmental and Engineering Research Institute  
Chinese Academy of Sciences, Lanzhou   

PR China 

1. Introduction 
The desert plants, widely distributed in arid and semi-arid regions, have the significant 
ecological functions of combating desertification and maintenance of the ecosystem stability 
in the desert ecological system, and also have an irreplaceable role in restoration and 
reconstruction of vegetation in the sand. With the development of modern molecular 
biology, molecular markers analysis such as amplified fragment length polymorphism 
(AFLP), random amplified polymorphic DNA (RAPD), simple sequence repeat (ISSR), and 
especially full genome sequencing technique are widely used in the study of biological 
diversity, genetic transformation and the conservation of genetic resources of desert plants. 
The isolation of high molecular weight and high purity genomic DNA is a pre-requisite for 
these molecular techniques. Now there are many extraction methods of genomic DNA from 
biomaterials. The commonly employed DNA isolation methods involve the use of enzymes 
such as lysozyme and proteinase K (Lockhart et al., 1989), cetytrime-thylammonium 
bromice (CTAB) (Ghosh et al., 2009; Moyo et al., 2008; Khanuja et al., 1999; Novaes et al., 
2009; Singh et al., 2000) or sodium dodecyl sulfate (SDS) (Kaufman et al., 1999; Dellaporta et 
al., 1983) treatment and extraction with organic solvents, detergent-induced lysis in 
conjunction with proteinase K and lysozyme (Perera et al., 1994) or lysis using guanidinium 
isothiocyanate (GITC)-containing solutions (Boom et al., 1990; Noordhoek et al., 1995; 
Chakravorty & Tyagi, 2001),  among which, guanidinium thiocyanate has been shown to be 
a powerful agent in the purification of DNA because of its potential to lyse cells and its 
potential to inactivate nuclease (Boom et al., 1990; Chomczynski et al., 1987; Zeillinger et al., 
1993). However, high amounts of gummy polysaccharides, polyphenols and other various 
secondary metabolites such as alkaloids, flavonoids, terpenes and tannins in the desert 
plants usually hamper the DNA isolation procedures and reactions such as DNA restriction, 
amplification and cloning (Moyo et al., 2008; Khanuja et al., 1999; Pang et al., 2011; Zhang K., 
2011; Ji & Li, 2011). The main problems encountered in the isolation and purification of high 
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molecular weight DNA from plant species include degradation of DNA due to 
endonucleases and high levels of contaminants (polyphenols or polysaccharides) that co-
precipitate with DNA. Endonucleases released from the vacuoles during the cell lysis 
process, which are co-isolated with highly viscous polysaccharide, lead to the degradation 
of DNA and remarkably reduce the yield of extracted DNA (Khanuja et al., 1999. 
Polyphenols released from the vacuoles during the cell lysis process are oxidized by cellular 
oxidases and undergo irreversible interactions with nucleic acids causing browning of the 
DNA (Varma et al., 2007; Moyo et al., 2008; Khanuja et al., 1999; Porebski et al., 1997). The 
presence of gelling polysaccharides prevents complete dissolution of nucleic acids and 
imparts a viscous constituency to the DNA making it stick to the wells during gel 
electrophoresis (Barnell et al., 1998; Diadema et al., 2003; Varma et al., 2007). Furthermore, 
inhibitor compounds like residual polyphenols, polysaccharides and other secondary 
metabolites inhibit enzymatic reactions such as restriction endonuclease cleavage (Raina and 
Chandlee, 1996) or Taq DNA polymerase amplifications (Shioda and Murakami-Murofushi, 
1987; Tigst and Adams, 1992; Pandey et al., 1996) or ligase links (Moyo et al., 2008; Khanuja 
et al., 1999, Weishing et al., 1995). Thus, though several successful genomic DNA  
isolation protocols for high polyphenol and polysaccharide containing plant species have  
been developed, none of these are universally applicable to all plants (Varma et al., 2007),  
because qualitative and quantitative differences in the levels of polysaccharides, phenols 
and secondary metabolites in various plant tissues significantly alter the efficiency of  
nucleic acid extraction and purification procedures. Therefore researchers often modify a 
protocol or blend two or more different procedures to obtain DNA of the desired quality  
(Varma et al., 2007).  

Reaumuria soongorica (Pall.) Maxim, an extreme xeric semi-shrub of Tamaricaceae, is a 
constructive and dominant species of desert shrub vegetation (Liu et al. 1982; Wang et al., 
2011; Bai et al., 2008). It is distributed widely on a large area of sand wasteland (Fig. 1a) and 
saline land (Fig. 1b) in arid and semiarid regions of central Asia from the western Erdos, 
Alaskans, Hexi Corridor, Qaidam Basin to Tarim Basin and Jungar Basin (from the east to 
the west) and forms the vast and distinctive landscape of the salt desert (Liu and Liu, 1996). 
The distribution of R. soongorica in desert in northwestern China is shown in (Fig. 2) (Ma et 
al., 2007). It can inhabit on the alluvial plains of piedmont, hilly lands, eroded monadnocks, 
piedmont gravel mass, gravel alluvial fan and the Gobi. It is distributed on large span, wide 
range, and complex habitat where there are different climatic conditions among regions, 
especially with significantly different water conditions, such as the average annual rainfall 
in Lanzhou with 327.7 mm, Shapotou with 188.2 mm, and Ejina with 35.1 mm as it possesses 
the characteristics of drought resistance, salt tolerance, barrenness tolerance, and dune 
fixation. It is such a good candidate of desert plants that it is very significant for us to study 
its biological diversity and the mechanism of adverse environments resistance. However, 
the leaves of R. soongorica are evolved into the form of pellets suitable for arid environment, 
which are very hard in texture and contain high level of polysaccharides, polyphenols and 
secondary metabolites that co-precipitate with DNA, making DNA isolation difficult. 

A good isolation protocol should be simple, rapid and efficient, yielding appreciable levels 
of high quality DNA suitable for molecular analysis. Krizman et al. (2006) were of the 
opinion that, among other factors, the amount of plant sample extracted could be critical in 
keeping an extraction procedure robust. In the present study, our objective was to create an 
improved DNA extraction procedure amenable for the isolation of high quality DNA in the 
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desert plant R. soongorica. Four methods for extracting DNA were tested in this study and 
they included the TianGen Plant Genomic DNA Kit, the modified TianGen Plant Genomic 
DNA Kit, the modified CTAB-A method and the modified CTAB-B method herein 
promoted by us. The results showed that the modified CTAB-B method was a relatively 
quick and inexpensive method and it was the best method for extraction DNA from leaf 
materials containing large quantities of secondary metabolites. Furthermore, it was further 
tested that the modified CTAB-B method for isolating DNA from leaves of R. soongorica 
yields DNA in a quantity and quality suitable for PCR amplification, DNA marker analysis 
and restriction digestion.  

 
Fig. 1. The natural habitats of Reaumuria soongorica. a Populations of R. soongorica in sand 
wasteland or Go; b Populations of R. soongorica in saline land with a white visible salt on the 
ground 

 
Fig. 2. Distribution map of the study plant Reaumuria soongorica in northwest China (the 
triangle symbol indicates the major distribution area) 
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2. Materials and methods 
2.1 Plant materials 

Tender R. soongorica leaves were collected from Ejina in Mogo, China and snap-frozen in 
liquid nitrogen. The frozen leaves were transported in liquid nitrogen and stored at -80ºC 
upon reaching the laboratory. 

2.2 Equipments and solution preparation 

Mortars, pestles, glassware and plasticware was autoclaved prior to use. The CTAB 
extraction buffer was composed of 2.0% CTAB (High Purity grade, Amresco), 100 mM 
Tris-HCl (pH 8.0)) (Ultra pure grade, Amresco), 2 M NaCl (Biotechnology grade, 
Amresco), 25 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0) (High purity Grade 
Amresco) in 0.1% ultra pure water. The components in the extraction buffer were mixed 
and autoclaved. The 5% PVPP (Sigma P-6755) was added when the material was 
grounded and the 5% beta-mercaptoethanol (Biotechnology grade, Amresco) was added 
before DNA extraction. The final solution was warmed in a water bath to 65°C for use in 
DNA extraction. TE buffer was prepared with 10 mM Tris-HCl (pH 8,0) and 1.0 mM 
EDTA (pH 8.0). A phenol (pH 5.0)/chloroform /isoamyl alcohol mixture (25/24/1) 
(Biotechnology grade, Amresco) and a chloroform /isoamyl alcohol mixture (24/1) were 
prepared before use, and all other solutions including 3 M sodium acetate (NaAc) (pH 5.2) 
(Biotechnology grade, Amresco), 1 M NaCl, pre-cooled 75% ethanol were prepared with 
ultra pure water and autoclaved. DNase-Free RNase (Ultra pure grade) was purchased 
from Amresco Corporation. 

2.3 Grinding 

The frozen fresh samples were transferred into a mortar with liquid nitrogen and the 
ceramic pestle was pre-chilled for grinding. By providing liquid nitrogen as a cooling jacket, 
the samples were sprinkled with PVPP and ground vigorously to fine powder using the 
ceramic pestle. This  powder was used for the following extraction protocols of the CTAB 
methods. And the commercial DNA isolation kit was ground in liquid nitrogen free of 
adding to PVPP.  

2.4 DNA extraction 

For our modified CTAB method, the steps of this protocol was carried out as follows: 

1. The ground powder sample (100 mg) was transferred to 2 ml micro-centrifuge tubes 
filled with 700 µl of pre-warmed CTAB extraction buffer containing 35 µl β-
mercaptoethanol, following by incubation at 65°C for 30 min in a warm water bath. The 
mixture was regularly mixed three to four times by gently inversion during the 
incubation..  

2. 200 μl 3 mol/L sodium acetate (NaAc) (pH 5.2) was added to the incubated mixture and 
mixed gently by inversion and incubated on ice for 30 min. 

3. An equal volume of chloroform/isoamyl alcohol (24/1) was added to the homogenate 
and mixed thoroughly for 2 min, following by centrifugation at 12,000×g for 10 min at 
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room temperature. The upper aqueous phase was carefully collected from each sample 
without disturbing the interface. This step was repeated twice. 

4. 2.5 volumes of absolute ethanol was added to the recovered supernatant and 
precipitated 30 min at -20ºC. A precipitate formed at this stage and the mixture was 
centrifuged at 12,000×g for 10 min at 4°C. DNA pellet was recovered by decanting the 
supernatant. 

5. The crude nucleic pellet was dissolved in 1 ml of 1 M NaCl instead of dissolving it in 
Tris-EDTA (TE) buffer. The entire solution was transferred to a 2 ml microcentrifuge 
tube and treated with RNase at 37°C for 1 h. RNase contamination was removed by 
adding an equal volume of phenol (pH 5.0)/chloroform /isoamyl alcohol (25/24/1) 
and the aqueous phase was collected in a fresh microcentrifuge tube after centrifugation 
at 12,000×g for 5 min at room temperature.  

6. An equal volume of chloroform/isoamyl alcohol (24/1) was added and mixed 
thoroughly. The samples were centrifuged at 14,000×g for 5 min at room temperature 
and the top aqueous phase was transferred to a fresh tube.  

7. A double volume of absolute ethanol and 0.1 volumes of 3 M (pH 5.2) sodium acetate 
were added into the collected aqueous phase and were mixed gently by inversion. The 
samples were incubated at -80ºC for 30 min, followed by centrifugation at 12,000×g.  

8. The DNA pellet was washed with 75% ethanol, absolute ethanol, air-dried and finally 
the purified DNA pellet was dissolved in 100 μl of TE buffer. and stored at -20°C. 

Initial tests for DNA isolation from the leaves of R. soongorica were carried out with the 
modified CTAB-A method and the Plant Genomic DNA Kit (TIANGEN Biotech Co.,  
Ltd., Beijing). The modified CTAB-A method was modified based on the classical Doyle  
and Doyle (1987) method. The steps of the modified CTAB-A are similar to those of  
the CTAB-B method before step 4 (the precipitate of crude nucleic pellet). The main 
difference is that the crude nucleic pellet in CTAB-A method was solved in TE and extracted 
by chloroform/isoamyl alcohol (24/1) again instead of being treated with DNase-free 
RNase. Briefly, the crude nuclei pellet was dissolved in 500 µl of TE buffer, followed by  
the steps 3 and 4 of the CTAB-B method repeatedly. The protocols for the commercial  
DNA isolation kit was performed according to the manufacturer’ procedures on their 
website:http://www.tiangen.com/newEbiz1/EbizPortalFG/portal/html/ProductInfoExhi
bit.html?ProductInfoExhibit_ProductID=c373e923ec4bc4d68f7efc2e13bcb309&ProductInfoE
xhibit_isRefreshParent=false. The protocol of the modified TianGen Plant Genomic DNA Kit 
was based on those of the TianGen Plant Genomic DNA Kit with some slight modifications. 
The modifications were listed as follows: (1) The plant materials were ground free of liquid 
nitrogen, but were added to the cooled sterile mortar and ground with Gp1 buffer poured 
into the mortar. (2) The ground tissue was transferred to 2 ml micro-centrifuge tubes 
prepared a warm (65°C) Gp1extraction buffer, and then the 5% beta-mercaptoethanol and 10 
μl DNase-free RNase were added to the mixture immediately and mixed gently by 
inversion. The other steps are carried out by the instructions of the kit. For each method, 
three independent experiments were done, and three samples were prepared in each 
independent experiment. 

2.5 Testing the quality of the genomic DNA 

Three microliters of each genomic DNA sample is examined by electrophoresis and remnant 
DNA sample is stored at −70°C. Mixing 1 μl of 5× DNA loading buffer (TIANGEN Biotech 
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(Beijing) Co. Ltd.) with 3 μl of genomic DNA at room temperature for 1 min. Then the 
sample was loaded on 0.8% agarose formaldehyde denaturing gels stained with ethidium 
bromide (EtBr) (Biotechnology grade, Amresco), and run on gels in the 1× formaldehyde 
electrophoresis buffer at 5-7 V/cm.  

2.6 Assessment of the purity and the yield of the genomic DNA 

Two microliters of each genomic DNA sample was diluted into 200 μl of sterilized ultra 
pure water (pH 7.0). The absorbance of each diluted genomic DNA sample was evaluated at 
260 and 280 nm using a ND-2000C (Thermo, America). The yield of genomic DNA was 
calculated according to the formula: DNA yield = 50 × OD260 × dilution factor × volume of 
sample in milliliters/material weight (g). Measured the values at the wavelengths of 260, 
280 nm and 230 nm and calculated the ratios of A260/A280 and the A260/A230. 

2.7 ISSR amplification 

The DNAs isolation from different R. soongorica populations by our promoted CTAB-B 
protocol were used as template for inter simple repeat sequence primers (ISSR) 
amplification (Gajera et al., 2010). ISSR amplification reactions were performed in 20 μl 
reaction volume containing 1 μl gDNA template, 0.25 mmol/L of each dNTPs, 2.5 mmol/L 
MgCl2, 1×PCR buffer (10mmol/L Tris-HCl pH8.3, 5mmol/L KCl), 1 U Taq DNA 
polymerase and 0.5 mmol/L of UBC-807 primer (AGA GAG AGA GAG AGA GT). The 
amplification reaction were carried out on a thermocycler (Biometra) and programmed for 
an initial pre-denaturing at 94°C for 5 min, followed by 35 cycles of 1 min at 94°C 
(denaturation), 1 min at 48°C (annealing temperature), and 1.5 min at 72°C (extension) 
followed by a final extension step at 72°C for 10 min. Amplification products (5 μl) were 
electrophoresed in 1.5% agarose in 1× TBE buffer and stained with ethidium bromide.   

3. Results and discussion 
3.1 DNA isolation methodology 

Commercial DNA isolation kits are widely used for their single-step methods and the 
relatively short amount of time required (usually about 1-2 h). These kits have also proven 
effective for isolating DNA from common plants such as rice, barley and Arabidopsis. We 
first attempted to isolate DNA from the leaves of R. soongorica using three commercial DNA 
isolation kit: the Plant Genomic DNA Kit (TIANGEN Biotech Co., Ltd., Beijing) which is 
designed specifically to extract DNA from plant tissues rich in secondary metabolites. In our 
hands, this kit was not able to isolate any DNA from the leaves of R. soongorica (data not 
shown). Then, we carried out the improved kit method according to the suggestion of this 
company’ technical assistance employee, which yielded a small amount of DNA, but it was 
seriously contaminated (Fig. 3, lanes 1,2). The failure of the kit may be explained by the 
DNA likely formed a sticky, a glue-like gel in complex with these secondary metabolites and 
this could not be properly separated into two phases by centrifugation. 

During the course of the RNA isolation, none of the kits were able to isolate any RNA from 
the leaves of R. soongorica (Wang et al. 2011), so we did not try more other commercial DNA 
kits to isolate DNA, but attempted to use a improved CTAB method to extract DNA from 
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the leaves of R. soongorica. When we carried out the modified CTAB-A method based on the 
classical Doyle and Doyle (1987) method, which consistently resulted in significant RNA 
contamination of the DNA samples (Fig. 3, lanes 3,4 ). To remove RNA contaminants, 
additional purification steps must be performed, which not only reduce DNA yield but also 
increase the time required for DNA extraction.  

 
Fig. 3. Electrophoretic analysis of R. soongorica genomic DNA isolated using various 
extraction methods. The genomic DNA (3 μl) of each sample was loaded into the different 
well, and then was run on a 0.8% agarose gel stained with ethidium bromide in 1×TAE 
buffer. Marker indicates the Molecular weight marker – 1 kb DNA ladder. Lanes 1 and 2, the 
modified TianGen Plant Genomic DNA Kit; lanes 3 and 4, the modified CTAB-A method; 
lanes 5 and 6, our promoted CTAB-B method. As the TianGen Plant Genomic DNA Kit was 
able to isolate any DNA from the leaves, the photos were not shown in Fig. 3.  

The present study was motivated by the need for better methods of extracting sufficient 
quantities of high-quality DNA from plant tissue rich in secondary metabolites for use in 
molecular marker assays. The promoted CTAB-B protocol described here efficiently 
eliminates most of the interfering molecules, including polyphenols, polysaccharides,  
and proteins, and it yields translucent and water-soluble DNA pellets without  
RNA contamination. The main protocols made in this method were grounding PVPP 
together with the plant material, an increase in the volume of high salt extraction buffer, 
adding 3 mol/L sodium acetate (NaAc) in extraction buffer, dissolving the crude pellet in 1 
M NaCl followed by RNase treatment, the purification of acid phenol extraction (phenol: 
chloroform: isoamylal alcohol (PCI)=25:24:1) and the use of pre-cooled ethanol and sodium 
acetate in precipitation and all these modifications helped to remove the interference  
of secondary metabolites in the DNA isolation. PVPP was sprinkled directly onto the  
frozen fresh leaf tissue in the mortar and vigorously ground with the leaf tissue in the 
presence of liquid nitrogen, which can avoid the oxidation of released polyphenols into 
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quinines, which in turn bind to nucleic acids and hinder the isolation of high quality DNA. 
Increase in the volume of extraction buffer can completely break down the cell walls and 
make more nucleotide acid released resulted in increasing the yield of DNA isolation. 
Krizman et al. (2006) postulated that the plant tissue amount per volume of extraction buffer 
has an effect on DNA quality and yield. Since the extraction buffer is responsible for the 
lysis of membranes and liberation of DNA from cellular organelles (Weising et al., 2005), the 
smaller the quantity of plant tissue per unit volume, the more optimal the lysis process. 
Striking the correct balance between plant tissue amount and extraction buffer volume 
would reduce the probability of co-precipitation of contaminants with the DNA pellet as 
the saturation concentration during precipitation is less likely reached or exceeded 
(Krizman et al., 2006). During the extraction, 3 mol/L sodium acetate (NaAc) added 
combined with chloroform/isoamyl alcohol extraction can reduce markedly the co-
precipitation of polysaccharides with the nucleic acids and remove most proteins, 
polysaccharides, polyphenols and other impurities for the first time. The crude nucleic pellet 
was dissolved in 1 ml of 1 M NaCl instead of dissolving it in Tris-EDTA (TE), which ensured 
further reduction of viscosity of the mucilaginous substances (Chen and Chen, 2004; Ghosh 
et al., 2009). DNase-free RNase was added to crude DNA samples dissolved in1 ml of 1 M 
NaCl to completely clear residual RNA. After RNase treatment, the DNA solution requires 
purification with an acid-phenol: chloroform : isoamyl alcohol (25: 24: 1) extraction because 
small amounts of protein in DNA pellets and salts in the RNase reaction buffer and stop 
solution both influence downstream molecular procedures such as restriction endonuclease 
digestion, ISSR-PCR amplification and full the genomic sequencing. Thus, we used acid-
phenol to remove residual protein and the remaining salts after the RNase treatment. 
Finally, it is necessary to precipitate DNA simultaneously with sodium acetate (pH 5.2) and 
absolute ethanol which can completely remove the residual polysaccharides from the DNA 
sample resulted in increasing the yield of DNA isolated. 

3.2 Assessment of the quality and quantity of the total DNA 

The success of an DNA isolation protocol may be judged by the quality and quantity of 
DNA recovered. The quality of DNA was assessed by gel electrphoresis, spectrophotometry, 
restriction endonuclease digestion and PCR amplification. The mean yield of DNA extracted 
by our promoted method was approximately 60.29 ± 20.16 μg/100mg of fresh leaves, which 
was higher than that of the modified CTAB-A method (35.72 ± 15.41 μg/100mg) and the 
modified TianGen Plant Genomic DNA Kit (20.54 ± 8.43 μg/100mg) (Table 1). The DNA 
isolated by our promoted method also exhibited good purity. DNA absorbs UV light 
maximally at 260 nm, whereas protein absorbs at 280 nm and other contaminants including 
carbohydrates, phenol, and aromatic compounds generally absorb around 230 nm. 
Therefore, the A260/A280 and the A260/A230 ratios are often used as indicators of DNA 
sample purity. Generally, ratio values of A260/A280 in the range of 1.8–2.0 indicate high-
purity DNA; the ratio values of A260/A280 less than 1.8 indicate protein contamination in 
DNA samples; the ratio values of A260/A280 more than 2.0 indicate much RNA or many 
DNA fragments in DNA samples. With our method, the A260/A280 and A260/A230 ratios 
were 1.86 ± 0.16 and 1.92 ± 0.13, respectively, indicating that the DNA was free of protein 
and polysaccharides/polyphenol contamination (Table 1). In addition, there were no other 
bands visible in the bands (Fig. 1, lanes 5,6), indicating that the DNA was free of genomic 
RNA contamination. In contrast, the DNA from the CTAB-A method had poor purity as 
assessed by A260/A280 (2.12 ± 0.18) and the A260/A230 ratios (1.55 ± 0.36 μg/100mg), and 
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the yield was lower than that obtained with our promoted CTB-B method and the DNA was 
badly contaminated with RNA because there were two other visible bands on the lane (Fig. 
1, lanes 3,4; Table 1). The TianGen Plant Genomic DNA Kit was not able to isolate any DNA 
from the leaves of R. soongorica. Furthermore, even the improved kit method only yielded a 
small amount of DNA (20.54 ± 8.43 μg/100mg), and it was seriously contaminated (Fig. 1, 
lanes 1,2 ). The above results show that the improved CTAB-B protocol described herein 
efficiently eliminates most of the interfering molecules (including polyphenols, 
polysaccharides, proteins and salts), and it also provides a higher yield of DNA pellets that 
are translucent, water-soluble and lack RNA contamination, indicating that it is superior to 
the CTAB-A method and the commercial kits.  
 

Method Purity Yield 
(μg/100mg) A260/280                  A260/230

Modified TianGen DNA kit 1.31 ± 0.15             0.87 ± 0.32 20.54 ± 8.43 
Modified CTAB-A  2.12 ± 0.18             1.55 ± 0.36 35.72 ± 15.41 
Modified CTAB-B 
(promoted by us ) 1.86 ± 0.16             1.92 ± 0.13 60.29 ± 20.16 

Table 1. The genomic DNA purity and yield in R. soongorica leaves by different methods 

 
Fig. 4. ISSR-PCR profiles of the genomic DNAs isolation from different R. soongorica 
populations by our promoted CTAB-B protocol using the UBC-807 primer were analyzed on 
a 1.5% agarose gel stained with ethidium bromide in 1×TAE buffer. “M” represents the 
Molecular weight marker – DNA marker DL2000. 
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The suitability of extracted DNA for downstream molecular processes was further verified 
by molecular markers ISSR-PCR amplification. AS shown in Fig. 4, the genomic DNA of five 
different R. soongorica populations were highly amplifiable by ISSR-PCR as indicated by the 
amplification products resolved on 1.5% agarose gel. This further confirmed the purity of 
DNA, free of polysaccharide and polyphenol contamination, which would otherwise inhibit 
Taq DNA polymerase and restriction endonucleases (Ahmad et al., 2004). Plant molecular 
applications such as RAPD and AFLP necessitate the successful isolation of high quality 
DNA (Michiels et al., 2003; Ahmad et al., 2004), devoid of contaminants. Without high 
quality DNA such downstream molecular manipulations are not feasible (Varma et al., 
2007). To confirm the applicability of our method, this DNA extraction method has also been 
found to be efficient in other desert plants, including Tamarix ramosissima, Nitraria 
tangutorum and Caragana korshinskii Kom. (data not shown). 

4. Conclusion 
Our results showed that the modified CTAB-B method promoted here was of high quality, 
purity and yield and was suitable for downstream molecular assays. Based on a CTAB 
method, the protocol has been improved as follows: the more volume of extraction buffer was 
used to completely break down the cell walls; the samples were ground with PVPP to 
effectively inhibit the oxidation of phenolics; during the extraction, 3 mol/L sodium acetate 
(NaAc) was added to reduce markedly the co-precipitation of polysaccharides with the nucleic 
acids; contaminating RNA was removed with RNase I; acid phenol extraction (phenol: 
chloroform: isoamylal alcohol (PCI)=25:24:1) was used to effectively removes the residual 
proteins and inhibitors in the RNase reagent. Thus, despite the high levels of secondary 
metabolites in the leaves of R soongorica, the high quality DNA is isolated from the nuclei 
without interference. Moreover, the new protocol is also suitable for isolating genomic DNAs 
from other desert plant species and tissues that are rich in secondary metabolites.  
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DNA (Michiels et al., 2003; Ahmad et al., 2004), devoid of contaminants. Without high 
quality DNA such downstream molecular manipulations are not feasible (Varma et al., 
2007). To confirm the applicability of our method, this DNA extraction method has also been 
found to be efficient in other desert plants, including Tamarix ramosissima, Nitraria 
tangutorum and Caragana korshinskii Kom. (data not shown). 

4. Conclusion 
Our results showed that the modified CTAB-B method promoted here was of high quality, 
purity and yield and was suitable for downstream molecular assays. Based on a CTAB 
method, the protocol has been improved as follows: the more volume of extraction buffer was 
used to completely break down the cell walls; the samples were ground with PVPP to 
effectively inhibit the oxidation of phenolics; during the extraction, 3 mol/L sodium acetate 
(NaAc) was added to reduce markedly the co-precipitation of polysaccharides with the nucleic 
acids; contaminating RNA was removed with RNase I; acid phenol extraction (phenol: 
chloroform: isoamylal alcohol (PCI)=25:24:1) was used to effectively removes the residual 
proteins and inhibitors in the RNase reagent. Thus, despite the high levels of secondary 
metabolites in the leaves of R soongorica, the high quality DNA is isolated from the nuclei 
without interference. Moreover, the new protocol is also suitable for isolating genomic DNAs 
from other desert plant species and tissues that are rich in secondary metabolites.  
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1. Introduction  
The Olea europaea L. is considered one of the most widely grown fruit crop in the countries 
of the Mediterranean basin. The olive products, such as olive oil, table olives, and olive 
pastes are the basic constitutes of the Mediterranean diet due to their benefits for human 
health, besides other applications such as in cosmetics field. 

The olive is one of the most ancient cultivated fruit trees. Olive cultivation has a very long 
history which started from the Third Millennium BC (Loukas & Krimbas, 1983) in the 
Eastern region of the Mediterranean sea and spread later around the basin following land 
and maritime routes to Italy, Spain, North Africa and France. Nowadays there are about 805 
million of olive trees, 98% of which are grown in the Mediterranean countries (Tsitsipis et 
al., 2009). The foremost consuming countries are also the main olive oil producers. 
According to Food and Agriculture Organization of the United Nations, Mediterranean 
countries produce more than  90% of world olives, and the biggest olive producers are 
Spain, Italy, Greece, Turkey, Tunisia, Morocco, Syria, and Portugal (FAO, 2008). Other 
consuming countries are the United States, Canada, Australia and Japan (Hatzopoulos et al., 
2002; Pinelli et al., 2003). Though the olive oil consumption has been mainly constricted to 
Mediterranean countries, actually it has been extended to other areas due to its health 
beneficial proprieties (Bracci et al., 2011). Over the centuries, olive trees were propagated 
mainly vegetatively and were selected based on olive quantitative and qualitative traits. 
However, this procedure did not exclude the problematic of natural crossing between the 
newly introduced cultivars and the local germplasm and somatic mutation events, and 
genetic variability among the olive tree collections has been reported by several authors 
(Angiolillo et al., 1999; Bautista et al., 2003; Belaj et al., 2002, 2003, 2004, 2006; Cordeiro et al., 
2008; Gemas et al., 2000; Gomes et al., 2008, 2009; Martins-Lopes et al., 2007, 2009; Sefc et al., 
2000). In addition, the olive tree is allogamous, easily generating crosses between cultivars 
which give rise to high genetic variability between and within cultivars (Mekuria et al., 1999; 
Ouazzani et al., 1996; Zohary, 1994). 

More than 2600 cultivars have been described for Olea europaea L. using morphologic 
analyzes (Rugini & Lavee, 1992), although many of them might be synonyms, homonyms, 
ecotypes or the result of crosses between neighbouring olive cultivars (Barranco et al., 2000). 
Bartolini et al. (1998) reported that there are 79 olive collections located in 24 countries 
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which contain about 1200 cultivars with more than 3000 different names. The high number 
of olive cultivars causes a huge problem in the germplasm collections management and 
traceability and authenticity of olive oils produced, once there is an uncertainty about its 
olive cultivar correct denomination (Cipriani et al., 2002).  

Until recent years, cultivars’ identification was based only on morphological and agronomic 
traits. However, recognition of olive cultivars based on phenotypic characters revealed to be 
problematic, especially in early stages of tree development. Traditionally diversity within 
and between olive tree cultivars was determined by assessing differences in olive tree, 
namely leaf shape and color, and olive fruits morphology. These measures have the 
advantage of being readily available, do not require sophisticated equipment and are the 
most direct measure of phenotype, thus they are accessible for immediate use, an important 
attribute. However, these morphological and phenological markers have the disadvantage 
of the small number of polymorphism detected and of being environmentally dependent 
(Mohan et al., 1997; Tanksley & Orton, 1983). Besides that, some of the phenological 
characteristics are only accessible for a limited (e.g., olive fruits) or when the olive tree 
achieves a mature stage, which may delay the correct identification. Due to the high genetic 
diversity level observed in olive germplasm and the presence of homonyms and synonyms 
cases, efficient and rapid discriminatory methods are urgently. 

In recent years, molecular markers have been applied in olive germplasm to identify 
cultivars and to determine the relationships between cultivars. Molecular markers are, 
according to Kahl (2004), any specific DNA segment whose base sequence is polymorphic in 
different organisms. Such markers can be visualised by hybridization-based techniques such 
as restriction fragment length polymorphism (RFLP) or by polymerase chain reaction (PCR)-
based methods.  

Molecular markers present numerous advantages over conventional phenotype based 
alternatives. The choice and selection of an adequate marker system depends upon the type 
of study to be undertaken and whether it will fulfil at least a few of the mentioned criteria: 
(a) highly polymorphic between two organisms, inherited codominantly, (b) evenly 
distributed throughout the genome and easily visualized, (c) occurs frequently in the 
genomes, (d) stable over generations, (e) simple, quick and inexpensive, (f) small amounts of 
DNA samples required, and (g) no prior information about the sample’s genome (Agarwal 
et al., 2008; Hatzopoulos et al., 2002).  

Because of their high polymorphism level and discerning power, molecular markers have 
been used as a powerful tool for olive gene pools’ characterization. Molecular markers have 
played a crucial role to distinguish, characterize, and to elucidate olive germplasm origin 
and diversity. Different molecular markers have been applied for olive genetic diversity 
assessment, such as the dominant random amplified polymorphic DNA (RAPD) (Belaj et al., 
2003; Cordeiro et al., 2008; Gemas et al., 2004; Gomes et al., 2009; Martins-Lopes et al., 2007, 
2009; Trujillo et al., 1995) and inter simple sequence repeat (ISSR) markers (Essadki et al., 
2006; Gemas et al., 2004; Gomes et al., 2009; Martins-Lopes et al., 2007, 2009). The 
codominant microsatellite (SSR) (Belaj et al., 2003; Bracci et al., 2009; Gomes et al., 2009; 
Sabino et al., 2006; Sarri et al., 2006; Sefc et al., 2000), and amplified fragment length 
polymorphism (AFLP) (Ercisli et al., 2009; Grati-Kamoun et al., 2006; Montemurro et al., 
2005) have been used for olive germplasm characterization.  
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However, the disadvantageous associated with some type of markers, like the less 
sensibility, and reproducibility of RAPD or the complexity of the AFLP assay, makes it 
necessary to convert interesting markers (bands) into sequence-characterized amplified 
regions (SCAR) or sequence-tagged site (STS) markers (Olson et al., 1989; Paran & 
Michelmore, 1993). During the olive genome exploration different molecular markers have 
emerged. The single nucleotide polymorphisms (SNP) has been used to discriminate 49 
olive cultivars, selected among the most widely cultivated, for olive oil production, in the 
Mediterranean area (Consolandi et al., 2007). The presence of retrotransposon-like elements 
in the olive genome was reported during SCAR development for olive cultivar identification 
(Hernández et al., 2001b). It is generally accepted that retrotransposons have played an 
important role in olive genetic instability and genome evolution. The use of retrotransposon 
sequences to generate molecular markers (e.g., REMAP: retrotransposon microsatellite 
amplification polymorphism) has been used in olive tree (Natali et al., 2007).  

The increasing openness of genetic markers in olive tree allows the detailed studies and 
evaluation of genetic diversity. Within this context, a review of the state of the art of 
molecular marker techniques applied for olive cultivars characterization and their 
applicability in olive germplasm conservation will be presented. This will give a prospect of 
what has been attained and what still needs to be done in order to better understand this 
crop that has lived for centuries and still remains to be discovered and understood. 

2. Olive tree origins 
Mythologically olive tree was a gift of Athens goddess to the Greeks. However, olive tree 
geographical origin still remains unclear. According to botanists, the olive tree and oleaster 
correspond to Olea europaea subsp. europaea L. var. europaea and var. sylvestris, respectively. 
Oleaster is the wild form, while the olive is the cultivated form (Breton et al., 2006). The 
olive tree is self-incompatible. Out-crossing is mediated by the wind that transports pollen 
over long distances, with cytoplasmic male-sterile cultivars being pollinated efficiently by 
surrounding cultivars or even by oleasters (Besnard et al., 2000). It is assumed that cultivars 
have originated from the wild Mediterranean olive (oleasters), and have been disseminated 
all around the Mediterranean countries following human displacement. It is also presumed 
that crosses between wild and cultivated forms could have led to new cultivars around 
Mediterranean countries (Besnard et al., 2001).  

In order to understand olive domestication, random amplified polymorphic DNA (RAPD) 
profiles of 121 olive cultivars were compared to those of 20 natural oleaster populations 
from Eastern and Western parts of the Mediterranean Basin. The differences observed 
between groups of cultivars were clear (Besnard et al., 2001). Cultivars from Israel, Turkey, 
Syria, Greece and Sicily were close to the Eastern oleasters group; on the other hand, clones 
from Italy, France, Corsica, Spain and the Maghreb were closer to the Western group. 
Multiple origins for Mediterranean olive (Olea europaea L. ssp. europaea) based upon 
mitochondrial DNA variations have been reported (Besnard & Bervillé, 2000). The 
phylogeographic study revealed the presence of three mitotypes (ME1, MOM and MCK) in 
both cultivated olive and oleaster; while a fourth mitotype, ME2, was unique to a few 
cultivars from East to West. This information led to the conclusion that a great majority of 
the cultivars were originated by maternal descent from the Eastern populations once they 
carry the mitotypes ME1 or ME2. The cultivars with the Western mitotypes, MOM or MCK, 
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generally kept a nuclear RAPD profile close to the profile of Western natural populations. 
Consequently, they could result from exclusively local material (as for Corsica), while ME1 
and ME2 are characteristic of the East Mediterranean populations. The presence of these 
different mitotypes reflects the complexity of olive domestication: the Western 
Mediterranean is probably a zone where olive trees from the East, once introduced, have 
been hybridized and back-crossed with the indigenous olives (Besnard et al., 2001). 

Bronzini de Caraffa et al. (2002) have performed a study of nuclear and mitochondrial 
DNAs of cultivated and wild olives, from two Corsican and Sardinian Mediterranean 
islands, using both random amplified polymorphic DNA (RAPD) and restriction fragment 
length polymorphism (RFLP) markers. The results have indicated that the combination of 
mitotype and RAPD markers can be used as a powerful tool for differentiating two groups 
in the wild forms: the Western true oleasters and the feral forms. A recently study has 
investigated the genetic diversity between Eastern and Western oleasters and between 
cultivars (Breton et al., 2006). The oleaster genetic diversity, obtained by chloroplast and SSR 
markers, is divided into seven reconstructed panmictic oleaster populations regions (RPOP) in 
both Eastern and Western populations that could overlay glacial refuges. The authors argue 
that the gene flow has occurred in oleasters mediated by cultivars spread by human 
migration or through trade. However, a complex origin for this species, higher than 
expected initially, was reported (Breton et al., 2006).  

3. Non PCR-based markers  
3.1 Restriction Fragment Length Polymorphism (RFLP) 

The restriction fragment length polymorphism (RFLP) markers are based on the analysis of 
patterns derived from cleaved DNA sequences with known specific restriction enzymes and 
hybridization with specific probes (Mohan et al., 1997). Based on this method genetic 
variation and relationship between 89 very old olive trees and 101 oleasters, cultivated 
around the Mediterranean basin, have been evaluated by cytoplasmic DNA markers 
(Amane et al., 1999). A similar approach was used to study chloroplast DNA variation in 
wild and cultivated Morocco olives (Amane et al., 2000). The analysis revealed the presence 
of four distinct chlorotypes. Nowadays, restriction fragment length polymorphism (RFLP) 
markers are not very widely used due to several constrains of the method: (a) time 
consuming, (b) radioactive and/or toxic reagents, (c) large quantity of high quality genomic 
DNA, and (d) prior sequence information for probe generation; increasing overall the 
complexity of the methodology (Agarwal et al., 2008). With the development of PCR based 
methodologies, this marker has been limited for diversity studies, once PCR methods are 
more expedite. However, the use of RFLP combined with other molecular techniques has 
been used for olive tree diversity studies. Besnard et al. (2002) combined the RFLP technique 
with PCR to analyze the chloroplast DNA diversity in the olive complex.  

4. PCR-based markers 
Since the PCR has been introduced by Mullis et al. (1986) the molecular studies have 
profoundly changed the way in which they are conducted. The subsequent development of 
methods for DNA fingerprinting has introduced the possibility to univocally identify 
cultivars or clones from a specific area. The different PCR based methods used for olive 
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different mitotypes reflects the complexity of olive domestication: the Western 
Mediterranean is probably a zone where olive trees from the East, once introduced, have 
been hybridized and back-crossed with the indigenous olives (Besnard et al., 2001). 
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The restriction fragment length polymorphism (RFLP) markers are based on the analysis of 
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hybridization with specific probes (Mohan et al., 1997). Based on this method genetic 
variation and relationship between 89 very old olive trees and 101 oleasters, cultivated 
around the Mediterranean basin, have been evaluated by cytoplasmic DNA markers 
(Amane et al., 1999). A similar approach was used to study chloroplast DNA variation in 
wild and cultivated Morocco olives (Amane et al., 2000). The analysis revealed the presence 
of four distinct chlorotypes. Nowadays, restriction fragment length polymorphism (RFLP) 
markers are not very widely used due to several constrains of the method: (a) time 
consuming, (b) radioactive and/or toxic reagents, (c) large quantity of high quality genomic 
DNA, and (d) prior sequence information for probe generation; increasing overall the 
complexity of the methodology (Agarwal et al., 2008). With the development of PCR based 
methodologies, this marker has been limited for diversity studies, once PCR methods are 
more expedite. However, the use of RFLP combined with other molecular techniques has 
been used for olive tree diversity studies. Besnard et al. (2002) combined the RFLP technique 
with PCR to analyze the chloroplast DNA diversity in the olive complex.  

4. PCR-based markers 
Since the PCR has been introduced by Mullis et al. (1986) the molecular studies have 
profoundly changed the way in which they are conducted. The subsequent development of 
methods for DNA fingerprinting has introduced the possibility to univocally identify 
cultivars or clones from a specific area. The different PCR based methods used for olive 
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diversity evaluation and germplasm characterization will be described in this review, 
considering always the purpose of the work performed in olive around Mediterranean 
countries. 

4.1 Random Amplified Polymorphic DNA (RAPD) 

A new DNA polymorphism assay was first described in 1990 by Williams et al. (1990) and 
Welsh & McClelland (1990). The random amplified polymorphic DNA (RAPD) marker is 
based on the amplification by PCR of random DNA segments, using single primers of 
arbitrary nucleotide sequence. The amplified DNA fragments, referred to as RAPD markers, 
were shown to be highly useful in the construction of genetic maps. With RAPD method the 
resulted polymorphisms are detected by electrophoresis as different DNA fragments. The 
different DNA fragments are generated once the primers used usually anneal with multiple 
sites in different regions of the genome, producing multiple amplified products that often 
contain repetitive DNA sequences (Paran & Michelmore, 1993).  

The first study using RAPD markers, to evaluate olive germplasm polymorphism was 
reported by Fabbri et al. (1995). All RAPD data suggest a high degree of genetic diversity in 
the olive germplasm (Belaj et al., 2006). Several reports detected also a high degree of genetic 
variability within cultivars of different countries: Iran (Shahriari et al., 2008), Spain (Belaj et 
al., 2002), and Portugal (Cordeiro et al., 2008; Gemas et al., 2004; Martins-Lopes et al., 2007). 
Most of the olive cultivars in these studies were clustered according to their fruit’s end-use 
and ecological adaptation. Belaj et al. (2004) found that a combination of three highly 
polymorphic RAPD primers (OPK16, OPA19 and OPX09) was optimal to discriminate 
among 103 cultivars. Inter- and intravarietal variation of three olive cultivars, ‘Galega 
Vulgar’, ‘Cordovil de Serpa’ and ‘Verdeal Alentejana’, were also observed with RAPD 
markers (Gemas et al., 2000). The clonal diversity has been accessed using RAPD markers in 
combination with inter simple sequence repeat (ISSR) and simple sequence repeat (SSR) in 
two important Portuguese olive cultivars, ‘Verdeal-Transmontana’ (Gomes et al., 2008) and 
‘Cobrançosa’ (Martins-Lopes et al., 2009). The highest proportion of polymorphic products, 
observed in ‘Verdeal-Transmontana’ clones was generated using primer OPO10 (88%), and 
the mean level of polymorphism was 28%. In the ‘Cobrançosa’ the authors reported a 
considerable polymorphism among the DNA fingerprints of the clones. The RAPD primers 
amplified 150 reproducible fragments, of which 75% were polymorphic. The high level of 
polymorphism reported demonstrates that the Portuguese ‘Verdeal-Transmontana’ and 
‘Cobrançosa’ cultivars were genetically heterogeneous, confirming that olive is a highly 
variable species. Recently, genetic similarities and distances among Turkish wild olive trees 
were studied in order to improve genetic resources and knowledge of cultivars evolutionary 
background (Sesli & Yegenoglu (2009).  

However, RAPD methodologies have its criticisms due to the low data reproducibility 
between laboratories, although it may be quite reliable at the same laboratory. The fact of 
low cost, low time usage, low DNA amount even if not of good quality and no previous 
DNA sequence knowledge made this molecular marker technique one of the first to be used 
to access genetic variability. A variation of the RAPD technique, such as arbitrarily primed 
PCR (AP-PCR) (Welsh & McClelland, 1990), that involves the increase of annealing 
temperature during the PCR cycles, has been used, in Turkey, to characterize and select six 
important olive clones used for olive oil production Kockar & Ilkc (2003). Claros et al. 
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(2000) used the same methodology for olive geographic location and confirmed the 
hypothesis of autochthonic origin of most olive-tree cultivars. Nowadays, obtaining specific 
markers, such as sequence characterized amplified region (SCAR) and sequence-tagged-site 
(STS), from RAPD markers could be a way to overcome the lack of reproducibility, proper of 
RAPD markers. 

4.2 Amplified Fragment Length Polymorphism (AFLP) 

The principle of amplified fragment length polymorphism (AFLP) (Vos et al., 1995) 
technique is basically simple and its procedure consists of three main steps: (a) template 
preparation, (b) fragment amplification, and (c) gel analysis. The fingerprinting patterns are 
obtained by detection of genomic restriction fragments by PCR amplification. This technique 
has been widely employed. Because of its effectiveness, reliability and efficiency in genetic 
diversity studies (Ercisli et al., 2009), the AFLP technique has been widely used in olive 
Spanish cultivars considering intra-varietal diversity (Sanz-Cortés et al., 2003), and to assess 
genetic inter-relationships among cultivated cultivars in the Eastern Mediterranean Basin 
(Owen et al., 2005). The results showed significant genetic distance between Greek and 
Turkish cultivars, and a clear separation of most of the Spanish and Italian clones, 
suggesting that an East-West divergence of olive cultivars occurred. Using the AFLP 
markers Angiolillo et al. (1999) have shown that wild olives from the Western 
Mediterranean and cultivated cultivars did not cluster together, and were relatively distant. 
However, a few oleasters clustered with the cultivars suggesting a common origin. 

The first linkage map of the olive genome was constructed using a combination of molecular 
markers (e.g., RAPD, AFLP, RFLP and SSR) (De la Rosa et al., 2003). Maps can be used to 
select important traits and to study genes that control expression of polygenic traits. 
Molecular marker linkage maps are widely recognized as essential tools for genetic research 
and breeding in many species.  

4.3 Microsatellites (SSR) 

The simple sequence repeat (SSR) (Tautz et al., 1986; Litt & Luty, 1989) consists of short  
(1-6 base pair long) stretches of DNA tandem repeated several times, occurring in the 
genomes of many higher organisms (Rafalski & Tingey, 1993; Wu & Tanksley, 1993). The 
simple sequence repeat or microsatellites, as one of the most popular marker system, are 
widely used in plant genetic research for diversity studies, namely in olive tree and to test 
the breeding success  as they are transferable, highly polymorphic, ideal for genetic map 
development, linkage analysis, marker-assisted selection and fingerprinting studies (Bracci 
et al., 2009; Cipriani et al., 2002; De la Rosa el al., 2004; Gomes et al., 2009; Karp et al., 1996; 
Muzzalupo et al., 2009; Rallo et al., 2002; Sefc et al., 2000). When compared with RAPD or 
AFLP markers, the SSR have the advantage of their codominant nature, as two alleles may 
be identified at each locus. The main constrain of SSR markers is the development requires 
previous DNA sequencing for primer designing.  

The microsatellites loci have been isolated from olive tree (Carriero et al., 2002; Cipriani et 
al., 2002; De la Rosa et al., 2002; Rallo et al., 2000; Sefc et al., 2000) and are used either alone 
or in combination with other molecular markers to characterize olive cultivars (Belaj et al., 
2004; Gomes et al., 2009; Khadari et al., 2003; Wu & Sedgley, 2004). This methodology has 
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been used to analyze the genetic variability of the somatic embryogenesis induction process 
in Olea europaea L. and Olea europaea var. maderensis. The authors reported the maintenance 
of the genomic integrities between species suggesting the absence of somaclonal variation 
(Lopes et al., 2009). New insights about genetic diversity and gene flow between the wild 
(oleaster) and the cultivated form, using SSR marker was reported (Breton et al., 2006).  
A database containing a consensus list of SSR profiles for true-to-type olive genotyping has 
been constructed. This platform will allow results’ comparison among laboratories, in order 
to establish a common olive database (Baldoni et al., 2009).  

During many years the agarose gel electrophoresis has been used as the common 
detection method for SSR analysis. The agarose gel is efficient when the alleles are long 
enough, that is, more than 200-300 base pair and the differences among alleles are also 
significant to be visualized (i.e., more than 10-20 base pair). The high resolution 
polyacrylamide gels have been used when small differences between alleles, less than 1-10 
base pair, must be identified. Nowadays, the separation of SSR markers using sequencing 
apparatus revealed to be very suitable, since the detection of alleles is performed 
automatically. The major advantages of automated detection are: (a) faster in obtaining 
results, (b) automated data analysis, (c) multiplex analysis, (d) high reproducibility, and 
(e) exclusion of silver-staining procedure. However, between different apparatus there 
may be found a shift among allele size, which has to be undertaken when comparing 
results among laboratories.  

4.4 Inter Simple Sequence Repeats (ISSR) 

In order to resolve some of the inconveniences associated with RAPD (low reproducibility), 
the high AFLP cost, and the need to know the flanking sequences in order to developed 
primers for SSR polymorphism, ISSR were developed (Terzopoulos et al., 2005; Zietkiewicz 
et al., 1994). ISSR markers are based on the amplification of regions (200-2000 base pair) 
between inversely oriented closely spaced microsatellites. The ISSR show the specificity of 
microsatellite markers, but need no sequence information for primer synthesis. The ISSR 
alone or in combination with other marker systems, have been widely used to analyze clonal 
variation and genetic variability in olive cultivars (Gemas et al., 2004; Gomes et al., 2008; 
Martins-Lopes et al., 2007, 2009; Terzopoulos et al., 2005).  

Previous studies have concluded that ISSR markers are efficient in assessing phylogenetic 
relationships in the O. europaea complex (Gemas et al., 2004; Hess et al., 2000) and for olive 
fruits and leaves identification (Pasqualone et al., 2001). The simultaneous use of ISSR with 
other markers such as RAPD has made possible the discrimination between 30 Portuguese 
and 8 foreign olive cultivars (Martins-Lopes et al., 2007).  

4.5 Sequence Characterized Amplified Region (SCAR) 

Since PCR-based molecular markers have been developed, several PCR-based markers 
modifications have emerged. Due to the certification process of orchards and regions, 
crucial for protected denomination of origin (PDO), there is an urgent need for early and 
efficient methods able to discriminate and indentify olive cultivars. The development of 
cultivar-specific DNA markers can also be useful in olive industry in order to avoid olive oil 
adulteration that affects the oil quality (Marieschi et al., 2011; Pafundo et al., 2007). 
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The sequence characterized amplified region (SCAR) have been widely developed for plant 
breeding studies in several species such as wheat (Hernández et al., 1999), grapevine (Vidal 
et al., 2000), tomato (Zhang & Stommel, 2001), and pear (Lee et al., 2004; Marieschi et al., 
2011). In olive, this type of marker has also been applied for olive germplasm evaluation and 
mapping (Bautista et al., 2003; Busconi et al., 2006; Hernández et al., 2001a), and for analysis 
of complex agro-food matrixes (olive oil traceability) (Pafundo et al., 2007).  

The development of sequence characterized amplified region (SCAR) involves cloning of the 
amplified product, and then sequencing the two ends of the cloned product that appeared to 
be specific. The SCAR has the advantage of being inherited in a codominant fashion in contrast 
to RAPD which are inherited in a dominant manner (Mohan et al., 1997). Bautista et al. (2003) 
used this technology to develop specific markers useful for olive cultivar identification and 
mapping. They demonstrated that the use of SCAR markers is enough to provide a simple, 
cheap, and reliable procedure to identify geographically related olive cultivars. The 
development of SCAR markers by directly sequencing olive RAPD bands was reported by 
Hernández et al. (2001a) and they demonstrated that the generated markers were useful for 
the marker assisted selection of the high flesh/stone ratio. This type of marker has also been 
applied for olive germplasm evaluation and mapping (Bautista et al., 2003; Busconi et al., 
2006). Wu et al. (2004) combined RAPD, SCAR and SSR markers to construct a linkage map 
from a cross-pollinated F1 population of ‘Frantoio’ × ‘Kalamata’ olive cultivars.  

4.6 Single Nucleotide Polymorphisms (SNP) 

The single nucleotide polymorphisms are a marker system that can differentiate individuals 
based on variations detected at the level of a single nucleotide base in the genome. Such 
variations are present in large abundance in the genomes of higher organisms including 
plants (Agarwal et al., 2008). The SNP-based markers have been used in many plant species.  

In olive, due to olive unknown genome, this technique has not been widely applied. Reale et 
al. (2006) used SNP markers to genotype 65 olive samples obtained from Europe and 
Australia, and observed that 77% of the cultivars were clearly discriminate. However, the 
authors developed SNP markers from olive gene sequences available in the GenBank 
database and from arbitrary sampling using the sequence-related amplification 
polymorphism (SRAP) method. 

5. Conclusions 
Nowadays, the olive industry requires certified olive cultivars with elite agronomic 
characteristics and adapted to modern intensive mechanized orchards (Hatzopoulos et al., 
2002). Very few cultivars are grown commercially in more than one region or country, while 
most of them have a local diffusion. The cases of cultivars homonyms and synonyms 
associated with high genetic diversity makes the olive tree germplasm very difficult to 
characterize. The PCR-based markers opened the possibility to develop, over the last two 
decades, new molecular techniques for cultivar identification and further certification 
purposes in order to certify the propagated material. It is essential to study the genetic base 
of olive germplasm in order to characterize and compare with other genetic, phenotypic and 
agronomic data. Different molecular markers have been used in genetic diversity studies 
which give us information about the relationships between cultivars and the olive 
domestication process. 
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The choice on which molecular technique would be the most suitable for olive genetic 
resource characterization depend on a number of factors as the level of variability of the 
species, and the resources available (Belaj et al., 2006). Technological advancement has 
contributed to the development, in every aspect, of molecular genetic markers, making them 
technically simpler, efficient, cost-effective, and faster than the classic methods. 

However, molecular approaches (nuclear and cytoplasmic) should not be considered alone 
or as substitutes of morphological characterization but as complementary tools, more 
complete and effective, for olive genetic resources studies. The several molecular markers 
used for germplasm variability studies may play a major role in olive tree breeding 
programs when using marker assisted selection for biotic and abiotic stress tolerance, olive 
fruits and oil quality traits. 

However, there are still aspects of cultivars synonymous that still needed to be addressed in 
order to develop a complete database, in order to have an overview of the genetic variability 
available. As soon as the recent olive genome sequence is released new strategies may be 
taken in order olive germplasm management, breeding strategies and certification issues.  
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1. Introduction 
One of the many goals of plant geneticists and breeders pertains to the explanation of 
phenotypic variation as it relates to changes in DNA sequence (Myles et al., 2009). The 
development of molecular markers for the detection and exploitation of DNA 
polymorphisms in plant systems is one of the most significant developments in the field of 
molecular biology and biotechnology. Linkage mapping has been a key tool for identifying 
the genetic basis of quantitative traits in plants. However, for linkage studies, suitable 
crosses, sometimes limited by low polymorphism or small population size, are required. In 
addition, only two alleles per locus and few recombination events are considered to estimate 
the genetic distances between marker loci and to identify the causative genomic regions for 
quantitative trait loci (QTL), thereby limiting the mapping resolution. To circumvent these 
limitations, linkage disequilibrium (LD) mapping or association mapping (AM) has been 
used extensively to dissect human diseases (Slatkin, 2008). This approach has received 
increased attention during the last few years. AM has the potential to identify a single 
polymorphism within a gene that is responsible for phenotypic differences. AM involves 
searching for genotype-phenotype correlations among unrelated individuals. Its high 
resolution is accounted for by the historical recombination accumulated in natural 
populations and collections of landraces, breeding materials and varieties. By exploiting 
broader genetic diversity, AM offers three main advantages over linkage mapping: mapping 
resolution, allele number and time saving in establishing a marker-trait association and its 
application in a breeding program (Flint-Garcia et al., 2003). Although AM presents clear 
advantages over linkage mapping, they are often applied in conjunction, especially to 
validate the associations identified by AM, thus reducing spurious associations. 

The inherent nature of AM brings its own limits such as the fact that biological and 
evolutionary factors affect LD distribution and mapping resolution. The strength of AM 
relies on the analysis of common variants, which explain at most 5%-10% of the heritable 
component of human diseases (Asimit & Zeggini, 2010). The role of rare variants in 
explaining the remaining heritable variation is becoming more important. New statistical 
models for AM are being developed to better consider rare variants because early methods 
allocated most of the statistical power to higher frequency alleles.  
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Since most of the traits important for environmental fitness and agricultural value are 
quantitative in nature (Yu & Buckler, 2006), there is tremendous interest in using AM to 
examine them. In this chapter, we introduce the concept of linkage disequilibrium, which 
plays a central role in association analysis. For this reason, it is critical to understand LD 
measurement, its variation across the genome and how it is affected by population structure 
and relatedness. Recent AM studies in plants, advantages and disadvantages of AM, and its 
integration with other mapping methods are also reviewed and discussed. An overview of 
the software currently available for AM and their main characteristics is presented. Future 
perspectives of AM in plants, application in other emerging research areas, potential 
usefulness for new cultivar development and for the conservation of adaptive genetic 
variation are outlined. 

2. Linkage disequilibrium and association mapping concepts 
The terms LD and AM have often been used interchangeably in the literature. However, they 
present subtle differences. According to Gupta et al. (2005), AM refers to the significant 
association of a marker locus with a phenotype trait while LD refers to the non random 
association between two markers or two genes/QTLs (Figure 1). Thus, AM is actually an 
application of LD. In other words, two markers in LD represent a non random association 
between alleles, but do not necessarily correlate/associate with a particular phenotype, 
whereas association implies a statistical significance and refers to the covariance of a marker 
and a phenotype of interest. Although it lies outside the scope of this section, we would like to 
also clarify the difference between linkage and LD because they too are commonly confused. 
Linkage refers to the correlated inheritance of loci through the physical connection on a 
chromosome, whereas LD refers to the correlation between alleles in a population (Flint-Garcia 
et al., 2003). Although tight linkage between alleles on the same chromosome generally 
translate into high LD, significant LD may also exist between distant loci, and even between 
loci located on different chromosomes. The latter, reviewed in depth below, is the result of 
other forces such as selection, mutation, mating system, population structure, etc.  

Both QTL and AM approaches are therefore based on LD between molecular markers and 
functional loci. In QTL mapping, LD is generated by the mating design while in AM, LD is a 
reflection of the germplasm collection under study (Stich & Melchinger, 2010). In a mapping 
population, LD is influenced only by recombination in the absence of segregation distortion. 
In AM, LD may also be influenced by other forces such as those mentioned above as well as 
by recombination.   

The concept of LD was first described by Jennings in 1917, and its quantification (D) was 
developed by Lewontin in 1964 (Abdurakhmonov & Abdukarimov, 2008). The simplified 
explanation of the commonly used LD measure, D or D′ (standardized version of D), is the 
difference between the observed gametic frequencies of haplotypes and the expected 
gametic frequencies of haplotype under linkage equilibrium. 

 D = PAB - PAPB  (1) 

Where PAB is the frequency of gametes carrying allele A and B at two loci; PA and PB are the 
product of the frequencies of the allele A and B, respectively. In the absence of other forces, 
recombination through random mating breaks down the LD with Dt = D0 (1 – r)t, where Dt is 
the remaining LD between two loci after t generations of random mating from the original 
D0 (Zhu et al., 2008). 
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Fig. 1. Principles of linkage disequilibrium and association mapping. a. Linkage 
disequilibrium. Locus 1 and Locus 2 present an unusual pattern of association between 
alleles A-G and T-C, which deviate from Hardy-Weinberg expectations, but without any 
statistical correlation with a phenotype. b. Association mapping. Locus 1 and Locus 2 are in 
LD. Significant covariance with the seed colour phenotype is considered evidence of 
association. 

Several statistics have been proposed for LD, and these measurements generally differ in 
how they are affected by marginal allele frequencies and sample sizes. Here, we introduce 
the two most utilized statistics for LD. Both D′ (Lewontin, 1964) and r2, the square of the 
correlation coefficient between two loci (Hill & Robertson, 1968), reflect different aspects of 
LD and perform differently under various conditions. D′ only reflects the recombinational 
history and is therefore a more accurate statistic for estimating recombination differences, 
whereas r2 summarizes both recombinational and mutational history (Flint-Garcia et al., 
2003). For two biallelic loci, D′ and r2 have the following formula: 

 D′ = |D| / Dmax                      (2) 

Dmax = min (PA Pb, Pa PB) if D > 0; 

Dmax = min (PA PB, Pa Pb) if D < 0 

 r2 = D2 / PA Pa PB Pb   (3) 

D is limited because its range is determined by allele frequencies. D′ was developed to 
partially normalize D with respect to the maximum value possible for the allele frequencies 
and give it a range between 0 and 1 (Zhu et al., 2008). The r2 statistic has an expectation of 
1/(1+4Nc), where N is the effective population size and c is the recombination rate, and it 
also varies between 0 and 1 (Hill & Robertson, 1968).  

Choosing the appropriate LD statistics depends on the objective of the study. Most studies 
on LD in animal populations used D′ to measure population-wide LD of microsatellite 
data (Du et al., 2007). However, D′ is inflated by small sample size and low allele 
frequencies; therefore, intermediate values of D′ are unsafe for comparative analyses of 
different studies and should be verified with r2 before being used for quantification of the 
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extent of LD (Oraguzie et al., 2007). Although r2 is still considered to be allele frequency 
dependent, the bias due to allele frequency is considerably smaller than in D′ (Ardlie et 
al., 2002). Currently, most LD mapping studies in plants use r2 for LD quantification 
because it also provides information about the correlation between markers and QTL of 
interest (Flint-Garcia et al., 2003; Gupta et al., 2005). Typically, r2 values of 0.1 or 0.2 are 
often considered the minimum thresholds for significant association between pairs of loci 
and to describe the maximum genetic or physical distance at which LD is significant (Zhu 
et al., 2008).  

3. Visualization and statistical significance of LD 
Since D′ and r2 are pairwise measurements between polymorphic loci, it is difficult to 
obtain summary statistics of LD across a region (Gupta et al., 2005). There are two 
common ways to visualize the extent of LD and the genomic regions or haplotype blocks 
found to be in significant LD. LD scatter plots are used to estimate the rate at which LD 
declines with genetic or physical distance (Figure 2a). An average genome-wide decay of 
LD can be estimated by plotting LD values, from a data set covering an entire genome, 
against distance. Alternatively, the extent of LD can be estimated for a particular region 
carrying a gene/QTL of interest previously identified by linkage mapping. These scatter 
plots are useful to determine the average effective distance threshold above which 
significant LD (commonly 0.5 for D′ and 0.1 for r2) is expected based on the curve of a 
nonlinear logarithmic trend drawn through the data points of the scatter plot (Breseghello 
& Sorrells, 2006). Disequilibrium matrices or LD heat maps are also very useful for 
visualizing the linear arrangement of LD between polymorphic sites within a short 
physical distance such as a gene, along an entire chromosome or across the whole genome 
(Figure 2b) (Flint-Garcia et al., 2003). LD heat maps are colour-coded triangular plots 
where the diagonal represents ordered loci and the different intensity coloured pixels 
depict significant pairwise LD level expressed as D′ or r2. Blocks of high intensity pixels 
afford an easy visualization of loci in significant LD. In this figure, the larger the blue 
blocks of haplotypes along the diagonal of the triangular plot, the higher the level and 
extent of LD between adjacent loci in the blocks, meaning that there has been either 
limited or no recombination since the LD block formation (Abdurakhmonov & 
Abdukarimov, 2008). These graphical representations enable us to determine the 
optimum number of markers to detect significant marker-trait associations and the 
resolution at which a QTL can be mapped. Because LD estimation based on D′ or r2 can be 
sensitive to marker density, highly saturated and representative linkage groups are ideal 
for LD calculations. 

The statistical significance of LD is typically determined using a χ² test of a 2 × 2 
contingency table. A p-value threshold of 0.05 is often used to declare lack of independence 
of alleles at two loci, thus suggesting association (Gupta et al., 2005). From a 2 × 2 
contingency table, the probability (P) of independence of alleles at two loci is generally 
calculated through a Fisher’s exact test (Fisher, 1935; as cited in Gupta et al., 2005). 
Statistically significant LD can also be calculated using a multifactorial permutation analysis 
to compare sites with more than two alleles such as microsatellite markers. These statistical 
methods are implemented in software such as PowerMarker (Liu & Muse, 2005) and 
TASSEL (Trait Analysis by aSSociation Evolution and Linkage) (Bradbury et al., 2007). 
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Fig. 2. Visualization of linkage disequilibrium in flax (Linum usitatissimum L.). a. Scatter  
plot of LD decay (r2) against genetic distance (cM), representing a measure of an average 
genome-wide LD. b. Heatmap of LD variation between pairwise polymorphic loci of four 
linkage groups. Blocks in significant LD are highlighted by red triangles. LD distribution is 
heterogeneous within and between linkage groups.  

4. LD variation as an effect of biological factors 

4.1 Recombination 

Several biological factors influence LD strength and its distribution across genomes. Many 
regions of the human genome display rates of recombination that differ significantly from 
the genome average recombination rate of 1 cM/Mb (Arnheim et al., 2003). These regions 
have been called “hotspots” and “coldspots” for high and low recombination rates, 
respectively. LD is strongly influenced by localized recombination rate and is correlated 
with other associated factors such as GC content and gene density (Dawson et al., 2002). In 
principle, local sequence features can affect LD directly and indirectly. For example, GC-rich 
sequences may be associated with higher rates of recombination and/or mutation, two 
phenomena that could directly lower surrounding levels of LD. Furthermore, in some 
protein-coding sequences, changes created by recombination or mutation may affect the 
fitness of an individual, and these sequences could be indirectly associated with unique 
patterns of LD as a consequence of natural selection (Smith et al., 2005).  

Because LD is broken down by recombination, and recombination is not distributed 
homogeneously across the genome, blocks of LD are expected. Also, differences in LD 
between micro chromosomes and macro chromosomes have been reported (Stapley et al., 
2010) as well as intra-chromosomal variation, where centromeric regions showed higher 
levels of LD.  Teo et al. (2009) conducted a comprehensive analysis of genomic regions with 
different patterns of LD to unravel the consequences of this patterning for AM in human 
populations. Plant genomes have revealed similar general conclusions with regards to LD 
distribution. Inter-chromosomal LD variation has been reported in barley (Hordeum vulgare), 
maize (Zea mays), tomato (Solanum lycopersicum) and bread wheat (Triticum aestivum) 
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(Malysheva-Otto et al., 2006; Robbins et al., 2011; Yan et al., 2009; Zhang et al. 2010), where it 
varied between less than 1 cM to more than 30 cM (r2 > 0.1). As a consequence, investigation 
of LD variation at the genome and chromosome scale to accurately estimate marker density 
for each chromosome is required to provide insights to the most cost-effective AM 
approach.  

4.2 Mating system 

The mating system has profound effects on LD (Myles et al., 2009). Selfing reduces 
opportunities for effective recombination because individuals are more likely to be 
homozygous than in outcrossing species (Flint-Garcia et al., 2003). In self-pollinated species 
such as rice (Oryza sativa), Arabidopsis (Arabidopsis thaliana) and wheat (Triticum aestivum) 
(Garris et al., 2005; Nordborg, 2000; Zhang et al. 2010), LD extends much further as 
compared to outcrossing species such as maize (Zea mays), grapevine (Vitis vinifera) and rye 
(Secale cereale) (Li et al., 2011b; Myles et al., 2009; Tenaillon et al., 2001). As a result, genetic 
polymorphisms tend to remain correlated, and LD is expected to be maintained over long 
genetic or physical distances (Gaut & Long, 2003). However, because LD declines more 
rapidly in outcrossing plant species than self-pollinated plants, a higher resolution is 
expected, enabling more accurate fine mapping and potentially facilitating the cloning of 
candidate genes. A detailed review of LD decay in self-pollinated and outcrossing species 
can be found in Flint-Garcia et al. (2003) and Abdurakhmonov & Abdukarimov (2008). 

4.3 Germplasm 

The germplasm plays a key role in LD variation because the extent of LD is influenced by the 
level of genetic diversity captured by the population under consideration. In general, the 
larger the genetic variation, the faster the LD decay, a direct consequence of the broader 
historical recombination. The population sample effect is evident in maize (Zea mays) where 
LD decays within 1 kb in landraces, approximately doubles (~ 2kb) in diverse inbred lines and 
can extend up to several hundred kb in commercial elite inbred lines (Jung et al., 2004). 
Tenaillon et al. (2001) investigated sequence diversity at 21 loci on chromosome 1 in a diverse 
group of maize germplasm, including exotic landraces and US accessions. An average LD 
decay was determined to occur within 400 bp (r2 = 0.2), but extended up to 1000 bp in a group 
of US inbred lines. In Michigan local Arabidopsis populations, LD decay varied within 50 kb 
up to 50-100 cM. The latter was explained as a genetic bottleneck or founder effect, which 
reduced dramatically the genetic variation (Nordborg et al., 2002). In cotton (Gossypium 
hirsutum), the genome-wide average LD (r2 ≤ 0.1) declined to 10 cM in landraces, but was up to 
30 cM in varieties (Abdurakhmonov et al., 2008). Myles et al. (2011) studied LD variation in 
over 1000 samples of domesticated grape (Vitis vinifera) and its wild relatives, reporting a rapid 
LD decay, even greater than in maize, as result of a weak domestication bottleneck followed 
by thousands of years of widespread vegetative propagation.  

Estimates of genome-wide average LD decay may not reflect LD patterns between different 
populations of the same species. Each of these populations should be explored 
independently for the extent of LD in order to conduct successful association mapping 
studies (Abdurakhmonov & Abdukarimov, 2008). Taking into account these three important 
biological factors, an obvious question is whether an increased or decreased level of LD is 
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favourable in AM? Populations with either rapid or slow LD decay can be useful in AM, 
depending on the purposes of the study. Thus, populations with narrow genetic diversity 
and long extent of LD are amenable to coarse mapping with fewer markers requiring fine 
mapping in more genetically diverse populations, assuming that the causal genetic factors 
are sufficiently similar across different germplasm groups.  

5. LD variation as effect of evolutionary factors 
5.1 Selection 

Initial interest in LD arose from questions surrounding the modus operandi of natural 
selection. Simply stated, if alleles at two loci are in LD and they both affect positively 
reproductive fitness, the response to selection at one locus might be accelerated by selection 
affecting the other (Slatkin, 2008). Thus, positive selection will increase LD between and in 
the vicinity of the selected loci, a phenomenon known as genetic hitchhiking (Maynard 
Smith & Haigh, 1974; as cited in Slatkin, 2008).  Even if the second locus is selectively 
neutral, the selection applied over the first will increase LD between them. The LD level 
between the two loci will remain constant over time depending on the genetic distance, the 
recombination rate and the effective population size (N). In contrast, if both loci are 
maintained by balancing selection, then LD can persist indefinitely (Lewontin, 1964).  
Nonetheless, LD should be higher in loci affected by positive selection because a strong 
positive selection limits genetic diversity as opposed to a balancing selection which tends to 
maintain or increase polymorphism. In general, disease resistance genes in plants (R-genes) 
are affected by balancing selection with low intragenic LD and rapid decay (Yin et al., 2004), 
which could facilitate fine mapping of disease resistance genes providing high marker 
saturation. Artificial selection also has dramatic effects on LD. Mosaics of large LD blocks 
are observed, especially in regions carrying agronomic-related genes. Domestication 
bottlenecks followed by strong selection for specific environments and end-use traits have 
modified the genome architecture in many crops reducing genetic diversity and creating 
population structure, which may be the main factor affecting the power of AM. 

5.2 Population structure 

Selection affects the genome and LD in locus-specific manner. In contrast, population structure 
affects LD throughout the genome. Consequently, genome-wide patterns of LD can help to 
understand the history of changes in populations (Slatkin, 2008). However, the power of AM 
can be strongly reduced as a consequence of population structure (Balding, 2006). Population 
structure occurs from the unequal distribution of alleles among subpopulations of different 
ancestries. When these subgroups are sampled to construct a panel of lines for AM, the 
intentional or unintentional mixing of individuals with different allele frequencies creates LD. 
Significant LD between unlinked loci results in false-positive associations between a marker 
and a trait. The effect is obvious in the following case. Suppose that one subpopulation is fixed 
for A and B alleles at two loci whereas another is fixed for a and b. Any mixture of individuals 
from the two subpopulations would contain only AB and ab haplotypes, implying that they 
are in perfect LD, when in fact there is no LD in either subpopulation (Slatkin, 2008). By 
definition, polymorphisms at two or more loci must exist to estimate the level of LD. In the 
above example, both loci are monomorphic in their respective subpopulations. However, 
when individuals are mixed, in the newly created artificial single population, false 
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polymorphisms and consequently significant but spurious LD is observed. Thornsberry et al., 
(2001) reported significant associations between polymorphisms at the maize Dwarf8 gene and 
variation in flowering time, but they also stated that up to 80% of the false positive associations 
resulted from population structure. The occurrence of spurious associations is markedly 
higher in adaptation-related genes because they show positive correlations with the 
environmental variables under which they have evolved, and, as a result, the genomic regions 
carrying these genes could present stronger population differentiation. Several statistical 
models take into account the potential effect of population structure. Commonly used 
algorithms are those of Pritchard & Rosenberg (1999) implemented in the software 
STRUCTURE (Hubisz et al., 2009; Pritchard et al., 2000). Other methods are based on Principal 
Component Analysis (PCA) (Price et al., 2006), and Principal Coordinate Analysis and Modal 
Clustering (PCoA-MC) (Reeves & Richards, 2009).   

5.3 Genetic drift, population bottleneck and gene flow 

The effect of genetic drift in a small population results in the consistent loss of rare allelic 
combinations which increases LD level (Flint-Garcia et al., 2003). Genetic drift can create LD 
between closely linked loci. The effect is similar to taking a small sample from a large 
population. Even if two loci are in linkage equilibrium, sampling only few individuals can 
create LD (Slatkin, 2008). 

LD can also be created in populations that have experienced a reduction in size (called a 
bottleneck) with accompanying extreme genetic drift (Dunning et al., 2000; as cited in Flint-
Garcia et al., 2003). After a bottleneck, some haplotypes will be lost; generally resulting in 
increased LD. Subsequent bottlenecks will further contribute to augment LD by increasing the 
effect of genetic drift. Colonizing species undergo repeated bottlenecks, and many models of 
the history of hominids assume the occurrence of a bottleneck when modern humans first left 
Africa (Noonan et al., 2006). Several studies of humans have argued that long distance LD in 
humans is the result of this early bottleneck in human history (Schmegner et al., 2005). In 
plants, comparisons with wild ancestors indicate that, in maize, approximately 80% of the 
allele richness has been lost as a consequence of domestication bottlenecks (Wright & Gaut, 
2005) while this number is 40-50% in sunflower (Liu & Burke, 2006) and 10-20% in rice (Zhu et 
al., 2007). Gene flow introduces new individuals or gametes with different ancestries and allele 
frequencies among populations. If selection maintains differences in allele frequencies at two 
or more loci among subpopulations, LD in each subpopulation will persist (Slatkin, 1975; as 
cited in Slatkin, 2008), but generally when random mating and recombination take place, LD 
caused by gene flow eventually breaks down. 

Factors such as genetic drift, population bottlenecks and gene flow can contribute to 
generating artificial LD and negatively impact the ability to use LD in AM for the precise 
localization of QTL. In general, any biological or evolutionary forces that contribute to an 
increase of LD beyond that expected by chance in an “ideal” population will result in false-
positive associations (Gaut & Long, 2003). 

6. Approaches for AM 
Many methodologies have been developed and are widely used for AM in humans (Schulze 
& McMahon, 2002), and several are perfectly applicable without change or with case-to-case 
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modifications for a wide range of organisms, including plants. The methods to study 
marker-trait association using LD may differ for discrete and quantitative traits (Nielsen & 
Zaykin, 2001). Here, we will examine several approaches: Multiparent Advanced 
Generation Intercross (MAGIC), Case-control (CC), Transmission Disequilibrium Test (TDT) 
and other approaches that incorporate corrections for population structure such as genomic 
control (GC) and structured association (SA). 

6.1 Multiparent Advanced Generation Intercross (MAGIC) 

MAGIC is an extension of the advanced intercross method in which an intermated mapping 
population is created from multiple founder lines. A Recombinant Inbred Line (RIL) 
population is created from multiple founder lines, in which the genome of the founders are 
first mixed by several rounds of mating, and subsequently inbred to generate a stable panel 
of inbred lines. The larger number of parental accessions increases the allelic and phenotypic 
diversity over traditional RILs, potentially increasing the number of QTL that segregate in 
the population. The successive rounds of recombination cause LD to decay, thereby 
increasing the precision of QTL location (Mackay & Powell, 2007). In both crops and 
animals, the MAGIC design has the ability to capture the majority of the variation available 
in the gene pool. Although it might take several years before these populations are suitable 
for fine mapping, they are relatively inexpensive to develop and their value as mapping 
resources increases with each generation (Mackay & Powell, 2007). In plants, MAGIC can be 
used to combine coarse mapping with low marker densities on lines derived from an early 
generation, with fine mapping using lines derived from a more advanced generation and a 
higher marker density. Regardless of the generation used, LD decay remains the critical 
factor determining the mapping resolution.  

6.2 Case-control (CC) 

The classical methodology and design of AM is the “case and control” (CC) approach.  If a 
mutation increases disease susceptibility, then we can expect it to be more frequent among 
affected individuals (cases) than among unaffected individuals (controls). The essential idea 
behind CC-based AM is that markers close to the disease mutation may also have allele 
frequency differences between cases and controls if there is LD between the marker locus 
and the “susceptibility” mutations (Schulze & McMahon, 2002). For accurate mapping, this 
design requires an equal number of unrelated and unstructured case-control samples. The 
Pearson χ2 test, Fisher’s exact test or Yates continuity correction can be used to compare 
allele frequencies and detect association between a phenotype and a marker 
(Abdurakhmonov & Abdukarimov, 2008). The CC tests are sensitive to overall population 
LD between a marker and a locus affecting the trait. As previously discussed, LD can exist 
between unlinked loci, meaning that strong marker-trait association is not necessarily 
evidence for physical proximity between a marker and the gene affecting the phenotype. As 
a consequence, the CC approach is highly sensitive to population structure (Schulze & 
McMahon, 2002). To efficiently eliminate the confounding effects caused by population 
structure, Spielman et al. (1993) developed the Transmission Disequilibrium Test (TDT). 

6.3 Transmission Disequilibrium Test (TDT) 

The ability to map QTL in collections of breeding lines, landraces or samples from natural 
populations has merit. In these populations, LD often decays more rapidly than in 
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controlled crosses, enabling fine mapping. The challenge is to distinguish the effects of 
population subdivision from LD caused by linkage (syntenic LD). A robust method to test 
for this partitioning is the TDT (Spielman et al., 1993) that permits the detection of linkage 
in the presence of disequilibrium. Neither linkage alone nor disequilibrium alone (non 
syntenic LD) will generate a positive result in a TDT. As a consequence, the TDT is a 
robust method to control false positives (Mackay & Powell, 2007). In brief, TDT compares 
the transmission versus the non transmission of alleles to the offspring using a χ2 test, 
assuming a linkage between a marker and a trait. The TDT design requires genotyping of 
markers from three individuals: one heterozygous parent, one homozygous parent and 
one affected offspring. In the absence of linkage between QTL and marker, the expected 
ratio of transmission to non transmission is 1:1 (Nielsen & Zaykin, 2001). In the presence 
of linkage, it is distorted to an extent that depends on the strength of LD between the 
marker and the QTL. In addition, the power of the association will depend on the 
effectiveness of selection of extreme progeny in driving segregation away from 
expectation (Mackay & Powell, 2007).  

The initial TDT approach did not address the cases of multiallelic markers, multiple 
markers, missing parental information, large pedigrees and complex quantitative traits 
(Schulze & McMahon, 2002). A variety of extensions of the TDT approach have been 
developed and applied to resolve multiallelic marker issues (i.e., GTDT, ETDT, MCTm); 
reviewed by Schulze & McMahon (2002).  

In crops, parental and progeny lines are often separated by several generations of 
gametogenesis rather than one, as is often the case of human studies. For this reason, the 
TDT, while still valid, may be less robust because the breeding process may result in 
increased segregation distortion (Mackay & Powell, 2007). 

6.4 Other approaches 

Population structure arising from recent migration, population admixture and artificial 
selection will generate non syntenic LD. Assuming that such population structure has a 
similar effect on all loci, a random set of markers can be used to statistically assess the extent 
with which population structure is responsible for non syntenic LD (Stich & Melchinger, 
2010). This is the basis of genomic control (GC). For example, for a case-control analysis of 
candidate genes, the GC approach computes χ2 test statistics for independence for both null 
(random) and candidate loci. An average χ2 of null loci greater than 1.0 indicates the 
presence of significant structure. By using the magnitude of the χ2 test observed at the null 
loci, a multiplier is derived to adjust the critical value for significance tests for candidate loci 
(Mackay & Powell, 2007). By contrast, structure association (SA) analysis developed by 
Pritchard et al. (2000), first uses a set of random markers to estimate population structure 
(Q-matrix), and then incorporates this estimate into a general linear model (GLM) analysis 
which enables correction for false associations. Yu et al. (2006) developed a new 
methodology, the mixed linear model (MLM), which incorporates both population structure 
and familial relatedness or so-called “kinship” (K-matrix). To perform MLM: (1) a Q-matrix 
is generated using for example, STRUCTURE; (2) the pairwise relatedness coefficients 
between individuals of a germplasm collection (K-matrix) is estimated using for example, 
SpaGeDi software (Hardy & Vekemans, 2002); and (3) both Q- and K-matrices are used in 
AM to control spurious associations. Studies conducted in human, Arabidopsis and bread 
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wheat (Raman et al., 2010; Yu et al., 2006; Zhao et al., 2007a) have demonstrated the 
effectiveness of the MLM approach over the GLM.  

Another type of mixed model used in AM incorporates PCA instead of the Q-matrix. 
Promising results as a fast and effective way to identify population structure have been 
reported (Price et al., 2006). The PCA-based MLM model is computationally effective as 
compared to the Q-matrix estimated from STRUCTURE. Also, STRUCTURE has been found 
to overestimate the “true” number of subpopulations under particular scenarios (Evanno et 
al., 2005). 

7. AM studies in plants 
Some of the first LD mapping studies in plants were done in maize (Zea mays) (Bar-Hen et 
al., 1995), rice (Oryza sativa) (Virk et al., 1996) and oat (Avena sativa) (Beer et al., 1997). Bar-
Hen et al. (1995) and Virk et al. (1996) predicted the association of quantitative traits using 
RAPD and isozymes markers, respectively. Beer et al. (1997) associated 13 QTL with RFLP 
loci using 64 oat varieties and landraces. In these studies, a low number of genome-wide 
distributed markers were assessed without considering the population structure. The first 
empirical candidate gene association taking into account background molecular markers to 
correct for population structure was performed in maize looking at the D8 locus and its 
association with flowering time (Pritchard, 2001). In Arabidopsis, most of the AM studies 
focused on providing proof of concept, identification of QTL involved in adaptation and 
detection of additional alleles to supplement other mutagenesis approaches (Ersoz et al., 
2007). Aranzana et al. (2005) performed the first attempt at a genome wide association study 
(GWAS) in Arabidopsis, reporting previously known flowering time and three known 
pathogen-resistance genes. GWAS refers to the use of many markers that span an entire 
genome to identify functional common variants in LD with at least one of the genotyped 
markers. Numerous research papers focusing on LD and AM have since been published on 
more than a dozen plant species. These studies have been reviewed by Gupta et al. (2005) 
and more recently by Zhu et al. (2008).  

In the last five years, plant AM studies have expanded because of advances in sequencing 
technologies which enable more efficient and cost-effective development of a large number 
of molecular markers such as Single Nucleotide Polymorphisms (SNPs). In Arabidopsis, 
new studies have been carried out aiming to dissect downy mildew resistance genes and 
climate-sensitive QTL, with special efforts focused on the understanding of adaptative 
variation (Li et al., 2010; Nemri et al., 2010). The first applied a CG approach, and the second 
a GWAS based on no fewer than 213,497 SNPs. In maize, recent studies dissected the 
quantitative genetic nature of the northern leaf blight (NLB) resistance, southern leaf blight 
(SLB) resistance and leaf architecture, scanning the genome using ~ 1.6 million SNPs (Kump 
et al., 2011; Poland et al., 2011; Tian et al., 2011). Poland et al. (2011) identified several loci 
with small additive effects carrying candidate genes related to plant defense, including 
receptor-like kinase genes. Kump et al. (2011), from the same research group, identified 32 
QTL with predominantly small additive effects related to SLB resistance. Similarly, Tian et 
al. (2011) demonstrated that the genetic architecture of leaf traits is dominated by small 
effects and that the liguleless genes have contributed to more upright leaves. Currently, 
whole genome scanning has moved beyond Arabidopsis and maize to other species such as 
rice and barley. Huang et al. (2010) uncovered the genetic basis of 14 rice agronomic traits 
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based on ~ 3.6 million SNPs. The loci identified through GWAS explained ~ 36% of the 
phenotypic variance, on average. In barley, GWAS of 15 morphological traits identified one 
putative anthocyanin pathway gene, HvbHLH1, carrying a deletion resulting in a premature 
stop codon and which was diagnostic for the absence of anthocyanin in the germplasm 
studied (Cockram et al., 2010). Efforts towards understanding adaptation-related genes have 
been undertaken in wheat. Raman et al. (2010) applied GWAS in order to identify genetic 
factors associated with aluminium resistance, one of the most restrictive abiotic stresses on 
acid soils worldwide. The study confirmed previously identified loci and identified putative 
novel ones. Subsequently, Rousset et al. (2011) studied the genetic nature of flowering time 
in wheat to investigate the effect of candidate genes on flowering time. The Vrn-3 gene 
explained a high percentage of the phenotypic variation of earliness followed to a lesser 
extent by Vrn-1, Hd-1 and Gigantea (GI). In Brassica napus, several seed oil related loci were 
identified, with a few corresponding to previously reported genomic regions associated 
with oil variation (Zou et al., 2010). In tetraploid alfalfa (Medicago sativa), 15 SSR markers 
showed strong association with yield in different environments (Li et al., 2011a). In sugar 
beet (Beta vulgaris), genetic variation of six agronomic traits was dissected using GWAS, 
identifying several QTL with major effects and others with epistatic effects (Würschum et 
al., 2011).  Thus, LD mapping, considered a few years ago as an emerging tool in plant 
genomics, has recently been shown to be a powerful method to dissect complex traits in 
crops. Table 1 summarizes these and other recently published AM studies in plants. Earlier 
publications are summarized elsewhere (Gupta et al., 2005; Zhu et al., 2008).  

8. Benefits and limitations of AM 
The potential high resolution in localizing a QTL controlling a trait of interest is the primary 
advantage of AM as compared to linkage mapping (Figure 3). AM has the potential to 
identify more and superior alleles and to provide detailed marker data in a large number of 
lines which could be of immediate application in breeding (Yu & Buckler, 2006). 
Furthermore, AM uses breeding populations including diverse and important materials in 
which the most relevant genes should be segregating. Complex interactions (epistasis) 
between alleles at several loci and genes of small effects can be identified, pinpointing the 
superior individuals in a breeding population (Tian et al., 2011). Sample size and structure 
do not need to be as large as for linkage studies to obtain similar power of detection. Finally, 
AM has the potential not only to identify and map QTL but also to identify causal 
polymorphisms within a gene that are responsible for the difference between two 
phenotypes (Palaisa et al., 2003).  

AM suffers from some limitations such as when the trait under consideration is strongly 
associated with population structure. Most traits under local adaptation or in balancing 
selection in different populations may be thus affected (Stich & Melchinger, 2010). When 
statistical methods to correct for population structure are applied, the differences between 
subpopulations are disregarded when searching for marker-trait associations. Therefore, all 
polymorphisms responsible for the phenotypic differences between subpopulations remain 
undetected, thus underpowering AM. LD mapping often requires a large number of 
markers for genotyping in GWAS. The number of markers depends in large part on the 
genome size and the expected LD decay; linkage mapping generally requires fewer markers 
to detect significant QTL. A high density of markers can only be achieved through the  
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markers for genotyping in GWAS. The number of markers depends in large part on the 
genome size and the expected LD decay; linkage mapping generally requires fewer markers 
to detect significant QTL. A high density of markers can only be achieved through the  

 
Association Mapping in Plant Genomes 

 

41 

Species Germplasm Trait Marker 
system 

Reference

Arabidopsis Diverse accessions Flowering time/pathogen 
resistance

Sequences Aranzana et al. (2005) 

 Diverse accessions Multiple traits SSRs/SNPs Ersoz et al. (2007) 
 Natural accessions Flowering time SNPs Brachi et al. (2010) 
 Diverse accessions Climate-sensitive QTL SNPs Li et al. (2010) 
 Landraces Downy mildew SNPs Nemri et al. (2010) 
 
Maize 

 
Inbred lines Aluminum tolerance SNPs Krill et al. (2010) 

 Inbred lines Drought tolerance SNPs Lu et al. (2010) 
 Inbred lines Northern leaf blight SNPs Poland et al. (2011) 
 Inbred lines Southern leaf blight SNPs Kump et al. (2011) 
 Inbred lines Leaf architecture SNPs Tian et al. (2011) 
 
Teosinte 

 
Landraces Domestication-related 

genes
SNPs Weber et al. (2009) 

Wheat Cultivars Kernel size, milling quality SSRs Breseghello & Sorrells, 
(2006) 

 Diverse accessions Aluminum resistance DArT Raman et al. (2010) 
 Breeding lines Stem rust resistance DArT Yu et al. (2011) 
 Diverse accessions Flowering time SNPs Rousset et al. (2011) 
 
Barley 

 
Inbred lines Growth habit SNPs Rostoks et al. (2006) 

 Cultivars Anthocyanin pigmentation SNPs Cockram et al. (2010) 
 Breeding lines Winterhardiness SNPs Von Zitzewitz et al. (2011) 
 
Oat 

 
Diverse cultivars Agronomic and kernel 

quality traits
AFLPs Achleitner et al. (2008) 

 
Rice 

 
Landraces  Heading date, plant height 

and panicle length 
SSRs Wen et al. (2009) 

 Landraces Multiple agronomic traits SNPs Huang et al. (2010) 
 
Canola 

 
Diverse accessions Leaf traits, flowering time 

and phytate content
AFLPs Zhao et al. (2007b) 

 Diverse accessions Oil content SSRs Zou et al. (2010) 
 
Soybean 

 
Breeding lines Iron deficiency chlorosis SSRs Wang et al. (2008) 

 
Cotton 

 
Diverse cultivars Fiber quality SSRs Abdurakhmonov et al. 

(2009) 
 
Peanut 

 
Diverse accessions Seed quality traits SSRs-SNPs Wang et al. (2011) 

 
Sugar beet 

 
Inbred lines Sugar content and yield SSRs Stich et al. (2008) 

 Inbred lines Multiple traits SNPs Würschum et al. (2011) 
 
Alfalfa 

 
Cultivars Biomass yield and stem 

composition
SSRs Li et al. (2011a) 

SNPs: Single Nucleotide Polymorphisms; SSRs: Simple Sequence Repeats; DArT: Diversity Arrays 
Technology; AFLPs: Amplified Fragment Length Polymorphisms. 

Table 1. Association mapping studies in plants. 
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development of an integrated genotyping by sequencing (GBS) platform. Thus, the analysis 
of cost-benefit must be conducted in the light of the real impacts that such investments will 
have in the future market appreciation of that plant species. Alternative approaches such as 
linkage mapping and CG could be feasible for other studied traits. The power of AM to 
detect an association is influenced by allele frequency distribution at the functional 
polymorphism level. The results of empirical studies suggest that a high percentage of 
alleles are rare (Myles et al., 2009). Rare alleles cannot be evaluated adequately because, by 
definition, they are present in too few individuals and consequently lack resolution power. 
As a consequence, an important piece of heritability remains undetected. For such rare 
alleles, linkage mapping may be used because correlation between population structure and 
phenotypes can be broken, and allele frequencies can be inflated to enhance the power of 
mapping (Stich & Melchinger, 2010). In this regard, several studies have combined linkage 
mapping and LD mapping, a methodology known as “nested association mapping”, which 
reduces spurious associations caused by population structure, particularly for traits strongly 
affected by local geographic patterns (Brachi et al., 2010; Poland et al., 2011). With the 
growing interest in finding the missing heritability not accounted for by common alleles 
(Asimit & Zeggini, 2010), several new association analysis methods for rare variants are 
being proposed, with some important advances in complex trait dissection (Li & Leal, 2008). 

9. Computer programs for AM 
A variety of software packages are available for AM, and it can be inferred from the 
previous sections that LD studies are computationally demanding. Thus, newer and more 
powerful programs are constantly under development. TASSEL is a commonly used 
software for LD mapping in plants, frequently updated with newly developed methods. 
Current examples include the GLM and the multiple regression models combined with the 
estimates for false discovery rate. TASSEL can also be used for calculation and graphical 
display of LD statistics, analysis of population structure using PCA, and tree plots of genetic 
distance. Although TASSEL can handle both SSR and SNP markers, the latest version only 
accepts SNPs. For SSR analysis, users must continue with TASSEL v. 2.1. Alternatively, 
GenStat offers traditional statistical analyses as well as linkage and AM analyses for SSRs. 

GenStat performs structure analysis based on PCA, LD decay and single trait association 
analysis using PCA-based MLM. Version 14 was recently released and can be downloaded for 
non profit purposes from http://www.vsni.co.uk/2011/asides/genstat-14-released/. Gupta 
et al. (2005) and Excoffier & Heckel (2006) comprehensively reviewed the most common 
software for population genetics and LD mapping analyses but the majority of them can only 
handle a few thousand marker loci. Progress in sequencing technologies has solved the past 
issue of genotyping large populations with high marker densities and software development 
has also moved quickly. Nowadays, the main issue is the time required for processing large 
data sets and the availability of powerful statistical models to adjust for multiple testing. JMP 
Genomics v.5 is a Windows based program that offers several solutions for handling large 
SNP data sets (http://www.jmp.com/software/genomics). Among its main characteristics, 
JMP Genomics is capable of handling data sets as large as 1.5 million SNPs for 15,000 samples 
on a 32-bit desktop work station using CG or GWA. It also corrects for relatedness and 
population structure using association tests, and calculates identical by descent (IBD), identical 
by state (IBS) and allele-sharing individual relationship matrices. Interactive triangular plots 
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and zooming features permit visualization of LD blocks. Association between SNPs and 
multiple traits can be tested separately or jointly, while adjusting for covariates. JMP Genomics 
5 also simplifies the analysis of rare and common variants, and includes features for high 
quality graphs and figures.  
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Fig. 3. Comparison of mapping resolution between linkage mapping and AM. a. A Doubled 
Haploid (DH) mapping population. b. A Recombinant Inbred Line (RIL) mapping 
population. c. A collection of diverse germplasm. a and b present low QTL resolution as a 
consequence of few meiosis events accumulated; c presents a high QTL resolution because a 
larger number of recombination events have accumulated during the population history. 

Similar applications can be found in GenAMap software, which incorporates visualization 
strategies for structured AM (http://cogito-b.ml.cmu.edu/genamap/). It has a processing 
capacity of 1 million SNPs in approximately 1 hour. The analysis is performed on a remote 
cluster complete with complex parallelization schemes to optimize run-time efficiency. 
GenAMap gives an overview of the association results through a heatmap view where SNPs 
are plotted against a network of candidate genes, shows interactions between genes, 
integrates the association strengths of the genes to SNPs in the genome, and creates a tree 
view of structured genes to explore and identify functional relevant branches of the tree that 
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are associated with a genomic region. Although GenAMap was primarily developed for 
human diseases, it can be applied to plant AM as well.  

PLINK software v. 1.07 (Purcell et al., 2007; http://pngu.mgh.harvard.edu/purcell/plink/) 
is an open source C/C++ GWAS tool set. With PLINK, large data sets comprising hundreds 
of thousands of SNPs and individuals can be readily manipulated and analyzed. PLINK 
offers five main characteristics. Data management is a simple interface for reordering, 
recording and filtering genotypic information. Summary statistics to determine the 
randomness of genotyping failure highlights the test of missingness on a simple haplotypic 
case-control test. Population stratification is measured on the basis of a genome average 
proportion of alleles sharing identical by state (IBS) between any two individuals. PLINK 
offers tools to cluster individuals into homogeneous subsets to identify potential outlier 
individuals causing genotyping or pedigree errors, and to incorporate this stratification in 
GWAS. Association analyses include CC, stratified analysis, TDT, QTDT, sib TDT and 
correction for multiple tests. Table 2 summarizes these and other software based on their 
analytical focus. 

10. Future perspectives of AM 
Large scale GWAS have already been carried out in plants and many more are in progress. 
The technological problem of efficiently genotyping 1 million or more SNPs has been 
solved, and the cost of genotyping continues to decline (Slatkin, 2008). With this increased 
resolution of LD patterns, the study of crop history will shift in focus from understanding 
the average history of populations to understanding the history of different genomic regions 
in depth. GWAS will not be limited to the identification of QTL but will also provide in 
depth understanding of the genomic changes that have shaped crop plants as a consequence 
of domestication and selection. Such information will translate into improved design of 
breeding populations and germplasm collections capturing adaptative variation. 

Design and implementation of genotyping assays is no longer time-consuming or expensive. 
To fully exploit and benefit from the large amount of achievable genotyping data, care must 
be given to proper and powerful experimental design (Myles et al., 2009). Because LD 
mapping often involves a relatively large number of diverse accessions, phenotypic data 
collection with adequate replications across multiple years and locations can be challenging. 
Efficient field design, appropriate statistical methods and consideration for QTL × 
environmental interactions should be explored to increase the mapping power, particularly 
if field conditions are not homogeneous. Reducing errors associated with phenotypic 
measurements remains a priority.  

One of the limitations of LD mapping is that it provides little insight into the mechanistic 
basis of LD detected, so that genomic localization and cloning of genes based on LD may not 
be always straightforward. This limitation occurs because strong LD is sometimes the result 
of a recent occurrence of LD (recent mutations) rather than a close physical linkage between 
two loci exhibiting LD (Gupta et al., 2005). As a consequence, we anticipate increased usage 
of nested AM, because it has the power to simultaneously capture information about the 
linkage of the markers and the degree of LD historically created. Linkage mapping and LD 
mapping are complementary and their successful combination has been demonstrated in 
plant systems (Brachi et al., 2010; Poland et al., 2011). As mentioned earlier, AM is one of  
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Software Focus Description Website 

STRUCTURE 2.3 Population 
structure 

Compute a MCMC Bayesian 
analysis to estimate the 
proportion of the genome of 
an individual originating 
from the different inferred 
populations  

http://pritch.bsd.uchicago.e
du/software.html  

BAPS 5.0 Population 
structure 

Compute Bayesian analysis 
to estimate the proportion of 
the genome of an individual 
and assign individuals to 
genetic clusters by either 
considering them as 
immigrants or as descendents 
from immigrants 

http://web.abo.fi/fak/mnf/
mate/jc/software/baps.html 

mStruct Population 
structure 

Detection of population 
structure in the presence of 
admixing and mutations 
from multi-locus genotype 
data. It is an admixture 
model which incorporates a 
mutation process on the 
observed genetic markers 

http://www.cs.cmu.edu/~s
uyash/mstruct.html 

LDheatmap LD R environment software for 
LD estimation (r2) displayed 
as heatmap plots using SNPs 

http://www.jstatsoft.org/v1
6/c03 

LDhat 2.1 Recombinatio
n rates and LD 

R environment software for 
LD estimation and 
identification of hotspots 
using a Bayesian reversible 
jump MCMC scheme for 
SNPs 

http://www.stats.ox.ac.uk/
mcvean/ldhat.html 

MIDAS LD Compute LD heatmaps for D′ 
and r2 providing both inter 
loci and inter allelic LD 
variation  

http://www.genes.org.uk/s
oftware/midas/ 

Arlequin 3.5 Genetic 
analysis and 
LD 

Hierarchical analysis of 
genetic structure (AMOVA), 
LD for D′ and r2. Version 3.5 
incorporates a R function to 
parse XML output files to 
produce publication quality 
graphics 

http://cmpg.unibe.ch/softw
are/arlequin35/ 
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Software Focus Description Website 

Haploview 4.2 Haplotype 
analysis and 
LD  

LD and haplotype block 
analysis, haplotype 
population frequency 
estimation, single SNP and 
haplotype association tests, 
permutation testing for 
association significance 

http://www.broad.mit.edu/
mpg/haploview/ 

GGT 2.0 Genetic 
analysis, LD 
and AM 

Compute genetic distance 
based on Jaccard similarity, 
dendrograms are displayed 
using a Neighbour-Joining 
algorithm.  Displays LD 
heatmaps and LD scatter 
plots for D′ and r2 and 
performs simple AM analysis 

http://www.plantbreeding.
wur.nl/UK/software_ggt.ht
ml 

SVS 7 Stratification, 
LD and AM 

Estimate stratification, LD, 
haplotypes blocks and 
multiple AM approaches for 
up to 1.8 million SNPs and 
10,000 samples 

http://www.goldenhelix.com 

TASSEL Stratification, 
LD and AM 

SSR markers, GLM and MLM 
methods 

http://www.maizegenetics.n
et 

GenStat Stratification, 
LD and AM 

SSR markers, GLM and 
MLM-PCA methods 

http://www.vsni.co.uk/ 

JMP genomics Stratification, 
LD and 
structured 
AM  

SNPs, CG and GWAS, 
analysis of common and rare 
variants 

http://www.jmp.com/softw
are/genomics 

GenAMap Stratification, 
LD and 
structured 
AM 

SNPs, tree of functional 
branches, multiple 
visualization tools 

http://cogito-
b.ml.cmu.edu/genamap 

PLINK Stratification, 
LD and 
structured 
AM 

SNPs, multiple AM 
approaches, IBD and IBS 
analyses 

http://pngu.mgh.harvard.ed
u/purcell/plink/ 

 

Table 2. List of software used in LD and AM. 

many applications of LD. With the increasing availability of molecular markers, it is now 
feasible to scan a genome to identify signatures of selection (both positive and balancing 
selection). This approach, known as population genomics, simultaneously studies thousands 



 
Genetic Diversity in Plants 

 

46

Software Focus Description Website 
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of marker loci distributed across the genome to better understand the roles that evolutionary 
processes have played in the current pattern of genetic variation across populations (Luikart 
et al., 2003). Among different approaches reviewed by Oleksyk et al. (2010), LD can be used 
to Identify loci that have been targets of selection. Strong positive selection quickly increases 
the frequency of an advantageous allele, resulting in linked loci remaining in unusually 
strong LD with that allele in the phenomenon known as genetic hitchhiking. Since 
conditions vary from one locality to another and differ considerably between ecosystems 
(Oleksyk et al., 2010), it is expected that genomic differentiation occurred between 
populations. Patterns of contrasting LD between populations can assist in identifying 
adaptative genetic diversity for emerging global problems such as drought tolerance, UV 
radiation, heavy metal related genes, and ultimately, food security. Since climate change is 
likely to affect a wide range of species and habitats, LD could assist in the development of 
specific “adapted germplasm collections” suitable for cultivar development and 
conservation rather than collections capturing mostly neutral variation. Studies on the 
adaptation of natural populations to local ecosystems based on LD variations have already 
been reported (Li & Merilä, 2011).  

Although GWAS have been successful in finding new causative alleles, usually tests for 
common variants are underpowered for detecting variants of lower frequency leaving a 
high proportion of undetected heritability. In human genetics, there is a growing interest in 
the role of rare variants in multifactorial disease etiology and there is an increasing body of 
evidence pointing to the role of rare variants in complex traits (Bansal et al., 2010). The 
frequency of any single rare or low-frequency variant is less than 5%, but collectively the 
number of rare variants is substantial. According to the multiple rare variant (MRV) 
hypothesis, there are many large effect rare variants in the population and cases of common 
inherited diseases have been the result of additive effects of a few of these moderate to high 
penetrance MRVs (Bodmer & Bonillna, 2008, as cited in Asimit & Zeggini, 2010). In the 
search for causal variants of type 1 diabetes (T1D), Nejentsev et al. (2009) identified four 
disease-associated rare variants in the IFIH1 gene, which are protective of T1D. Involvement 
of rare variants in hypertension has also been shown (Ji et al., 2008). Despite their 
importance, rare variants have not been studied as extensively as common variants because 
of cost limitations in next generation sequencing technologies and the lack of an appropriate 
analytical toolbox to enable powerful rare variant association analysis (Asimit & Zeggini, 
2010). With this in mind, several strategies for association studies involving rare variants 
have been proposed. The simplest approach is to test them individually using standard 
contingency table and regression methods such as those implemented in the genetic 
software PLINK (Purcell et al., 2007). This method, called “single-locus test” is highly 
problematic, given, for example, the poor power that such statistical tests have to detect 
small differences between diagnostic or phenotypic groups (Gorlov et al., 2008, as cited in 
Bansal et al., 2010). Other methods that overcome the power issues associated with testing 
rare variants individually include the collapsing strategy, methods based on summary 
statistics, multiple regression and data mining which are comprehensively reviewed by 
Bansal et al. (2010). Approaches involving direct sequencing have been tested by Li & Leal 
(2009). Since epigenetic factors are also likely to contribute to common complex traits, 
epigenome-wide association studies (EWASs) have been proposed to uncover another 
missing piece of heritability unexplained by common variants (Rakyan et al., 2011), 
specifically involving the study of variation in DNA methylation across the genome. 
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Future scenarios in plant AM will likely include a combination of studies involving common 
and rare variants to explain most of the phenotypic variation observed for agronomic and 
adaptative traits. The reader will have noticed the influence of human genetics in much of the 
discussion of LD mapping. Plant geneticists continue to follow human genetics research in 
order to improve QTL studies. However, plants offer advantages that cannot be afforded in 
humans such as population design and size, which promise to make plant GWAS a powerful 
tool. Overall, we anticipate witnessing advances in plant AM as a result of new approaches in 
human association studies in combination with the benefits of plant genetics that enable us to 
uncover and understand levels of plants genome complexity not seen before.          
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Future scenarios in plant AM will likely include a combination of studies involving common 
and rare variants to explain most of the phenotypic variation observed for agronomic and 
adaptative traits. The reader will have noticed the influence of human genetics in much of the 
discussion of LD mapping. Plant geneticists continue to follow human genetics research in 
order to improve QTL studies. However, plants offer advantages that cannot be afforded in 
humans such as population design and size, which promise to make plant GWAS a powerful 
tool. Overall, we anticipate witnessing advances in plant AM as a result of new approaches in 
human association studies in combination with the benefits of plant genetics that enable us to 
uncover and understand levels of plants genome complexity not seen before.          
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1. Introduction   
The introduction of modern varieties of staple crop in agriculture seem to lead to an overall 
decrease in genetic diversity, although within the released varieties themselves the data are 
inconsistent and no overall narrowing of the genetic base can be discerned. The situation 
regarding genetic erosion in landraces and crop wild relatives is equally complex. While 
many recent studies have confirmed that diversity in farmers’ fields and protected areas has 
eroded, this is not universally the case.  

Many reports expressed continuing concern over the extent of genetic vulnerability and the 
need for a greater deployment of diversity. However, better techniques and indicators are 
needed to monitor genetic diversity, to establish baselines and monitor trends. 

In recent years, there is evidence of growing public awareness with regard to the importance 
of genetic diversity, both to meet increasing demands for greater dietary diversity, as well as 
to meet future production challenges. The increased environmental variability that is 
expected to result from climate change implies that in the future, farmers and plant breeders 
will need to be able to access an even wider range of plant genetic resources for food and 
agriculture than today. 

The existing ex situ collections of fruit trees germplasm may valuably provide either a source 
of genes potentially useful as raw material in plant breeding, or plants directly valid for a 
sustainable production. With respect to the latter item, we refer to those local varieties that, 
having evolved for a very long period in a location, and having developed adaptative traits, 
well integrated with the environmental, agronomic, cultural and traditional features of the 
site and more or less recently have been replaced with new varieties. The requirements of 
modern agriculture, such as sustainability call for the cultivation of a wider range of diverse 
material that could better respond to the different aspects involved. Specifically, if it is 
necessary to obtain new varieties with a broader genetic base, capable of producing under 
diverse conditions and to respond to different stresses – i.e. pests, drought, low fertility of 
the soil etc.  On the other hand, in some cases, the re-introduction of old local varieties and 
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the safeguard of traditional farming systems and landscapes can be very profitable from an 
economic and socio-economic point of views. In general, the lack of information about plant 
genetic resources conserved have the effect of limiting the use that can be made of large 
existing collections, restricting the value and the usefulness of a collection even within the 
owning institute and among other potential users. Hence, assessing the traits of the 
germplasm conserved in a collection is an essential prerequisite to a proper and wide 
utilization of the plant material conserved and it is the first step toward a further definition 
of the roles that the varieties can play in sustainable production, through the direct use or in 
breeding programmes. 

In the past few years, several studies based on comparative high throughput sequencing of 
plant transcriptomes have, indeed, allowed the identification of new gene functions, 
contaminant sequences from other organisms, alterations of gene expression in response to 
genotype, tissue or physiological changes, as well as large scale discovery of SNPs (Single 
Nucleotide Polymorphisms) in a number of model and non model species, such us maize, 
grapevine and eucalyptus (Costa et al., 2010). 

Among the cultivated plants, olive (Olea europaea L.) is the sixth most important oil crop in 
the world, presently spreading from the Mediterranean region of origin to new production 
areas, due to the beneficial nutritional properties of olive oil and to its high economic value. 
The Mediterranean basin is the traditional area of olive cultivation and has 95% of the olive 
orchards of the world. From the Mediterranean basin, olive cultivation is presently 
expanding into areas of Australia, South and North America (Argentina, Chile, United 
States) and South Africa.  

It belongs to the family of Oleaceae, order of Lamiales, which includes about 10 families for 
a total of about 11,000 species. Members of this order are important sources of fragrances, 
essential oils and phenolics claiming for numerous health benefits, or providing valuable 
commercial products, such as wood or ornamentals. Information on the genome sequence 
and transcript profiles are completely lacking. Olive is a diploid species, predominantly 
allogamous. In spite of its economical importance and metabolic peculiarities, very few data 
are available on gene sequences controlling the main metabolic pathways. 

In spite of its economical importance and metabolic peculiarities, very few data are available 
on gene sequences controlling the main metabolic pathways in olive. With regard to oil, a 
range of biochemical methods to study the traceability of olive oil has to be presented. In 
fact, the analysis of minor and major components present in olive oil represents a valuable 
tool for authentication purposes. 

Food authenticity has become a focal point for producers, consumers and policy markers. 
The DNA based technology is gaining a great attention in the field of food authenticity. 
This technology makes use of molecular markers such as RAPD, AFLP and SSR more 
efficient and constitutes promising approach for variety characterization and oil 
traceability in olives.  

In this contest, the acquisition of additional information on biochemical markers in olive 
represents a fundamental and indispensable step to preserve the main olive varieties and 
also to safeguard the minor genotypes, in order to avoid a loss of genetic diversity and offer 
an important genetic basis for future breeding programs. 
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2. Management of germplasm collection 
Plant genetic resources are essential to a sustainable agriculture and food security. FAO 
estimates humans have used some 10,000 species for food throughout history. However, 
only about 120 cultivated species provide around 90% of food requirements and 4 species 
(Maize, Wheat, Rice and Potatoes) provide about 60% of human dietary energy for the 
world's population. Of the myriad of varieties of these crops developed by farmers over 
millennia, which form an important part of agricultural biodiversity, more than 75% have 
been lost in the past 100 years.  

Some fear that corporate financial interests might prevent safeguarding of livelihoods, 
promotion of food security, biodiversity-rich farming under control of local communities. 

The best way of conserving fruit germplasm collection is their utilization. However, today 
these resources are not only underutilized but also under conserved. The Global Plan of 
Action therefore supports activities improving in situ and ex situ conservation of plant 
collection. Regarding ex situ conservation, millions of accessions are already stored in 
hundreds of germplasm collections around the world for both conservation and utilization 
purposes. Find short descriptions about these germplasm databases and links to their 
websites by searching either by database type or by free text search. 

2.1 The in situ management of germplasm collection 

Awareness of the importance and value of crop wild relatives and of the need to conserve 
them in situ has increased. A global strategy for crop wild relatives preservation and use has 
been drafted, protocols for the in situ conservation of crop wild relatives are now available. 
The number and coverage of protected areas are expanding the last years and this has 
indirectly led to a greater protection of crop wild relatives.  

Important progress has been made in the development of tools and techniques to assess and 
monitor plant genetic resources for food and agriculture within agricultural production 
systems. Countries now report a greater considerate of the amount and distribution of 
genetic diversity in the field, as well as the value of local seed systems in maintaining such 
diversity. More consideration is now being paid in several countries to increasing genetic 
diversity within production systems as a way to reduce risk, particularly in light of changes 
in climate, pests and diseases. The number of on-farm management projects is increased 
somewhat and new legal mechanisms have been put in place in several countries to enable 
farmers to market genetically diverse varieties. There is still a need for more effective 
policies, regulations governing the in situ and on-farm management of plant genetic 
resources for food and agriculture, both inside and outside protected areas, and closer 
collaboration and coordination are needed between the agriculture and environment 
sectors. Many aspects of in situ management still require further research and strengthened 
research capacity is required in such areas as the taxonomy of crop wild relatives and the 
use of molecular tools to conduct inventories and surveys. 

2.2 The ex situ management of germplasm collection 

The total number of varieties conserved ex situ international has reached 7.4 million. While 
new collecting accounted for at least 240,000 varieties, and possibly considerably more, 
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much of the overall increase is the result of exchange. It is estimated that less than 30% of 
the total number of varieties are distinct (FAO, 2010). There is still a need for greater 
rationalization among collections globally. 

The existing ex situ collections of fruit tree germplasm may valuably provide either a source 
of genes potentially useful as raw material in plant breeding, or plants directly valid for a 
sustainable production. With respect to the latter item, we refer to those local varieties that, 
having evolved for a very long period in a location, and having developed adaptative traits 
well integrated with the environmental, agronomic, cultural and traditional features of the 
site and more or less recently have been replaced with new varieties. The needs of modern 
agriculture, such as sustainability call for the cultivation of a wider range of diverse material 
that could better respond to the different aspects involved. Specifically, if it is necessary to 
obtain new varieties with a broader genetic base, capable of producing under diverse 
conditions and to respond to different stresses – i.e. drought, pests, low fertility of the soil 
etc. –, on the other hand, in some cases, the reintroduction of old local varieties and the 
safeguard of traditional farming systems and landscapes, can be very profitable from an 
economic and socio-economic point of views. In general, the lack of information about plant 
genetic resources conserved have the effect of limiting the use that can be made of large 
existing collections, restricting the value and the usefulness of a collection even within the 
owning institute and among other potential users. Hence, assessing the traits of the 
germplasm conserved in a collection is an essential prerequisite to a proper and wide 
utilization of the plant material conserved and it is the first step toward a further definition 
of the roles that the varieties can play in sustainable production, through the direct use or in 
breeding programmes. 

Germplasm collections established and maintained by genebanks provide for the present 
and future utilization of plant genetic resources. In the early stages of collection 
development, the focus was mainly on acquisition per se, and less on optimizing collection 
composition. Many germoplasm collections were started from working collections that had 
been used to support specific purposes, including breeding, crop improvement and 
taxonomic studies. In many cases, germplasm collections expanded their collections 
thereafter by including obsolete varieties, research lines or samples obtained from collecting 
missions to natural distribution areas of crops and their wild relatives. 

There is still a need for greater rationalization among collections globally. Scientific 
understanding of the on-farm management of genetic diversity has increased. While this 
approach to the conservation and use of plant genetic resources for food and agriculture is 
becoming increasingly mainstreamed within national programmes, further efforts are 
needed in this regard. With the development of new molecular techniques, the amount of 
data available on genetic diversity has increased dramatically, leading to an improved 
understanding of issues such as domestication, genetic erosion and genetic vulnerability. 

The largest total numbers of ex situ varieties are of wheat, rice, barley and maize accounting 
for 77% of the total cereal and pseudo-cereal holdings. Other large cereal holdings include 
sorghum (about 235,000 varieties) and pearl millet (more than 65,000 varieties; FAO, 2010). 
In some tropical countries, roots and tubers, including cassava, potato, yam, sweet potato 
and aroids, are more important as staple foods than cereals, but being more difficult to 
conserve, collection sizes tend to be smaller. Centro Internacional de la Papa (CIP, Spain) 
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holds the world’s largest sweet potato collection (more than 6,400 varieties) as well as the 
third largest potato collection (representing about 8% of total world holdings of about 98,000 
varieties) after those of the Institut National de la Recherche Agronomique (INRA, France) 
and N.I. Vavilov All-Russian Scientific Research Institute of Plant Industry (Russian 
Federation).  
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Centro di Ricerca per l’Olivicoltura e l’Industria Olearia (Agricultural Research Council - 
Olive growing and OiL Industry research centre, CRA-OLI, Italy), Horticulture and 
Subtropical Crops Research Institute (HSCRI, Azerbaijan), Junta de Andalucía, Instituto 
Andaluz de Investigación Agroalimentaria y Pesquera, Centro de Investigación y Formación 
Agroalimentaria Córdoba (CIFACOR, Spain), National Plant Gene Bank of Iran was placed 
in the Seed and Plant Improvement Institute (NPGBI-SPII, Iran). The largest olive collection 
(accounting for 17% of the total olive trees with more than 500 varieties) is held by CRA-OLI 
in Italy, followed by the collections of the CIFACOR in Spain. 

The systematic collection of Italian olive varieties for deposit into specific catalogue fields 
began in Italy in the 1980s. A similar international collection was begun in 1997 by CRA-OLI 
of Rende, Italy. Collection entailed the following steps: a survey of the territory, 
individuation, basic characterization, and introduction into the gene bank field. Material 
identified by other international scientific institutions (International Treaty on Plant Genetic 
Resources for Food and Agriculture - Plant Genetic Resources RGV-FAO Projects) was also 
included. To date, roughly 500 varieties have been introduced into the CRA-OLI collection, 
and this list has been published (web site http://apps3.fao.org/wiews/olive/oliv.jsp). 

The olive tree is one of the oldest cultivated plants, and its fruit has been used for 
nourishment for more than 5,000 years in the Mediterranean regions where it originated. 
Over the last few centuries, cultivation of the olive tree has spread to North and South 
America, as well as Japan, South Africa, and Australia. Due to the tree’s need for a warm but 
not excessively hot climate, it can be cultivated in both the northern and southern 
hemispheres between 30 and 45 degrees latitude, with the exception of some equatorial 
regions where olive trees are grown at high altitude. Nowadays, olives are produced in 
more than 40 countries spread across all six inhabited continents, and even in exotic places 
like Hawaii. 

A useful olive germplasm collection also requires an organizational system devoid of 
homonymy, synonymy and mislabelling so that a reliable classification of all varieties can be 
achieved without unnecessary confusion. Recent research has focused on using morphology 
and biochemical and molecular markers to characterize and identify olive varieties. The 
identification of varieties and varieties using molecular markers is a crucial aim of modern 
horticulture, because such a technique would greatly facilitate breeding programmes and 
germplasm collection management. 

3. Olive germplasm characterization  
The genetic patrimony of the Mediterranean Basin’s olive trees are very rich and is 
characterised by and abundance of varieties. Based on estimates by the FAO Plant 
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Production and Protection Division Olive Germplasm (FAO, 2010), the world’s olive 
germplasm contains more than 2,629 different varieties, with many local varieties and 
ecotypes contributing to this richness. 

The olive tree is a member of the Oleaceae family, which contains the genera Fraxinus, 
Forsythia, Forestiera, Ligustrum, and Syringa, in addition to the genus Olea. The genus Olea of 
the sub-family Oleideae, includes two sub-genera, Olea and Paniculatae. According to recent 
revisions of the Olea europaea taxonomy (Green, 2002), this species is divided into the 
following six sub-species based on morphology and geographical distribution:  

1. subsp. europaea, divided into the two botanical varieties: the wild olive or oleaster (var. 
sylvestris) and the cultivated olive (var. europaea), distributed in the Mediterranean 
Basin;  

2. subsp. cerasiformis, present in Madeira Island; 
3. subsp. cuspidata, distributed from South Africa to southern Egypt and from Arabia to 

northern India and south-west China; 
4. subsp. guanchica, present in the Canary Islands; 
5. subsp. laperrinei, localized to the Sahara region; 
6. subsp. maroccana, present in south-western Morocco. 

Commercial olives are products of Olea europaea subsp. europaea var. europaea, as only this 
species produces edible fruit. The cultivated olive tree can reach heights ranging from just a 
few meters to 20 meters. The trunk is irregular, and the branches bear evergreen, elliptical 
and/or lanceolate leaves whose upper and lower surfaces are green and silvery, 
respectively. The olive tree (photo 1) is a long lived evergreen and some specimens have 
been reported to live for nearly 2,000 years. Its wood can resist decay, and when mechanical 
damage or environmental extremes kill the top of the tree, new growth arises from the root 
system.  

Olive trees were multiplied by using different explants including ovule (spheroblast) and 
subsequently leafy stem cutting and grafting on seedlings or clonal stocks. Vegetative 
reproduction potential varies, which is dependent on genotype, e.g. easy to rooting and 
recalcitrant to root initiation (Hartmann and Kester 1968). Micropropagation of the  
olive variety was successful on OM medium (Rugini, 1984) and subsequently several 
other researchers slightly modified the culture medium by adding different growth 
substances or rooting conditions (Cozza et al., 1997; Mencuccini, 2003). The 
micropropagated materials (photo 2) can be used to screen for resistance to biotic and 
abiotic stress and for genetic improvement activity (Rugini et al., 2000; Sasanelli et al., 
2000; Bartolozzi et al., 2001). 

When propagated by either seed or cuttings, the root system generally is shallow, spreading 
to only 0.9-1.2 meters even in deep soils. The above ground portion of the olive tree is 
recognizable by its dense assembly of limbs, short internodes, and the compact nature of the 
foliage. Light does not readily penetrate into the interior of an olive tree unless the tree is 
pruned to create light channels. If left unkempt, olive trees develop multiple branches with 
cascading limbs. The branches are able to bear large quantities of fruit on their terminal 
twigs, which are pendulous, flexible, and sway with the slightest breeze. 

Olive leaves (photo 3) are thick, leathery, and oppositely arranged. The silvery green leaves 
are oblong in shape, measuring 4–10 centimetres long and 1–3 centimetres wide. Leaves 
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have stomata on their lower surfaces only. Stomata are nestled in peltate trichomes that 
restrict water loss and make the olive tree relatively resistant to drought. Some multicellular 
hairs are present on the leaf surfaces. Each leaf grows over a two year period. Olive leaves 
usually abscise in the spring after they are 2 or 3 years old. As with other evergreens, 
however, leaves older than 3 years are often present. Flower bud inflorescences (photo 4) are 
borne on each leaf’s axil. The small white, feathery flowers, with ten cleft caly x and corolla, 
two stamens and bifid stigma. The bud is usually formed during one season, at which point 
it can remain dormant for more than a year before beginning visible growth during the 
subsequent season. After the buds become viable inflorescences, flowers bloom a season 
later than expected. Each inflorescence contains between 15 and 30 flowers, depending on 
the variety and on the extent of that year’s development.  

 
Photo 1. Calabrian secular olive (Olea europaea subsp. europaea var. europaea) trees 

The olive fruit is a drupe (photo 5), botanically similar to the almond, apricot, cherry, 
nectarine, peach, and plum. The olive fruit consists of an exocarp, a mesocarp and an 
endocarp. The exocarp represents the 1.5-3.5% of the total fruit; it is free of hairs and 
contains stomata. The mesocarp represents the 70-80% of the total fruit; it is the tissue that is 
eaten, and the endocarp is woody and represents the 13-24% of the total fruit and encloses 
the seed (2-4% of the total fruit).  
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Quantitatively, the largest constituents of the drupe are water (40-70%) and oil (6-25%). The 
biochemical composition of olive oil consists of a major portion that includes triacylglycerols 
and that represents more than 98% of the total oil weight and a minor ones, that is present in 
very low amount (about 2% of oil weight), including more than 230 chemical compounds 
such as aliphatic and triterpenic alcohols, sterols, hydrocarbons, volatile compounds and 
antioxidants (tocopherols and phenolic compounds).  

 
Photo 2. In vitro propagation of olive (Olea europaea subsp. europaea var. europaea) trees 
through micro-grafting 

 
Photo 3. Olive (Olea europaea subsp. europaea var. europaea) leaves: top side and under side 
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Photo 4. Olive (Olea europaea subsp. europaea var. europaea) inflorescence (raceme) 

The phenolic compounds have shown their relevance in the production of virgin olive oil, 
typical food of the Mediterranean culture because of their bioactive contribution to sensory 
characteristics, to stability toward autoxidation, and to human health beneficial effects 
(Muzzalupo et al., 2011, Servili et al., 2004). Olive fruit pulp naturally possesses a bitter taste 
due to the presence of the glycoside oleuropein (photo 6), (Bianco et al., 1999, 2001; De Nino 
et al., 2005). 

 
Photo 5. The olive fruit (drupe) at different ripening stages 
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Photo 6. Cytological features of olive fruits. Fruit longitudinal sections stained with  
safranin O/azur II; 

The olive tree and its products can be damaged from many diseases and pests. The most 
dangerous are the bacterium Pseudomonas savastanoi (photo 7), which produce tubercules 
forms on the branches and stems, the fungus Cycloconium oleaginum that damage the leaves 
and fruits and Verticillum dahlie that is destructive for the root apparatus and the growth of 
the plants. Among phytophagous, most harmful are the olive fruit fly (Bactrocera olea 
Gmelin), the olive moth (Prays oleae Bernard) and black scale (Saissetia oleae Olivier). Olive 
fruit fly is the major pest and can cause severe economic damage to olive production, which 
effect oil extraction and table use (photo 8). 

 
Photo 7. Pseudomonas savastanoi olive or tuberculosis 
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Photo 8. Olive fruit fly (Bactrocera olea Gmelin) 

Varieties are predominantly diploid (2n = 2x = 46) (Minelli et al., 2000). The DNA content is 
2.2 pg per 1C nucleus (Bitonti et al., 1999), correspondent to a genome size of 2.2 Gbp (De la 
Rosa et al., 2003). 

Over the millennia, new varieties have originated by genetic mutation, by spontaneous 
crossing with a subsequent natural dissemination of stones. Also an important factor in the 
development of locally specific varietal populations was sexual reproduction, involving 
populations of local wild Olea and those selected to the criteria of local farmers (Breton et al., 
2006). If agreeable by humans, that new varieties were established by vegetative means. The 
longevity of the olive tree and the selection of a large number of varieties have contributed 
to the conservation of its variability and allowed to pass a large proportion of this genetic 
diversity (Rallo et al., 2000). Another factor that has contributed to increasing the 
biodiversity of this species is the wide genetic variability of olive that has been created and 
distributed freely without any concern for loyalty to a morphologically defined archetype 
because the end product is not the whole fruit, such as for most other fruit trees, but the 
result of squeezing the fruit: the virgin olive oil. This has led, over time, to the formation of 
polyclonal varieties of heterogeneous phenotype (varieties–populations) rather than the 
formation of monoclonal varieties. Intra-varietal polymorphisms in fact, have been reported 
in the literature (Lopes et al., 2004; Muzzalupo et al., 2009b, 2010) in which the observed 
differences within the same variety have been suggested as somatic mutations occurring 
during vegetative propagation.  

The problem of characterizing the olive tree germplasm is complicated not only by the 
richness of its genetic patrimony, but also by the absence of reference standards and a well-
defined system of nomenclature that is free from homonymy and synonymy (Bartolini and 
Petruccelli, 2002). For olive varieties there are still no “standard reference variety” (Roselli 
and Scaramuzzi, 1974) and only recently, some research Italian projects (i.e., “International 
Treaty on Plant Genetic Resources for Food and Agriculture - Plant Genetic Resources RGV-
FAO”, “Improvement and qualification of nursery olive” OLVIVA and “Research and 
Innovation for the South Olive“ RIOM projects) have been raising this issue and are trying 
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to achieve a “standard certificate” for each variety present in different Italian regions. The 
extent of this diversity has important implications for both the adaptation of varieties to 
their local environment and for the optimization of these varieties agronomical performance 
under a given set of environmental conditions. For example, every initiative promoting 
olive cultivation should consider the potential repercussions of such action on any local 
olive varieties. Every region should preserve its own plant material in order to safeguard 
both the adaptation and productivity of the species and the unique characteristics of the 
region’s olive oil. However, the study of intra-varietal polymorphisms is important since 
they may have traits that although not considered important in the past, might be important 
to meet the challenges of modern olive growing (i.e., resistance to low temperatures, salinity 
tolerance, etc.). 

The preliminary work performed in olive tree genomics is currently very far from 
producing results that are useful for selecting new varieties using molecular tools. This 
combined with the general lack of prior knowledge regarding the cultivated and wild olive 
germplasms, has focused attention mainly on the evaluation of the germplasm.  

There is a strong need for a means of reliably identifying different olive tree varieties, partly 
because so many of these varieties are propagated solely via vegetative methods. This 
would also be of substantial benefit to nurserymen and growers, because the cost of plants 
represents the major investment in establishing new orchards. At the same time, it is also 
important to improve the ex situ plant germplasm collection in order to characterize 
adequately all varieties, and to develop future breeding programs.  

Morphological and biological characteristics are widely used for descriptive purposes and 
are commonly used to distinguish olive varieties (Barranco et al., 2000; Cantini et al., 1999; 
Lombardo et al., 2004). Agronomic characterization has also aided in the classification of 
different olive varieties (Barranco and Rallo 2000; Lombardo et al., 2004). Morphological 
characterization of olive varieties is potentially unreliable, because environmental factors 
strongly influence the plants’ morphology. Despite this drawback, the age of trees, their 
training systems, and the phenological stage of the plants continues to be a key preliminary 
step in the description and classification of the olive tree germplasm (Lombardo et al., 2004) 
At the same time, improving ex-situ olive plant germplasm collections remains an important 
objective, which will ultimately prove useful for characterizing all varieties and for 
developing future breeding programs. 

Recently, a multiplicity of molecular markers as been used to characterize and distinguish 
between olive varieties. In light of these efforts, some combination of enzymatic markers 
with distinct morphological, physiological, and agronomic characteristics may ultimately 
provide a method for the reliable and systematic classification of olive tree varieties 
(Ouazzani et al., 1995). Assessments of microsatellite markers, RAPD profiles, AFLPs, and 
RFLPs provide direct genotypic information, which has numerous, valuable applications in 
genetic studies. The main advantages of generating RAPD profiles are the technique’s 
simplicity and low cost (Bogani et al., 1994; Fabbri et al., 1995; Wiesman et al., 1998; Belaj et 
al., 2001; Muzzalupo et al., 2007a). Nevertheless, RAPD experiments demonstrate poor 
reproducibility, which hampers comparison between individual studies. Experiments 
assessing an organism’s AFLP markers are more technically demanding than RAPD but are 
highly effective in detecting DNA polymorphisms (Angiolillo et al., 1999; Baldoni et al., 2000; 
Muzzalupo et al., 2007a; Owen et al., 2005). In contrast to a plant species’ chloroplast DNA 
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(cpDNA), which occasionally can be insufficiently variable for intra-species comparison 
(Wolfe et al., 1987; Amane et al., 1999; Lumaret et al., 2000; Besnard et al., 2002), 
mitochondrial DNA (mtDNA) within a given species varies enormously in terms of 
organization, size, structure, and gene arrangement (Brennicke et al., 1996). As a result, intra-
species mtDNA variation is common in plants, especially in naturally occurring populations 
(Besnard et al., 2002). Taken together, these distinctive features make mtDNA sequencing a 
powerful tool for analysing a given plant population’s genetic structure and phylogenetic 
relationships (Cavallotti et al., 2003). Microsatellite markers are ubiquitous, abundant, and 
highly dispersed in eukaryotic genomes, but are costly to assess experimentally. Once these 
markers have been ascertained, the data can be readily shared among laboratories. Since not 
all microsatellites are identical (Baldoni et al., 2009; Rallo et al., 2000; Sefc et al., 2000; Carriero 
et al., 2002; Cipriani et al., 2002; Muzzalupo et al., 2006, 2009a), however, successful 
utilization of known microsatellite markers requires prior information regarding the 
characteristics of a particular genetic locus (Baldoni et al., 2009). 

Internal transcribed spacer 1 (ITS-1) sequences, RAPD profiles, and inter-SSR (ISSR) markers 
have been employed to evaluate the colonization history of Olea europaea (Hess et al., 2000). 
A number of Olea europaea retroelements have also been identified (Hernandez et al., 2001), 
and their copy number has been estimated (Stergiou et al., 2002). Using previously 
established RAPD profiles (Hernandez et al., 2001; Mekuria et al., 2001) developed SCAR 
markers linked to leaf peacock spot tolerance. Another method to distinguish inter-variety 
variability and to characterize clonal variants using single nucleotide polymorphisms 
(SNPs) in the olive tree genome is also currently under development (Rekik et al., 2011; 
Reale et al., 2006). 

All the aforementioned genetic techniques provide useful information regarding the level of 
olive tree polymorphism and diversity, which demonstrates their utility for the 
characterization of germplasm varieties (Belaj et al., 2003).  

3.1 Molecular approaches for olive oil quality control 

The food crisis situation seen in last years and the controversy about genetically modified 
organisms (GMO), with a sharp increase in basic food prices, highlights the extreme 
susceptibility of the current agricultural and food model and the need for more strict food 
quality control, which should include determination of the origin of the product and the raw 
materials used in it. That’s why a well documented traceability system has become a 
requirement for quality control in the food chain. The definition of traceability according to 
the European Council Regulation EEC 178/2002 is the ability to identify and trace a product 
or a batch of products at all stages of production and marketing. Traceability is important 
for commercial reasons and plays a considerable role in the assurance of public health. 

Olive oil extraction is the process of extracting the oil present in the olive drupes for food 
use. The oil is produced in the mesocarp cells, and stored in a particular type of vacuole 
called a lipovacuole (photo 9). Olive oil extraction is the process of separating the oil from 
the other fruit contents. It is possible to attain this separation by physical means alone, i.e. oil 
and water do not mix, so they are relatively easy to separate.  

The modern method of olive oil extraction uses an industrial decanter to separate all the 
phases by centrifugation. In this method the olives are crushed to a fine paste. This can be 
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done by a hammer crusher, disc crusher, depicting machine or knife crusher. This paste is 
then malaxed for 15 to 45 minutes in order to allow the small olive droplets to agglomerate. 
The aromas are created in these two steps through the action of fruit enzymes. Afterwards 
the paste is pumped in to an industrial decanter where the phases will be separated.  

 
Photo 9. Lipovacuole from olive mesocarp cells stained with sudan IV 

The olive oil chemical components are divided, into major and minor compounds that are 
briefly described below. Major components: glycerids correspond to more than 98% of the 
total weight. Abundance of oleic acid (C18:1 n−9), is a monounsaturated fatty acid and 
present in concentrations between 56 to 84% of total fatty acids, while the most essential 
polyunsaturated fatty acid in our diet is the linoleic acid (C18:2 n−6), ranges from 3 to 21% 
(Caravita et al., 2007). Minor components: amounting to about 2% of the total oil weight, 
include compounds that are not related to lipids from a chemical viewpoint (tocopherols, 
polyphenols, chlorophylls, etc.) and compounds from unsaponifiable matter derived from 
lipids (sterols, phospholipids, waxes, ect.) (Servili et al., 2004). 

Almost 84% from the total olive oil production derives from the European Union, especially 
from Spain, Italy and Greece. The olive oil is a main constituent of the Mediterranean diet. 
However there has recently been an increase in olive oil consumption internationally, due to 
greater availability and the current consideration of ist high nutritive and health benefits, 
including a qualified health claim from Food and Drug Administration (FDA, USA). 

Some varieties of olive oil are recognized as being of higher quality because they derive 
from well-defined geographical areas, command better prices and generally are legally 
protected. Indeed, the aim of Protected Designations of Origin (PDO), Protected 
Geographical Indication (PGI) and Traditional Specialty Guaranteed (TSG) is to add value to 
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done by a hammer crusher, disc crusher, depicting machine or knife crusher. This paste is 
then malaxed for 15 to 45 minutes in order to allow the small olive droplets to agglomerate. 
The aromas are created in these two steps through the action of fruit enzymes. Afterwards 
the paste is pumped in to an industrial decanter where the phases will be separated.  
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certain specific high quality products from a particular origin. Chemical techniques have 
been employed for the authenticity of olive oils using a high number of variables such as 
glycerid composition, phenolic fraction, unsaponifiable components monitoring by 
statistical and mathematical analyses in order to ability the evaluation of the results. 
Molecular markers allow the detection of DNA polymorphisms and enable to effectively 
distinguish different varieties in an effective way, without any environmental influence. 

When we blend olive oils of the same category, but from different provenances, most 
chemical analyses are of limited significance. Due to their high variability according to 
environmental conditions, neither morphological characteristics of different groups, nor the 
analyses of chemical composition of fatty acid and secondary metabolites can provide 
reliable results for oil traceability (Ben Ayed et al., 2010; De Nino et al., 2005; Papadia et al., 
2011). For this reason, genetic identity seems to be the most appropriate method for 
identifying the variety from which the olive oil under study derives. In fact, DNA in oil is 
not affected by the environment and is identical to the mother tree DNA since the oil 
containing tissues are formed by diploid somatic cells of the tree (Muzzalupo et al., 2007b). 
However, depending on the molecular markers used correctly, extra alleles can be detected 
in the oil that do not correspond to the mother tree allele but to the pollinator alleles 
contained in the embryo, itself located inside the seed (Muzzalupo and Perri, 2002; Ben 
Ayed et al., 2010). The use of DNA based technology in the field of food authenticity is 
gaining increasing attention. This technique makes use of molecular markers that mostly use 
polymerase chain reaction (PCR) and are thus easy to genotype. Even in a complex matrix 
such as olive oil, molecular marker techniques such as RAPDs (random amplified 
polymorphic DNA), AFLPs (amplified fragment length polymorphism) and SSRs (simple 
sequence repeat) are very useful in the study of the traceability of olive oil. SNP markers 
have been recently developed in olive and utilized to study the genetic diversity of olive 
trees (Reale et al., 2006; Rekik et al., 2010). 

A recent report by Papadia et al., 2011 reported a systematic effort to obtain genetic 
characterization by SSR amplification, soil analyses, and 1H-NMR spectra, is carried out in 
order to make a direct connection between the olive tree variety (genetic information) and 
the NMR spectra (chemical information) of the extra virgin olive oil produced. The results 
reported show that a multidisciplinary approach, through the application of multivariate 
statistical analysis, could be used to set up a method for variety and/or geographic origin 
certification, based on the construction of a suitable database. Further research will be 
directed to the growth of an organic genetic/NMR/soil database, in order to improve the 
prediction ability of the LDA, and furthermore to develop a way to correlate 1H-NMR 
spectra of commercial extra virgin olive oils with their geographical and genetic origin. 

In the following subsections we will discuss the potential of these classes of markers in the 
oil traceability and in characterization of olive germplasms.  

3.1.1 RAPDs (Random Amplified Polymorphic DNA) 

In this technique, a PCR amplification of genomic DNA is performed using a set of arbitrary 
primers (Williams et al., 1990). For each primer a large number of bands are generated and 
each DNA has the presence/absence of a band can distinguish between individuals and 
each individual is expected to have a specific fingerprint of bands. This molecular technique 
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has several advantages. It is simple, cheap, it requires small amounts of DNA (Fritsch and 
Rieseberg, 1996), and it can be applied without prior genetic information about the 
organism. Besides, it is fast, and does not require radioactivity. However, this analysis has 
several limitations including dominance, sensitivity to the reaction conditions, uncertain 
locus homology and the lack of good reproducibility. RAPDs thus combine the advantages 
of low technical input with almost an unlimited numbers of markers. They have proven to 
be very useful in the characterization of genetic diversity of plants for which few genomic 
data are available (Qian et al., 2001; Bandelj et al., 2002). RAPD markers were the first ones to 
be implemented to study diversity of the species Olea europaea (Belaj et al., 2001), to 
discriminate olive varieties (Khadari et al., 2003; Muzzalupo et al., 2007a), to study inter or 
intra-variety genetic diversity (Wiesman et al., 1998; Mekuria et al., 2001, Muzzalupo and 
Perri, 2009; Belaj et al., 2002, 2003; Gemas et al., 2004), to establish genetic relationships 
between varieties (Belaj et al., 2002, 2003; Besnard et al., 2002; Khadari et al., 2003; Muzzalupo 
et al., 2007a), and to study genetic differentiation in the olive complex (Besnard et al., 2001; 
Martins-Lopes et al., 2008). As early as their use in genetic studies RAPD markers has been 
used for the authentication and traceability of olive oil (Pasqualone et al., 2001; Muzzalupo 
and Perri, 2002). However, numerous authors (Pasqualone et al., 2001; Sanz-Cortés et  
al., 2001) concluded the non-reproducibility of RAPD markers in the authentication of olive 
oil, which resulted in inconsistent electrophoretic patterns. These unsuccessful attempts are 
due to the bad quality of DNA extracted from oil (Pasqualone et al., 2001; Muzzalupo and 
Perri, 2002). 

3.1.2 AFLPs (Amplified Fragment Length Polymorphism) 

AFLP was described by Vos et al., (1995) as a more reproducible alternative to RAPD for the 
genetic identification of crop plants. This technique is based on the selective PCR 
amplification of restriction fragments from total digests of genomic DNA. In olive, AFLP 
markers have been used for genetic diversity studies and variety identification. In fact, 
amplified fragment length polymorphism technology has been used by Angiolillo et al., 
(1999) to obtain a large number of markers for olive. This has been used in addressing 
genetic relationships among wild and cultivated varieties, as well as among Olea europaea L. 
and other species from the genus (within the Olea complex). This technique has also been 
used to study the genetic diversity within and among a range of Spanish and Italian olive 
varieties (Sanz-Corte´s et al., 2003). Owen et al., (2005) used AFLP markers to evaluate the 
structure of genetic diversity among common olive varieties cultivated in the Eastern 
Mediterranean. Additionally, AFLP analysis, as previously described and has been used in 
genetic variability studies for about 29 varieties (including oil and table olive varieties 
originating from Tunisia and other Mediterranean countries) of the genus Olea using nine 
AFLP primer combinations (Grati-Kamoun et al., 2006). Different studies (Busconi et al., 
2003, Pafundo et al., 2005) have reported that it is possible to use AFLP markers for 
genotyping olive species. As far as oil traceability is concerned, Busconi et al., (2003) 
reported that the AFLP fingerprint of olive oil was only partially super imposable with that 
of the variety from which the oil was made. However, in more recent studies, Pafundo et al., 
(2005) and Montemurro et al., (2007) concluded that AFLP profiles of DNA purified from 
leaves and the monovarietal oil of the same variety were comparable. These latter evaluated 
the possibility of identifying virgin olive oil from ten different varieties by the analysis of 
AFLP markers using six AFLP primer combinations. For the AFLP as well as for RAPDs, the 
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quality of DNA isolated from olive oil seems again to be the problem (very low quantity, a 
high degradation and the richness in polysaccharides and phenolic compounds). Poor 
quality of DNA is responsible for inconsistent results and low reliability of AFLP profiles 
due to the inhibition of the restriction enzymes and the DNA polymerase activity. 

3.1.3 SSRs (Simple Sequence Repeats) 

SSRs are a class of DNA markers that consist of short tandem repeat sequences (2–6 bp), 
which have become one of the most successful and the most interesting markers for 
genotype identification due to their good properties; in addition to their high specificity, 
they are highly polymorphic, codominant, locus specific, ubiquitous, widely distributed 
throughout the genome and easily amenable to automated PCR-based analysis. At present, 
they are the most reliable DNA profiling methods in forensic investigation (Jobling and Gill, 
2004). SSRs also are highly informative and reproducible tools because they use longer 
primer sequences (Vos, 1995). 

In olive SSRs have shown high potential for resolving issues of synonymies, homonymies 
and misnamings. Many SSRs have been developed in olive and applied with success (Sefc et 
al., 2000; Carriero et al., 2002; Cipriani et al., 2002; De la Rosa et al., 2003; Sabino Gil et al., 
2006). All these characteristics make them ideal markers for applications in analysis of 
intravariety variability issues (Cipriani et al., 2002; Lopes et al., 2004; Muzzalupo et al., 2009b, 
2010), linkage mapping (Wu et al., 2004) and for characterizing olive germplasm resources 
(Belaj et al., 2004; Montemurro et al., 2007; Muzzalupo and Perri, 2009). Sarri et al., (2006) 
confirmed the power of SSR markers in the identification of 118 varieties from different 
Mediterranean countries to study the genetic diversities of olive varieties. A recent report by 
Muzzalupo et al., (2009a) characterized 211 Italian olive varieties by using 11 loci 
microsatellite in order to study and to establish relationships of geographically-related 
olive-tree varieties. Microsatellites are also very useful markers for paternity analysis (Rallo 
et al., 2000; Diaz et al., 2007; Rekik et al., 2008). Recently microsatellites have become 
available and reliable molecular markers for the traceability issues to define the olive oil 
origin and to detect the presence of prohibited varieties (Muzzalupo et al., 2007b; Ben Ayed 
et al., 2009). Most these publications addressed the optimization of the extraction of high 
quality DNA from olive oils and to identify the most interesting SSRs markers in variety 
discrimination. All the studies published so far, showed that the reliability and 
reproducibility of SSRs profiles is determined by the quality of the DNA extracted from oil 
(Muzzalupo et al., 2007b; Breton et al., 2004; Bracci et al., 2011; Ben Ayed et al., 2009). In fact, 
the amount of DNA isolated from olive oil is low and highly degraded by the nuclease 
present in olive oil (Muzzalupo and Perri, 2002; De la Torre et al., 2004). For this reason, the 
extraction of DNA from olive oil is a difficult task. Several techniques of DNA preparation 
and immobilization for subsequent sample analysis have been developed. These methods, 
utilize such supports as silica, hydroxyapatite, magnetic beads, and spin columns. These 
supports enable the DNA to be amplified and analyzed using various quantities of oil. In 
particular, magnetic beads in conjunction with additional processing have proved useful. 
However, the defined procedure needs 2 x 40 mL of virgin olive oil, and the preparation of 
DNA regularly necessitates 5 h (Breton et al., 2004). Besides, other authors tried various 
protocols of DNA extraction from olive oil such as: Wizard kit, CTAB protocol extraction, 
QIAamp DNA stool extraction Kit. They concluded that the most reproducible results were 
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obtained when the template DNA was recovered from the olive oil using QIAamp DNA 
stool extraction Kit (Qiagen) (Muzzalupo et al., 2007b; Testolin and Lain, 2005). 

3.1.4 SNP (Simple Nucleotide Polymorphism) and qRT-PCR (Quantitative  
Real-Time PCR) 

SNP detection can be delivered in a number of ways, but the simultaneous detection of 
multiple SNPs from a single DNA sample is of particular interest. The “ligation detection 
reaction-universal array” (LDR-UA), was adopted by , to successfully genotype a panel of 49 
varieties with respect to 17 SNPs. Out of the 13 amplicons containing these SNPs, 12 were 
successfully amplified from oil-derived template, and the resulting profiles were fully 
consistent with those obtained from leaf-derived DNA (Consolandi et al., 2008). qRT-PCR 
continues to be extensively used for quantifying the amount of a specific sequence in food, 
with particular interest for GMOs (Marmiroli et al., 2009). PDO oils are typically not 
monovarietal, so a method for quantifying the components of the mixture is essential if 
conformity with certification depends on a prescribed proportion of varietal types. So far, 
application of Real-Time as a tool for olive oil authentication has been explored by Giménez 
et al., (2010). The authors evidenced that Real-Time PCR is useful to quantify DNA extracted 
from oil, and thus to assess the yields of different methods of extraction. But the size of 
amplicon, is critical for the success of analysis. A possibility of utilising qRT-PCR to quantify 
varieties in PDO oils rests on the use of taqMan probes designed on SNPs specific of 
varieties entering in the oil composition (Marmiroli et al., 2009). 

3.2 Genomics approaches for olive valorisation 

The complete sequencing of the genome of Arabidopsis in 2000 by the Arabidopsis Genome 
Initiative (AGI) (Samir et al., 2000) and the emerging sequence information for several other 
plant genomes, such as rice, Populus, Medicago, lotus, Lycopersicon esculenum and Zea mays, 
represent a valuable tool to determine the function of many genes (Rensink and Buell, 2005; 
Vij et al., 2006). In the wake of these sequencing approach, plant research enters an exciting 
period in which genome-wide approaches are becoming an integral part of plant biology, 
with potentially highly rewarding but as yet unpredictable biotechnological applications. 
This is reflected in the growing interest of new farms that invest in the development of tools 
to enhance and expand this wealth of information. 

Functional genomics employs multiple parallel approaches, including global transcript 
profiling coupled with the use of mutants and transgenics, to study genes function in a high 
throughput mode. The aim of these genome-wide efforts is to link the genome sequences to 
the phenotypic characters. 

The availability of a large volume of genomic data has provided information about the 
genes content of plants. Partial or complete sequences of cDNAs often provide a firm basis 
of the dimension of the transcriptome. The all plant expression sequence tags (ESTs) 
available are organized together with well characterized genes, into non-redundant gene 
clusters in three main databases (National Center for Biotechnology Information, NCBI; 
Unigenes, http://www.ncbi.nlm.nih.gov/; The Institute for Genomic Research, TIGR; Gene 
Indices, www.tigr.org; and Sputnik, http://mips.gsf.de/proj/sputnik) accessible via the 
Internet. It is worth noting that several companies possess large private EST databases for 
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various crop plants such as Zea mays and soybean; in this case the access can be negotiated 
on a case by-case basis. 

The ESTs are single-pass sequences of 300 to 500 bp determined from one or both ends of 
randomly chosen cDNA expressed genes. The sequences are sufficiently accurate to 
unambiguously identify the corresponding gene in most cases. Thousands of sequences can 
thus be determined with a limited investment. EST information present in public databases 
is available for a variety of species, including a number of plants (Cooke et al., 1996; 
Yamamoto and Sasaki, 1997). 

ESTs are important for the accurate genome annotation and provide information about gene 
structure, alternative splicing, expression patterns and transcript abundance (Umezawa et 
al., 2004). Recent progress in DNA sequencing technology, the rapid growth of EST and 
cDNA sequence resources and the large amount of genetic variation at the nucleotide level 
can be exploited to generate various types of molecular markers for variation analysis, 
marker-assisted selection (MAS) and quantitative trait locus analysis (QTL) for desirable 
traits and to identify genetic loci involved in phenotypic changes of model and non-model 
plant species (Lee et al., 2007).  

In the absence of the complete genome sequence, EST databases are a good resource for 
finding genes and for interspecies sequence comparison, and have provided markers for 
genetic and physical mapping and clones for expression analyses. The relative abundance of 
ESTs in libraries prepared from different organs and plants in different physiological 
conditions also provides preliminary information on expression patterns for the more 
abundant transcripts.  

Limitations at the EST approach are represented by the rare transcripts that are induced 
only under specific condition and consequently they are not present in EST database. In this 
case the only sure way to gain access to the entire set of genes is to determine the complete 
genomic sequence. The genomic sequence also provides information on the global structure 
of the genome, including the relative order of genes on the chromosomes, which is 
extremely valuable for positional cloning strategies. The major problem with genomic 
sequences is how to distinguish coding regions from noncoding intergenic sequences and 
introns. In this case, the comparisons between genomic sequences, ESTs and cDNA 
sequences can help to assign intron positions for many genes. However, for the genes that 
do not match sequences in the databases, the coding sequences need to be predicted from 
the genomic sequence. Therefore, sequencing technology applied to crop species represent 
the first step to identify the genes involved in the control of important agronomic traits. Rice 
was the first crop genome to be sequenced (Yu et al., 2002; Matsumoto et al., 2005), after the 
sequencing of the first model plant genome, Arabidopsis thaliana (Arabidopsis Genome, 
2000). Current crop genome sequencing projects are rapidly changing pace with the new 
technology and researchers are quickly adopting second generation sequencing to gain 
insight into their favourite genome. Roche 454 technology is being used to sequence the 430 
Mbp genome of Theobroma cacao (Scheffler et al., 2009), while a combination of Sanger (old 
school sequencing) and Roche 454 one of the “2nd generation” technologies of sequencing is 
being used for the apple genome (Velasco et al., 2009). A similar approach is being applied to 
develop a draft consensus sequence for the 504 Mbp of grape genome (Velasco et al., 2007) A 
combined Illumina Solexa and Roche 454 sequencing approach has been used to 
characterize the genome of cotton (Wilkins et al., 2009). Roche 454 sequencing has been used 
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to survey the genome of Miscanthus (Swaminathan et al., 2009), while Sanger, Illumina 
Solexa and Roche 454 sequencing are being used to characterize the genome of banana 
(Hribova et al., 2009).  

3.2.2 Gene identification in crop species 

The sequencing and assembly of large and complex crop genomes remains a valuable goal, 
but at the moment, a significant amount of knowledge can be gained from low coverage 
shotgun sequencing of these genomes. In this contest, the second generation technologies of 
sequencing are particularly suitable to know genes and gene promoters in crop plants that 
are homologous to related species. Therefore, designing polymerase chain reaction (PCR) 
primers to the read pairs enables the amplification and sequencing of the gene and 
corresponding genomic region in the target species. This approach to gene discovery offers 
the potential to identify genes, gene promoters and polymorphisms in a wide range of 
agronomically important crop species (Bracci et al., 2011). 

Microarray represents functional genomic approaches that have revolutionized global gene 
expression profiling. In fact they allow studying the entire gene complement of the genome 
in a single experiment (Duggan et al., 1999; Li et al., 2005). At the moment, cDNA and 
oligonucleotide microarrays have been widely used in plants, such as Arabidopsis, rice, 
maize, strawberry, petunia, ice plants and lima bean, to study and compare global gene 
expression levels in specific organs and/or tissues under controlled physiological 
conditions. 

In olive, the genomics information present on the international database NCBI, concerning 
the identification and characterization of functional genes are prevalently based on EST 
identification and they are predominantly related to pollen allergens and characteristics of 
olive fruit. 

Olea europaea trees are widely distributed throughout the Mediterranean basin and therefore 
their pollen is one of the most prevalent causes of respiratory allergy such as allergic rhinitis 
and allergic asthma in the Mediterranean region and some other countries between late 
April and early June (Kalyoncu et al., 1995). Olive pollen is also responible of allergic 
inflammation of the upper and/or lower airways that may persist after the pollination 
season is over (Quiralte et al., 2005).  
 

Allergenic proteins name Molecular mass (kDalton) Family 
Ole e 1 ~ 19 Unknown 
Ole e 2 ~ 15 Profiling 
Ole e 3 ~ 9 Polcalcin 
Ole e 4 ~ 32 Unknown 
Ole e 5 ~ 16 Cu/Zn superoxide dismutase 
Ole e 6 ~ 6 Unknown 
Ole e 7 ~ 10 Lipid transfer protein 
Ole e 8 ~ 19 Ca++ binging protein 
Ole e 9 ~ 46 1,3 β glucanase 

Ole e 10 ~ 10 Carbohydrate binding protein 

Table 1. The olive pollen allergens (from Villalba et al., 2007) 
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maize, strawberry, petunia, ice plants and lima bean, to study and compare global gene 
expression levels in specific organs and/or tissues under controlled physiological 
conditions. 

In olive, the genomics information present on the international database NCBI, concerning 
the identification and characterization of functional genes are prevalently based on EST 
identification and they are predominantly related to pollen allergens and characteristics of 
olive fruit. 

Olea europaea trees are widely distributed throughout the Mediterranean basin and therefore 
their pollen is one of the most prevalent causes of respiratory allergy such as allergic rhinitis 
and allergic asthma in the Mediterranean region and some other countries between late 
April and early June (Kalyoncu et al., 1995). Olive pollen is also responible of allergic 
inflammation of the upper and/or lower airways that may persist after the pollination 
season is over (Quiralte et al., 2005).  
 

Allergenic proteins name Molecular mass (kDalton) Family 
Ole e 1 ~ 19 Unknown 
Ole e 2 ~ 15 Profiling 
Ole e 3 ~ 9 Polcalcin 
Ole e 4 ~ 32 Unknown 
Ole e 5 ~ 16 Cu/Zn superoxide dismutase 
Ole e 6 ~ 6 Unknown 
Ole e 7 ~ 10 Lipid transfer protein 
Ole e 8 ~ 19 Ca++ binging protein 
Ole e 9 ~ 46 1,3 β glucanase 

Ole e 10 ~ 10 Carbohydrate binding protein 

Table 1. The olive pollen allergens (from Villalba et al., 2007) 
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At the moment 10 olive pollen allergens have been purified and characterized from Olea 
europaea pollen extract (Table 1). Several of these allergenic proteins, eg, Ole e 6, fail to show 
any homology to known protein sequences and, therefore, the biochemical function of these 
gene products remains unknown. Many other allergens belong to well-known families of 
proteins, such as profilin (Ole e 2), superoxide dismutase (Ole e 5), calciumbinding proteins 
(Ole e 3 and Ole e 8), lipid transfer proteins (Ole e 7) and 1,3-β-glucanases (Ole e 9) (Villalba 
et al., 2007). 

 
Photo 10. Cross sections of mesocarp olive fruit at level of insect injury (Bactrocera oleae, 
right: sections stained with safranin O/ azur II; left: localization of OeCHLP transcripts by in 
situ hybridization with dig-labelled OeCHLP antisense probe). 

The biochemical composition of olive fruit is variable because it depends on olive variety, 
soil, climate, and cultivation. The virgin olive oil is overwhelmingly composed of 
triglycerides (>98%), along with traces of other compounds. The dominant triglyceride fatty 
acid species are the oleic acids (57-78%) such as palmitic, stearic, linoleic and linolenic acids 
(Caravita et al., 2007). The other minor constituents such as alcohols, polyphenols, 
chlorophyll, carotenoids, sterols, tocopherols and flavonoids, contribute to the olive’s 
organoleptic qualities, taste, flavour, and nutritional value (Perri et al., 2002; Servili et al., 
2004). These constituents may also serve to distinguish olive oils originating from different 
regions. Olive oil, especially extra-virgin oil also contains small amounts of hydroxytyrosol, 
secoiridoids, lignans (Bianco et al., 1999, 2001; De Nino et al., 2005) and other compounds 
thought to possess anticancer properties (i.e., squalene and terpenoids) (Fabiani et al., 2002; 



 
Genetic Diversity in Plants 

 

76

Owen et al., 2004). In spite of its economical importance and metabolic peculiarities, very 
few data are available on gene sequences controlling the main metabolic pathways. 
Particular attention has been paid to the genes encoding the key enzymes involved in fatty 
acid biosynthesis, fatty acid modification, triacylglycerol synthesis, and fat storage 
(Hatzopoulos et al., 2002; De la Rosa et al., 2003; Banilas et al., 2005). 

In recent years, much attention has turned to the olive fruit. In this contest, the parallel 
sequencing of different fruit cDNA collections has provided large scale information about 
the structure and putative function of gene transcripts accumulated during fruit 
development (Alagna et al., 2009). 

A nuclear gene, named OeCHLP (Olea europaea GERANYLGERANYL REDUCTASE was isolated 
and characterizated by Bruno et al., (2009). This gene encodes a chloroplastic enzyme 
involved in the formation of phytolic side chain of tocopherols chlorophyll, and 
plastoquinones. In olive fruits OeCHLP gene expression was enhanced in dark fruit very 
likely in relation to the increase in mature fruits of the level of total tocopherols suggesting a 
role in the synthesis of the antioxidant. It is noteworthy that the variations in gene transcript 
levels that occurred during the ripening of olive fruits depend on the genotype analyzed 
(Muzzalupo et al., 2011). In this contest, in olive fruits tocopherols  confer not only 
nutritional value (Valk and Hornstra, 2000), but also contribute to product stability and post 
harvesting shelf life (Goffman and Bohme, 2001) by protecting storage oil from oxidative 
damage (Sattler et al., 2004). OeCHLP was also detected in fruits attacked by Bactrocera oleae 
pathogen as well as in fruits wounded by needle suggesting a role in protection mechanisms 
related to cell damage and oxidative burst induced by pathogen (photo 8 and 10) (Ebel, 
1998; Klessig et al., 2000; Bruno et al., 2009). 

4. Conclusion 
Although many efforts have been made in the last years, genome studies in Olea europaea L. 
are currently behind those of other crops. Several groups have started to work on the olive 
genome sequencing and, thanks to the rapid development of the new sequencing 
technologies; hopefully soon the complete sequence of olive genome will be available. 
Identification of all genes within a species permits an understanding of how important 
agronomic traits are controlled, knowledge of which can be directly translated into crop 
improvement. 

The availability of reliable genotype data of olive varieties and oils deriving from them, in 
publicly accessible curate and regularly update databases will be the challenge for the next 
few years. Recent advances in DNA sequencing technology are radically changing biological 
and biomedical research and will have a major impact on crop improvement. The new 
information on genome sequence will be very useful to identify genes involved in 
agronomical traits that could be used to improve the nutritional characteristics and the 
productivity of this crop. A possible application could be, for example, the studies of 
molecular mechanisms of drought and salinity tolerance of olive, in order to improve the 
cultivation of this important fruit crop also in the most arid and semiarid areas of the world. 
The knowledge of genome nucleotide sequences also could be useful to identify new 
sequence polymorphisms, which will be very useful in the development of many new 
variety-specific molecular markers and in the implementation of more efficient protocols for 
tracking and protect olive oil origin. 
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1. Introduction  

The basis for raising crop production and improving crop quality is to breed new varieties. 
The key to breed new varieties are largely depended on the breakthrough of mining the 
crop germplasm resources. Therefore, the research and utilization of crop genetic diversity 
plays an important role on crop improvement in the future. Previous researches have 
indicated  that genetic bottleneck effects existed in the procedure of crop domestication and 
modern breeding, i.e. the allele variation within wild species and landrace would be lost and 
result in the reduction of gene diversity during domestication and breeding (Tanksly et al., 
1997). The narrow genetic basis would lead to cultivars without resistance to new pets and 
virus and tolerance to bad environment as well as producing the platform effect of yield. 
These lost alleles in modern cultivars could only trace back to their original landrace and 
wild species and be recovered. The original landrace are close to cultivars and possess high 
genetic diversity and many exotic genes, therewith provide useful germplasm resources for 
crop breeding.  

Identification, uses and conservation for the genetic diversity within crop germplasm 
resources are of importance for their sustainable use in plant breeding. The current rapidly 
development of bioinformatics, genomics, and molecular biology as well as conventional 
breeding methods provides useful means to mine the desirable genes in the resources.  

Rice (Oryza sativa L.) feeds more than 50% of the world’s population and is one of the most 
important crops in the world. Rice genetic resource is the primary material for rice breeding 
and makes a concrete contribution to global wealth creation and food security. Therefore, 
understanding its valuable genetic diversity and using it in rice genetic improvement is of 
importance for raising rice yield and the resistance to biotic and abiotic stress as well as 
improving rice quality to secure global food supplies. Furthermore, as a model plant of 
cereal family, two rice genome sequence map have been generated (Goff et al., 2002; Yu et 
al., 2002) and great progress has been made in gene mining with omics technology. Such 
researches helps to make use of rice genetic resources however in turn requires to make 
further insights of rice genetic diversity.  

China is well known as an origin center of cultivated rice, with abundant rice genetic 
resources. As early as 1920-1964, Ying Ting, An academician of Chinese academy of science, 
collected more than 7128 rice landrace from all over China as well as some main rice 
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cultivated countries. As far as we know, the collection is one of the earliest collections for 
rice germplasm resources and therefore we named it as Ting’s collection (Lu et al., 2006). 
Therefore, this chapter aims to explore effective methods on mining the exotic genes within 
these novel rice germplasm resources.  

2. Ting’s rice germplasm collection 
The Ting’s rice germplasm collection consists of 7128 accessions, which was collected and 
conserved by Academician and Professor Ying Ting during 1920-1964 from 20 different 
provinces of China as well as from North Korea, Japan, Philippines, Brazil, Celebes, Java, 
Oceania, and Vietnam (Fig. 1). Most of them are rice landraces and possess high genetic 
diversity. Due to that it is one of the earliest systematically rice collections in China and 
covered most of the Chinese rice cultivated regions, it could serve as an representative for 
the  genetic diversity of Chinese rice germplasm resources. 

Most accessions were characterized for taxonomical, geographical, morphological and 
agronomical descriptors, recorded by the previous laboratory of rice ecology of Chinese 
academy of agricultural sciences, South China Agricultural College and Guangdong 
academy of agricultural sciences, China (1961-1965). These recorded traits include 20 
unordered qualitative traits, i.e. origin of variety, indica vs. japonica, paddy vs. upland, waxy 
vs. non-waxy, grain shape, rice color, grain quality, leaf color, leaf margin color, leaf cushion 
color, auricle color, inner sheath color, outer sheath color, stem color, leaf-green color, 
stigma color, glume-tip color, sterile lemma color and glume color; 14 ordered qualitative 
traits, i.e. early- or late-season, type of maturity, shattering habit, awn, awn length, leaf face 
pubescence, leaf base pubescence, flag-leaf angle, erect vs. bending leaf, compact vs. loose 
stem, panicle shape, compact vs. loose rachis-braches, sparse vs. dense glume hair, compact 
vs. loose glume hair; and 15 quantitative traits, i.e. culm length, culm size, thickness of culm 
wall, the second internode length, number of panicles per plant, panicle length, panicle size, 
number of seeds per panicle, grain length, grain length/width ratio, grain size, flag leaf 
length, flag leaf width, length of elongated uppermost internode, grouth duration. These 
data provide a good basis for studying their phenotypic genetic diversity as well as core 
collection construction based on the phenotypes.  

3. Genetic diversity of phenotypes of Chinese rice germplasm resources 
About 6500 accessions of rice germplasm resources from the Ting’s collection with well 
passport data were selected and studied for their genetic diversity of phenotypes. The 
origin, type and distribution of these accessions are listed in Table 1. All the studied rice 
accessions were classified as five regions, i.e. South China, Central China, Southwest China, 
Northwest China, and North China. 

The genetic diversity index (I) was calculated by: 
ij ij

i j
P LogP

I
N

−

=


, where Pij are the 

frequency of jth phenotypes for ith traits, and N is the total number of traits. 

The average genetic diversity index for the five rice cultivated regions from minimum to 
maximum are: Southwest China > Central China > Northwest China > South China > North 
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China for Unordered qualitative traits, North China > Northwest China > South China > 
Central China > Southwest China for ordered qualitative traits, and South China > North 
China > Central China > Northwest China > Southwest China for quantitative traits (Fig.2).  

 
Fig. 1. Rice germplasm resources in Ting’s collection and their regeneration. Upper left, 
preparing seeds for sowing; upper middle, sowing in the nursery field; upper right, 
transplanted in the field; bottom left, measuring the traits and harvest; bottom middle, a 
global view for the germplasm regenerating field and their genetic diversity; bottom right, 
seed cool room with air condition, where the rice seeds are conserved in the block jars.  

 

Region Indica Japonica Paddy Upland Waxy Non-Waxy Early-seasonal Late-seasonal 

South China 2250 247 2311 58 2304 180 1094 1276 

Central China 1450 343 1783 9 1720 73 1415 378 

Southwest China 887 768 767 286 715 200 130 338 

Northwest China 75 294 363 0 342 21 363 0 

North China 70 125 189 6 177 16 195 0 

Total 4732 1777 5413 359 5258 490 3197 1992 

Table 1. The origin, type and distribution of rice germplasm resources 

The results show that the most abundant genetic diversity for rice qualitative traits among 
the five rice cultivated regions are Southwest China, which is relevant to the geographic 
location and climate in Yunnan province and Guizhou province of China. The reasons for it 
might be the high variation in different sea levels (76~2700m) which results in several 
different climate zone. However, for the genetic diversity in quantitative traits, South and 
Central China are the highest ones. The reason might be that South and central China are 
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the main rice production area in our country traditionally and the quantitative traits were 
greatly improved by the farmers and breeders through thousands of years selection.  

The results indicated that the rice germplasm resources from Southwest China might help to 
raise the rice genetic diversity for qualitative traits, such as grain colors, grain quality, etc. 
For the improvement of quantitative trains, the rice germplasm resources from South and 
Central China might contribute to the aim more than other regions.  
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Fig. 2. The average genetic diversity index for rice germplasm resources from different 
cultivated regions 

4. Genome-wide distribution of genetic diversity assessed with SSR markers 
A subset containing 150 accessions were taken from the whole collection (described below) 
and were genotyped with 274 genome-wide distributed SSR markers. Gene diversity for the 
varieties in the subset is 0.544. Among them, Indica rice shows a higher gene diversity (0.484) 
than that of Japonica rice (0.454). Similarly, non-waxy rice shows a higher gene diversity 
(0.540) than that of waxy rice (0.515). However, early-seasonal rice shows a higher gene 
diversity (0.546) than that of late-seasonal rice (0.510) in our case.  

Cultivated rice has been intensively selected during its domestication and breeding. 
Consequently, the genomic regions controlling traits of economic importance are expected 
to be shaped by this selection. Therefore, characterizing the genome-wide distribution of 
genetic diversity of cultivated rice germplasm which has been selected for different traits, 
such as waxy vs. non waxy might help to identify the genes controlling these traits. To do 
so, as one example, gene diversity was calculated for the waxy rice as well as non-waxy rice 
for each marker separately across the genome. Similarly, a measurement for genetic 
distance, modified Roger’s distance (MRD) between waxy and non-waxy rice was calculated 
on an individual marker basis.  

Our results indicated that gene diversity for waxy and non-waxy rice varied across the 
genome (Fig.3). A different degree of divergence (as measured by MRD) between these two 
germplasm types was observed across the genome (Fig.4). 
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Consequently, the genomic regions controlling traits of economic importance are expected 
to be shaped by this selection. Therefore, characterizing the genome-wide distribution of 
genetic diversity of cultivated rice germplasm which has been selected for different traits, 
such as waxy vs. non waxy might help to identify the genes controlling these traits. To do 
so, as one example, gene diversity was calculated for the waxy rice as well as non-waxy rice 
for each marker separately across the genome. Similarly, a measurement for genetic 
distance, modified Roger’s distance (MRD) between waxy and non-waxy rice was calculated 
on an individual marker basis.  

Our results indicated that gene diversity for waxy and non-waxy rice varied across the 
genome (Fig.3). A different degree of divergence (as measured by MRD) between these two 
germplasm types was observed across the genome (Fig.4). 

 
Assessment and Utilization of the Genetic Diversity in Rice (Orysa sativa L.) 

 

91 

The unequal distribution of genetic diversity across the genome could be explained by the 
selection history of the different genome regions. Therewith, the genome-wide distribution 
maps of genetic diversity might be a first step to identify the target genes or regions selected 
during breeding history. For example, genes related to waxy and non-waxy rice might be 
present in the most divergent genomic regions between these two germplasm types. 
Common genes under selection in the breeding program of the both germplasm types (e.g. 
disease resistant genes) might be present in the genomic regions showing the same level of 
gene diversity and low MRD. 

 
Fig. 3. Green and red lines indicate gene diversity of non-waxy and waxy rice, respectively. 
Dashed lines indicate the average gene diversity of the corresponding germplasm type. 
Vertical lines at each point indicate standard error multiplied by 100 which were calculated 
by bootstrapping across genotypes. Vertical lines at the x axis indicate genetic map  
positions of the SSR marker on the chromosome. 



 
Genetic Diversity in Plants 

 

92

 
Fig. 4. Modified Roger’s distance (MRD) between waxy and non-waxy rice across the 
genome. Dashed lines indicate average MRD across the genome and dotted lines average 
MRD for each chromosome. Vertical lines at the x axis indicate genetic map positions of  
the SSR markers on the chromosome. 

5. Constructing a core collection to make use of genetic diversity 
A large number of accessions in the germplasm collection (7128 accessions in our case) 
makes it difficult to choose the most promising ones for utilization. One feasible method is 
the development of core collections. A core collection is intended to contain, with a 
minimum repetitiveness, the maximum genetic diversity of a crop species and its wild 
relatives (Brown, 1989a, 1989b; Frankel and Brown, 1984). The development of a core 
collection could enhance the utilization of germplasm collections in crop improvement 
programs and simplify their management. Selection of an appropriate sampling strategy is 
an important prerequisite to construct a core collection with appropriate size in order to 
adequately represent the genetic spectrum and maximally capture the genetic diversity in 
available crop collections. Our studies were aimed to evaluate how sample size, clustering 
methods, sampling methods, and different data types affected the construction of core 
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MRD for each chromosome. Vertical lines at the x axis indicate genetic map positions of  
the SSR markers on the chromosome. 

5. Constructing a core collection to make use of genetic diversity 
A large number of accessions in the germplasm collection (7128 accessions in our case) 
makes it difficult to choose the most promising ones for utilization. One feasible method is 
the development of core collections. A core collection is intended to contain, with a 
minimum repetitiveness, the maximum genetic diversity of a crop species and its wild 
relatives (Brown, 1989a, 1989b; Frankel and Brown, 1984). The development of a core 
collection could enhance the utilization of germplasm collections in crop improvement 
programs and simplify their management. Selection of an appropriate sampling strategy is 
an important prerequisite to construct a core collection with appropriate size in order to 
adequately represent the genetic spectrum and maximally capture the genetic diversity in 
available crop collections. Our studies were aimed to evaluate how sample size, clustering 
methods, sampling methods, and different data types affected the construction of core 
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collection and tried to find out an optimal strategy concerning the above factors for core 
collection construction.  

By using three sampling strategies, three kinds of trait data, eight hierarchical clustering 
methods, and 15 kinds of different sampling proportions were applied to choose the optimal 
constructing strategies. Analysis of variance (ANOVA) and multiple comparisons were 
applied to compare different strategies. In order to choose the optimal constructing 
strategies, 12 evaluated parameters were applied to evaluate the validity of sampling.  

The ANOVA analysis showed significant difference for different clustering methods, data 
types, sample size and sampling methods (Table 2). Furthermore, there were significant 
interaction effects between these factors except clustering method and sampling method, 
sampling size and sampling method. The results indicated that these factors as well as their 
interaction would affect the construction strategy and must be considered carefully.  

For different sampling methods, preferred sampling plus multiple clustering and sampling 
on the degree of variation is better than preferred sampling plus multiple clustering and 
random sampling, and the completely random sampling is the worst; For the eight 
clustering methods, clustering analysis with shortest distances has the best of genetic 
diversity index, average Shano-Weaver index, phenotype retained percentage, and variance 
of phenotypic frequency; For the three different data types (qualitative trait data, 
quantitative trait data, intergrated qualitative and quantitative trait data), the core 
collections constructed by integrated qualitative and quantitative trait data retain the 
greatest genetic diversity and is the best one. For the sampling rate, the sampling rate of 
3.4% ∼ 24% is sufficient to retain the greatest genetic diversity of the initial population 
(Table 4-6). 

Finally, a core collection was constructed by using preferred sampling plus multiple 
clustering and sampling on the degree of variation, clustering analysis with shortest 
distances, and based on the integrated qualitative and quantitative data. This core collection 
contains 150 accessions out of 2262 original collection with full recorded data from Ting’s 
collection, accounting for 6.6% of the initial collection.  

 
Origin of variation df SS MS F value P value 
Clustering method 7 0.07 0.01 29.82** <.0001 
Data type 2 0.49 0.25 720.66** <.0001 
Sampling size 15 0.19 0.01 37.5** <.0001 
Sampling method 1 0.003 0.003 8.78** 0.003 
Clustering method×data type 14 0.16 0.01 33.74** <.0001 
Clustering method×sample size 105 0.09 0.0008 2.43** <.0001 
Clustering method×sampling method 7 0.0006 0.0001 0.25 0.97 
Data type×sample size 30 0.81 0.03 79.51** <.0001 
Data type×sampling method 2 0.01 0.0038 11.02** <.0001 
Sample size×sampling method 15 0.0035 0.0002 0.68 0.81 
Error 615 0.21 0.0003   
Sum of variation 831 3.18    

Table 2. Analyis of variance for Shanno-weaver diversity index of different subsets 
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Clustering 
method* 

Ratio of 
phenotype retained 

Variance of phenotypic 
frequency 

Average diversity 
index 

1 0.9983A 0.1526C 2.0142A 
2 0.9968BC 0.1619B 2.013A 
3 0.9973BC 0.1630B 1.9958C 
4 0.9977ABC 0.1659A 2.0032B 
5 0.9978BA 0.1616B 2.0138A 
6 0.9968C 0.1620B 2.0123A 
7 0.9970BC 0.1621B 2.0129A 
8 0.9972BC 0.1617B 2.0129A 
9 0.9512D 0.1636B 1.974D 

* Clustering with 1. shortest distance,  2. complete linkage method,  3. median distance,  4.the centroid 
method,  5. average linkage,   6. the flexible-beta method,  7. the flexible method,  8. Ward’s minimum 
variance method,  and 9. completely random method. 
** the data with different alphabet show significance at 0.01 level.  

Table 3. Multiple comparison for different clustering methods** 

 

Sampling method* Diversity index 
For qualitative trait Average diversity index 

1 0.581A 2.005B 
2 0.577A 2.013A 
3 0.558B 1.974C 

* 1. preferred sampling plus multiple clustering and randomly sampling, 2. preferred sampling plus 
multiple clustering the clustering with sampling on degree of variation, 3. sampling with completely 
random method  
** the data with different alphabet show significance at 0.01 level.  

Table 4. Multiple comparison for different sampling methods** 

 

Data type* Ratio of 
phenotype retained 

Variance of phenotypic
frequency 

Average diversity 
index 

1 0.996A 0.1509C 2.019A 
2 0.9923B 0.18A 1.99B 
3 0.9958A 0.1524B 2.017A 

*1. integrated qualitative and quantitative trait data,  2. qualitative trait data, and 3. quantitative trait data 
** the data with different alphabet show significance at 0.01 level.  

Table 5. Multiple comparison for different data types** 

6. Association mapping with the rice core collection  
Though a large number of exotic genes exist in crop germplasm resources, the rich genetic 
variations in crop germplasm resources haven’t been fully explored and utilized because of 
being lack of appropriate statistical methods.  

In general, conventional method for mining gene from germplasm is linkage mapping. 
Identifying QTLs by linkage mapping needs to construct one or several segregating  



 
Genetic Diversity in Plants 

 

94

Clustering 
method* 

Ratio of 
phenotype retained 

Variance of phenotypic 
frequency 

Average diversity 
index 

1 0.9983A 0.1526C 2.0142A 
2 0.9968BC 0.1619B 2.013A 
3 0.9973BC 0.1630B 1.9958C 
4 0.9977ABC 0.1659A 2.0032B 
5 0.9978BA 0.1616B 2.0138A 
6 0.9968C 0.1620B 2.0123A 
7 0.9970BC 0.1621B 2.0129A 
8 0.9972BC 0.1617B 2.0129A 
9 0.9512D 0.1636B 1.974D 

* Clustering with 1. shortest distance,  2. complete linkage method,  3. median distance,  4.the centroid 
method,  5. average linkage,   6. the flexible-beta method,  7. the flexible method,  8. Ward’s minimum 
variance method,  and 9. completely random method. 
** the data with different alphabet show significance at 0.01 level.  

Table 3. Multiple comparison for different clustering methods** 

 

Sampling method* Diversity index 
For qualitative trait Average diversity index 

1 0.581A 2.005B 
2 0.577A 2.013A 
3 0.558B 1.974C 

* 1. preferred sampling plus multiple clustering and randomly sampling, 2. preferred sampling plus 
multiple clustering the clustering with sampling on degree of variation, 3. sampling with completely 
random method  
** the data with different alphabet show significance at 0.01 level.  

Table 4. Multiple comparison for different sampling methods** 

 

Data type* Ratio of 
phenotype retained 

Variance of phenotypic
frequency 

Average diversity 
index 

1 0.996A 0.1509C 2.019A 
2 0.9923B 0.18A 1.99B 
3 0.9958A 0.1524B 2.017A 

*1. integrated qualitative and quantitative trait data,  2. qualitative trait data, and 3. quantitative trait data 
** the data with different alphabet show significance at 0.01 level.  

Table 5. Multiple comparison for different data types** 

6. Association mapping with the rice core collection  
Though a large number of exotic genes exist in crop germplasm resources, the rich genetic 
variations in crop germplasm resources haven’t been fully explored and utilized because of 
being lack of appropriate statistical methods.  

In general, conventional method for mining gene from germplasm is linkage mapping. 
Identifying QTLs by linkage mapping needs to construct one or several segregating  

 
Assessment and Utilization of the Genetic Diversity in Rice (Orysa sativa L.) 

 

95 

Sample size 
Ratio of 

phenotype 
retained 

Variance of 
phenotypic 
frequency 

Average diversity 
index 

Original collection 1A 0.1581F 1.994I 
1450 1A 0.1581F 1.993I 
1350 0.9995A 0.1589EF 1.996HI 
1250 0.9995A 0.1593EFD 1.999HG 
1150 0.9995A 0.1604EFD 2GF 
1050 0.9995A 0.161EFDC 2.003EF 
950 0.999BA 0.1624BDC 2.005EDF 
850 0.998B 0.1638BAC 2.006ED 
750 0.998B 0.1649BA 2.006ED 
650 0.998B 0.1651BA 2.008D 
550 0.997C 0.1655BA 2.008D 
450 0.996C 0.1648BA 2.012C 
350 0.993D 0.1655BA 2.018B 
250 0.99E 0.1659A 2.02A 
150 0.983F 0.1615EDC 2.02A 
50 0.996G 0.149G 2.02A 

** the data with different alphabet show significance at 0.01 level.  

Table 6. Multiple comparison for different sample size** 

populations by crossing between parents (e.g., F2, Double haploid, Backcross population) 
and linkage mapping would be done in these segregation populations. The accuracy of QTL 
mapping is dependent largely on selected but limited parents and only two or a few alleles 
from the parents were detected. Moreover, abundant genetic variation stored in germplasm 
have not been developed and utilized due to lack of appropriate statistical methods. 
Provided using conventional QTL linkage mapping method for mining the abundant 
genetic variations in a large germplasm resources population, it is necessary to make diallel 
crossing with all studied accessions, which is hard to develop such mapping population and 
would take much more time, cost, space and analysis. 

An alternative, association mapping based on linkage disequilibrium (LD) analysis might be 
an effective way to identify the function of the gene (or targeted high-resolution QTL), 
which has been successfully applied in human genetics to detect QTL coding for simple as 
well as complex diseases (Corder et al., 1994; Kerem et al., 1989). This method uses the LD 
between DNA polymorphisms and genes underlying traits. LD refers to the non-random 
combination among different genetic markers. The main mechanism for LD existing in a 
population is genetic linkage among different loci. Therefore, it is possible to detect QTLs by 
identifying LD between markers loci and potential QTLs. Through detecting abundant 
genetic markers loci locating in genome or those nearby candidate genes, the loci which link 
tightly with QTLs and show correlated to QTLs can be found. The application of association 
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mapping to plant breeding appears to be a promising approach to overcome the limitations 
of conventional linkage mapping (Kraakman et al., 2004).  

Furthermore, choice of an appropriate germplasm to maximize the genetic diversity and the 
number of historical recombinations and mutation events (and thus reduce LD) within and 
around the gene of interest is critical for the success of association analysis (Yan et al., 2011). 
As described above, core collections are the core subset of the original collections with 
minimum samples while having the maximum genetic variability contained within the gene 
pool. Therefore, association mapping with a core collection population helps to catch as 
more phenotypic variation as possible and would make use of both the advantages of 
association mapping and core collection, thus could be an effective way to mine and utilize 
the abundant genetic diversity in the crop germplasm resources.  

6.1 Population structure and LD pattern 

Population structure is an important component in association mapping analysis because it 
can reduce both type I and II errors between molecular markers and traits of interest in an 
inbreeding specie. Moreover, low level of LD could lead to impractical whole-genome 
scanning because of the excessive number of markers required. Furthermore, the resolution 
of association studies in a test sample depends on the structure of LD across the genome. 
Therefore, information about the population structure and extent of LD within the 
population is of fundamental importance for association mapping. 

The rice core collection consisting of 150 varieties were genotyped with 274 SSR markers. 
Based on the genotyping data, STRUCTURE software was run to detect the number of 
subgroups within the core collection population and assign the varieties into different 
subgroups with the membership probability of 0.80 as a threshold. To compare and confirm 
the STRUCTURE subgroups, a additional principal component analysis was done.  

STRUCTURE indicated that the entire population could be divided into two subgroups (i.e. SG 
1 and SG 2) (Fig. 5). With the membership probabilities of ≧ 0.80, 111 varieties were assigned 
to SG 1, 21 varieties were assigned to SG 2 and 18 varieties were retained to the admixed 
group (AD) (Fig. 5). Principal component analysis confirmed the population structure, i.e. the 
varieties from SG 1 and SG 2 located in two distinct clusters, and those from AD located 
between the two subgroups (Fig. 5). The varieties in SG 1 are mainly indica rice, and those in 
SG 2 japonica rice, whereas those in AD intermediate (indica- or japonica-inclined) rice. 
Furthermore, the varieties from the same cultivated zone were clustered closely.  

LD measured as squared correlation of allele frequencies (r2) between loci pairs in the core 
collection and different germplasm types were calculated (Table 7). The average r2 between 
linked loci (the loci at the same chromosome) varied between 0.0188 and 0.1. Using the 95% 
quantile of r2 between unlinked loci pairs as a threshold, 6.23% linked loci pairs were in 
significant LD. For different germplasm types (indica, japonica, early-seasonal, late-seasonal, 
waxy, non-waxy rice), the percentage of loci pairs in LD varied between 5.33 and 6.36%. LD 
(r2) against genetic map distance (cM) between linked loci pairs was plotted and a nonlinear 
regression of r2 vs. genetic map distance according to Heuertz et al., (2006) was performed 
(Fig. 6). The LD decays against the genetic distance, which indicated the linkage might be 
the main reason for the causes of LD. The LD decays to the threshold, i.e. the 95% quantile of 
r2 between unlinked loci pairs, at 1.03 cM in the entire collection (Table 7). The cut-off decay  
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Fig. 5. Principal component analysis for the rice core collection combined with STRUCTURE 
subgroup assignment. PC 1 and PC 2 refer to the first and second principal components, 
respectively. The numbers in parentheses refer to the proportion of variance explained by 
the principal components. Symbols indicate different type of rice, and colors indicate 
different subgroups from STRUCTURE software. FJ-Foreign japonica, IG-glutinous Indica, J-
early seasonal Japonica, J II- late seasonal Japonica, JG-glutinous Japonica, P-early seasonal 
Indica from Pearl river region or south China, P II-late seasonal Indica from Pearl river 
region, R-early seasonal Red grain rice, R II-late seasonal Red grain rice, Y- early seasonal 
Indica from Yangtze River region, Y II- late seasonal Indica from Yangtze River region, and 
N-Unknown origin. 

 

Type Sample size Average R2  Percentage of loci pairs in LD Cut-off (cM
Entire collectio 150 0.0330 6.23 1.03
Indica 90 0.0188 5.33 0.89
Japonica 60 0.0570 6.37 1.10
Early-seasonal 86 0.0500 6.22 1.00
Late-seasonal 64 0.0330 5.95 1.04
Waxy 18 0.1000 6.06 0.87
non-waxy 132 0.0350 6.36 1.01  

Table 7. Linkage disequilibrium (measured as R2 value) for linked loci, percentage of linked 
loci pairs in LD, and the cut-off decay distance for the core collection and different 
germplasm types. 

distances for indica, japonica, early-seasonal, late-seasonal, waxy, non-waxy rice were 0.89, 
1.10, 1.00, 1.04, 0.87, and 1.01cM, which were about 200-500kb physical distance. The results 
indicated that choice of the core collection could maximize the number of historical 
recombinations and mutation events and thus reduce LD within and around the gene of 
interest which is critical for the success of association analysis (Yan et al., 2011). Such short  



 
Genetic Diversity in Plants 

 

98

 
Fig. 6. Plot of linkage disequilibrium measured as squared correlation of allele frequencies 
(r2) against genetic map distance (cM) between linked loci pairs in the core collection. The 
red line is the nonlinear regression trend line of r2 vs. genetic map distance. The dashed  
line indicates the 95% quantile of r2 between unlinked loci pairs. 

LD decay distance suggested that fine mapping with a core collection for desirable genes 
could be possible. However, due to low percentage of linked loci pairs in LD and the quick 
decay of LD, in turn it indicated that the density of markers for genome-wide association 
mapping should be greatly increased as compared to our study. Considered for the LD 
decay distance in the core collection and 1700cM map distance of rice genome, it might at 
least in theoretically require more than 1700 markers for a genome-wide association 
mapping with such a core collection. If higher power is needed, the number of required 
markers could be even more.     

6.2 Association mapping 

Mining the elite genes within rice germplasm is of importance to the improvement of 
cultivated rice. Therefore, genome-wide association mapping was applied with the rice core 
collection using 274 SSR markers. 

All of the 150 rice varieties were cultivated at the farm of South China Agricultural 
University, Guangzhou (23°16N, 113°8E), during the late season (July-November) for two 
consecutive years (2008 and 2009). The yield related traits (such as grain weight, filled 
grains, tillers per plants, etc.) were measured for both years. As for an example, the trait 
yield per panicle (gram) was furthered used for association mapping.  

The software STRUCTURE was applied to infer historical lineages that show clusters of similar 
genotypes and get the Q matrices (Pritchard et al., 2000). Kinship matrix (K) was calculated by 
software SPAGeDi (Hardy and Vekemans 2002). The quantile–quantile plots of estimated -
log10(p) were displayed using the observed p values from marker-trait associations and the 
expected p values assuming that no associations happened between markers and any trait in 
the software SAS. Using the TASSEL software and the mixed linear regression model (MLM), 
association test was performed for the yield trait, incorporating K and Q matrices. 
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Mining the elite genes within rice germplasm is of importance to the improvement of 
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collection using 274 SSR markers. 

All of the 150 rice varieties were cultivated at the farm of South China Agricultural 
University, Guangzhou (23°16N, 113°8E), during the late season (July-November) for two 
consecutive years (2008 and 2009). The yield related traits (such as grain weight, filled 
grains, tillers per plants, etc.) were measured for both years. As for an example, the trait 
yield per panicle (gram) was furthered used for association mapping.  

The software STRUCTURE was applied to infer historical lineages that show clusters of similar 
genotypes and get the Q matrices (Pritchard et al., 2000). Kinship matrix (K) was calculated by 
software SPAGeDi (Hardy and Vekemans 2002). The quantile–quantile plots of estimated -
log10(p) were displayed using the observed p values from marker-trait associations and the 
expected p values assuming that no associations happened between markers and any trait in 
the software SAS. Using the TASSEL software and the mixed linear regression model (MLM), 
association test was performed for the yield trait, incorporating K and Q matrices. 

 
Assessment and Utilization of the Genetic Diversity in Rice (Orysa sativa L.) 

 

99 

The QQ plot of observed vs. expected p values (Fig. 7) indicated that MLM model 
incorporating K and Q matrix was suitable for the association analysis for the yield trait. A 
total of 17 markers in 2008 and 15 markers in 2009 were detected to significantly (P < 0.05) 
be associated with the yield traits (Table 8 and 9). 12 marker-phenotype associations were 
confirmed by previous researches (either using linkage mapping or association mapping) 
for 2008 year’s results. And it was 7 for the 2009 year’s results. Moreover, two marker-
phenotype associations were located in the similar position (RM471 with RM218, PSM188 
with RM235) for both years. The genetic variants explained by the markers varied between 
3.49% and 24.86% in 2008, while it was between 3.02% and 13.87% in 2009. The genetic 
variants explained by the marker RM346 and PSM336 were more than 15%. It is worth to 
note that less common marker-phenotype associations were detected in both years, which 
indicated the yield trait might be easily influenced by the environment. Such problem might 
be overcome by using the yield data for multiple locations and years. The marker-
phenotype associations could be further used in rice breeding by marker-assisted selection. 

 
Fig. 7. Plots of observed vs. expected p values for MLM (Q+K) model for the yield trait. 

 
No. Markers Chromosome Map distance (cM) P value R2 (%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

RM71
PSM374 
RM293 
RM471 
RM559 
RM469 
RM549 
RM170 
RM432 
RM429 
PSM142 
PSM336 
RM346 
RM201 
RM167 
PSM366 
PSM188

2
2 
3 
4 
4 
6 
6 
6 
7 
7 
7 
7 
7 
9 
11 
11 
12

49.8
83.6 

193.4 
53.8 

155.8 
2.2 
42.7 
2.2 
43.5 
96.9 
26 

80.5 
47 

81.2 
20.3 
89 

86.5

0.0377¥
0.0448¥ 
0.0268 
0.0202¥ 
0.0350 
0.0150¥ 
0.0270 
0.0346¥ 

0.0021¥§ 
0.0119¥ 
0.0385¥ 

0.0002¥§ 
0.0006¥§ 
0.0011§ 
0.0133 

0.0018¥§ 
0.0059¥

3.49 
5.05 
5.90 
6.39 
7.02 
10.33 
7.51 
7.05 
12.26 
5.16 
13.45 
16.43 
24.86 
21.34 
7.07 
14.44 
10.34 

§The Bonferroni threshold (< 0.0036); ¥supported by previous researches; R2 represents the genetic 
variants explained by the marker. 

Table 8. Association mapping results for yield per panicle in 2008 using MLM models. 
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No. Markers Chromosome Map distance (cM) P value R2 (%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

RM220 
PSM369 
RM450 
RM218 
RM153 
RM334 
RM340 
RM182 
RM10 
RM257 
RM242 
RM304 
RM228 
RM309 
RM235 

1 
1 
2 
3 
5 
5 
6 
7 
7 
9 
9 
10 
10 
12 
12 

28.4 
170.4 
150.8 
67.8 

3 
141.8 
133.5 

61 
63.5 
66.1 
73.3 
73 

96.3 
74.5 
91.3 

0.0392¥ 
0.0130¥ 
0.0270¥ 
0.0491 
0.0341 
0.0188 
0.0152 
0.0155¥ 
0.0358¥ 
0.0049 
0.0360 
0.0126 
0.0282 
0.0299¥ 
0.0442¥ 

3.02 
4.41 
5.17 
5.62 
4.83 
8.74 
13.87 
5.99 
3.14 
5.71 
3.13 
4.45 
3.43 
3.36 
13.00 

§The Bonferroni threshold (< 0.0036); ¥supported by previous researches; R2 represents the genetic 
variants explained by the marker. 

Table 9. Association mapping results for yield per panicle in 2009 using MLM models. 

7. Discussion and prospect 
Rice feeds more than 50% of the world’s population and is one of the most important crops 
in the world. Rice germplasm resource is the primary material for rice breeding and makes a 
concrete contribution to global wealth creation and food security. Therefore, understanding 
its valuable genetic diversity and using it in rice genetic improvement is of importance for 
raising rice yield and the resistance to biotic and abiotic stress as well as improving rice 
quality to secure global food supplies.  

To mine the wide genetic diversity in plant germplasm populations, identification of 
phenotypic traits might the first and an important step. Besides the agronomic traits, 
physiological traits, stress-related traits, quality traits, resistant to virus and pets traits, etc. 
should be furthered studied in details. Based on the full evaluation of phenotypes, a 
dynamic core collection could be constructed either on a specific target trait or on all the 
traits so that the core collection could retain as much as genetic diversity with the minimum 
accessions. The core collection could be furthered studied with high density markers as well 
as exact measurement of its phenotype.  

Association mapping has become a promising approach to mine the elite genes within 
germplasm population compared to traditional linkage mapping. Association mapping 
based on a core collection would help to catch as more phenotypic variation as possible. 
Compared to a natural population or a breeding population with narrow genetic basis, the 
LD level in a core collection might be low due to its diverse origin. Therefore, more markers 
might be needed for genome-wide association mapping. However, due to the quick LD 
decay, fine mapping might be possible with a core collection. To perform a precisely 
association mapping, multiple replications either locations or years for the phenotypic 
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No. Markers Chromosome Map distance (cM) P value R2 (%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

RM220 
PSM369 
RM450 
RM218 
RM153 
RM334 
RM340 
RM182 
RM10 
RM257 
RM242 
RM304 
RM228 
RM309 
RM235 

1 
1 
2 
3 
5 
5 
6 
7 
7 
9 
9 
10 
10 
12 
12 

28.4 
170.4 
150.8 
67.8 

3 
141.8 
133.5 

61 
63.5 
66.1 
73.3 
73 

96.3 
74.5 
91.3 

0.0392¥ 
0.0130¥ 
0.0270¥ 
0.0491 
0.0341 
0.0188 
0.0152 
0.0155¥ 
0.0358¥ 
0.0049 
0.0360 
0.0126 
0.0282 
0.0299¥ 
0.0442¥ 

3.02 
4.41 
5.17 
5.62 
4.83 
8.74 
13.87 
5.99 
3.14 
5.71 
3.13 
4.45 
3.43 
3.36 
13.00 

§The Bonferroni threshold (< 0.0036); ¥supported by previous researches; R2 represents the genetic 
variants explained by the marker. 

Table 9. Association mapping results for yield per panicle in 2009 using MLM models. 
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traits so that the core collection could retain as much as genetic diversity with the minimum 
accessions. The core collection could be furthered studied with high density markers as well 
as exact measurement of its phenotype.  

Association mapping has become a promising approach to mine the elite genes within 
germplasm population compared to traditional linkage mapping. Association mapping 
based on a core collection would help to catch as more phenotypic variation as possible. 
Compared to a natural population or a breeding population with narrow genetic basis, the 
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identification, exact measurement of the population structure and the kinship should be 
considered. Furthermore, though a rapid progress has been made in genotyping, a quick, 
automated, economic genotyping technology (such as SNP array) for a large number of 
germplasm resources are desirable for association mapping with germplasm resources 
population. How to effectively combine the linkage and association mapping in plants (such 
as the nested association mapping in maize, NAM) might be another question which should 
be concerned. Due to such associations could be further applied in rice breeding with 
molecular assisted selection, it provide a bright future to make use of the elite genes in the 
diverse germplasm resources.  

A strategy is proposed for exploring and utilization of the wide genetic diversity in plant 
germplasm populations, i.e. firstly, evaluation of the genetic diversity for germplasm 
populations at phenotypic and genotypic level; secondly, constructing core collection to 
achieve the maximum diversity with minimum accessions; thirdly, combining linkage 
mapping and association mapping to map desire QTL in a large scale and with high 
resolution; fourthly, developing near isogenic lines to verify and fine map QTLs; finally, 
cloning desirable genes and make use of them in cultivated plant breeding.  
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1. Introduction 

Eriobotrya is a genus of at least 22 species and 10 varieties or forma of evergreen fruit trees in 
the family of Rosaceae (Lin, 2007). Eriobotrya is native to east and southeast of Asia, of which 
only loquat (Eriobotrya japonica Lindl.) is cultivated for its valuable fruit. The hypothesized 
center of origin and center of diversity of loquat are located in the medium to lower Daduhe 
River and the southeast slope of Gongga Mountain in Southwestern China (Qiu and Zhang, 
1996). Loquat was domesticated in China at least 2000 years ago and has been widely 
cultivated for fresh and processed fruit, as well as for its medicinal effect (Qiu and Zhang, 
1996). Loquat was introduced into Japan, France, England, United States and various 
Mediterranean countries between 12th to 19th century. Today loquat is mainly distributed 
between latitudes 20 and 35° north or south from the equator, but it can be cultivated up to 
latitude 45° under marine climates (Lin et al., 1999). There are more than 30 loquat 
producing countries in the world and the production is distributed in Asia, Europe, Africa, 
Australia, and the America. In addition to the utilization of its fruit, loquat flower is a 
superior honey source and it mostly blooms in fall and early winter. The white flower is 
aromatic thus is appreciate as ornamental tree as well. 

The global planting area was about 130,000 hectares, with the production over 549,220 tons 
in 2005. The main producing countries are China, Spain, India, Japan and Pakistan, which 
account for 97% of the planting area and 94% of the output respectively. In China, the 
planting area of loquat is more than 120,000 hectares with an output of more than 400,000 
tons. The production in China is distributed in 20 provinces and the leading producers 
include Sichuan, Fujian, Chongqing, Zhejiang, Hunan, Guangdong and Guizhou. Many 
well-known loquat varieties originated from these provinces and are widely planted in 
China among which include ‘Dawuxing’, ‘Longquan No.1’, ‘Zaozhong No.6’(Lin 2007a). 

Genetic diversity and the relationships among different varieties of loquat are of great 
importance for the conservation of genetic resources, breeding, national and international 
exchange of germplasm (He et al., 2011). Research on genetic diversity of loquat based on 
pomological traits and molecular markers have been widely carried out (Badenes et al., 
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2000; Cai 2000; Vilanova et al. 2001; Soriano et al. 2005; Dong 2008; Qiao 2008; Watanabe et 
al. 2008; Gisbert et al. 2009; Yang 2009). These studies significantly enhanced our 
understanding about the distribution and structure of genetic diversity in loquat germplasm 
around the world. 

2. Germplasm and breeding research of loquat 
Loquat is mainly self-compatible, self-incompatibility has only been found in a few varieties 
(Chen & Chu, 2008). The traditional propagation from seed has provided a range of varieties 
adaptable to different environments and planting regions. Ex situ germplasm collections 
have been established in China, Japan and Spain (Zheng, 2007; Badenes et al., 2009). Among 
these collections, the Chinese collections possess highest diversity. There are more than 1000 
accessions described in the various Chinese germplasm collections (Zheng, 2007). The 
largest Chinese collection is located in Fuzhou, with a total of more than 250 accessions. The 
major European loquat germplasm collection is held at Instituto Valenciano de 
Investigaciones Agrarias (IVIA) of Spain. The IVIA collection includes more than 74 
accessions, of which 49 accessions are Spanish varieties. In addition, Italy and Greece also 
have small collections of mainly local germplasm (Lin, 2003). 

Understanding of genetic diversity in loquat germplasm has been greatly improved through 
the application of molecular marker technology (He et al., 2011). Using internal transcribed 
spacer (ITS) region of the 18S–5.8S–26S nuclear ribosomal cistron, Li et al. (2009) analyzed 15 
Eriobotrya accessions and six close related species. Result of cluster analysis suggested that E. 
malipoensis had closer relationship with E. japonica Lindl. This result was further supported 
by Yang et al. (2009) who analyzed Eriobotrya taxa using AFLP markers. However, Zhao et 
al. (2011) also used ITS region of the 18S–5.8S–26S nuclear ribosomal cistron and assessed 
the phynogenetic relationship among the Eriobotrya species represented by 25 loquat 
cultivars and seven wild taxa. Their result suggested that the evolution order of the studied 
taxa was E. bengalensis f. angustifolia, E. prinoides var. dadunensis, E. prinoides (E. bengalensis), 
E. dayaoshanensis and E. japonica Lindl. And E. bengalensis f. angustifolia was found the likely 
ancestral taxa of E. japonica Lindl.  

The intraspecific genetic diversity in loquat has been analyzed by various molecular 
markers as well. Soriano et al. (2005) assessed genetic relationships among 40 loquat 
accessions that originated from different countries, including accessions from the European 
loquat germplasm collection maintained at IVIA in Valencia, Spain. Thirty pairs of 
microsatellites previously identified in Malus × domestica (Borkh.) were used. The expected 
and observed heterozygosities were 0.46 and 0.51 on average, respectively, showing a high 
level of out crossing behavior in loquat germplasm. However their result also indicates a 
low degree of genetic diversity in the set of loquat accessions analyzed, in comparison to 
other members of the Rosaceae family.  

He et al. (2011) used apple SSRs that are transferable to loquat and assessed the level of 
genetic diversity within loquat. They used 39 SSRs transferable to loquat and genotyped 54 
loquat accessions from Japan, Spain, and four Chinese provinces, as well as two wild species 
(E. prinoides var. Daduheensis and E. prinoides). In total they identified 155 different alleles 
with a mean value of 3.38 per locus, and the mean observed heterozygosity was 0.47. These 
values indicate a high degree of genetic diversity in the set of Chinese loquat accessions 
analyzed. Cluster analysis grouped the accessions into cultivated and wild loquats. The 
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cultivated loquat can be subdivided into three subgroups which generally reflect their 
geographic origin in China. 

The Chinese loquat germplasm is traditionally classified according to the flesh color. 
Varieties can be classified as either “white flesh” or “orange flesh”. The former accounts for 
about 30 percent of the total Chinese varieties. The texture of the white-fleshed loquat is 
generally more delicate and tender. Varieties in this group include ‘Ruantiaobaisha’ and 
‘Baiyu’, both are the leading varieties of Zhejiang and Jiangsu province in China. Several 
Japanese varieties, such as ‘ShiroMogi’, canbe placed in the white flesh group. Orange-
fleshed varieties, such as ‘Mogi’, ‘Tanaka’, and ‘Nakasakiwase’ account for 95% of the total 
crop area of Japan. Spanish commercial production depends on four orange flesh varieties, 
including ‘Algerie’, ‘Magdal’, ‘Golden Nugget’, and ‘Tanaka’ with ‘Algerie’ varieties 
(Badenes et al., 2009). 

Crop improvement, both through breeding for new varieties and selection of accessions from 
existing germplasm, have been carried out in China, Japan and Spain (Zheng, 2007; Shih, 2007; 
Badenes et al., 2009). However, so far the varieties used in production were mostly farmer 
selections made by growers in the local areas. Surveys and selection of germplasm accessions 
have been carried out in China (Zheng, 2007), Mediterranean countries, Turkey and Pakistan 
(Badenes et al., 2009). Seedless or fewer seeds is one of important objectives in today's fruit 
breeding programs. Loquat fruit has a relatively smaller fruit than other fruit tree species. The 
average weight of a loquat fruit is about 30 to 40 grams. Some large-fruited varieties can have a 
fruit size of 70 grams, and 34 usually with 3 to 4 large seeds. The low edible rate ( less than 
70%, is an important quality constraint for fresh consumption of loquat (Lin et al, 2007b). 
Therefore, seedless loquat fruit is highly desired by consumers. 

The classical approach to eliminate seeds in many crops is to produce triploids through ploidy 
manipulation (Ollitrault et al., 2008). And there are three routes to obtain triploidy genotypes, 
including use of nonreduced megaspore or microspore, crossing induced tetraploids with 
diploids and in vitro culture of nuclear tissue (Janick, 2011). Tetraploid varities can be 
spontaneously formed or induced by colchicines (Yahata et al., 2004). In 1978, Chinese 
researchers of Fruit Research Institute of Fujian Academy of Agricultural Science developed a 
tetraploid varities ‘Min No.3’ using colchicine-induced polyploidization. However the 
tetraploid variety was not well adopted due to the performance in other agronomic traits and 
quality. Between 1983 and 1985, researchers in the same institute obtained triploid loquat 
plants through endosperm culture. In early 1990s, the Southern Prefectural Horticulture 
Institure, Chiba Prefectural Agriculture and Forestry Research Center of Japan hybridized 
diploid variety “Nagasakiwase” 6 with tetraploidy variety “Tanaka”, and developed the first 
triploid loquat variety “Kibou”, as well as a series of triploidy seedlings. From 1997 to present, 
Liang and his team in the Southwest University of China have made significant progress in 
identification of natural triploid loquats (Guo et al., 2007).  

3. Occurence of natural triploid loquats 
Exploitation of triploid plant to induce seedlessness is a promising breeding technique since 
triploid is a naturally existing ploidy status as found in other Rosaceae species. For example, 
approximately 10% of apple and pear varieties are triploids although the frequency of 
natural occurrence is less than one percent. In 1993, Liang et al. discovered that substantial 
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frequency of natural triploid individuals exists in loquat germplasm. Since then, massive 
screening have been conducted in Chinese loquat germplasm, which has led to the selection 
of 352 natural triploid individuals out of 99,542 seeds in 36 varieties, the frequency of 
occurrence is about 0.35% (Table 1).  
 

Crop No. 2n × 2n seedlings Distribution of seedlings, percentage and number 
Diploid Triploid Tetraploid Pentaploid 

Apple 6,825 99.63 0.28 (19) 0.09 (6)  
Loquat 99,542 99.57 0.35 (352) 0.07 (74) 0.01 (10) 

Table 1. Comparison between apple and loquat for the frequency of ploidy levels in natural 
crosses. 

4. Morphological characters of triploid loquats 
As compared to diploidy loquat, the triploids have stronger growth vigor, characterized by 
the thick trunk and branches as well as larger leaves. Moreover, phenotypic differences are 
also found in flowers, triploid plants usually have larger flowers and flower buds than 
diploid ones. The transverse and length diameters of flowers, flower buds, anthers and 
ovaries of triploidy loquat were significantly larger than those of diploids. And fruits of 
triploidy loquat are significantly larger and seedless, with an edible rate of more than 80% 
(Table2-4, Figure 1). However, the morphological characters of different seedlings have a 
wide range of variation. For example, the triploid seedlings of Changbai No.1, Q21 has a 
ovoid-shaped fruits, whereas plant Q27 and Q11 have long ovoid fruits and the fruit weight 
of Q27 was significantly heavier than that of Q11 and Q21(Table 4). 

5. GISH (Genomic in situ hybridization) analysis of triploid loquats 
GISH is an efficient and accurate technique for the determination of levels and incorporation 
positions of alien chromatin. This technique has been widely applied to numerous 
interspecific and intergenomic plant hybrids (Snowdon et al., 1997). The GISH analysis of 
 

Cultivar Trunk circum. 
(cm) 

No. 
branches

Annual 
branch 

diam (cm) 

Leaf 
Length 

(cm) 
Width 
(cm) 

Leaf 
index 

Dawuxing (2x) 25.5bz 7.2a 5.3b 27.5b 7.3b 3.8a 
3x seedling 50.0a 3.6b 7.1a 45.8a 15.6a 2.9b 
Longquan No.1 (2x) 29.7b 6.0a 6.5b 22.2b 7.0b 3.2b 
3x seedling 50.0a 2.4b 8.5a 36.3a 13.4a 2.7a 
Jinfeng (2x) 24.9b 7.0a 6.4 25.6b 7.2b 3.5a 
3x seedling 45.0a 3.0b 7.5 43.2a 15.6a 2.8b 
Zaohong No.3 (2x) 36.0b 7.0a 5.8b 25.7b 7.7b 3.4a 
3x seedling 49.0a 4.0b 7.4a 38.7a 14.1a 2.8b 

Table 2. Comparison of plant morphology of diploid loquats and their related triploid 
seedlings. z Mean separation of 2x and related 3x means at 5% level (Liang et al., 2011). 
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positions of alien chromatin. This technique has been widely applied to numerous 
interspecific and intergenomic plant hybrids (Snowdon et al., 1997). The GISH analysis of 
 

Cultivar Trunk circum. 
(cm) 

No. 
branches

Annual 
branch 

diam (cm) 

Leaf 
Length 

(cm) 
Width 
(cm) 

Leaf 
index 

Dawuxing (2x) 25.5bz 7.2a 5.3b 27.5b 7.3b 3.8a 
3x seedling 50.0a 3.6b 7.1a 45.8a 15.6a 2.9b 
Longquan No.1 (2x) 29.7b 6.0a 6.5b 22.2b 7.0b 3.2b 
3x seedling 50.0a 2.4b 8.5a 36.3a 13.4a 2.7a 
Jinfeng (2x) 24.9b 7.0a 6.4 25.6b 7.2b 3.5a 
3x seedling 45.0a 3.0b 7.5 43.2a 15.6a 2.8b 
Zaohong No.3 (2x) 36.0b 7.0a 5.8b 25.7b 7.7b 3.4a 
3x seedling 49.0a 4.0b 7.4a 38.7a 14.1a 2.8b 

Table 2. Comparison of plant morphology of diploid loquats and their related triploid 
seedlings. z Mean separation of 2x and related 3x means at 5% level (Liang et al., 2011). 
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Varieties 
Flower 
width 
(cm) 

Flower 
length 
(cm) 

No. single 
flowers 

Bud 
width 
(mm) 

Bud 
length 
(mm) 

Filament 
length 
(mm) 

Dawuxing2x 7.34b 4.46b 72.8b 4.50b 4.30b 2.35b 
3x seedling 20.20a 14.60a 104.8a 5.85a 6.90a 5.05a 
Longquan No.1 (2x) 8.24b 7.18a 68.8b 4.70b 4.90b 2.90b 
3x seedling 13.0a 15.0b 82.0a 6.15a 6.70a 3.85a 
Jinfeng (2x) 10.00b 9.60b 51.40b 4.77b 4.77b 2.92b 
3x seedling 21.80a 18.8a 98.40a 6.85a 7.00a 3.93a 
Zaohong No.3 (2x) 11.60b 8.62b 57.6b 4.60b 5.40b 3.00b 
3x seedling 20.20a 12.00a 116.2a 7.60a 7.05a 3.75a 

 
Anther 
length 
(mm) 

Anther 
width 
(mm) 

Style 
length 
(mm) 

Ovary 
width 
(mm) 

Ovary 
length 
(mm) 

 

Dawuxing2x 1.65b 1.20b 2.50b 1.84b 1.29b  
3x seedling 2.25a 1.55a 4.05a 3.51a 2.91a  
Longquan No.1 (2x) 1.85b 1.30b 3.05b 1.97b 1.35b  
3x seedling 2.60a 1.95a 3.95a 3.56a 2.95a  
Jinfeng (2x) 1.91b 1.93b 2.54b 1.95b 1.35b  
3x seedling 2.57a 2.56a 4.11a 3.62a 2.94a  
Zaohong No.3 (2x) 1.85b 1.70b 2.73b 2.30b 1.44b  
3x seedling 2.56a 2.00a 4.04a 3.60a 2.91a  

Table 3. The comparison of flowers of natural triploid and diploid loquats. The lower cases 
in the table means of the significant level ( P<5%) of multiple range test. 

Varieties Shape1 Flesh 
color2

No. 
seeds

Weight 
(g) 

Length 
(mm) 

Width 
(mm)

Shape 
index

Edible 
portion (%) 

Raotiaobaisha2x R W 4-6 25.2 (34)3 37.8 38.4 0.97 62.0 
3x seedling(H324) LO OY 0 50.3 (68) 56.2 40.1 1.40 86.0 
Jinfeng2x O OY 4-6 61.1 (133) 58.2 46.9 1.24 65.0 
3x seedling(D425) LO OY 0 79.3 (103) 78.5 52.7 1.49 84.9 
3x seedling(D327) LO OY 0 78.1 (85) 73.8 41.3 1.78 85.6 
Dawuxing2x O OY 4-6 58.7 (96) 62.5 45.1 0.97 65.0 
3x seedling(A322) LO OY 0 65.8 (85) 73.0 50.0 1.56 83.5 
3x seedling(A313) LO OY 0 62.2 (83) 70.0 49.0 1.49 82.5 
3x seedling(A35) LO OY 0 63.1 (85) 73.0 49.0 1.78 85.2 
Changbai No.1 2x R W 4-6 36.2(39) 37.0 42.0 0.88 59.6 
3x seedling(Q21) O W 0 40.0(50.2) 45.0 41.0 1.10 84.9 
3x seedling(Q27) LO W 0 65.0(78.3) 61.0 46.0 1.33 85.2 
3x seedling(Q11) LO W 0 41.6(62.5) 61.0 38.5 1.58 84.5 

Table 4. Characteristics of fruit in diploid loquats and their related triploids.  
1LO= long ovoid, O= ovoid, R=roundish; 2OY= orange yellow, W=white;  
3Maximum fruit weight (Liang et al., 2011). 
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Fig. 1. Compariation of morphological characteristics in leaf, flower and fruit between 
triploid seedling and diploid (left: 3x, right: 2x) 

the natural triploid loquat revealed three types of hybrid (Table 5). In the first type, hybrid 
signals were detected throughout all 51 chromosomes. In the second type, only 34 
chromosomes were detected with hybrid signals. In the third one, only areas around the 
centromere of all the 51 chromosomes showed hybrid signals. These results showed that these 
triploids were either homogenous or heterogenous triploids. The different types of hybrid 
signals also indicated the genetic diversity of natural triploid loquats. Wang (2008) used GISH 
analysis on artificial triploid loquats, the results showed that the source of hybrid somatic 
chromosomes can be accurately distinguished using genome DNA of one parent as probe, 
revealing 17 chromosomes from male parent, and 34 from maternal parent. No significant 
variation in chromosome structure, such as interchange and inversion was found. 
 

Type of 
GISH 

Individuals Genome 
composing 

Ⅰ 
 
 
 

Ⅱ 
 

Ⅲ 

Dawuxing (A322, A376), Longquan No.1 (B4-331, 
B316, B349, B352, B378), Jinfeng (D425), Zaohong 
No.3 (E39), Ganlu No.1 (I315), Huangrou (G320), 
Luzhou No.6 (C321) 
Dawuxing (A368, A379), Longquan No.1 (B347, 
B372, B374, B441) 
Dawuxing (A332), Longquan No.1 (B38, B329, B333, 
B338, B339, B345, B350, B351, B356, B375), Zaohong 
No.3 (E310), Ruantiaobaisha (H324), Longquan No.5 
(K381, K459), Longquan No.6 (J367), Donghuzao, 
Jianyangtezao, Xiangzhong No.11, Zaozhong No.6 

＋＋＋ 
 
 
 

＋＋－ 
 

＋＋＋ 

Table 5. The results of GISH and composing of genomes of different varieties of natural 
triploid loquats. “+, -” means of different genomes. (Liang, 2006) 

6. Molecular marker analysis of natural triploid loquats 
Molecular marker is an effective technique to assess genetic diversity both dominant and co-
dominant molecular markers such as ISSR (inter-simple sequence repeat), AFLP (amplified 
fragment length polymorphism), MSAP (methylation sensitive amplified polymorphism) 
and SSR (simple sequence repeat) have been used in genetic diversity analysis of loquat 
germplasm, including natural triploid loquats. 
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Table 5. The results of GISH and composing of genomes of different varieties of natural 
triploid loquats. “+, -” means of different genomes. (Liang, 2006) 

6. Molecular marker analysis of natural triploid loquats 
Molecular marker is an effective technique to assess genetic diversity both dominant and co-
dominant molecular markers such as ISSR (inter-simple sequence repeat), AFLP (amplified 
fragment length polymorphism), MSAP (methylation sensitive amplified polymorphism) 
and SSR (simple sequence repeat) have been used in genetic diversity analysis of loquat 
germplasm, including natural triploid loquats. 
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6.1 ISSR (Inter-simple sequence repeat) analysis of natural triploid loquats 

Liang (2006) used ISSR markers to analyze genetic diversity of loquat. Result based on 
twelve ISSR primers showed that similarity of 'Dawuxing', 'Longquan No.1', 'Longquan 
No.5', 'Longquan No.6' ranged from 0.65 to 0.98, 0.64 to 0.95, 0.76 to 0.96 and 0.83 to 0.93 
respectively. As showed by the amplification pattern of primer 835, unique bands were 
detected in some seedlings (Figure 2, Table 6), indicating significant genetic differentiation 
among the triploidy accessions. 

 
Fig. 2. The amplification pattern of ISSR primer 835. (M: λDNA/Hind III + EcoR I marker) 

Band size   Exist Missing 
1500bp A4/30(2x), A313, A335, A348, A368, 

A371, A376,A484 
A35, A332, A379 

770bp K346, K366, K375, K381, K459; J367, 
J386 

K2/380, K351, K363, K364, K374; 
J362(2x), J383, J385 

700bp A335, A368, A371, A376, A484; B339, 
B345, B350, B353; K2/380, K346, 
K351, K363, K364, K375, K381; J367, 
J383, J385, J386 

A4/30(2x), A35, A313, A332, A348, 
A379; B336(2x), B38, B329, B333, B337, 
B340, B347, B352, B356, B357, B365, B377, 
B378, B460; K366, K374, K459; J362(2x) 

660bp A4/30(2x), A35, A313, A335, A348, 
A368, A371, A376, A379, A484 

A332 

550bp B336(2x); K2/380 B38, B329, B333, B337, B339, B340, B345, 
B347, B350, B352, B353, B356, B357, B365, 
B377, B378, B460; K346, K351, K363, 
K364, K366, K374, K375, K381, K459 

Table 6. The characteristic bands of primer 835. 

6.2 AFLP (amplified fragment length polymorphism) analysis of natural triploid 
loquats 

Wang (2008) assessed the effectiveness of AFLP markers in loquat using 6 natural triploid 
loquats and their maternal parents. With results indicated that, 12 pairs of AFLP primers 
amplified 2454 bands, as contrasted with maternal parent, there were 112 added bands and 
96 lost bands of triploids, the number of amplified bands also differed among the clones of 
triploid loquats (Table 7). A369 has the greatest difference from its parents (25 additional 
bands and 19 missing sites), followed by A348 (20 new bands and 22 missing sites), A35 (22 
new bands and 14 missing sites), A368 and A322 have the same number of different sites 
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(A368 has more missing bands and A322 has more new bands), and A313 has 12 new bands 
and 10 missing bands (Wang et al., 2011). 
 

Types 
Numbers of polymorphic bands Numbers of 

polymorphic loci 
and their ratiosa 

Total 
bands A348 A368 A313 A35 A322 A369 

Added 
bands 20 14 12 22 19 25 112 53.9% 

2454 Missing 
bands 22 18 10 14 13 19 96 46.1% 

Total 42 32 22 36 32 44 208 8.5%b 

Table 7. Statistics of polymorphic bands of natural triploids by AFLP analysis. a the ratios of 
one type of polymorphic bands and total polymorphic bands; b the ratios of polymorphic 
bands and total bands. 

6.3 MSAP (methylation sensitive amplification polymorphism) analysis of natural 
triploid loquats 

A total of 3879 bands were amplified with 12 pairs of primers within the group of six natural 
triploid loquat clones and their maternal plant, in which, 363 bands were fullly methylated 
and 241 bands were hemimethylated. The methylation ratios of six triploid lines were 
between 12.9% and 18.3%, 15.8% on average, full methylation ratios were between 7.6% and 
11.7%, 9.7% on average, hemimethylation ratios were between 4.7% and 6.1%, 5.6% on 
average. All these belong to four patterns of methylation, monomorphism, demethylation, 
hyper-methylation and hypo-methylation, the number of sites and frequency were 251 and 
29.2%, 171 and 19.9%, 334 and 38.9%, 103 and 12.0% respectively, and all of them exisited in 
all triploid lines (Table 8). All these indicted that, during the process of genome 
recombination and triploidization, a great number of hyper-methylation, demethylation, 
hypo-methylation and maintained methylation were proceeded (Wang, 2008). 
 

 2x A348 A368 A313 A35 A322 A369 
Total methylated bandsa 573 551 567 583 539 531 535 
Full methylated bandsb 44 69 43 59 63 51 53 
Hemimethylated bandsc 37 32 30 34 33 25 31 
Total methylated bands 81 101 73 93 96 76 84 
Full methylation ratios(%) 7.7% 12.5% 7.6% 10.1% 11.7% 9.6% 9.9% 
Hemimethylation ratios(%) 6.5% 5.8% 5.3% 5.8% 6.1% 4.7% 5.8% 
Total methylation ratios(%) 14.1% 18.3% 12.9% 16.0% 17.8% 14.3% 15.7% 

Table 8. Genomic DNA methylation of natural triploid loquats and their female parent. a 
including full methylated and hemimethylated sites; b Full methylation denotes 5′-CｍCGG-
3′in double strands; c Hemimethylation denotes 5′-ｍC CGG-3′in single strand. 
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6.4 SSR (simple sequence repeat) analysis of natural triploid loquats 

Fifty five pairs of polymorphism primers were screened, and a total of 135 alleles were 
detected with ten clones of ‘Dawuxing’. The allele with 222 base pairs of CH01h02 was only 
found in the triploids. And there’s three alleles of 238 bp, 236 bp and 230 bp with primer 
Hi15h12 of A322 (Figure 3). Similar results were obtained by Watanabe et al. (2008). New 
alleles emerged as compared diploid and each one of triploid individuals, indicating foreign 
genes maybe introgressed along with the formation progress of triploid individuals. All ten 
clones were completely distinguished from each other, the highest SM similarity coefficient 
was between A2x and A313, with 0.926, and the contrast one was between A313 and A332, 
with the similarity coefficient of 0.496. Principal component analysis divided 10 strains into 
three groups (Figure 4), Group I, including the A484, A376, A379 and A368 of four lines, 
A35, A322 and A332 are three lines constitute the group II, group III consists of A2x, A313 
and A484 (He, 2010). 

 
Fig. 3. The amplification pattern of SSR primer Hi15h12. 
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Fig. 4. Two dimensional plot of the principal components analyzed of 10 loquat individuals 
with 55 primer pairs, using the similarity matrix obtained with SM coefficient. 

A2x          A35      A313     A322      A332     A348      A368     A376      A379     A430     A484 
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7. Molecular characterization of artificial triploid loquats 
Seven artificial triploid loquats were obtained by sexual hybridization between tetraploid 
“Jiefangzhong” and diploid “Hunanzaoshu”. Eleven ISSR primers amplified 1989 bands, to 
contrast with parents, the added, lost, agnate and maternal bands were 1, 4, 9 and 19 
respectively, indicating that the genomes of hybrid progenies are more similar to maternal 
parent which provided more chromosomes, the added and lost bands different from both 
parents , suggesting substantial genome variations among the artificial triploid loquats. 

Similar result was observed using AFLP analysis. A total of 3122 bands were amplified with 
12 pairs of AFLP primers. The numbers of added, lost, agnate and maternal bands were 82, 
58, 49 and 105 respectively. All these indicated that substantial degree of genome variation 
occurred druing the process of triploid formation (Table 9).  

DNA methylation analysis of artificial triploid loquat individuals and their parents 
showed that, a total of 5302 bands were amplified with 12 pairs of primers, of which 605 
bands were full methylated and 233 bands were hemimethylated. Total methylation ratios 
of triploidy F1 hybrids were between 13.2% and 17.8%, 15.4% on average, full methylation 
ratios were between 10.5% and 12.2%, 11.7% on average, hemimethylation ratios were 
between 2.2% and 5.5%, 3.9% on average. Relative to parental plants, transmutation 
tendency of toal methylation and full methylation ratios of the artificial triploids was not 
significant. However, the hemimethylation ratios in the artificial triploids all decreased. 
The frequencies of the five types of methylation, demethylation, hyper-methylation, hypo-
methylation and intermediate pattern were 24.2%, 28.8%, 38.5%, 6.6% and 1.9% 
respectively (Table 10). Hyper-methylation occurred mainly during the development of 
artificial triploids, then demethylation, accompanied hypo-methylation, and methylation 
maintain and intermediate pattern that methylation state maintained between parent 
plants.  
 

Types 
Patterns of 

band Numbers of polymorphic bands Numbers of 
polymorphic loci 
and their ratiosa 

Total 
bands 

4x 2x 3x H1 H2 H3 H4 H6 H8 H19
Added 
bands - - + 14 5 10 14 11 18 10 82 27.9% 

3122 

Lost 
bands + + - 7 7 6 9 9 12 8 58 19.7% 

Agnate 
bands 

- + + 1 5 5 4 6 6 5 32
49 16.7% 

+ - - 1 7 2 3 2 2 0 17

Maternal 
bands 

+ - + 12 4 11 10 11 11 13 72
105 35.7% 

- + - 8 4 4 5 3 3 4 33
Total  43 32 38 45 42 52 40 294 9.4%b 

Table 9. Statistics of polymorphic bands of artificial triploids by AFLP technique. a the ratios 
of one type of polymorphic bands and total polymorphic bands; b the ratios of polymorphic 
bands and total bands. 
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 Parents Artificial triploid loquats 
4x 2x H1 H2 H3 H4 H6 H8 H19 

Total methylated bandsa 567 596 599 547 592 614 609 599 579 
Full methylated bandsb 65 66 70 63 74 67 64 68 71 
Hemimethylated bandsc 35 35 15 29 30 14 27 13 32 
Total methylated bands 100 101 85 92 104 81 91 81 103 
Full methylation ratios(%) 11.5% 11.1% 11.7% 11.5% 13.5% 10.9% 10.5% 11.4% 12.3% 
Hemimethylation ratios(%) 6.2% 5.9% 2.5% 5.3% 5.1% 2.3% 4.4% 2.2% 5.5% 
Total methylation ratios(%) 17.6% 16.9% 14.2% 16.8% 17.6% 13.2% 14.9% 13.5% 17.8% 

Table 10. Genomic DNA methylation of artificial triploid loquats and their parents. a 
including full methylated and hemimethylated sites; b Full methylation denotes 5′-CｍCGG-
3′in double strands; c Hemimethylation denotes 5′-ｍC CGG-3′in single strand. 

8. Future research prospect 
Loquat originated from China, and there‘s diverse loquat germplasm, including related 
species need to be investigated. Most of the selected natural or artificial triploidy seedlings 
were leading varieties, which only covers a very small fraction of the loquat diversity. 
Additional populations or germplasm groups should be used for breeding triploid loquat, 
and the hybridization between polyploidy and diploidy accessions should be explored. 
Furthermore, detailed characterization of all triploid seedlings should be carried out using 
new generation of molecular tools. As the genome sequencing of loquat will be finished, 
techniques based on transcriptomics and comparative genomics will enrich the genetic 
research of triploid loquats.  
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1. Introduction  
The Brazilian Atlantic Forest biome contains a high level of genetic diversity and endemic 
species. In the Atlantic Forest of Northeastern Brazil (Figure 1), habitat loss and 
fragmentation are the major threats to biodiversity. The degree of degradation of these areas 
is even greater than that observed in other regions of Brazil (Kimmel et al. 2008). These 
remnants are only 2% of the original forest area and are mostly restricted to private areas.  
These forest remnants shelter many native bromeliad species that are threatened with 
extinction. 

Theoretically, population changes associated with habitat degradation lead to an erosion of 
genetic variation and increased interpopulation genetic divergence due to increased random 
genetic drift, elevated inbreeding, and reduced gene flow, where remnant/population size 
and isolation fall below critical levels. These changes are also predicted to affect population 
viability in the short and long term. In the short term, disturbed plant populations  
are expected to suffer increased disease and pest susceptibility, loss of incompatibility 
alleles, and fixation of deleterious alleles. In the long term, loss of genetic variation is 
expected to reduce the ability of populations to respond to changing selection pressures 
(Lowe et al. 2005). 

The objective of this work was to study the genetic diversity and structure of Aechmea fulgens 
populations through SSR and ISSR molecular markers. Three populations from different 
remnants of Atlantic Rainforest in Pernambuco state, located in the northeastern region of 
Brazil, were comparing regarding the level of polymorphism and other populational 
parameters. 

1.1 Bromeliad history 

Bromeliads are typical plants of the American continent and probably originated in the 
Andean region. The species spread out throughout the millennia and reached the tropical 
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forest about 200,000 years ago. In this taxonomic group, 2700 species were described, all 
native to the American continent except for a single species, Pitcairnia feliciana, which is 
found in West Africa (Benzing 2000). 

 
Fig. 1. General view of an Atlantic Forest remnant in Northeastern Brazil. Igarassu, 
Pernambuco 

Both terrestrial and epiphyte bromeliad are found even in the most desert and arid regions 
of the world. Bromeliaceae is subdivided into three sub-families: Bromelioideae, 
Tillandsioideae and Pitcairnioideae. It is estimated that about 40% of the species dwell in 
Brazil, many of which are endemic and concentrated mainly in the Atlantic Forest biome 
(Leme and Marigo 1993). 

The bromeliads, being mostly epiphytes, depend on the forest conservation. The devastation 
process of the Atlantic Forest biome is the main cause of the genetic erosion of the bromeliad 
species. Only 18.06% of this forest is maintained in form of dispersed fragments in its 
associated ecosystems (Fundação SOS Mata Atlântica 2001). 

The dynamics of tropical forest destruction have led to serious alterations in the ecosystems 
that compose the respective biomes due in particular to the high fragmentation of the 
habitats and to genetic erosion (Heringer and Montenegro 2000), making the establishment 
of germplasm conservation programs necessary and urgent. 

1.2 Aechmea fulgens 

The Aechmea genus has significant representation in Pernambuco state where there are 22 
species distributed in different environments (Forzza et al. 2010). The Aechmea fulgens 
Brongn. species deserves attention as a plant with economic value because of its ornamental 
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potential. These species belongs to the Bromelioidea subfamily, Bromeliaceae family, and 
has epiphyte and soil habit and also occurs on rock outcrops.  It can be found in the Atlantic 
Rainforest from Pernambuco, Bahia as far as Rio de Janeiro. In Atlantic Rainforest the 
bromeliads account for about 30% of the food resources used by hummingbirds and bats 
(Sazima et al. 1999). In spite of its great importance for tropical forests, little is known about 
the reproductive biology of the Bromeliaceae family (Balke et al. 2008). Some species of this 
family have mechanisms that favor cross pollination, but most are self incompatible. These 
processes are frequently associated to pollination by vertebrates (Fleming et al. 2009). 

The ornamental value and lack of commercial production of the species has led to 
aggression against the native forests, from where great quantities are collected for 
commercialization on the domestic and foreign markets. Anthropological action and habitat 
fragmentation are the greatest causes of erosion of the biodiversity of tropical forests 
(Schaffer and Prochnow 2002). 

The preservation of genetic diversity is one of the main objectives of conservation 
programs and the first step is knowledge of the distribution of this diversity within and 
among natural populations (Han et al. 2009).  The most important characteristics in 
population genetics include understanding the gene flow and the genetic diversity and 
structure, because they are considered essential in the formulation of management and 
conservation strategies.   

1.3 Molecular markers 

The polymerase chain reaction (PCR) based on molecular markers such as microsatellite 
(SSR) and inter-simple sequence repeats (ISSR) are being extensively used to study the 
genetic diversity in a number of plant species at the species as well as cultivar level. To date, 
no report is available on applications of molecular markers in studies on the genetic 
diversity in Aechmea fulgens populations. In this investigation, a first attempt was made to 
study the genetic diversity among three populations of A. fulgens using SSR and ISSR 
markers. 

The Microsatellites or SSR (simple sequence repeats) and ISSR (inter-simple sequence 
repeats) marker methodologies have been widely used in studies with plant populations. 
ISSR involves amplification of DNA segments present at an amplifiable distance in between 
two identical microsatellite repeat regions oriented in opposite direction. The technique uses 
microsatellites as primers in a single primer PCR reaction targeting multiple genomic loci to 
amplify mainly ISSR of different sizes. ISSRs exhibit the specificity of microsatellite markers, 
but need no sequence information for primer synthesis enjoying the advantage of random 
markers ISSR markers usually show high polymorphism although the level of 
polymorphism has been shown to vary with the detection method used. SSR markers often 
present high levels of inter- and intra-specific polymorphism, particularly when tandem 
repeats number is ten or greater. SSRs have been the marker of choice in most areas of 
molecular genetics as they are highly polymorphic even between closely related lines, 
require low amount of DNA, can be easily automated for high throughput screening, can be 
exchanged between laboratories, and are highly transferable between populations. SSRs are 
mostly codominant markers, and are indeed excellent for studies of population genetics and 
mapping (Semagn et al. 2006). 
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2. Material and methods 
2.1 Species under study 

Aechmea fulgens (Figure 2) is a bromeliad native to the Atlantic Rainforest.  In addition to its 
ecological importance, it has economic importance as a plant with ornamental value.  The 
specie was used in this study because of its wide distribution in the Atlantic Rainforest 
remnants in Pernambuco state and because of its ornamental potential. As certification that 
the species under study was indeed Aechmea fulgens, a specimen from each collection 
location was identified and placed in the herbarium at the Instituto Agronômico de 
Pernambuco (IPA 57000.250). 

The species and the collection locations were selected following a survey carried out in the 
herbariums at the Instituto Agronômico de Pernambuco (IPA), the Pernambuco Federal 
University (UFPE) and the Pernambuco Federal Rural University (UFRPE). The survey 
considered: species common to the various regions, most recent data collection and 
importance of the species.  The plant material was collected in remnants of the Atlantic 
Rainforest in three areas located in Pernambuco - region of Northeastern Brazil (Figure 3).  
Pieces of young leaves were collected from 20 individuals of each population. 

2.2 Study areas 

2.2.1 Charles Darwin Ecological Refuge (07º49' S - 34º56' W) – located in the region of 
Igarassu city on the northern coast of Pernambuco state (Brazil), with an area of 
approximately 60 hectares, whose vegetation is in the process of recomposition. 

2.2.2 Tapacurá Ecological Station (08º04' S - 35º13' W) - located in eastern Pernambuco 
state in the region of São Lourenço da Mata city, with about 700 hectares. The mission of the 
Tapacurá Ecological Station is to carry out research in the fields of botany, zoology and 
ecology. Work at the station is aimed at developing habitats for conserving forest resources 
and fauna in the Brazilian Atlantic Forest. 

2.2.3 Mata do Estado (07o 35’S - 35 º 30’W) - located in the region of São Vicente Férrer city, 
in north Pernambuco state,  with area of approximately 600 hectares . Of the areas studied, 
this has suffered most from anthropological action.  

2.3 Isolation of genomic DNA 

Equal amounts (0.2 g dry weight) of leaf tissue from each sample were placed in porcelain 
mortars refrigerated with liquid nitrogen and ground to a fine powder. Total genomic DNA 
was extracted according to the CTAB method described by Doyle and Doyle (1990). RNA 
was removed by RNaseA treatment. DNA samples were spectrophotometrically quantified 
at 260 nm. The A260/280 reading to each DNA ranged from OD 1.8 to 2.0. After 
quantification, the DNA was diluted with ultra-pure water to a working concentration of 20 
nanograms (ng) µL-1 for PCR analysis. 

2.4 SSR assays 

First 12 pairs of primers were selected, developed by Sarthou et al. (2003) and Boneh et al. 
(2003) for species of the Pitcairnia, Tillandsia and Guzmania genera, to test the clarity and  
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ecology. Work at the station is aimed at developing habitats for conserving forest resources 
and fauna in the Brazilian Atlantic Forest. 

2.2.3 Mata do Estado (07o 35’S - 35 º 30’W) - located in the region of São Vicente Férrer city, 
in north Pernambuco state,  with area of approximately 600 hectares . Of the areas studied, 
this has suffered most from anthropological action.  

2.3 Isolation of genomic DNA 

Equal amounts (0.2 g dry weight) of leaf tissue from each sample were placed in porcelain 
mortars refrigerated with liquid nitrogen and ground to a fine powder. Total genomic DNA 
was extracted according to the CTAB method described by Doyle and Doyle (1990). RNA 
was removed by RNaseA treatment. DNA samples were spectrophotometrically quantified 
at 260 nm. The A260/280 reading to each DNA ranged from OD 1.8 to 2.0. After 
quantification, the DNA was diluted with ultra-pure water to a working concentration of 20 
nanograms (ng) µL-1 for PCR analysis. 

2.4 SSR assays 

First 12 pairs of primers were selected, developed by Sarthou et al. (2003) and Boneh et al. 
(2003) for species of the Pitcairnia, Tillandsia and Guzmania genera, to test the clarity and  
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Fig. 2. Aechmea fulgens. Population of bromeliads in inner of an Atlantic Forest remnant in 
Igarassu - Pernambuco – Brazil (on the right) and inflorescence (on the left) 

 

 
Fig. 3. (a) Pernambuco State – Brazil; (b) Sampling areas for Aechmea fulgens populations: 
▲Igarassu, north coast; São Lourenço da Mata and ■SãoVicente Férrer, area of forest north. 



 
Genetic Diversity in Plants 

 

122 

reproducibility for the analyses. Five pairs of primers were chosen for the amplification 
reactions that were performed in a TGradient 4.20 Whatman – Biometra (Table 1).  With 
programmed cycles of 5 min at 94°C, followed by 30 cycles of 1 min at 94°C (denaturation); 
1 min at 52°C (annealing); and 1 min at 72°C (extension), followed by 7 min at 72oC (final 
extension of the fragments). Each 20 µL reaction contained 10 mM Tris-HCl (pH 8.0), 2 mM 
MgCl2, 100 µM of each triphosphate deoxynucleoside (DNTPs), 0.2 µM of each pair of 
primers (right and left) from Invitrogen, one unit of the Taq DNA polymerase enzyme and 
20 ng DNA. The amplification products were resolved in 2.5% agarose gel stained with SyBr 
Gold (Molecular Probe).  

2.5 ISSR assays 

The ISSR primers used (Table 2) were selected from a set produced by the University of 
British Columbia, Vancouver, Canada for Sphagnum angermanicum and Pogonatum dentatum.  
The DNA was amplified in a TGradient 4.20 Whatman – Biometra. With the final volume of 
25 µL each reaction contained 10 mM Tris-HCl (pH 8.0), 2 mM  MgCl2, 100 µM of each 
triphosphate deoxynucleoside  (DNTPs), 0.2 µM  primer from Operon Technologies, one 
unit of the Taq DNA polymerase enzyme and 20 ng DNA. The amplification program was: 
94°C for 5 min, 94°C for 30s followed by 30-35 cycles at 50-55 °C, (depending on the primer 
used). The amplified DNA fragments were separated by electrophoresis in 2.0% agarose gel 
and stained with SyBr Gold (Molecular Probe).  

2.6 Data analysis 

2.6.1 ISSR and SSR markers  

The ISSR marker fragments visualized in the gels were computed as presence (1) or absence 
(0).  The results of these data generated a binary matrix that was analyzed by the POPGENE 
Program v. 1.31 (Yeh et al. 1999) to estimate some populational parameters: the percentage 
of polymorphic loci (P); F statistics by Wright (Φst); Nei genetic diversity (h) and the 
Shannon index (I). The Fst values; Φst were used to estimate the gene flow among the 
populations Nm = 1/4 (1/Fst – 1).  The distance between pairs of populations was measured 
by the Nei genetic distance (Nei 1978).  These measurements were then used to construct the 
dendrogram, using the UPGMA grouping method (Unweighted Pair Group Method with 
Arithmetic Average).  The genetic distance matrix was compared to the geographic distance 
matrix by the Mantel test to verify whether they were associated.  The values of the 
geographic distance were transformed in log10 for greater proximity to the normal 
distribution.  The Mantel test was carried out by the GENES Program, using 1000 random 
permutations.  The analysis of molecular variance (AMOVA) was used to analyze the 
distribution of the total within and among genetic variation of the populations, from ISSR 
marker data using the Program GENES v. 2005.6.1 (Cruz 2001).   

The SSR markers were analyzed for the same populational parameters.  Because they were 
co-dominant markers, the data entry, in the genes program, was computed with zero (for 
absence of fragments), one (for heterozygosity) and 2 (for homozygosity). 

3. Results 
The primers used to amplify the microsatellite loci (Table 1) generated, depending on the 
primer, from one to five fragments per locus with sizes ranging from 110 to 450-base pairs 



 
Genetic Diversity in Plants 

 

122 

reproducibility for the analyses. Five pairs of primers were chosen for the amplification 
reactions that were performed in a TGradient 4.20 Whatman – Biometra (Table 1).  With 
programmed cycles of 5 min at 94°C, followed by 30 cycles of 1 min at 94°C (denaturation); 
1 min at 52°C (annealing); and 1 min at 72°C (extension), followed by 7 min at 72oC (final 
extension of the fragments). Each 20 µL reaction contained 10 mM Tris-HCl (pH 8.0), 2 mM 
MgCl2, 100 µM of each triphosphate deoxynucleoside (DNTPs), 0.2 µM of each pair of 
primers (right and left) from Invitrogen, one unit of the Taq DNA polymerase enzyme and 
20 ng DNA. The amplification products were resolved in 2.5% agarose gel stained with SyBr 
Gold (Molecular Probe).  

2.5 ISSR assays 

The ISSR primers used (Table 2) were selected from a set produced by the University of 
British Columbia, Vancouver, Canada for Sphagnum angermanicum and Pogonatum dentatum.  
The DNA was amplified in a TGradient 4.20 Whatman – Biometra. With the final volume of 
25 µL each reaction contained 10 mM Tris-HCl (pH 8.0), 2 mM  MgCl2, 100 µM of each 
triphosphate deoxynucleoside  (DNTPs), 0.2 µM  primer from Operon Technologies, one 
unit of the Taq DNA polymerase enzyme and 20 ng DNA. The amplification program was: 
94°C for 5 min, 94°C for 30s followed by 30-35 cycles at 50-55 °C, (depending on the primer 
used). The amplified DNA fragments were separated by electrophoresis in 2.0% agarose gel 
and stained with SyBr Gold (Molecular Probe).  

2.6 Data analysis 

2.6.1 ISSR and SSR markers  

The ISSR marker fragments visualized in the gels were computed as presence (1) or absence 
(0).  The results of these data generated a binary matrix that was analyzed by the POPGENE 
Program v. 1.31 (Yeh et al. 1999) to estimate some populational parameters: the percentage 
of polymorphic loci (P); F statistics by Wright (Φst); Nei genetic diversity (h) and the 
Shannon index (I). The Fst values; Φst were used to estimate the gene flow among the 
populations Nm = 1/4 (1/Fst – 1).  The distance between pairs of populations was measured 
by the Nei genetic distance (Nei 1978).  These measurements were then used to construct the 
dendrogram, using the UPGMA grouping method (Unweighted Pair Group Method with 
Arithmetic Average).  The genetic distance matrix was compared to the geographic distance 
matrix by the Mantel test to verify whether they were associated.  The values of the 
geographic distance were transformed in log10 for greater proximity to the normal 
distribution.  The Mantel test was carried out by the GENES Program, using 1000 random 
permutations.  The analysis of molecular variance (AMOVA) was used to analyze the 
distribution of the total within and among genetic variation of the populations, from ISSR 
marker data using the Program GENES v. 2005.6.1 (Cruz 2001).   

The SSR markers were analyzed for the same populational parameters.  Because they were 
co-dominant markers, the data entry, in the genes program, was computed with zero (for 
absence of fragments), one (for heterozygosity) and 2 (for homozygosity). 

3. Results 
The primers used to amplify the microsatellite loci (Table 1) generated, depending on the 
primer, from one to five fragments per locus with sizes ranging from 110 to 450-base pairs 

Genetic Diversity in Aechmea fulgens  
(Bromeliaceae: Bromelioideae) Revealed by Molecular Markers 

 

123 

(bp). The transferability of the molecular markers was validated among the Guzmania and 
Pitcairnia and Aechmea genera by amplifying loci of the same size in species of the referred 
genera of bromeliad.  The percentages of polymorphic loci raged, respectively, from 80% to 
90.3% for the SSR and ISSR markers and the number of alleles per loci ranged from 1.6 to 1.8 
for the three populations (Igarassu, São Lourenço da Mata and São Vicente Férrer) and for 
the two molecular markers used. Figures 3 and 4 represent an example of the polymorphism 
obtained with SSR and ISSR primers, respectively. 

 

Primer Derived specie Sequence (5’ – 3’) Size (base 
pairs) 

PgI Pitcairnia geyskesii F:TTGAGCCATGAACAATAGGG 
R:AGAATTCTAGTGGCAGTCCTC 450- 350  

PgII Pitcairnia geyskesii F:GAGGATGAAGGATTTCCAAGG 
R:ACCGTCCCACGATAAGAGC 300 

PgIII Pitcairnia geyskesii F:AACCATTACATGCACCCTCAC 
R:TCACTGGGGAAGCCATAGAG 200 -100  

TGI 
Tillandsia fasciculata e 

Guzmania 
monostachya 

F:CGTACGAAGGTAAGCACAA 
R:CCGTTGAAGAGGTTAGAGG 250- 110  

TGII 
Tillandsia fasciculata e 

Guzmania 
monostachya 

F:AATGAGTTTCAGTTTTAGAAGC 
R:CCAAGAAAAGAACGGATCA 250 -110  

Table 1. SSR primers, derived species, respective base sequences and amplified fragment 
size in samples of Aechmea fulgens. 

Table 2 shows the polymorphism and size of the fragments generated by the ISSR markers 
and reports the ISSR primers that were used and the percentage of polymorphism produced 
for the set of populations.  The number of fragments ranged from eight to 24 and the 
fragment sizes ranged from 350-2000 bp. The total molecular genetic diversity for each 
population was observed both by the percentage of polymorphic loci (P) and the Shannon-
Wiener (I) diversity index and the Nei genetic diversity (h).  

 

 

 

 

 
 

Fig. 3. SSR marker profiles of 10 samples of A. fulgens generated by primer PgI in 2.0% 
agarose gel. M – 50 bp DNA ladder 
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Primers 
UBC 

Sequence 
(5’  3’) 

Number of 
fragments 

Number of 
polymorphics 

fragments 

Polymorphism 
(%) 

808 (AG)8C 18 17 94 
810 (GA)8T 17 15 90 
813 (CT)8T 12 10 88 
834 (AG)8YT 12 10 88 
842 (GA)8YG 10 10 100 
845 (CT)8RG 9 9 100 
848 (CA)8RG 7 6 88 
890 VHV(GT)7 8 7 88 

Total  93 84 90,3 

The AMOVA analysis, based on 60 ISSR polymorphic loci, showed that 9.1% of the genetic variability 
was among population and 90.9% within population and the Φst value was, therefore, equal to 0.0903.  
The Fst (0.040) value detected for the data based on the SSR markers also suggested no differentiation 
among populations.  The estimated gene flow was 2.5 for the analyses with ISSR markers and 5.74 for 
SSR loci.  

Table 2. ISSR primers used and their respective base sequences, number of amplified 
fragments and polymorphism produced in samples of Aechmea fulgens.  

 
Fig. 4. ISSR marker profiles of 10 samples of A. fulgens generated by primer UCB 842 in 2.0% 
agarose gel. M - 1 kb Plus DNA ladder. 

4. Discussion 
4.1 Genetic diversity 

Many studies of plants confirm the influence of plants’ mating mode on the population 
genetic structure. Populations of clonal plants are expected to be dominated by one or a few 
locally adapted genets as distinct from plant population with predominant sexual 
propagation (Jogaitė et al. 2005). According to Murawski & Hamrick (1990), the mean 
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proportion of polymorphic loci for monocotyledons is 40.3%.  These authors examined 18 
isoenzyme loci in Aechmea fulgens populations and detected 21.1% mean polymorphism.  
The ISSR markers used in this study therefore generated much higher values than those 
reported by Murawski & Hamrick (1990) for monocotyledons.  The same primers used in 
this study generated similar results in Grevillea (Proteaceae) (Pharmawati et al., 2004) and 
Cycas guizhouensis (Cycadaceae) (Xiao et al. 2004).  In these studies the number of fragments 
ranged from 8-23 (UCB 808), 7-10 (UCB 842) and 8-24 (UCB 890). Pharmawati et al. (2004) 
obtained fragments for the oligonucletides UCB 808 (359-1558 bp) and UCB 890 (369-1385 
bp), with sizes close to those detected in this study, that ranged from 350-2000 bp. The 
percentage of polymorphism (90.3%) was close to that reported by Cavallari et al. (2006), 
89.8%, who studied populations of Ecolirium biflorum (Bromeliaceae) with RAPD markers. 

Microsatellite molecular markers, widely used in plants, are considered to be very reliable 
because they are highly specific, usually producing a single fragment, frequently 
polymorphic at the infrageneric level (Oliveira et al. 2006). However, the number of 
fragments detected depends on the size of the genome, the frequency of the sequences 
repeated in the genome and the detection method (Barth et al. 2002).  In the present study, 
the primers used to amplify the microsatellite loci (Table 1) generated one to five 
fragments per loci, depending on the primers. The allele pattern produced by the five 
pairs of primers used in this study permitted the characterization of the Aechmea fulgens 
species with microsatellites developed for use in studies of other species belonging to 
different genera.   

According to Zane et al. (2003), microsatellites can be transferred among close species, or 
even among close genera.  The transferability of these markers among related species is a 
consequence of the homology of the regions flanked by the microsatellites and the size of 
the region between the pair of primers responsible for amplification by PCR.  The possibility 
of using microsatellites developed for one species in the genetic assessment of another is 
very useful because it reduces costs considerably. Boneh et al. (2003) suggested that the 
microsatellites they developed for the Tillandsia and Guzmania genera could be applied to 
other species within the genus and even to close genera.  According to the phylogenetic 
genetic analysis of the bromeliad family reported by Terry et al. (1997), the Aechmea fulgens 
genus is a very different from those referred to by Boneh et al. (2003)  but two primers used 
by the these authors were useful in the characterization of Aechmea fulgens. 

The percentage of polymorphic loci (P) detected in this study was high compared with 
tropical tree species, for the three populations studied. Auler et al. (2002) reported a mean of 
43% of polymorphic loci and 1.8 alleles per loci in Araucaria angustifolia populations with 
isoenzymatic markers, and considered the values to be high because these populations had a 
good conservation `status´ compared to other more degraded populations (20% and 1.4). 

The total molecular genetic diversity for each population can be observed both by the 
percentage of polymorphic loci (P) or by diversity indexes of Shannon-Wiener (I) and Nei's 
genetic diversity (h). 

The values detected for the Shannon-Wiener diversity index in this study were, respectively, 
for the SSR and ISSR markers: Igarassu: I = 0.55 and 0.53; São L. da Mata: I = 0.51 and 0.51; 
São V. Ferrer: I = 0.51 and 0.56. The Nei genetic diversity ranged from 0.35 to 0.39 in the 
three populations and for both markers used. Measures of allelic richness are suitable for 
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assessing short-term diversity loss, but for longer-term loss, involving commoner alleles, 
measures of gene diversity are more appropriate (Lowe et al. 2004). 

4.2 Genetic distances 

The Nei genetic distances, calculated for the pairs between populations, ranged from 
approximately 2% to 7% for the SSR and 4% to 7% for the ISSR markers (Tables 3 e 4).  The 
dendrograms among populations distances for both the molecular markers formed two 
distinct groups: populations 1 and 3 and population 2 (Figure 5 A and B), where the 
geographic closer populations were in different groups, suggesting absence of association 
between geographic distance and genetic distance.  This result was confirmed by the Mantel 
test that showed absence of correlation between the Nei genetic distance matrix and 
geographic distance for the two markers used.  It is important point out that the two types 
of molecular markers gave the same grouping in spite of their different natures. 

As the Nei distance value was proportional to the time since divergence and to the genetic 
substitution rate by loci and generation (Dias 1998) the values of the genetic distances 
detected in this study and the grouping formed indicated that the populations did not 
diverge a long time ago suggesting an explanation for the high within population values 
and lower among population values. 

4.3 Genetic structure 

The total genetic diversity revealed that the greatest part of the variation was present within 
the populations. The results of high within population diversity were in line with several 
studies with natural plant populations (Auler et al., 2002; Zucchi et al., 2003; Souza et al., 
2004; Xiao et al., 2004; Galeuchet et al., 2005; Cavallari et al., 2006). Galeuchet et al. (2005) 
used seven microsatellite loci and detected Fst = 0.02 in Lychnis flos-cuculi L. 
(Caryophyllaceae).  The authors suggested that the low differentiation among populations 
studied was primarily due to the significant level of historic gene flow (Nm) when the 
populations were more connected and second by the contemporary gene flow and 
accidental anthropogenic seed dispersion. 

The Nm value determines whether the gene flow alone can produce substantial genetic 
variability among locations.  If Nm is greater than 1.0, the gene flow will be high enough to 
prevent differentiation due to drift (Moraes & Derbyshire, 2002).  In the present study, the 
estimated gene flow among the populations was high (2.5 and 5.7 for the ISSR and SSR 
markers, respectively) that together with the high within population genetic variation 
suggested low impact from the habitat fragmentation on the genetic diversity of Aechmea 
fulgens in the three environments studied.  The Nm values, according to Galeuchet et al. 
(2005), should reflect the historic gene flow, because although bromeliads are probably 
pollinated by birds and/or bats that have a great flight range, most present clonal 
propagation.  Furthermore, the genetic distance dendrograms (Figure 5 A and B) indicated 
no divergence among the populations studied. 

Foré et al. (1992) studied the genetic structure after fragmentation in 15 Acer saccharum 
(Aceraceae) populations and reported the isolation of remnants with levels of genetic 
diversity.  The authors observed no divergence among the remnants (Fst = 0.03) and that the 
gene flow was greater after fragmentation, in this case, due to the greater incidence of wind 
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and that fragmentation did not result in the isolation of the populations. Souza et al. (2004), 
however, disagreed with Foré et al. (1992) because they observed high genetic divergence 
within fragmented populations of Chorisia speciosa St. Hil. (Bombacaceae) that indicated, 
according to the authors, that fragmentation led to genetic drift and to the increase in within 
population divergence.  On the other hand, Nei (1978) stated that when there is reduction in 
the population size, even though the number of alleles is reduced, the degree of 
heterozygosity and the genetic diversity can remain as high as in the original population.  
This is due in most cases to the fact that the alleles lost by drift are rare and contribute little 
to the level of heterozygosity. 
 

Population 
(place) Igarassu São L. da Mata São V. Ferrer 

Igarassu - 0.03 0.02 
São L. da Mata 9 km - 0.07 
São V. Ferrer 74 km 98 km - 

Table 3. Nei's genetic distance matrix ( higher diagonal) and geographical distance (lower 
diagonal) between pairs of populations of A. fulgens. SSR marker data. 

 

Population 
(place) Igarassu São L. da Mata São V. Ferrer 

Igarassu - 0.06 0.04 
São L. da Mata 9 km - 0.07 
São V. Ferrer 74 km 98 km - 

Table 4. Nei's genetic distance matrix (higher diagonal) and geographical distance (lower 
diagonal) between pairs of populations of A. fulgens. ISSR marker data. 

The genetic structure of A. fulgens populations indicates that in situ conservation 
strategies for this species should be based on the establishment of several small-scale 
protected areas chosen so as to represent the species’ genetic variability. A similar in situ 
conservation schedule was previously suggested by Laguna et al. (1998) for endemic, rare 
or threatened plant species. Moreover, considering that the samples collected in this study 
provide a snapshot of the species’ distribution area as a whole in Northeastern Brazil and 
that the genetic variability detected is low, ex situ conservation should also be considered 
in conservation strategies d if A. fulgens germplasm represents its overall genetic 
variability. 

5. Conclusions 
Nowadays, the fragmentation and isolation of natural habitats is one of the main threats to 
the persistence of many animal and plant species. In this study, we used molecular tools to 
investigate for the first time the genetic background of the Aechmea fulgens populations gene 
pool. The genetic among population differentiation was small suggesting that the historic 
gene flow among the populations was still high or that fragmentation did not happen long 
enough ago to result in pronounced differentiation.  Therefore drastic genetic consequences 
were not shown on the A. fulgens populations in the three forest remnants studied.  
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Fig. 5. Nei (1978) Genetic distance dendrogram among the three Aechmea fulgens 
populations. Pop 1: Igarassu; Pop 2: São L. da Mata; Pop 3: São V. Ferrer; A - SSR markers;  
B – ISSR markers. 

Moreover, considering that the samples collected in this study provide a snapshot of the 
species’ distribution area as a whole in Northeastern Brazil and that the genetic differentiation 
detected is low, ex situ conservation should be considered in conservation strategies these 
bromeliads. Despite the possibility of ex situ conservation, in situ conservation must be 
considered as a priority. More extensive studies must be carried out to delineate areas 
protected by law that effectively help to preserve these species. Furthermore, the potential of 
the ISSR and SSR markers in studies of population structuring in A. fulgens was also 
demonstrated, this possibly constituting a useful aid in the studies of other bromeliads species. 
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species’ distribution area as a whole in Northeastern Brazil and that the genetic differentiation 
detected is low, ex situ conservation should be considered in conservation strategies these 
bromeliads. Despite the possibility of ex situ conservation, in situ conservation must be 
considered as a priority. More extensive studies must be carried out to delineate areas 
protected by law that effectively help to preserve these species. Furthermore, the potential of 
the ISSR and SSR markers in studies of population structuring in A. fulgens was also 
demonstrated, this possibly constituting a useful aid in the studies of other bromeliads species. 
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1. Introduction 
Tomato, ranking 1st in the world for vegetables, accounts for 14% of world vegetable 
production (over 100 million metric tons/year $ 1.6 billion market; (Food and Agriculture 
Organisation [FAO] 2010). Tomato is a rich source of micronutrients for human diet. It is 
also an acknowledged model species for research on fruit development and metabolite 
accumulation. The major goals of tomato breeders (higher productivity, better tolerance to 
biotic and abiotic stresses and increased sensory and health value of the fruit) require a good 
comprehension and management of tomato genetic resources diversity. 

Due to its Latin American origin and related domestication history, cultivated tomato has 
faced several bottlenecks over ages. This led to a drastic reduction of its genetic diversity. 
Explorations of tomato center of origin permitted major advances in the characterization of 
its diversity. In parallel, ex situ plant conservation initiatives bloomed, ensuring the 
collection and conservation of landraces and wild species through development of seed 
banks. Thus, unraveling the genetic potential of tomato’s wild relatives for breeding 
purpose emerged. In parallel, the ecological and taxonomic diversity of tomato turned it 
into a model species for evolutionary studies. Since the mid-20th century, new methods 
such as controlled hybridization allowed crossing  between wild and cultivated tomato. 
Modern genetics and breeding methods contributed to understand the genetic control of 
agronomical traits but also accentuated the progress. If successful, the accuracy to introgress 
agronomic traits of interest from wild relatives into cultivated tomato was not always 
straightforward. This was notably due to inherent linkage between “favorable” and 
“unfavorable” effects of introgressed fragments.  

The advent of molecular biology in the 80’s raised great hopes in terms of characterization of 
the genetic diversity present in both wild and cultivated compartments. Also, great 
expectations emerged since the development of molecular techniques to “pinpoint” genomic 
regions involved in targeted traits. Dissection of the genetic control of complex traits, using 
ad hoc techniques from quantitative genetics, was possible, leading to the identification of 
key alleles involved in diverse agronomic traits, originating from several wild relatives. 

Today the tomato genome is fully sequenced. A new step in the knowledge on tomato 
diversity with the so called “-omics” and next generation sequencing techniques is coming. 



 
Genetic Diversity in Plants 134 

These technologies and related data analysis allow a complete and combined reading of 
genomes and related levels of expression (transcriptome, proteome, metabolome) in a high 
throughput way. Among the new approaches, QTL mapping techniques in natural 
populations or genome wide association studies will facilitate the genetic characterization of 
complex traits and germplasm management of both wild and cultivated tomatoes. 

In this chapter we will first show how tomato diversity evolved from its early domestication 
until today. We will discuss how valuable tomato genetic resources are, and that 
investigating natural variation not only highlights existing diversity -which is of critical use 
for cultivated tomato improvement- but can also provide insights into the evolution and 
genetic bases of complex traits. In the last part, we will present how molecular markers have 
completed our view. 

2. Diversity of the tomato clade species 
Tomato belongs to the large and diverse Solanaceae family also called Nightshades which 
includes more than three thousand species. Among them, major crops arose from Old world 
(Eggplant from Asia) and New world (pepper, potato, tobacco, tomato from South 
America). The Lycopersicon clade contains the domesticated tomato (Solanum lycopersicum) 
and its 12 closest wild relatives (Peralta and Spooner 2005). The radiation of tomato clade 
has been estimated to 7.8 (Nesbitt and Tanksley 2002) and to 2.7 Million years between  S. 
lycopersicum and S. pennellii(Kamenetzky et al. 2010). First detailed studies on this group of 
wild relatives  were made by Charles Rick and colleagues since the 40’s. Tomato clade 
species are originated from the Andean region, including Peru, Bolivia, Ecuador, Colombia 
and Chile (Figure 1). On Figure 1, lycopersicon species distributions are defined according to 
geographic data from the Tomato Genetics Resource Center, UC Davis http://tgrc. 
ucdavis.edu/Data/Acc/dataframe.aspx? start=GIS_ dataoption. aspx&navstart=nav.html. 
Their growing environments range from near sea level to 3,300 m altitude, from arid to 
rainy climate and from Andeans Highlands to the coast of Galapagos Islands (S. cheesmaniae; 
S. galapagense). Their habitats are often narrow and isolated valleys where they were 
adapted to particular microclimates and various soil types. Their very large range of 
ecological conditions contributed to the diversity of the wild species. This broad variation is 
also expressed at the morphological, physiological, sexual and molecular levels (Peralta and 
Spooner 2005). Over times, several phylogenetic classifications have been proposed and 
several adjustments occurred. Being first classified in the Solanum genus, the group turned 
to a specific genus, Lycopersicum (Miller, 1731). It recently got renamed Solanum within an 
updated classification (Peralta and Spooner 2001). Taxonomic, ecological, reproductive, 
breeding specificities for each member of the clade are listed in Table 1 and reviewed by 
Peralta and colleagues (Peralta, Spooner et al. 2007). The first classification was morphology 
based (Luckwill 1943). Later molecular data confirmed tomato membership of Linnaeus 
classification, but also improved subtaxa classification (Spooner 2008). The tomato clade is 
an interesting example for research on plant biodiversity, notably, on evolution, adaptation, 
human domestication and nutrition perspectives (Peralta and Spooner 2007). Nowadays, 
across South America, populations of wild tomatoes are being severely reduced. Their 
natural habitats are shrinking due to urban development and intensive agriculture as well 
as goat herding in the highlands, as recently documented by a botanical expedition in Peru. 
(Grandillo, Chetelat et al. 2011).  
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Fig. 1. Geographic distribution of wild species in Solanum section lycopersicon. 
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Many studies were conducted on evolutionary aspects of the lycopersicon clade. The 
mating system was extensively studied, using the clade as a model to study its effects on 
species variation (Bedinger, Chetelat et al. 2011). Mating system has played a key role in 
evolution of wild tomatoes, varying from allogamous self-incompatible, to facultative 
allogamous, to autogamous and self-compatible (Table 1). Flower stigma exertion and 
gametophytic incompatibility system contribute in greater outcrossing and genetic 
diversity. All the species of the clade are intercrossable (Table 1), but with a variable 
success rate (Rick, Fobes et al. 1977a; Rick, Fobes et al. 1979). Fruit color discriminate the 
wild relative species. Most of the latter carry green fruits, with the exception of the two 
species from the Galapagos (with yellow and orange fruits) and S. pimpinellifolium, which 
is the only wild relative species with red fruits. S. pimpinellifolium fruits are round, small, 
weighing only few grams. These fruits are edible and the species referred as the currant 
tomato. The plant presents a reduced apical dominance and prostrate growth habit 
resulting in a large shrub with inflorescence carrying many flowers and fruits (Paran and 
van der Knaap 2007). S. pimpinellifolium undergone bottleneck only recently with a drastic 
reduction of its natural habitats and is now an endangered species (Biodiversity-
International 2006). S. lycopersicum var cerasiforme fruit is larger than S. pimpinellifolium 
and is commonly round and red. This subspecies of tomato is referred to as the “cherry 
tomato”. It has been proposed as the direct ancestor of cultivated tomato because of its 
diversity, its wide spread occurrence in central America and its close genetic relationship 
with cultivated tomato (Rick and Chetelat 1995). The modern cultivated tomato, S. 
lycopersicum, is cosmopolite. It has spread all around the world and is now cultivated 
under a broad range of environments and conditions. 

3. Tomato domestication in South America 
Domestication is a special type of species diversification, distinct from species divergence 
through natural selection in the wild (Darwin and Wallace 1858). Domesticated species 
differ from wild and relative species for a set of traits known as the domestication syndrome 
(Doebley, Gaut et al. 2006). Domestication is often controlled by a limited number of 
chromosomal regions with major phenotypic effect (Purugganan and Fuller 2009). In 
tomato, edible fruits, attractive red color and fruit size increase are characterizing this 
process. 

The domestication time of tomato is unclear. It is supposed to be due to a recent divergence 
from S. pimpinellifolium. The first hypothesis supports Peru as the center of origin and 
domestication (de Candolle 1882). This hypothesis gives emphasis on botanical evidences 
and has been complemented by botanical, linguistic and historical aspects. It was further 
supported by other colleagues (Müller 1940a; Müller 1940b; Luckwill 1943) and recent 
molecular studies (Nesbitt and Tanksley 2002). Nevertheless, very little and unclear 
archeological evidences are available to clearly support this hypothesis (McMeekin 1992). The 
second hypothesis supports that domestication occurred primarily in Mexico in the Vera Cruz 
Puebla area (Jenkins 1948), as there is no evidence for pre-Colombian cultivation of tomato in 
South America but good evidences in Mexico. Referring to Guilandini (1572), Jenkins also 
argued that tomato name comes most probably from the Mexican Nahua people word 
“Tomatl” that described “plants bearing globous and juicy fruit” (Sahagún 1988). Based on its  
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Puebla area (Jenkins 1948), as there is no evidence for pre-Colombian cultivation of tomato in 
South America but good evidences in Mexico. Referring to Guilandini (1572), Jenkins also 
argued that tomato name comes most probably from the Mexican Nahua people word 
“Tomatl” that described “plants bearing globous and juicy fruit” (Sahagún 1988). Based on its  
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center theory, Harlan suggested that biloculed domesticated forms found in south Mexico 
and Guatemala are the oldest cultivated types (Harlan 1971). Quoting Sahagun, Diez argued 
that tomato was totally “integrated” in the Aztec civilization food consumption in XVI 
century, contrary to South American Incas (Diez and Nuez 2008). Nevertheless, two authors  
identified Quechua names possibly referring to tomato: “pirca” (Horkheimer 1973) and 
“pesco-tomate” (Yakovleff 1935). However, botanists consider the origins of tomato 
domestication as unsolved (Peralta and Spooner 2007b). These authors mention recent 
evidences showing that the Mexican hypothesis is not supported by comparative data, as 
South American and Mexican tomato accessions share similar isozymes (Rick  and Fobes 
1975) as well as molecular markers (Villand, Skroch et al. 1998). So far, no evidence appears 
to be enough conclusive and tomatoes may have been domesticated independently in both 
areas. To go further a more extensive  analysis of molecular polymorphism in the wild and 
cultivated tomatoes is needed. This would allow investigating demographic scenarios and 
estimating the parameters of these scenarios (bottleneck intensity, ancestral population size, 
migration rates) using Markovian model  implemented  in tools such as IM* program (Hey 
and Nielsen 2004) or ABC1 methodology (Beaumont, Zhang et al. 2002; Lopes and Beaumont 
2010). Very recently, this approach has been implemented to infer past demography and 
ecological parameters of two tomato wild relatives, S. chilense and S. peruvianum (Tellier, 
Laurent et al. 2011). 

Many authors consider S. lycopersicum var. cerasiforme as ancestral form of the cultivated 
tomato. It is present in both Mexico and Peru, on the contrary to S. pimpinellifolium which is 
absent from Mexico. If we assume that S.l. cerasiforme results from direct domestication from 
S. pimpinellifolium, a consequence of this domestication is that S.l. cerasiforme suffered a 
decrease of its population effective size during domestication (Bai and Lindhout 2007). 
Subsequent changes occurred for domestication traits such as growth habit, mating system, 
gigantism and fruit morphological diversity. Notably a change from exerted to inserted 
stigmas is responsible for the change from partial allogamy to strict autogamy. Selection for 
self-pollinating as well as shortening of the stigma compared to close wild relatives such as 
S. pimpinellifolium has allowed a yield increase (Rick 1977b). This “selfing syndrome” (Sicard 
and Lenhard 2011) is striking in tomato where a mutation in gene controlling stigma length 
has been identified in cultivated germplasm (Chen, Cong et al. 2007). 

4. Early cultivation in Europe and in the world  
Probably only a few tomato seeds were brought back from Mexico to Europe, leading, after 
domestication, to a new genetic bottleneck. George McCue has extensively reviewed the 
history of tomato diverse uses, tracking back the first references by country upon the time 
(McCue 1952). Most remote reference available comes from Petrus Matthiolus, an Italian 
Physician (1544). Due to its botanical closeness with toxic Solanum species common in 
Europe (Mandrake, Belladonna), tomato was for long mostly used as an ornamental. Two 
centuries later, it was referred as a cultivated plant in Italy by Saccardo (1769). Southern 
Europe was precursor in use of tomato for human consumption. In France, Bois at first 
mentions it as ornamental (1760). The same author reported it as vegetable seeds sold in the 
catalogue of the seeds of the “Maison grainière Andrieux Vilmorin” (1778). Lamarck 
mentioned it in 1798. Extensive consumption in Spain is described by Quer (1784). 
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Progressively, following South-North gradient, tomato consumption reached Northern 
Europe (Sabine 1819). Similarly in USA, Bartram (1766) reported tomatoes being used as 
food plants. Boyd (1784) mentioned that The David Landreth Seed Co. started to sell tomato 
seeds for vegetable consumption. Selection for diverse fruit shapes and local adaptation 
probably rapidly occurred through bulk selection. The crop gained in economic importance 
by the end of XIXth century with the establishment of tomato breeding programs. Most of 
the plant material at that time can be considered as landraces: selected for subsistence 
agriculture environments, producing low but relatively stable yield. At the end of the XIXth 
century, tomato cultivars (nowadays called landraces or heirlooms) were open pollinated 
from which seeds were saved by the farmers from a year to the other. Selection of new 
genotypes within heterogeneous cultivars (or selection of chance variance) resulted from 
spontaneous mutations, natural outcrossing or recombination of pre-existing genetic 
variation. Thus, S. lycopersicum found in Europe a secondary centre for diversification 
(García-Martínez, Andreani et al. 2006). In the XIXth century, establishment of commercial 
routes and colonies contributed to spread the species worldwide (Diez and Nuez 2008). In 
United States, prior to 1850 and “Trophy” the first commercially successful variety, no 
breeding programs  were effective (Smith 2000). On an evolutionary perspective, 
domestication and implementation of breeding programs induced physiological changes. 
Artificial selection has reduced the genetic diversity of the crop which suffered a new 
bottleneck.  

5. Tomato breeding in the XXth century: Seeking for diversity and intensive 
production  
After domestication and adaptation to North hemisphere growing conditions for two 
centuries, the crop started the XXth century with benefits of two major scientific discoveries: 
The rediscovery of Mendel pioneering work to set up the basis of experimental methods on 
the use of plant hybridization (Mendel 1866). Second are established domestication concept 
(Darwin and Wallace 1858) and selection theory (Darwin 1859).  

This context has seen  the emergence in public institutes of plant germplasm banks, starting 
point for collecting existing genetic diversity, preserving and valorizing it, following the 
pioneer work of Nikolai Vavilov (1887-1943) (Kurlovich, Rep'ev et al. 2000). Later on, he was 
followed by Charles Rick (1915-2002) who dedicated his life to discover, collect and 
characterize exotic tomato germplasm (Tanksley and Khush 2002). Today, more than 83,000 
tomato accessions are stored in seed banks worldwide, ranking 1st among vegetable species 
collected (FAO 2010). The main collections in the world are: In USA, the Tomato Genetic 
Resources Center in California (TGRC), (www.tgrc.ucdavis.edu ) and the USDA2 collection 
(www.ars.usda.gov), the World Vegetable Center in Taiwan (www.avrdc.org) and several 
Europeans collections. The establishment of tomato resource collections made major 
contributions to understand the distribution of its diversity around the world. Nevertheless 
the lack of coordination and conflicting passport data is a pitfall for an efficient tomato 
germplasm management. Efforts are now made to coordinate national initiatives in global or 
regional approaches. Since 2007, The European Cooperative Programme for Plant Genetic 
Resources (www.ecpgr.cgiar.org) is a collaborative project between most European 
countries for long-term conservation and utilization of plant genetic resources in Europe. 
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This project is based on large network of national centers for tomato genetic resources 
including COMAV3 (Spain), CGN4 (Netherlands), INRA (France), IPK5 (Germany), Vavilov 
Institute (Russia) and others. These institutions share their germplasm informations through 
a database (http://documents.plant.wur.nl/cgn/pgr/tomato/). More recently, in the 
context of a European Solanaceae project (EU-SOL, www.eu-sol.wur.nl), a collection of more 
than 6,000 domesticated tomato accessions was established and phenotyped, accompanied 
by an ad hoc database (Finkers, de Weerd et al. 2011). Finally, since 2008, a world initiative, is 
conducted under the Plant Biodiversity Inventories (www.nhm.ac.uk/research-
curation/projects/solanaceaesource/). Project aim is to produce a worldwide taxonomic 
monograph of the species occurring within the plant genus Solanum. As well, tomato is part 
of long term collection of plant species project, launched by the Svalbard Global Seed Vault 
initiative (Food 2008). 

Due to its broad use for food consumption and adaptation to many environmental 
conditions (from Alaska summers to tropical conditions) and different crop systems, tomato 
experienced an important phenotypic diversification. Hundreds of past and present 
cultivated varieties are now available. Cultivars are dedicated to two main markets, 
processing and fresh market. Processing tomatoes are cultivated as a field crop, whereas 
fresh market tomatoes are grown outdoor or indoor (heated and non-heated greenhouses). 
Breeding objectives have evolved over time, with the evolution of production systems. 
Nevertheless, three main objectives remain: adaptation to growth constraints, disease and 
pest resistances and fruit productivity and quality. Wild species were first used as source of 
adaptation to biotic stress. Disease resistance selection started in United States early XXth 
century. The first fusarium wilt –resistant cultivar “Tennessee red” was released in 1912. 
Early 1920’s breeders used hybridization with selection in segregating generations. By the 
mid-30’s, plant breeders developed technical procedures to improve selection, such as 
pedigree selection. Later, existing or emerging private companies enhanced their 
development with the release of F1 hybrid varieties. Selection for disease resistance was  
successful as dominant resistance genes were found in the wild relatives for most of the 
diseases and pests. Modern cultivars can cumulate up to 12 different disease resistance 
genes which all derive from wild species. Wild germplasm has been primarily used as a 
source of major resistances.  

Processing tomato industry was developed to provide North American and European 
households canned tomato, tomato paste and ketchup. Processing tomato varieties differ 
from fresh market ones in their pulp volume. Their growing conditions are dramatically 
different from fresh tomatoes (open field, mechanical harvesting). Thus the main criteria for 
processing tomatoes are fruit firmness, plant type with short fruit set period to produce a 
high percentage of ripe fruits simultaneously. Compact fruit set was obtained from a natural 
mutation discovered at the beginning of the XXth century, named sp (for self-pruning), 
conferring to the plant a determinate growth. This mutation was introduced in the well 
known “Roma” variety, whose long fruit type became a specific trait in processing tomatoes. 
In the 60’s, VF145 was the first variety mechanically harvested. This cultivar has been the 
major cultivar for tomato ketchup industry for more than a decade in California. Apart from 
sp, several other mutations (detected in cultivated tomato or through interspecific 
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hybridization) were used in tomato breeding. For example, the jointless (Szymkowiak and 
Irish 2005; Quinet, Kinet et al. 2011) j2 allele was introgressed from S. Cheesmanii. In 
combination with sp, j2 has been bred into many processing varieties, allowing a large scale 
mechanical harvest of tomato fruits. Major genes used in tomato breeding are listed in Table2. 

Today, after a rapid evolution towards very firm fruits and long shelf life varieties (with the 
major success of the variety Daniela, which carried the spontaneous rin mutation), 
consumers request more diverse texture and tastes (Causse, Friguet et al. 2010). The fresh 
tomato market faces rapid developments and diversification (Navez 2011). New products 
and varieties are emerging always faster and their life cycle gets shorter, 5 years in average 
(Bai and Lindhout 2007). Consumption trend is for broader and diverse choice of fruit types. 
After the development of truss and cherry type tomatoes, new cultivars resembling to old 
heirloom varieties are developed. If access to allelic diversity is a must to improve fruit 
quality, choices in breeding objectives are critical to maintain organoleptic fruit values. 
Strong associations are often made by consumers between morphology and sensory values. 
Association of “Oxheart” or “Marmande” fruit shape with a pleasant texture is a good 
example. This link can be lost through modern breeding (Casals, Pascual et al. 2011). 
Improved content in potential health beneficial components such as anti-oxidants (lycopene, 
vitamin C) is also promoted. This can be obtained thanks to specific mutations like hp 
(Lieberman, Segev et al. 2004) or, again, by the introgression of genes from wild relatives.  

Farmers and breeders have shaped diversity over years in an ever-evolving process that is 
hard to track and to record. Intensive breeding of crop varieties by modern science has 
increased the genetic erosion which started with domestication. Nevertheless the 
introgression from wild relatives allowed major progress and introduced a new source of 
diversity. Charles Rick observed that crosses between wild and cultivated species generated 
a large diversity of novel phenotypic diversity. Rick’s work represents milestones for the 
modern use of genetic diversity in tomato. It led to uncover positive transgressive variation 
within interspecific progenies. This encouraged a greater use of exotic germplasm and thus 
larger gene pools to unlock causal polymorphism. 

6. Biotechnology as a source of new diversity  
Many natural mutants discovered in cultivated tomato have been extensively studied and 
characterized (http://tgrc.ucdavis.edu/), but their amount is limited. Thus reverse genetic 
techniques were developed aiming to discover gene function by analyzing the phenotypic 
effects of specific variants of targeted gene sequence. This approach is complementary to 
classical (“forwards”) approaches, as they allow silencing or promoting the expression of 
targeted gene. They can also be used to generate genetic diversity within DNA sequences.  

A delayed ripening tomato, named Flavr-savr® tomato, with a reduced expression of a cell 
wall protein (a polygalacturonase), obtained by an antisense construction, was the first 
transgenic plant released on the fresh market (Kramer and Redenbaugh 1994; Sanders and 
Hiatt 2005). This transformation significantly improved fruit shelf life and storage quality. 
Nevertheless, it was a commercial failure. Few years later, consumer’s concerns about GMO6,  
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Table 2. List of genes characterized through molecular techniques with their related function 
and germplasm origin 
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as well as the high engineering cost, stopped further commercial developments. In the 
research field, transformation with Agrobacterium thumefaciens is still widely used for the 
functional characterization of specific genes. For instance, transformed tomato plants were 
produced to enable study of endotoxins genes (Zhang, Buehner et al. 2006) plant disease 
resistance genes, abiotic stress genes or to produce molecules useful in human medicine 
(Sharma, Singh et al. 2008). 

TILLING (Target Induced Local Lesion In Genomes), a mutagenesis technique, has 
experienced important development (Comai and Henikoff 2006). Early days of this technique 
were in the 50’s (Rick 1991). It is now widely used for reverse genetics to generate and identify 
induced point mutations in genomes. A chemical reagent (Ethylmethane Sulphonate) is used 
to induce genetic mutations. Collections of tomatoes carrying artificially induced genetic 
variants, called mutant libraries are currently available (Menda, Semel et al. 2004; Minoia et al. 
2010) or under development (Okabe, Asamizu et al. 2011). In contrast to transgenic methods, 
mutagenesis is random, cost effective and is not submitted to GMO regulation. TILLING 
allows generating variants in cultivated genetic background (Piron, Nicolaï et al. 2010) and 
thus transfer rapidly interesting mutations into cultivars (Gady, Hermans et al. 2009). 
Application of TILLING technique to screen for natural variation within tomato germplasm 
collection is now performed (Rigola, van Oeveren et al. 2009). 

7. Molecular markers offer a new vision of tomato diversity 
Natural genetic diversity is the fuel of evolution. No evolutive forces or adaptation to 
environment changes can apply without it (Alonso-Blanco, Aarts et al. 2009). Consequently it 
is a vital characteristic for species adaptation in general and for crop breeding in particular. 
Genetic variation occurs both within cultivated tomato (intraspecific) and between wild 
species (interspecific). Tomato breeding for adaptation to specific growing areas is in progress 
for more than two centuries now (Stevens and Rick 1986). Since the early days of quantitative 
genetics, initiatives were developed to improve the understanding of trait inheritance. 
Attempts to construct genetic maps based on interspecific crosses (S. pimpinellifolium x S. 
lycoperpersicum) and to map disease resistance genes are performed for years (Langford 1937). 
A linkage map showing the distribution of agronomic trait with Mendelian inheritance, based 
on linkage between two or three mutations, was proposed (Butler 1952). Nevertheless, the lack 
of polymorphic and neutral markers was strongly limitant. Development of isozymes allowed 
a first evaluation of wild germplasm (Rick and Fobes 1975) and introgression diagnostic 
(Tanksley, Medina-Filho et al. 1981), but isozyme marker scarcity and their low polymorphism 
was still limitant. This limitation was progressively overcome since the 80’s thanks to the 
discovery of several molecular marker types.  

7.1 Ecological and evolution in wild tomato related species 

Molecular studies provide important clues into ecological and evolutionary questions in wild 
tomatoes species. In speciation process, hybrid sterility is frequently due to dysfunctional 
interactions between loci that accumulate between different lineages. A “snowballing effect” 
characterizes loci controlling such reproductive barrier and hybrid sterility that should 
accumulate faster than linearly with time. Such “snowballing” effect has been recently 
described within distinct populations derived from crosses of S. lycopersicum with S. pennellii, 
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S. habrochaites and S. lycopersicoides (Moyle and Nakazato 2010). However, further 
investigations are suggested to confirm these results (Stadler, Florez-Rueda et al. 2011). 

Tellier and colleagues quantified the number of adaptive and deleterious mutations and the 
distribution of fitness effects of new mutations within housekeeping genes in 4 species, S. 
arcanum, S. chilense, S. habrochaites and S. peruvianum. Little evidence for adaptive mutations 
was shown but strong purifying selection in coding regions was detected (Tellier, Fischer et 
al. 2011). This suggests that closely related species with similar genetic backgrounds but 
contrasted environments differ in the frequency of deleterious fitness effects.  

The west coastal area between the Andes and the ocean, from Ecuador to Chile is widely 
recognized as the center of origin of the species from the Solanum sect. lycopersicon. This 
area covers a wide range of geographical conditions. Complex geography and ecology of 
Andes had a major impact in species divergence and hybridization between S. 
pimpinellifolium and S. lycopersicum (Nakazato and Housworth 2011). The two species 
present a distinct lineage, separated by the Andes. They hybridize extensively in north and 
central Ecuador. Nakazato and colleagues demonstrated using molecular markers and 
geographic information system (GIS) data that S. lycopersicum has likely experienced a 
severe population bottleneck during the colonization of the eastern Andes followed by a 
rapid population expansion. In plant, resistance genes and homologs (RGA) tend to be 
highly variable. Caicedo et al (2004) studied the geographic distribution of a RGA family Cf-
2 (see Table 2) within and among plant populations of S. pimpinellifolium. They underlined 
that the geographical distribution of RGA diversity has been primarily shaped by 
demographic factors and selective pressure (Caicedo and Schaal 2004; Caicedo 2008). The 
authors underlined the reduction of natural habitat. This phenomenon is also observed on 
Galapagos Islands. The endemic species S. cheesmanii shows a reduction of its population 
due to human activity. Differentiation within S. cheesmanii was also observed (Nuez, 
Prohens et al. 2004) as well as hybridization with the two introduced species S. lycopersicum 
and S. pimpinellifolium (Darwin, Knapp et al. 2003). 

7.2 Diversity analysis among wild and cultivated germplasm 

Allelic richness (number of different alleles segregating in the population) is used to 
measure the genetic diversity and is considered as a key parameter for genetic resources 
management. It reveals past fluctuations in population size (Nei, Maruyama et al. 1975).  
Molecular differences between more than 200 Peruvian and Ecuadorian S. pimpinellifolium 
accessions were highlighted by Zuriaga and colleagues. Climate and genetic data were 
highly correlated. Thus the non-uniform nature of climates between the two countries is 
shown to be an important factor. Highest diversity was found in North Peru, lowest on 
Galapagos Islands. Authors stressed the fact that interspecific variation between S. 
pimpinellifolium and S. lycopersicum was indicating a very close relatedness between the two 
species (Zuriaga, Blanca et al. 2009). 

Cherry tomato accessions show typically a large genetic diversity and an intermediate fruit 
size between S. pimpinellifolium and large cultivated ones. Botanists postulate that cherry 
tomato accessions are feral plants (also called revertant) or a possible genetic admixture of 
wild and cultivated germplasm (Rick and Holle 1990; Peralta et al. 2007a). Recently 
molecular analysis of the structure of a large set of accessions of wild S. pimpinellifolium, 
cherry tomato and cultivated accessions showed that domesticated and wild tomatoes have 
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S. habrochaites and S. lycopersicoides (Moyle and Nakazato 2010). However, further 
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evolved as a species complex with intensive hybridization. This highlighted the admixture 
position of S. lycopersicum var. cerasiforme (Ranc, Muños et al. 2008) which is illustrated on 
figure 2 using a data from Ranc et al (2010) and analyzed using Structure 2.0 (Pritchard et al. 
2000) output data. Accessions display clustering patterns (circled) following two phenotypic 
traits: fruit size and stigma insertion. Structuration effect of those domestication traits can be 
observed. The emergence of molecular markers has allowed quantifying with accuracy the 
diversity within germplasm material. The first molecular diversity studies on cultivated 
tomato revealed the very low polymorphism compared to wild species, whether it was 
based on RFLP7 (Miller and Tanksley 1990), SSR8 (Bredemeijer, Cooke et al. 2002; He, Poysa et 
al. 2003) AFLP9 (Park, West et al. 2004; Berloo, Zhu et al. 2008), SSAP10 (Tam, Mhiri et al. 2005) 
or SNP11 (Yang, Bai et al. 2004; Labate and Baldo 2005). However, Bredemeijer et al (2002) 
characterized 500 cultivated lines from European lines and showed that it was possible to 
distinguish them all from each other using a set of 20 SSR markers. When comparing old 
varieties (or landraces) to modern hybrids, a higher level of molecular diversity in landraces is 
usually observed (Mazzucato, Papa et al. 2008; van Berloo, Zhu et al. 2008). 
 

 
 

Fig. 2. Principal Coordinate Analysis of 318 accessions tomato core collection.  
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If interspecific populations for genetic analyses and diversity studies answered to many 
questions, it has left a void in the understanding of genotypic variation within tomato 
breeding programs which focus on intra-specific populations (Van Deynze, Stoffel et al. 
2007). The recent discovery of SNP markers, first detected in EST (expressed sequenced tag) 
sequences (Van Deynze et al. 2007; Jimenez-Gomez and Maloof 2009) then in non-coding 
sequences (Labate et al. 2009) provided access to a higher level of polymorphism. Labate 
and colleagues estimated parameters of diversity among S. lycopersium accessions, first 
using the SNP detected in 50 loci that were resequenced in a diversity panel of 31 accessions. 
In a second investigation, multilocus estimates of polymorphism were obtained and led to 
rejection of the neutral equilibrium model of evolution within the studied collection (Labate, 
Robertson et al. 2009). Public germplasm are potential allele mining sources for crop 
improvement as illustrated by previous authors who sampled among US seed banks 30 
accessions from the five continents. The study confirmed that history of crossing with wild 
tomato species and distribution among different environments across the world has spread 
allelic variation (Labate, Sheffer et al. 2011). 

Molecular markers have proven their efficiency in sampling and maximizing allelic richness 
(Schoen and Brown 1993) through the development of nested core collections (McKhann, 
Camilleri et al. 2004). Such nested core collections (from 8 to 96 accessions) were constructed 
in tomato, capturing most of the molecular and phenotypic variation present in a set of 360 
constituted of wild, feral and cultivated accessions (Ranc, Muños et al. 2008). 

7.3 Use of molecular diversity to dissect phenotypes  

Molecular markers allowed the construction of high density genetic maps of the tomato 
genome (Tanksley, Ganal et al. 1992). This permitted the dissection of quantitative traits into 
Mendelian factors or QTL (Quantitative Trait Loci) (Paterson, Lander et al. 1988; Tanksley et 
al. 1992). This strategy also opened the way to investigate physical mapping and molecular 
cloning of genetic factors underlying quantitative traits (Paterson, Damon et al. 1991). 
Moreover, Lycopersicon varieties and related species are all diploid and chromosomally 
collinear, making genetic dissection straightforward. The first gene cloned by positional 
cloning was the Pto gene, confering resistance to Pseudomonas syringae (Martin, 
Brommonschenkel et al. 1993). Since then, interspecific crosses with each wild species were 
performed. Due to the low genetic diversity within the cultivated compartment (Miller and 
Tanksley 1990), most of the mapping populations are based on interspecific crosses between 
a cultivar and related wild species from the lycopersicon group (as reviewed by Foolad 
(2007) ;Labate, Grandillo et al.(2007); Grandillo et al (2011)) or from lycopersicoides (Pertuzé, 
Ji et al. 2002) and juglandifolia group (Albrecht, Escobar et al. 2010). However, maps based 
on intraspecific crosses have proved their interest notably on fruit quality aspects (Saliba-
Colombani, Causse et al. 2001). All those populations allowed discovering and/or 
characterizing a myriad of major genes (Table 2) and QTLs involved in various traits. 

Rapidly, molecular breeding strategies were set up and implemented to “pyramid” genes 
of interest for agronomical traits, notably using Advanced Backcross QTL method (AB-
QTL) (Tanksley, Grandillo et al. 1996). Using this approach with a S. lycopersicum x S. 
pimpinellifolium progeny, in which agronomical favorable QTL alleles were detected, 
Grandillo and colleagues showed how a wild species could contribute to improve 
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cultivated tomato (Tanksley, Grandillo et al., 1996). Introgression Lines (IL) derived from 
interspecific crosses allowed to dissect the effect of chromosome fragments from a donor 
(usually from a wild relative) introgressed into a recurrent elite line. IL offer the 
possibility to evaluate the agronomic performance of a specific set of QTL (Paran, 
Goldman et al. 1995). IL was used as a base for fine mapping and positional cloning of 
several genes and QTL of interest. The first IL library was developed between S. pennellii 
and S. lycopersicum (Eshed and Zamir 1995; Zamir 2001). QTL mapping power was 
increased compared to biallelic QTL mapping population, and was again improved by the 
constitution of sub-IL set with smaller introgressed fragments. This progeny was 
successful in identifying QTLs for fruit traits (Causse, Duffe et al 2004); anti-oxidants 
(Rousseaux, Jones et al. 2005), vitamin C (Stevens, Buret et al. 2007) and volatile aromas 
(Tadmor, Fridman et al. 2002). The introgression of a QTL identified in these IL has 
allowed plant breeders to boost the level of soluble solids (brix) in commercial varieties 
and largely increased tomato yield in California (Fridman, Carrari et al. 2004). Such exotic 
libraries were thus designed with several species, involving S. pimpinellifolium (Doganlar, 
Frary et al. 2002), S. habrochaites (Monforte and Tanksley 2000; Finkers, van Heusden et al. 
2007) and S. lycopersicoides (Canady, Meglic et al. 2005). 

Introgression lines were also used to dissect the genetic basis of heterosis (Eshed and 
Zamir 1995). Heterosis refers to phenomenon where hybrids between distant varieties or 
crosses between related species exhibit greater biomass, speed of development, and 
fertility than both parents (Birchler, Yao et al. 2010). Heterosis involves genome–wide 
dominance complementation and inheritance model such as locus–specific 
overdominance (Lippman and Zamir 2007). Heterotic QTL for several trait were identified 
in tomato IL (Semel and Nissenbaum, 2006). A unique QTL was shown to display at the 
heterozygous level improved harvest index, earliness and metabolite content (sugars and 
amino acids) in processing tomatoes (Gur, Osorio et al. 2010; Gur, Semel et al. 2011) 
Furthermore, a natural mutation in the SFT gene, involved in flowering (Shalit, Rozman et 
al. 2009), was shown to correspond to a single overdominant gene increasing yield in 
hybrids of processing tomato (Krieger, Lippman et al. 2010).  

Metabolite detection is an approach of choice to identify compounds involved in fruits 
quality traits. Metabolite QTL (mQTL) can be now identified for non-volatile metabolites 
like sugars, pigments or volatiles compounds (Bovy, Schijlen et al. 2007). This was done 
on several interspecific populations, notably on S. lycopersicum x S. Chmielewskii (Do, 
Prudent et al. 2010) and intraspecific crosses (Saliba-Colombani et al. 2001; Causse, Saliba-
Colombani et al. 2002; Zanor, Rambla et al. 2009). Recent technologies allowed screening 
for diversity in a wide range of components on whole genomes. This can be done in a 
targeted way to better characterize known metabolites (Tieman, Taylor et al. 2006) or 
untargeted manner to identify new metabolites (Tikunov, Lommen et al., 2005). Further 
than identify and quantify compounds, metabolomics can be of great help to decipher 
biosynthetic pathways (Keurentjes 2009). Metabolome studies can be combined to 
transcriptomic data to identify the key factors (Mounet, Moing et al. 2009; Do, Prudent et 
al. 2010). Metabolomics has an important role to play in characterization of natural 
diversity in tomato (Schauer, Zamir et al. 2004; Fernie et al. 2011). As well, it can boost the 
biochemical understanding of fruit content and be an enhancer for quality breeding 
(Fernie and Schauer 2009; de Vos, Hall et al. 2011). 
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7.4 Dissection of the molecular bases of domestication and diversification 

Product of human domestication and later diversification of fruit types, led to a large 
morphological diversity in tomato fruit (with small to large, round, blocky, elongated, pear 
shaped fruits, with color ranging from red to green, white, black, pink, orange or yellow). 
On the contrary, wild tomato species carry small, round red or green fruits, with a low 
intraspecific phenotypic diversity. This has drawn scientist attention on the inheritance and 
development of fruit size and shape in the tomato (Yeager 1937). Influence of chromosome 2 
in fruit morphology was noticed (Butler 1964). Thus, using available molecular techniques, 
fruit traits genetic control has been widely dissected (Grandillo, Ku et al. 1999; Lippman and 
Tanksley 2001; Barrero and Tanksley 2004). The first QTL, fw2.2, controlling fruit weight 
variation was cloned (Frary, Nesbitt et al 2000). It has been suggested that diversity of fruit 
shape in cultivated germplasm can be explained to a large extent by four genes (Rodriguez, 
Muños et al. 2011). The study established a model for fruit shape evolution in tomato. This 
model includes four major mutations recently identified: FAS which increases locule 
number, fruit fasciation and size (Cong, Barrero et al. 2008), LC which increases locule 
number and fruit size (Muños, Ranc et al. 2011), OVATE which gives ovoid fruit shape (Liu, 
van Eck et al 2002) and SUN which gives an elongated fruit shape (van der Knaap, Lippman 
et al. 2002; Xiao, Jiang et al. 2008) or the oxheart shape when associated to LC and FAS. The 
allelic distribution of the four genes was associated with morphologic, geographical and 
historical data in a collection of diverse cultivated accessions. This study established that the 
selection occurred in distinct chronologic and historic periods: LC arose first, followed by 
OVATE, both in S.l. cerasiforme background but in distinct populations. FAS arose later in a 
LC background. Presence of those three mutations in Latin American germplasm suggests 
Pre-Columbian mutations. Combined with fw2.2, they must have strongly contributed to 
the increase in fruit size during tomato domestication. On the contrary, SUN mutation is not 
carried by any Latin American material tested, suggesting that SUN mutation appeared post 
domestication in European material (probably in Italy). This study also showed that the 
selection for fruit shape is strongly responsible for the underlying genetic structure in 
tomato cultivars. The recent discoveries of the molecular events shaping tomato fruit 
indicate that the germplasm is frequently more diverse phenotypically than the wild related 
germplasm but not necessarily showing a similar pattern at the molecular level. “The irony of 
all this," says Steve Tanksley (geneticist at Cornell University, and precursor of all these 
studies) "is all that diversity of heirlooms can be accounted for by a handful of genes. There are 
probably no more than 10 mutant genes that create the diversity of heirlooms you see” (Borrell 
2009). Tomato selection and spread worldwide has led to the immense diversity of varieties 
that characterizes many domesticated plant species (Purugganan and Fuller 2009).  

8. Association genetics: New valorization of natural diversity 
Recent advance in molecular genetics and computation has allowed the emergence of 
association mapping (Myles, Peiffer et al. 2009). Association mapping takes advantage of 
historical recombination events and natural genetic diversity. By using large numbers of 
lines and molecular markers over the whole genome, the resolution of Genome Wide 
Association studies (GWAS) is much higher than in conventional segregating populations. 
Such approach requires an accurate estimate of the genetic structure of the sample studied 
(Price, Zaitlen et al. 2010) and linkage disequilibrium (LD) extend among loci. Yu and 
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colleagues (2005) proposed a unified mixed model taking into account the genetic structure 
of the sample, based on single locus analysis. This model is being updated by integrating a 
multi-locus analysis (Ayers et al. 2010).In autogamous crops, it is expected that large extent 
of LD will reduce the resolution and risks to lead to false positive associations. Nevertheless, 
successful results have been obtained in selfing crops (Atwell, Huang et al. 2010; Ramsay, 
Comadran et al. 2011).  

In tomato, several studies revealed contrasted results according to the samples studied. First 
studies of the linkage disequilibrium revealed large LD in cultivated tomatoes (Mazzucato, 
Papa et al, 2008; van Berloo, Zhu et al, 2008; Robbins, Sim et al, 2010). Van Berloo and 
colleagues performed association mapping within a collection of 94 accessions containing 
both old and elite (hybrids) European germplasm and about 300 markers (AFLP). Structure 
coinciding with fruit size was identified allowing grouping between cherry tomato and 
round-beef types, extensive LD was observed (15 cM average). Robbins and colleagues 
investigated the population structure among 70 tomato cultivars (modern and vintage, from 
fresh and processing market). The STRUCTURE analysis (Pritchard, Stephens et al. 2000) 
revealed groups predefined by market niche and age into distinct subpopulations. 
Furthermore, they detected two subpopulations within the processing varieties, 
corresponding to historical patterns of breeding conducted for specific production 
environments. They found no subpopulation within fresh-market varieties. High levels of 
admixture were shown in several varieties representing a transition in the demarcation 
between processing and fresh-market. Mapping and LD analysis on a genome wide level 
was performed (Robbins, Sim et al. 2010). Using a panel of 102 accessions including 95 
cultivars (heirloom, fresh and processing cultivars) and 9 wild species), effect of selection on 
genome variation was studied using 340 markers (SNP, SSR, and INDEL12). LD value varied 
from 6-8 cM (all accessions) up to 3-16 cM (fresh market cultivars). Inter-chromosomal LD 
appeared to be population dependent, suggesting cautious approach for association 
mapping. Notably, a genetic divergence between fresh market and processing types was 
also shown. On the contrary, the use of cherry tomato allowed the construction of core 
collection with a reduced structure and lower LD (Ranc et al, 2008; 2010). In a pilot study on 
chromosome 2, using markers distant from several cM to few kb, Ranc (2010) showed that 
LD varied strongly from one region to the other. A few distant markers remained in strong 
LD, but could be removed from the analysis. 

The first association study was performed by Nesbitt and Tanksley (2002) to identify the 
SNP responsible for FW2.2 gene they had cloned. They failed to find any association 
between fruit size and genomic sequence of the fw2.2 region in a collection of 39 cherry 
tomato accessions. Ranc and colleagues (2010) identified significant association in the 
promoter region, thanks to a larger and more representative sample. From a breeding point 
of view, the admixture mapping between the cultivated tomato and its closest relative is a 
method of choice for allele mining in wild germplasm. Muños and colleagues (2011) used 
this approach to identify causal polymorphism of QTL controlling locule number on 
chromosome 2. New SNP arrays are now available thanks to Next Generation Sequencing 
technologies (NGS), as the genotyping array developed under the Solanaceae Coordinated 
Agriculture Project (SolCAP) initiative carrying 7,000 effective SNP (SolCAP 2008). These 
tools will be very useful to scan the whole genome for associations. 
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9. Conclusion: Toward a change in the way to manage and use diversity  
Crossing wild and cultivated species can reveal alleles left behind during the domestication 
process. Molecular markers strongly helped to reinforce the use of wild relatives (Zamir 
2008). Interfacing genetic resources management and plant breeding, pre-breeding is now 
recognized as an important adjunct to plant breeding, as a way to introduce new traits from 
non-adapted populations and wild relatives, notably for abiotic stress (FAO 2010). 
Nevertheless, the extensive use of this genetic richness contained in seed banks and 
germplasm collection faces limits. The difficulty to introgress accurately the targeted allele 
(with favorable effect) without unfavorable ones, carried on by “linkage drag”, remains. 

With the emergence of bioinformatics and nanotechnologies -so called “post-genomics” era- 
the last decade has opened high throughput sequencing era. Now, conducting large intra-
specific studies becomes a reality in tomato, allowing a better characterization of its genetic 
diversity. With the completion of its genome sequence (Mueller, Lankhorst et al. 2009) and rich 
annotation as well as a large number of tools available via SGN (SOL Genome Network; 
http://solgenomics.net/organism/solanum_lycopersicum/genome) platform (Bombarely, 
Menda et al. 2010), tomato and its relatives is the most advanced vegetable crop. A draft of the 
genome sequence of S. pimpinellifolium LA1589 is also released by D. Ware, W. R. McCombie, 
and Z. B. Lippman at Cold Spring Harbor Laboratory allowing a detailed comparison of both 
species. The genome sequences of tomato provide clues for understanding the Solanum clade 
evolutive history and identify genes involved in fleshy fruit development.  

Progress in sequencing technologies has reached the point where genotyping by sequencing 
(GBS) is now possible (Davey, Hohenlohe et al. 2011; Elshire, Glaubitz et al. 2011). This 
opens new perspectives in terms of genetic diversity management, notably toward 
conservation and survey of large populations. In a near future, techniques such as GBS may 
allow breeders and scientists of the tomato community to determine population 
characteristics prior concretely establishing genome or nucleotide diversity. GBS opens 
ways to a global and quantitative management of diversity, and let foresee an a priori genetic 
resource management. It also opens perspectives in allele based breeding called genomic 
selection (Hamblin, Buckler et al. 2011).  

If ex situ germplasm conservation is well developed and will benefit of these developments, 
in situ conservation of tomato and its wild relatives is becoming critical due to major 
ecological changes in its area origin. Efforts on in situ conservation and participatory 
approaches as proposed by Jarvis, Brown et al (2008) and (Thomas, Dawson et al. 2011) 
could be very useful to maintain the adaptive potential of tomato genetic resources. Nuez 
and colleagues proposed to use S. cheesmanii accessions now stored in germplasm banks to 
reinstate some extinct populations in Galapagos Islands (Nuez et al. 2004). This could help 
avoiding the present paradox: the more knowledge we gain on tomato diversity and its 
evolutive history, the less available those genetic resources are available in the wild. 
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approaches as proposed by Jarvis, Brown et al (2008) and (Thomas, Dawson et al. 2011) 
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1. Introduction 
Cashew (Anacardium occidentale L) is a tropical tree nut crop that is native to tropical South 
American countries around Bolivia, Brazil, Peru and West Indies (Nakasone & Paull, 1998; 
Samal et al., 2003), with the Amazonia forest of Brazil being the centre of origin (Mitchell & 
Mori, 1987). Recent archeological data from 47-million year old lake sediment in Germany 
has shown evidence of earlier distribution of cashew in Europe during the Tertiary period, 
thus, suggesting bio-geographic link between America and Africa continents in the 
distribution of genus Anacardium (Manchester et al., 2007). Since the introduction of the 
modern cashew into Africa and Asia continents about five centuries ago, the crop has 
spread widely and these new areas have become the centre of diversity of cashew today. 
Cashew has now become important commodity export crop in the third world countries like 
Benin Republic, Cote d’Ivore, Guinea Bissau, Ghana, India, Mozambique, Nigeria, 
Philippines, Srilanka,Tanzania and Vietnam.  

Cashew is a drought resistance and evergreen perennial small tree plant with dense foliage 
and can grow as high as 15 meters or more. It is a member of Anacardiaceae family with 
about 75 genera and 700 species (Nakasone & Paull, 1998). Other members of the family 
Anacardiaceae include mango and pistachio. Out of the eight species identified in the genus 
Anacardium, only cashew (occidentale) is of economic importance because of its edible 
hypocarp (apple) and nutritious kernel from the drupaceous nut (Fig. 1). Cashew tree is 
mostly single-stemmed with umbrella-shaped canopy and the flowering is normally 
preceded by vegetative growth flush at the end of wet season in the southern hemisphere. 
The flowers comprise of male and hermaphrodite types in varying proportion and are 
produced at the end of new shoots in the periphery of the tree canopy. And because of the 
sticky nature of the cashew pollens, the plant tends more to insect pollination, with some 
low degree of selfing (Northwood, 1966; Masawe, 1994; Feitas & Paxton, 1996, Aliyu, 2008). 
The kidney shaped nut (drupe) attached to the swollen hypocarp (pseudo-fruit or apple) is 
the true biological fruit of the cashew tree (Fig. 1). The kernel, eaten as dessert is the most 
nutritional part of the cashew and important delicacy because of it high protein and low 
cholesterol fat. It contains about 47% fat and oil, 21% protein and 22% carbohydrates (Fetuga 
et al. 1975; Nayar, 1998) and 82% of this fat is unsaturated that helps in reducing body 
cholesterol level. Structurally, the kernel is protected by a hard shell or endocarp and a 
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spongy mesocarp which contains some acidic oil called cashew nut shell liquid (CNSL). The 
liquid has been reported for a number of potential industrial uses e.g. for brake linings, 
paints and vanishes etc. The juice derived from the fresh cashew apples contains high 
content of vitamin C, about three times higher than in citrus and pawpaw. This 
characteristic informed fresh consumption of cashew apples by many people, but 
unfortunately, this pseudo-fruit can only be kept afresh for a short time after harvesting 
because of it high sucrose content that aid rapid degradation (rotten).   

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 1. The most economic products of cashew tree (i.e. hypocarps or apples, the nuts and its 
derivative kernels after shelling). (Fruit photo from Topper et al., 2001). 

2. Cashew economy and production 
The world produced about 3.4 million tons of raw cashew nuts in 2009 (FAO, 2011) and 
about one-third of the world cashew nut production comes from Africa with 50% of the 
continent exports from Nigeria (FAO, 2011) (Table 1). Cashew nut is one of the important 
agricultural commodities in Africa and has been contributing to Gross Domestic Product 
(GDP), National Income (NI) and foreign exchange earnings of many of the African cashew 
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producing nations. For example, cashew is not only one of the export commodity crops in 
Nigeria but a major source of livelihood for many smallholder farmers especially in the 
eastern and central parts of Nigeria (Topper et al., 2001). Cashew industry has play 
important role in the realization of the economic development of many of the African states, 
and has been one of the veritable platforms for the achievement of the United Nations 
Millennium Development Goals (MDGs) through economic empowerment of smallholder 
farmers and rural women, employment generation and small-medium scale 
industrialization especially in the rural areas (Fig. 2). Because it is currently a predominantly 
smallholder crop mostly grown as a monocrop though can be intercropped with food crops 
like cassava, cocoyam, cowpea, ground-nut, maize, pineapple and yam at the early stage of 
the crop development, cashew farming has been and would continue to provide jobs for 
teeming rural populace especially the women and youths.  

Cashew thrives in a woodland-tall-grass savanna and dry-rainforest ecologies, and such 
ideal vegetations spread across about thirty (30) states in Nigeria and twenty-seven (27) of 
these effectively growing cashew as a commodity crop (Figure 3). The producing states are 
categorized into minor i.e. those with less than 10,000 hectares and major with greater than 
10,000 hectares of cashew farms. The minor producing states are mostly from the southwest, 
south-south and north-eastern states because they combine cashew with other major 
commodity crops like cocoa, oil-palm, rubber and kola in the south and cereals and pulses 
in the north. By contrast, states with major plantations are spread across central and 
southeastern states where emphasis is on cashew production. As a matter of fact, survey of 
cashew production across the country in 2001 revealed that less than 20% of available 
cropable lands are under cultivation in most of these states (Topper et al., 2001), which 
imply prospect for future expansion.  
 

Country/Year 2009 2006 2004 2002 2000 1998 1995 1990 1985 1980 1975 1970 1965 1961 

Angola 1667 1590 1307 1139 800 1200 900 1200 1200 1200 1400 1300 1000 1000 

Benin 49487 55000 45000 46771 40000 29084 15000 3000 1200 1086 345 627 50 50 

Burkina Faso 3168 6141 4904 4364 3732 4015 2500 1074 645 200 N/A N/A N/A N/A 

Cote d’Ivoire 246383 235000 140636 104985 63380 39275 39400 6500 3500 600 450 300 400 400 

Ghana 35647 34000 25000 9000 7697 8417 1208 480 N/A N/A N/A N/A N/A N/A 

Guinea-Bissau 64653 95000 96649 86000 72725 64000 29007 30000 13000 3500 2500 2500 2000 2000 

Kenya 8381 11349 9332 10031 12500 14531 5000 7000 8500 15000 21600 22200 9000 3000 

Madagascar 6072 6700 7289 6349 6500 6500 6000 5300 4000 3400 2900 2400 1900 1600 

Mozambique 67846 62821 42988 50177 57894 51700 33423 22524 25000 71100 188000 184000 136000 107000 

Nigeria 580761 636000 555000 514000 466000 152000 95000 30000 25000 25000 25000 25000 22000 7000 

Senegal 4031 6332 5057 4500 7000 7000 1811 500 N/A N/A N/A N/A N/A N/A 

Tanzania 79100 77400 92810 55000 121200 93200 63400 17060 32750 41416 115840 107445 76000 50000 

Togo 559 700 550 230 320 180 750 587 N/A N/A N/A N/A N/A N/A 

Total Africa 1151888 1235657 1032655 897746 862998 474736 295474 126858 116960 163218 358035 345772 248350 172050 

Total World 3350929 3502184 2900969 2239194 1932142 1249827 1130730 732669 574013 464195 563785 511939 386303 287535 

% of World 34.38 35.28 35.60 40.09 44.67 37.98 26.13 17.31 20.38 35.16 63.51 67.54 64.29 59.84 

Source: FAO 2011 http://faostat.fao.org/site/567/DesktopDefault.aspx?PageID=567#ancor N/A: Data 
not available. 

Table 1. Cashew production (tons) in some African countries, total production for Africa and 
the world, and the percentage of Africa’s production in the world for the period 1961 to 2009. 
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Fig. 2. Rural women separating nuts from pseudo-fruits (apple) i.e. postharvest processing 
(up) and grading of kernels after shelling before packaging (bottom). (Photos from Ghana 
Cashew Development Project report). 
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  Minor <10,000ha     Major >10,000ha     Place of first introduction in 1600 

Republic of Niger Chad 

By 1995, the total land area cultivated to cashew in Nigeria was about 40,000 hectares with 
about 60% by small holders, 20% grow in the "wild", and 20% by the medium-large scale 
farmers. Currently, cashew cultivation has increased to about 330, 000 hectares (FAO, 2011) 
(Table 2) and consequently, annual nut production has been on the steady increase too, from 
30,000 metric tons in the 1990 to 727,000 metric tons in the 2007 (FAO, 2011) (Table 2). The 
improvement in production has been attributed largely to increased cultivation and 
favourable economic policy that encourage more private sector investments.  

Fig. 3. Point of cashew introduction into Nigeria (Agege, Lagos) in the 16th century and the 
current production spread across 15 major and 12 minor producing states.   

3. Historical perspective of the Nigerian cashew germplasm 
Available records showed that cashew was introduced to Africa the same period with India 
i.e. about 16th century through trade mission by the Portuguese explorers (Johnson, 1973; 
Mitchell and Mori, 1987). In other word, Nigeria shared similar history with India and the 
first introductions around 400 years ago were planted in the coastal area around Agege, 
Lagos, Nigeria (Fig. 3), similar to Goa in India (Archak et al., 2009).  Spontaneous planting 
from this coastal area facilitated its spread to other parts of Lower Niger of the country 
(Woodroof, 1967; Venkataramah, 1976; Togun, 1977; Ohler, 1979). After the introduction and  
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Year Harvested area (ha) tonnes/ha Annual Production (tons) 
1990 50,000 0.60 30,000 
1991 75,000 0.60 45,000 
1992 90,000 0.61 55,000 
1993 120,000 0.63 75,000 
1994 135,000 0.63 85,000 
1995 155,000 0.61 95,000 
1996 175,000 0.63 110,000 
1997 243,000 0.51 125,000 
1998 243,020 0.63 152,000 
1999 248,000 1.75 417,000 
2000 259,000 1.80 466,000 
2001 265,000 1.83 485,000 
2002 273,000 1.88 514,000 
2003 277,000 1.89 524,000 
2004 292,000 1.90 555,000 
2005 309,000 1.92 594,000 
2006 320,000 1.99 636,000 
2007 330,000 2.00 660,000 
2008 330,000 2.20 727,603 
2009 330,000 1.76 580,761 

Source: FAO (2011) http://faostat.fao.org/site/567/DesktopDefault.aspx?PageID=567#ancor  

Table 2. Cashew and nut production (land area (ha) yield/ha and annual total output) in 
Nigeria from 1990 – 2009. 

spontaneous spread, cashew trees thrive in the wild for about three centuries (1600-1900s), 
with no commercial value and exploited mainly for the afforestation and control of gully 
erosion in most eastern parts of the country with subtropical savannah ecology.  

3.1 First and second cashew germplasm introductions 

Historically, the development of the Nigerian cashew industry shared history with the 
political independence of the nation with the emerging regional governments (Eastern, 
Northern and Western) of self-rule in the 1950s striving for economic independence and 
development. While the northern region with vast savannah ecology focused on the 
cultivation of cereals and pulses, the east and west explored tree crops (cocoa, rubber, oil palm 
and cashew). This period coincided with the development and advancement of cashew nut 
processing technology by Indians in the 1950s and the demand for raw nuts was on the 
increase. These historical events led to the establishment of first set of large commercial 
cashew plantations in Udi and Oghe by the Eastern Nigerian Development Corporation 
(ENDC) and Iwo, Eruwa and Oke-ogun by Western Nigeria Development Corporation 
(WNDC) in the period 1953-1960. In addition to sourcing planting materials from the first 
cashew introductions that had spread across the country (wild and few Agriculture and 
Forestry Departments), significant percentage of the planting materials (cashew seeds) used 
for the establishment of these large plantations (ENDC & WNDC) were imported directly 
from India by the Ministry of Agriculture of these two regional governments, and this 
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constituted the first major cashew genetic resources in the country. Cashew aggressively 
spread to the other parts of the country from these two regions thereafter and today the crop 
now grow effectively in twenty-seven (27) out of the thirty-six (36) federal states (Fig. 3) of 
Nigeria with estimated 330,000 hectares of cultivated cashew land and raw nut outputs of 
640,000 metric tons (FAO, 2011).  The establishment of large plantations in the country ushered 
in era of establishment of cashew kernel processing plants for value addition locally. And by 
the late 1960s to early 1970s, Nigeria was exporting both the raw nuts and processed kernels to 
India. However, with limited expertise locally, the emerging industry encountered challenges 
in all areas of the cashew value chain that later led to the enactment of a law in 1971 
mandating the Cocoa Research Institute of Nigeria (CRIN) to carry out research and 
development into production, processing and marketing for the Nigerian cashew industry.  

And as a part of the first initiative to improve production, Cocoa Research Institute of 
Nigeria embarked on its first exploration and germplasm collection from the existing 
cashew in the wild, farms and plantations (including WNDC) across the country as early as 
1973 (Sanwo, 1973), and assembled the collections at the Institute’s field gene banks located 
in Ibadan (Western Nigeria), Uhonmora (Mid-Eastern Nigeria) and Ochaja (North-central 
Nigeria) thereafter. These cashew collections were later found to be of narrow genetic base 
(see Akinwale & Esan, 1989; Aliyu & Awopetu, 2007a, 2007b) and step was taken to 
broadening the genetic pool by introducing more materials from India, Tanzania and 
Mozambique around 1978 and 1980, which constituted the 2nd germplasm introduction.  

3.2 First cashew on-farm evaluation and selection programme 

The introduction of germplasm was simultaneously accompanied by on-farm (farmers’ fields 
or plantations) evaluation of some of the selected materials especially at the Western Nigerian 
Development Corporation (WND)’s plots. The outcome of such preliminary evaluation 
resulted in the selection of the 25 half-sib progenies (genotypes) with potential high yielding (> 
1000kg/ha) and were released as improved cashew cultivars tagged G-series by CRIN in the 
1980s (see Akinwale & Esan, 1989). These G-varieties have been the main improved cashew 
materials that were distributed to farmers since 1988. This preliminary research intervention 
led to a dramatic improvement especially in terms of access to improved planting materials by 
farmers, which have hitherto sourcing materials from the wild, and laid a strong foundation 
for a investable cashew industry in the country and neighbouring nations. 

3.3 Third cashew germplasm introduction 

Introduction of the International Monetary Fund (IMF) structural adjustment programmes 
(SAP) and adoption of liberalization policy in late 1980s by the then government altered 
landscape for the cashew trade as well and ushered in increased competition within the 
African cashew industry with emphasis on quality. This paradigm shift brought into the 
fore the need for compliance with global quality standard in the competitive markets. 
Unfortunately, most of the African cashew exports, Nigerian inclusive fell short of the 
required global grading standards especially in size and quality of the nuts and kernels. The 
challenge prompted some affluent farmers to introduce new cashew materials (with 
characteristic bold nuts and high grade kernels) directly from Brazil towards the end of 
1980s. In partnership with these farmers, the Cocoa Research Institute of Nigeria collected 
germplasm accessions from these introductions to expand the National Cashew germplasm 
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base. These Brazilian materials now constitute the third major introduction into Nigerian 
cashew germplasm. In total, Cocoa Research Institute of Nigeria currently housed about 22 
hectares of cashew germplasm field across 6 locations in the country.       

4. Challenges for the cashew production in Nigeria 
Cashew production in Nigeria like other major producing nations is constrained by low 
yield and variable nut yields, nut quality and pests and diseases infestation. Incidentally, 
most of the existing farms were established with open pollinated seeds sourced from the 
wild and unimproved land races. Expectedly, large percentage of such trees exhibited 
significant variation in all traits, from growth form, yield to diseases and pests tolerance. For 
example, cashew trees have been found producing between 0kg and about 45kg nuts per 
tree with average yield per hectare sometimes between 0.4ton and 1.2tons/ha (Aliyu & 
Awopetu 2007a). Thus, broadening the genetic base through introduction of new alleles 
from exotic germplasm (Faenza et al., 1982) and systematic exploitation of heterosis 
(Masawe, 1994) of the germplasm through a recurrent selection can only be the best solution 
for tackling yield-related problems in cashew. The Cocoa Research Institute of Nigeria 
established with a national mandate to address these production challenges has initiated a 
comprehensive programme for the documentation and evaluation of the existing cashew 
germplasm in the country with the goal to identify better cultivars that combine higher yield 
with nut quality (size, colour, etc.). Unfortunately, such characterization and evaluation efforts 
were biased towards phenotypic and agronomic traits such as nut size, nut weight, sex ratio, 
colour of apple, size of the fruits, tree canopy, length of panicle and yield performance 
(Akinwale & Esan 1989; Mneney et al., 2001; Aliyu & Awopetu, 2007a) due to low capacity and 
limited molecular resources for tree crop research in the country. Although the traditional 
phenotypic method is useful, more often than not its efficiency could be masked by 
environmental effect, hence, the need to complement the phenotypic data with molecular 
method. A preliminary data from the on-going evaluation is summarized in the next section.  

5. Update on the genetic diversity of the Nigerian cashew trees 
In the last ten years, efforts have been concentrated on the fifty-nine (59) accessions (Tables 3) 
of Nigerian major cashew germplasm, comprising of three sub-populations (old land races, 
Indian and Brazilian). These trees were selected because of their reliable passport data and the 
presence of atleast three replicates for each accession. Available records showed that eleven 
(11) of these accessions were collected as clonal materials (CC-) from the farmers’ fields along 
the Ochaja-Ankpa axis of the Kogi State (representing north central) in 1987/88. Furthermore, 
that these materials were probably from the remnants of the first introduction over three 
centuries ago (Sanwo, 1973; Akinwale & Esan, 1989). The second lot of twenty-three (23) 
accessions were mainly Indian introductions (CSI-) collected as open pollinated progenies 
from the Eastern- and Western- Nigeria Development Corporation (ENDC and WNDC) 
plantations in the 1970s, and were planted in the current locations (CRIN, Ibadan and Ochaja) 
between 1985 and 1986. And the third set of twenty-five (25) exotic accessions (CSO-) were 
from cashew materials recently introduced from Brazil by a private farm, Kosoni Ola Farms 
Limited, Oro, Kwara State and were planted in 1987/1988. These fifty-nine (59) accessions 
were planted at a spacing of 9.0m x 9.0m, with each accession represented by three entries.  
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base. These Brazilian materials now constitute the third major introduction into Nigerian 
cashew germplasm. In total, Cocoa Research Institute of Nigeria currently housed about 22 
hectares of cashew germplasm field across 6 locations in the country.       

4. Challenges for the cashew production in Nigeria 
Cashew production in Nigeria like other major producing nations is constrained by low 
yield and variable nut yields, nut quality and pests and diseases infestation. Incidentally, 
most of the existing farms were established with open pollinated seeds sourced from the 
wild and unimproved land races. Expectedly, large percentage of such trees exhibited 
significant variation in all traits, from growth form, yield to diseases and pests tolerance. For 
example, cashew trees have been found producing between 0kg and about 45kg nuts per 
tree with average yield per hectare sometimes between 0.4ton and 1.2tons/ha (Aliyu & 
Awopetu 2007a). Thus, broadening the genetic base through introduction of new alleles 
from exotic germplasm (Faenza et al., 1982) and systematic exploitation of heterosis 
(Masawe, 1994) of the germplasm through a recurrent selection can only be the best solution 
for tackling yield-related problems in cashew. The Cocoa Research Institute of Nigeria 
established with a national mandate to address these production challenges has initiated a 
comprehensive programme for the documentation and evaluation of the existing cashew 
germplasm in the country with the goal to identify better cultivars that combine higher yield 
with nut quality (size, colour, etc.). Unfortunately, such characterization and evaluation efforts 
were biased towards phenotypic and agronomic traits such as nut size, nut weight, sex ratio, 
colour of apple, size of the fruits, tree canopy, length of panicle and yield performance 
(Akinwale & Esan 1989; Mneney et al., 2001; Aliyu & Awopetu, 2007a) due to low capacity and 
limited molecular resources for tree crop research in the country. Although the traditional 
phenotypic method is useful, more often than not its efficiency could be masked by 
environmental effect, hence, the need to complement the phenotypic data with molecular 
method. A preliminary data from the on-going evaluation is summarized in the next section.  

5. Update on the genetic diversity of the Nigerian cashew trees 
In the last ten years, efforts have been concentrated on the fifty-nine (59) accessions (Tables 3) 
of Nigerian major cashew germplasm, comprising of three sub-populations (old land races, 
Indian and Brazilian). These trees were selected because of their reliable passport data and the 
presence of atleast three replicates for each accession. Available records showed that eleven 
(11) of these accessions were collected as clonal materials (CC-) from the farmers’ fields along 
the Ochaja-Ankpa axis of the Kogi State (representing north central) in 1987/88. Furthermore, 
that these materials were probably from the remnants of the first introduction over three 
centuries ago (Sanwo, 1973; Akinwale & Esan, 1989). The second lot of twenty-three (23) 
accessions were mainly Indian introductions (CSI-) collected as open pollinated progenies 
from the Eastern- and Western- Nigeria Development Corporation (ENDC and WNDC) 
plantations in the 1970s, and were planted in the current locations (CRIN, Ibadan and Ochaja) 
between 1985 and 1986. And the third set of twenty-five (25) exotic accessions (CSO-) were 
from cashew materials recently introduced from Brazil by a private farm, Kosoni Ola Farms 
Limited, Oro, Kwara State and were planted in 1987/1988. These fifty-nine (59) accessions 
were planted at a spacing of 9.0m x 9.0m, with each accession represented by three entries.  
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Accession Source of  introduction Pedigree Current location 
CC01 Unknown Ochaja area CRIN, Ibadan 
CC02 ” ” ” 
CC03 ” ” ” 
CC04 ” ” ” 
CC05 ” ” ” 
CC06 ” ” ” 
CC07 ” ” ” 
CC08 ” ” ” 
CC09 ” ” ” 
CC10 ” ” ” 
CC11 ” ” ” 
CSI00 India ENDC /WNDC ” 
CSI01 ” ” ” 
CSI05 ” ” ” 
CSI06 ” ” ” 
CSI07 ” ” ” 
CSI09 ” ” ” 
CSI10 ” ” ” 
CSI11 ” ” ” 
CSI13 ” ” ” 
CSI14 ” ” ” 
CSI18 ” ” ” 
CSI23 ” ” ” 
CSI27 ” ” ” 
CSI30 ” ” ” 
CSI31 ” ” ” 
CSI36 ” ” ” 
CSI51 ” ” ” 
CSI58 ” ” ” 
CSI61 ” ” ” 
CSI62 ” ” ” 
CSI63 ” ” ” 
CSI66 ” ” ” 
CSI67 ” ” ” 

CSO01 Brazil KFL Oro. CRIN, Ibadan &CRIN, 
Ochaja 

CSO02 ” ” ” 
CSO03 ” ” ” 
CSO04 ” ” ” 
CSO05 ” ” ” 
CSO06 ” ” ” 
CSO07 ” ” ” 
CSO08 ” ” ” 
CSO09 ” ” ” 
CSO10 ” ” ” 
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CSO11 ” ” ” 
CSO12 ” ” ” 
CSO13 ” ” ” 
CSO14 ” ” ” 
CSO15 ” ” ” 
CSO16 ” ” ” 
CSO17 ” ” ” 
CSO18 ” ” ” 
CSO19 ” ” ” 
CSO20 ” ” ” 
CSO21 ” ” ” 
CSO22 ” ” ” 
CSO23 ” ” ” 
CSO24 ” ” ” 
CSO25 ” ” ” 

ENDC: Eastern Nigerian Development Corporation, WNDC: Western Nigerian Development 
Corporation, KFL: Kosoni-Ola Farm Limited.  

Table 3. List of the fifty-nine cashew accessions and their pedigree analyzed for the yield 
and yield components variability over a period of ten years (1999-2009). 

These cashew trees have attained full maturity (i.e. above 10 years old) at the 
commencement of the phenotypic evaluation in 1999/2000. Based on the data from 
previous studies (Masawe, 1994; Azevedo et al., 1998; Aliyu, 2006; Aliyu & Awopetu 
2007a), only ten yield-related component characters (whole fruit weight – WWT, 
individual nut weight – NWT, total nut yield per tree – NYT, kernel weight – KWT, 
number of hermaphrodite flowers per panicle – HPP, percentage of pollen fertility - PPS,  
tree canopy size –TCS, days to optimum flowering- DFF, days to optimum fruit maturity - 
DFM and effective harvesting period (day) – HPD were selected for the phenotypic 
evaluation. The ten years data (1999-2009) were statistically analyzed using SYSTAT 
version 13.0 softwares (Systat Software, Inc. USA) and compared thereafter with three 
years data (Aliyu & Awopetu, 2007a).   

Cluster analyses {Eucledian distance ward dendogram and principal component analysis 
(PCA} from the two studies showed no significant difference between the genetic 
groupings of the cashew accessions (see Aliyu & Awopetu, 2007a). The data grouped  
the accessions into five (5) major classes and eight (8) subsets that depict fusion based  
on source of introduction and/or breeding history (Figs. 4 & 5; Table 4).  An overview of 
the phenotypic (genetic) variability of the accessions showed that the cluster analyses 
(Figs. 4 & 5) separated the trees into high yielding (clusters I, II & III) and low yielding 
(clusters IV & V) genotypes. And more than 50% of the accessions fell within the low 
yielding category. This trend does not only reflect enormous variability that could exist   
in a typical cashew field, but brought into the fore the level of redundancy in cashew  
farm in terms of yield performance. To facilitate the efficient utilization of better 
candidates identified from this evaluation exercise, a short qualitative description of their 
agronomic importance for each set derived from the cluster analyses (Figs. 4 & 5) is given 
below.   
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the phenotypic (genetic) variability of the accessions showed that the cluster analyses 
(Figs. 4 & 5) separated the trees into high yielding (clusters I, II & III) and low yielding 
(clusters IV & V) genotypes. And more than 50% of the accessions fell within the low 
yielding category. This trend does not only reflect enormous variability that could exist   
in a typical cashew field, but brought into the fore the level of redundancy in cashew  
farm in terms of yield performance. To facilitate the efficient utilization of better 
candidates identified from this evaluation exercise, a short qualitative description of their 
agronomic importance for each set derived from the cluster analyses (Figs. 4 & 5) is given 
below.   
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5.1 Some agronomic values of the Nigerian cashew trees 

5.1.1 Very high yielding with moderate quality kernels 

A mixture of two (2) Farmers clones and five (5) Indian accessions were the most prolific 
(producing >3000 nuts/tree/year) of all the fifty-nine accessions studied (Figs. 4 & 5; Table 
4). These trees were characterized by heavy fruit clustering on the panicle and have 
potential to produce >2.5 tons of raw nuts per hectare annually. But the average weight of 
nuts is about 6.0g and individual nut weight ranging between 4.50 and 8.20g. Derivable 
kernels from these trees were mixture of W320 and W450 grades with the latter being 
prominent. The heavy annual production was consistent throughout the study and fruit 
maturity is mostly in the middle of the season i.e. March. The trees shared prolific fruiting 
(nut per tree) with accessions that constituted Cluster III (Figs. 4 & 5; Table 4).  These cashew 
accessions are mostly suitable for immediate use as planting materials because of the 
superior yield characteristic, but little improvement work on the kernel quality is needed to 
select candidates with stable W320 kernels.     

5.1.2 Moderate yielding with high quality kernels 

Eleven (11) Brazilian accessions that combine moderate-high yielding, regular production with 
high quality nuts and kernels were identified from the analysis ((Figs. 4 & 5; Table 4). Weight 
of individual nut from these trees range between 8.50g and 14.0g, and was characterized by a 
mixture of W320 and W240 kernels, with the latter being in abundance.  Furthermore, these 
trees were noted for early fruit production and short harvesting time. These materials are 
better than the G-series that were released and given to farmers since the late 1980s by the 
Cocoa Research Institute of Nigeria (CRIN) (see Akinwale & Esan, 1989). These eleven 
superior cashew accessions in addition to those described above (5.1.1) can be clonally 
propagated for release as improved cultivars to the farmers to meet the short term need 
and/or undergo further evaluation across different locations through a long term national 
and/or regional cashew improvement programme. In addition, these new materials can be used 
for the establishment of polyclonal seed gardens for both research and commercial uses.    

5.1.3 Cashew trees prolific fruiting with compact canopy 

Nine (9) of the accessions were (see list Table 4 & Fig. 4. ) characterized by trees with small 
and compact canopy, though they are highly prolific in fruiting but the total output per tree 
were significantly influenced by smallness of its nuts and kernels. The genetic attributes of 
these nine cashew accessions include small sized trees with compact canopy. These plant 
materials could be useful for future breeding of cashew cultivars that would be adaptable to 
high density planting in an effort to improve outputs per unit area. 

5.1.4 Cashew trees with low yield and poor agronomic qualities 

The characterization exercise also revealed that about 40% of the experimental lots (25 
accessions, Table 4; Figs. 4 & 5) were of low yield and poor in agronomic traits. However, 
because of the large canopy nature of these trees, they are good genetic resources for the 
afforestation, land reclamation and erosion controlled programmes in the arid regions and 
areas threatened by gully erosions. The proportion of such trees in the gene pools should be 
reduced significantly. Further studies are needed to understand the poor correlation 
between tree size and nut yield in cashew (Masawe et al. 1999; Aliyu & Awopetu, 2007a). 
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Cluster Sub-
cluster 

Accessions in 
subclusters 

No. of 
Indian 

accession 

No. of 
Brazilian 
accession 

No. of 
Farmers 

Land races 

% of total 
accession 

(n=59) 

% of 
Indian 

accession 
(n=23) 

% of 
Brazilian 
accession 

(n=25) 

% of 
Farmers 

Land races 
(n=11) 

I Ia. CC06, CSI62, CSI31, 
CSI58, CSI66, CC05, 

CSI36 

5 0 2 11.9 21.7 0 18.2 

II IIb. CSO14, CSO19, 
CSO20, CSO12, 
CSO06, CSO05, 
CSO07, CSO01, 

CSO02, CSO15, CSO10 

0 11 0 18.6 0 44.0 0 

III IIIc. CSI16, CSO16, CSO14, 
CSI05, CSI18, CSO03, 
CSO13, CC11, CSI00 

4 4 1 15.3 17.4 16.0 9.1 

IV IVd. CSO18, CSO11, CC07, 
CC04, CC09, CSO17 

0 3 3 10.2 0 12.0 27.3 

IVe. CC10, CSI06, CSI30, 
CSI01, CSI09, CSI61, 

CSI10, CSI27, 

7 0 1 13.6 30.4 0 9.1 

IVf. CC03, CC01, CC02, 
CC08 

0 0 4 6.8 0 0 36.4 

IVg. CSI51, CSI67, CSI23, 
CSI07, CSI13, CSI14, 

CSI11 

7 0 0 11.9 30.4 0 0 

V Vh. CSO09, CSO08, 
CSO24, CSO23, 

CSO25, CSO24, CSO22 

0 7 0 11.9 0 28 0 

Table 4. Inter- and intra-cluster fusion of the 59 cashew accessions derived from the genetic 
diversity analysis showing source of origin/or breeding history effect.  

5.1.5 Cashew trees with low yield and high quality kernels 

Seven (7) accessions that consistently produced fewer but extra fruits (both apple and nut) 
were identified from the study. They are predominantly Brazilian collections (Table 4 and Figs. 
4 & 5) with low yield because these trees rarely produce more than 300-400 fruits per trees. 
With average nut weight of 16g, these trees can be a good source for the introgression of genes 
for high grade kernels in cashew breeding programme. Other attributes of these five 
accessions include high volume of apple juice yield with low astringency. This category of 
cashew trees are often referred to as Jumbo varieties by farmers and are inadvertently collected 
as planting materials from unapproved sources. Unfortunately, recent study on nut size and 
number trade-off in cashew (Aliyu & Awopetu, 2011) has shown poor yield in this category of 
cashew trees, thereby corroborating this result. Hence, such materials are not suitable for the 
establishment of investable cashew farms, but could be used as a good source of genetic 
resources for research and developments of better varieties/cultivars.         

6. Recurrent selection strategy for the development of hybrid cashew 
Following the conclusion of the evaluation exercise and grouping of the entries into their 
respective agronomic groups, the Institute is embarking on a long term recurrent selection 
strategy for the development of improved cashew varieties. Apart from multilocational 
evaluation of most of the superior materials identified in the characterization exercise, the 
breeding plan included exploitation of heterosis between the highly prolific, but small fruits  
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Table 4. Inter- and intra-cluster fusion of the 59 cashew accessions derived from the genetic 
diversity analysis showing source of origin/or breeding history effect.  

5.1.5 Cashew trees with low yield and high quality kernels 

Seven (7) accessions that consistently produced fewer but extra fruits (both apple and nut) 
were identified from the study. They are predominantly Brazilian collections (Table 4 and Figs. 
4 & 5) with low yield because these trees rarely produce more than 300-400 fruits per trees. 
With average nut weight of 16g, these trees can be a good source for the introgression of genes 
for high grade kernels in cashew breeding programme. Other attributes of these five 
accessions include high volume of apple juice yield with low astringency. This category of 
cashew trees are often referred to as Jumbo varieties by farmers and are inadvertently collected 
as planting materials from unapproved sources. Unfortunately, recent study on nut size and 
number trade-off in cashew (Aliyu & Awopetu, 2011) has shown poor yield in this category of 
cashew trees, thereby corroborating this result. Hence, such materials are not suitable for the 
establishment of investable cashew farms, but could be used as a good source of genetic 
resources for research and developments of better varieties/cultivars.         

6. Recurrent selection strategy for the development of hybrid cashew 
Following the conclusion of the evaluation exercise and grouping of the entries into their 
respective agronomic groups, the Institute is embarking on a long term recurrent selection 
strategy for the development of improved cashew varieties. Apart from multilocational 
evaluation of most of the superior materials identified in the characterization exercise, the 
breeding plan included exploitation of heterosis between the highly prolific, but small fruits  
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Legends for the characters and key. 
NYT:- Total nut yield per tree per year (kg) (1-Low, 2-Moderate, 3-High, 4-Very High); NNT:- Nuts per tree/year (1-
Low, 2-Moderate, 3-High, 4-Very High, 5- Extra-super high); HPP:- Hermaphrodite flowers per panicle (1- Low, 2-
Moderate, 3-High, 4-Very High); PPS:- Pollen grain fertility (%) (1- Low, 2-Moderate, 3-High, 4-Very High); TCS:- 
Tree canopy size (m2) (1- Compact, 2- Moderate, 3- Large open, 4- Spread with extensive branches); NWT:- Nut 
weight (g) (1- Small, 2- Medium, 3- Large, 4- Extra large); WWF:- Whole fruit weight (g) (1- Small, 2- Medium, 3- 
Large, 4- Extra large);KWH:– kernel weight (g) (1- W450, 2-W320, 3-W240, 4-W180); DFM:- Days to optimum 
fruit maturity (1- Early, 2-Mid-season, 3- Late); HPD:- Harvesting period (1-Short, 2- Intermediate, 3-Prolong). 

Fig. 4. Phenotypic variability of the between fifty-nine cashew germplasm accessions for the 
nine yield related components as obtained from the ten (10) years data (1999-2009).   
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Fig. 5. Principal component analysis (PCA) of the fifty-nine cashew accessions showing five 
clusters and their respective agronomic characteristics. 

and very low productive and extra large fruit trees through controlled hybridization and in 
vitro embryo culture, where necessary. Less impediment is expected from the hybridization 
exercise because of the high cross-compatibility in cashew (Aliyu, 2007, 2008), albeit, that the 
environmental conditions are favourable.  
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Fig. 5. Principal component analysis (PCA) of the fifty-nine cashew accessions showing five 
clusters and their respective agronomic characteristics. 

and very low productive and extra large fruit trees through controlled hybridization and in 
vitro embryo culture, where necessary. Less impediment is expected from the hybridization 
exercise because of the high cross-compatibility in cashew (Aliyu, 2007, 2008), albeit, that the 
environmental conditions are favourable.  
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7. Application of protein-isoenzme electrophoresis as a useful tool for 
cashew characterization  
In the absence of a well equipped laboratory with recent markers such as Random 
Amplification of Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism 
(AFLP) and Simple Sequence Repeats (SSRs), protein-isozyme sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) has proven as a reliable alternative for the 
characterization of cashew germplasm. The PAGE analysis differentiated the accessions into 
six overlapping subclasses similar to the results of morphological characterization i.e. 
corroborating groupings based on phenotypic attributes of the trees (see Aliyu & Awopetu, 
2007b). For example, out of fifteen (15) accessions of the Brazilian origin grouped together as 
a cluster I at 43.0% linkage distance by PAGE analysis (see Aliyu & Awopetu, 2007b), eleven 
(11) were clustered together as Cluster II in the 10 year phenotypic data, suggesting genetic 
congruity between phenotypic  attributes and  breeding history/or and source of origin of 
these cashew plants. Similarly, five accessions CSO24, CSO25, CSO22, CSO23 and CSO21 
that are morphologically and agronomically similar for their extra-large (jumbo) fruits (nut 
and apple), late and irregular flowering and fruiting characteristics, and spreading and 
extensive branching pattern, clustered together on the PAGE analysis because they shared 
common isoenzymes and probably reinforcing theory of source of origin and/or increased 
nuclear DNA content as the underline genetic factor for the grouping. Beside the general 
characteristics, isoenzyme study further differentiates the accessions within a sub-cluster on 
the basis of apple skin pigmentation into red, yellow and orange. Similar to the results of the 
ongoing molecular (SSR) analysis, the protein-isozyme study equally revealed moderate 
genetic base for the Nigerian cashew germplasm. The result of the PAGE analysis (Aliyu & 
Awopetu, 2007b) has demonstrated that this biochemical method can be used as a reliable 
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Locus Primer sequence (5’- 3’) Repeat motif Ta (oC) Allelic size 
range (bp) 

mAoR2 F: GGCCATGGGAAACAACAA 
R: GGAAGGGCATTATGGGTAAG (CA)10(TA)6 58.2 366-375 

mAoR3a F: CAGAACCGTCACTCCACTCC 
R: ATCCAGACGAAGAAGCGATG (AC)12(AAAAT)2 60.3 241-247 

mAoR6c F: CAAAACTAGCCGGAATCTAGC 
R: CCCCATCAAACCCTTATGAC (AT)5(GT)12 58.2 143-157 

mAoR7b F: AACCTTCACTCCTCTGAAGC 
R: GTGAATCCAAAGCGTGTG (AT)2(GT)5AT(GT)5 58.2 178-181 

mAoR11c F: ATCCAACAGCCACAATCCTC 
R: CTTACAGCCCCAAACTCTCG (AT)3(AC)16 60.3 234-236 

mAoR17b F: GCAATGTGCAGACATGGTTC 
R: GGTTTCGCATGGAAGAAGAG (GA)24 56.1 124-159 

mAoR42c F: ACTGTCACGTCAATGGCATC 
R: GCGAAGGTCAAAGAGCAGTC (CAT)9TAT(CTT)7 60.3 197-206 

mAoR47 F: AAGAGCTGCGACCAATGTTT 
R: CTTGAACTTGACACTTCATCCA 

(TAAA)2(TA)7(AAT)
5 

58.2 161-173 

mAoR48a F: CAGCGAGTGGCTTACGAAAT 
R: GACCATGGGCTTGATACGTC (GAA)6(GA)3 58.2 172-178 

mAoR52 F: GCTATGACCCTTGGGAACTC 
R: GTGACACAACCAAAACCACA (GT)16(TA)2 58.2 191-203 

Table 5. List of ten (10) microsatellite markers with optimal annealing temperature (Ta) and 
allelic size ranges (Croxford et al. 2006) used for the molecular analysis of the genetic 
diversity in 187 accessions of cashew.  

old embryos were evaluated on different media compositions ranging from pure Murashige 
and Skoog (MS) agar medium (Murashige & Skoog, 1962) to modified MS medium 
supplemented with 1 mM each of naphthaleneacetic acid (NAA), benzyladenine (BA) and 
gibberellic acid (GA3). The results showed that age of the embryo significantly influenced 
the rates of response and survival of the plantlets, with older embryos i.e. 6 weeks old and 
above performed better (Table 6) (Aliyu & Awopetu, 2005). Among the media composition 
tested, only modified MS medium supplemented with 1 mM of gibberellic acid (MS+GA3)  
 

Age of embryos 
(WAPo)a MSb MS+GA3c MS+NAAd MS+BAe 

2 0.00 (0.00%) 5.91 (9.85%) 0.00 (0.00%) 0.00 (0.00%) 
4 12.99 (21.65%) 19.71 (32.85%) 14.79 (24.65%) 15.69 (26.15%) 
6 37.20 (62.00%) 41.31 (68.85%) 36.09 (60.15%) 36.81 (61.35%) 
8 45.69 (76.15%) 48.69 (81.15%) 43.20 (72.00%) 42.30 (70.50%) 

DMRT (x ̄) 7.99b 9.63a 7.88b 7.85b 

Percentage in parenthesis. LSD 0.05 = 0.332. DMRT: Duncan multiple range test. 
a: WAPo: Week after pollination 
b: Murashige and Skoog (MS) medium 
c: MS medium + gibberellic acid 
d: MS medium + naphthaleneacetic acid 
e: MS medium + benzyladenine. 

Table 6. Effect of age on the growth and development of cashew embryos in different in vitro 
culture media compositions. 
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supported growth of young embryos of 2 weeks old. In order words, factors such as 
medium composition, age of embryo and sometimes the genotype influence success rate of 
in vitro culture of cashew embryos. Photoperiod, temperature, source of explants, browning, 
and contamination are other known factors capable of affecting in vitro propagation of 
cashew (Jha, 1988; Das et al., 1996). The study deed showed that older cashew embryos seem 
to be autonomous of growth regulators i.e. inclusion of these synthetic plant hormones into 
media composition only became critical for very young explants.   

 
Fig. 6. An overview of the genetic diversity of 187 Nigerian cashew accessions from different 
populations derived from molecular analysis of 10 microsatellite marker loci.   
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10. Cashew cytology and cytometry 
10.1 Relative nuclear DNA content and genome size in cashew 

Information on genome size and ploidy needed for basic molecular breeding of this 
important commodity is rare. Recent flow cytometric analysis of fifty-four (54) cashew 
accessions from the Nigerian germplasm was carried out to determine the relative genome 
size, intraspecific variation and ploidy status of the species using Solanum lycopersicum cv. 
Stupicke as an internal standard reference. And because of the dearth of literatures on 
application of flow cytometry to cashew or its relatives, the study was preceded by the 
protocol optimization for the buffer system, sample size, internal reference standard and 
incubation time for isolated nuclei before analysis (Aliyu, 2011under review). From the 
analysis of the nuclear suspension in terms of fluorescence intensity, background yield (%), 
nuclear yield (nuclei s-1 mg-1) and coefficient of variation (%) of G0/G1 peak, the cashew 
plant showed preference for Otto’s buffer, leaf sample size of about 70mg and maximum of 
20 mins incubation period. S. lycospersicum cv. Stupicke and Glycine max cv. Polanka are the 
ideal internal reference standards for the genome size determination in cashew (Fig. 7a). The 
average relative nuclear DNA content in cashew is small with relative genome size of 2C = 
1.01 pg i.e. about 988Mbp (1C = 490Mbp) recorded for the analyzed accessions (Aliyu, 2010). 
The relative nuclear DNA contents ranged from smallest (0.903 pg) to largest (1.285 pg) i.e. 
about 1.36 – fold range. Slight variation for relative genome size was recorded between the 
accessions (Fig. 7b) and it would be too hasty to conclude that such observation is an  

 
Fig. 7. (a): Flow cytometric histogram showing relative DNA content between G1 nuclei of 
cashew (A. occidentale) and tomato (S. lycopersicum) (tomato as internal reference standard). 
(b): Histogram showing suspected intraspecific variation in relative DNA content between 
two accessions (IMA-10 and BRO-26) of cashew (A. occidentale) with different phenotypic 
characteristics (see Aliyu, 2010).  
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intraspecific variation. However, all the sampled accessions showed consistent histogram 
peak position throughout the measurement, suggesting stability of the genome ploidy and 
the likelihood that the cashew, A. occidentale are predominantly diploids. Slight variation in 
genome size distribution tends to correlate with the history and/or source of 
origin/introduction and ecological adaptation of the accessions (Aliyu, 2010). Further 
studies of the cashew genome size more importantly with a more sensitive dye like 
Propidium Iodide (PI) may provide clearer information on the absolute genome size, 
likelihood of intraspecific variation and genome stability of this tropical tree species. 

10.2 Chromosome counts in cashew 

Aceto-orcein squashing of meristematic tissues (root tips and flower buds) of some 
genotypes has been analyzed for the number, structure and behavior of chromosome in 
cashew. Although there are divergent opinions on the ploidy status of the occidentale 
species, the study revealed that most genotypes had 42 chromosomes (Aliyu and 
Awopetu, 2007c) and could be tentatively described as 2x = 42 for a diploid species. And 
that cashew karyotypes are usually symmetric and less divergent, with mainly 
metacentric and submetacentrics pairs (Aliyu and Awopetu, 2007c). There were similarity 
in the morphology, number and behavior of the chromosomes among genotypes from 
different sources of introduction, which could imply common progenitors and slow 
mutation rate (chromosomal) among the existing occidentale. Another possible explanation 
for the chromosomal congruity can be drawn from the outcrossing nature of the plants, 
thereby enhances exchange of DNA materials between close and distant sympatric 
relatives and overlap in phenotypic features between lineages. Such phenotypic similarity 
between genotypes permits cross-compatibility (free gene exchange) with improved 
adaptation.  

11. Conclusions and future outlook 
11.1 West Africa regional cashew improvement programme 

With the establishment of African cashew alliance (ACA), a body responsible for the 
improvement in the value chain in the African cashew industry in 2006, the investments and 
production of cashew in West Africa region has been on the steady increase. West African 
countries like Benin, Burkina Fasso, Cote d’Ivore, Gambia, Ghana, Guinea-Bissau and 
Senegal, which have hitherto not been active in cashew production, are now actively 
investing in the industry. Unfortunately, as indicated in the report of Sustainable Tree Crops 
Programmes in 2001, collectively the region lacks expertise and improved varieties to 
support a sustainable cashew industry. Hence, there is the need to evolve a well funded and 
coordinated regional cashew improvement programme to aggressively develop improved 
planting materials for the farmers to boost production and improve the livelihood of the 
rural households. To achieve this, there is the need to carry out extensive survey of cashew 
growing areas, document the existing genetic resources and evaluate (characterization) 
these materials for useful agronomic and yield traits using a set of standardized descriptors 
across the region. With massive production of cashew in Nigeria (highest in Africa), 
extensive germplasm, and about four decades of research in cashew by the Cocoa Research 
Institute of Nigeria (CRIN) and existing research linkages with other sister institutes in 
Ghana and Cote D’Ivore, Nigeria is better positioned to serve as a platform for such regional 
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effort. And for smooth implementation and meaningful impact on the rural people, such 
initiative should be in partnership with non-governmental organizations (NGOs) like 
Sustainable Tree Crops Programme (STCP), Common Funds for Commodities (CFC), 
African Cashew Alliance (ACA) and other relevant stakeholders in the industry. Similar 
effort has been used to reposition cashew industry in the East Africa in the recent past.     

In addition, the proposed regional programmes should include, establishment of polyconal 
seed gardens across cashew growing communities for easy access to improved planting 
materials, development of hybrid cashew that will out-perform the existing cultivars and 
routine training and capacity building for all the stakeholders to boost production, enhance 
value addition and above all, improve standard of living of cashew small holders.   
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1. Introduction  

The cacao tree, Theobroma cacao L., a diploid fruit tree species (2n = 20) is the source of dried 
cocoa beans used as the main raw material in the manufacture of chocolate, confectioneries 
and some cosmetics product. Although native to the humid tropical regions of the northern 
parts of South America and the northern parts of Central America (Bartley 2005; Cheesman 
1944; Cuatrecasas 1964, Motamayor 2008), the largest cultivation of cacao, an under-storey 
forest tree species takes place in West and Central Africa. Originally designated a member of 
the Sterculiaceae family (Purseglove, 1974), Theobroma cacao was recently re-classified into 
the Malvaceae plant family (Alverson et al., 1999). Since its first introduction in the early 19th 
century by the Portuguese and the Spaniards, the West and Central African region has 
become the largest producer accounting for some 70% of the world’s cocoa output (Figure 1) 
of more than 3.632 million metric tons (ICCO, 2010). The main producing countries are Cote 
d’Ivoire (43 % of global production), Ghana (14 %), Nigeria (6 %) and Cameroon (5 %) 
followed by Togo, Gabon, Sao Tome, Equatorial Guniea, Sierra Leone, Congo and Liberia. 
The major market for cocoa beans include The Netherlands, United States of America, 
United Kingdom, France, Germany, Spain, Italy, Japan, China and India.  

With the aim of securing the future of the world’s cocoa economy, and avoid the situation in 
the 1930s when, due to limited genetic variability in cacao collections, the swollen shoot 
virus disease almost destroyed the industry, the genetic structure of cacao collections in 
West Africa was determined using microsatellite markers.  

1.1 Economic importance  

1.1.1 In consuming countries 

The importance of cocoa beans in the running of the multi-billion dollar annual earning 
chocolate and confectionery industries cannot be over-emphasised. The world grinding of 
cocoa beans in 2010/2011 season alone was estimated at 3.698 million metric tonnes (ICCO 
2010). The world’s exports amount to some US$5–6 billion/year and use of cocoa and cocoa 
butter in chocolate manufacturing, cosmetics, and other cocoa products drive approximately 
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US$70 billion market and provides over 60,000 jobs in the US alone (Guiltinan 2007). In an 
annual list of the top 100 global confectionery companies based on net sales in 2010 alone 
(Table 1), the top ten chocolate confectionery companies accounted for at least US$ 67.59 
billion (Candy International, 2011). According to the Association of chocolate, biscuit and 
confectionery industries of Europe (CAOBISCO) based in Brussels, some 1800 companies 
with 245,000 direct employees are involved in use of cocoa beans in manufacturing of their 
products. These industries account for more than 47.8 billion Euros annual turnover, 
a production of 14.1 million tonnes of products and some 4.1 billion Euros of exports, that is, 
10% of the total value of food exports from the European Union. The European chocolate 
and confectioneries industry which utilizes 50% of the world production of cocoa beans also 
consume some 30% of the European production of sugar, 35% skimmed milk powder at full 
EU price as well as a large share of the glucose, butter, wheat, eggs and dried fruit produced 
in the European Union. 

1.1.2 In West and Central African producing countries 

Cocoa production is predominantly a smallholders’ enterprise in Africa with several 
hundred-thousand families depending on this cash crop for their livelihood and significant 
foreign exchange earnings for producing countries (Rice and Greenberg, 2000, Motamayor 
et al., 2008). Revenue derived from sale and export of crops such as cocoa provides  
crucial support to livelihoods of farmers in developing countries in Africa and can be a 
sustainable means of helping millions of households live above poverty and hunger. In West 
and Central African countries, domestic economies revolve around subsistence agriculture, 
especially from the sale of products from cash crops such as cocoa. Even in countries  
such as Nigeria where most of budgetary revenues come from sale of crude oil, revenue 
from export of cocoa beans makes significant contribution to the nations’ gross domestic 
product (GDP). The economic growth of many of the Least Developed Countries is closely  

 

 
Fig. 1. World’s cocoa production estimates (in percentages) according to region and 
countries provided by International Cocoa Organization (ICCO) for 2009/2010 crop year. 
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 Company Country Net Sales 2010  
(US$ millions) 

   
1 Kraft Foods Inc USA 16,825 
2 Mars Inc USA 15,000 
3 Nestlé SA Switzerland 11,265 
4 Ferrero Group Italy 8,763 
5 Hershey Foods Corp USA 5,703 
6 Chocoladefabriken Lindt & Sprüngli AG Switzerland 2,602 
7 Yildiz Holding Turkey 2,180 
8 August Storck KG Germany 2,000 
9 Arcor Group Argentina 1,650 
10 Meiji Holdings Japan 1,599 

Table 1. List of the top ten global confectionery companies that manufacture some form of 
chocolate by net confectionery sales value in 2010 (Reference: Candy Industry, January 2011) 

linked with cocoa production, as well as other primary commodities. Many producer countries 
depend on cocoa exports for a large part of their foreign exchange earnings and government 
revenue. In Cote d’Ivoire, the largest world producer with more than 1.3 million metric tonnes 
(mT), cocoa contributes more than 20% of government revenue. When international cocoa 
prices are low, governments have difficulties meeting debt service obligations and are unable 
to make much needed investments in basic health, education and infrastructure. In Cote 
d’Ivoire, more than three of some six million people are engaged in the cocoa sector are small 
scale farmers. Cocoa alone makes 35 per cent of total export estimated at US$10.25 billion in 
2010 and 15 % of the 28.2 % agriculture’s contribution to the GDP estimated at US$22.82 billion 
in 2010 (http://www.indexmundi.com/cote_d_ivoire.html). Together with coffee, cocoa is 
referred to as the ‘Green Gold” because of its immense contribution to the economy. It 
provides job for 60 % of working population and accounts for some 46 % of total export, more 
than a third of the nation’s GDP (http://www.new-ag.info/en/country/profile.php?a=891). 
In Ghana, the second largest producer with more than 700,000 mT, cocoa is the primary  
cash crop providing about one-third of all export revenue. With higher commodity prices, 
gold and cocoa were the two top export revenue earning sectors for Ghana where GDP  
was estimated at US$38.24 billion in 2010. Cocoa remains the mainstay of Ghana’s  
economy accounting for 40 % of agricultural exports and 12 % of country’s GDP 
(http://www.theodora.com/wfbcurrent/ghana-economy.html). In 2007 for instance, cocoa 
contributed 35 % of Ghana’s GDP and 60 % of employment in agriculture (Centre for the 
Studies of African Economies (CSAE), 2009). In spite of commencement of oil production in 
Ghana, agriculture, especially the cocoa sector would remain the key to rural transformation of 
the economy. In Nigeria, cocoa provides means of livelihood to more than five million people. 
Although heavily dependent on oil, agriculture contributes significantly to the economy with 
about 70 % of the population engaged in agriculture. The cocoa sector accounts for some 27 % 
of the 41.48 % of GDP attributed to agriculture. Cocoa is the single largest non-oil export 
earning commodity for Nigeria. In comparison with other agricultural commodities, cocoa 
makes the largest non-oil contribution to the nation’s economic development and accounted 
for 65% of total agricultural export in 2004 (Aikpokpodion, 2007). In Cameroon, it is estimated 
that some four million people depend on cocoa and coffee for their livelihood. Most of the 
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cocoa is produced primarily in central southern Cameroon by millions of small scale farmers. 
In Cameroon, cocoa cultivation is currently one of the major sources of revenues of rural 
households (1 to 2 millions of people) of the forest agro-ecological zones in the country (South 
and South-Western parts). Cocoa is grown in more than 200 000 farms and the total cocoa 
growing surface is estimated to be 400 000 hectares (Efombagn et. al., 2006). In other countries 
such as Togo, Sierra Leone, Liberia, Equatorial Guinea, Sao Tome and Principe, Gabon and 
Democratic Republic of Congo, cocoa production makes significant agricultural contribution 
to the GDP. 

2. Cacao introduction history and genetic materials 
Traditionally, cacao types cultivated are subdivided into three major ‘genetic’ groups: 
Forastero, Criollo (domesticated by the Amerindians in Central America), and Trinitario 
(hybrids between Forastero and Criollo, originating from Trinidad). While the Forastero trees 
are vigorous and more resistant to diseases, the Criollo trees are poor yielding and highly 
susceptible, although Criollo trees produce high premium quality beans with aromatic flavor. 
The Brazilian cacao of the Amelonado type (Lower Amazon Forastero) was first introduced by 
the Portuguese into Principe around 1822, and reached Sao Tomé in the 1850s (Bartley 2005). 
According to Nosti, quoted by Toxopeus (1964), it was from this collection that the Spaniards 
brought cacao into the Island of Fernando Po (now Bioko), Equatorial Guinea in 1854. This 
collection in Fernando Po became the major source of cacao introduced into mainland West 
Africa at several times by many persons including traders and migrant workers, agencies, 
missionaries among others. Available records showed that cacao was introduced from 
Fernando Po by workers and traders like Squiss Ibaningo into Nigeria in 1874, Tetteh Quarshie 
into Ghana in 1878, and Cote d’Ivoire in 1879 (Edwin and Masters 2005; N’Goran et al. 1992; 
Opeke 1969). Missionaries like the Basel missionaries, Royal Botanical Garden curators, 
colonial administrations played significant roles in the introduction of cacao types from 
different origins into the mainland West and Central Africa. These earlier introductions from 
Fernando Po formed the initial basis of cacao grown in West Africa, and was referred to as the 
“West African Amelonado”. During the late nineteenth century, the Colonial administration 
also introduced some red-podded cacao materials from British West Indies into botanical 
gardens established in Aburi (Ghana) and Lagos (Nigeria) (Toxopeus 1964). By 1910, Ghana, 
followed by Nigeria, had become one of the largest producing countries, thus making the West 
Africa sub-region an important growing area critical to the sustainability of the world’s cocoa 
economy, a status it still maintains today.  

The introduction of cacao germplasm into island and mainland of Africa took place in 
response to two main waves of idea which naturally divided cacao germplasm introduction 
into: 1. Exploratory Colonial Period (1822 – 1909), and, 2. Expansionary Experimental Pre- 
and Post-Independence Period (1910 – 2010). During the first era which spanned early 19th 
to the end of the 19th century, cocoa seeds and plants were transported in barrels and 
shipments across the sea from the northern parts of Southern America and Central America 
to Africa. This was in response to the then imbibed and appreciated Aztec and Mayan 
culture of drinking ‘chocolatl’, ‘The Food of the Gods”. The favourable similar tropical humid 
climatic conditions and abundant rainforest vegetation provided impetus for this 
transatlantic exploratory introduction which fortunately gave good results. The cultivation 
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of cocoa was therefore successfully established along the rainforest belt of West and Central 
African countries with significant economic revolution for both producing countries and 
chocolate lovers especially in the North. A timeline of earlier germplasm introduction efforts 
during the first era is presented in Table 2 below. The first materials introduced were of 
Amazonian origin, unlike the Criollo varieties introduced to Asiatic and Oceanic regions. 
The germplasm established on the island of Principe in 1822 was the main basis of the  
cocoa industry on the island. Original planting was said to have consisted of 30 plants which 
most likely were taken from a single fruit (pod). Progenies of these trees provided seeds for 
planting other areas of the island (Bartley 2005). Timeline of earliest cacao introduction into 
island and mainland West and Central Africa in the 19th and early 20th century 
 

Date Germplasm material
& description

Origin Remarks 

Island of Sao Tome & Principe
1822 Amazonian Bahia ‘Comum’ 

or ‘Amelonado’ 
Brazil: States of 
Bahia, Espirito 
or Rio de Janeiro 

Self-compatible and 
homozygous variety. 
Only 30 plants 
presumably from a 
single fruit (pod) was 
established on the island 
of Principe.

  

1840 - - First export of ‘sizeable 
amount’ of cocoa beans 
from the island of 
Principe.

  

1850 Amazonian Bahia ‘Comum’ 
or ‘Amelonado’ later called 
Sao Tome ‘Creoulo’  

Principe Cocoa cultivation began 
in Sao Tome with seeds 
taken from the 
‘Amelonado’ plantings 
in Principe.

  

1880 Non-Amazonian ‘other’ 
varieties: 
1. Red fruits with smooth 

surfaces (‘Criollo’) known 
as Venezuela ‘Caracas’ 

2. Narrow elongate fruits 
with pronounced ridges 

3. ‘Guayaquil’ variety type  

4. Very large red fruits, 
slightly ridged and 
smooth surface 

5. Green fruits 

6. Hybrids formed from the 
different types 

7. ‘Laranja’ mutant  

Ecuador, 
Trinidad and 
Venezuela 

Period of active 
expansion of cultivation, 
Hybrids evolved from 
among the different 
varieties and between 
the non-Amazonian 
varieties and original 
‘Comum’ types.  
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Equatorial Guinea (Fernando Po)
1854 Sao Tome ‘Creoulo’ and 

later, the 1880’s Non-
Amazonian ‘other’varieties. 

Sao Tome Establishment of cocoa 
in Fernando Po (now 
Bioko) with seeds from 
Sao Tome

Cameroon 
1876 1. Unknown materials likely 

from Trinidad. 
Royal Botanic 
Gardens, 
England

13 plants shipment by a 
British missionary on 
Cameroon Mountains. 

 

 2. Sao Tome ’varieties’ Sao Tome Introduction by Preuss, 
Curator of Victoria 
Botanic Garden. Some 
ofthese materials became 
known as ‘Victoria-
Kakao’ variety of Sao 
Tome 

  

1895? 332 plants including 
‘Forastero’ 

Trinidad Gosselin (1895), Preuss 
(1901)

  

1900 Several varieties including 
‘Forastero’, ‘Criollo’, 
‘Puerto-Cabello’, 
‘Venezuela’, ‘Maracaibo’, 
‘Guayaquil’, ‘La Guira’, 
‘Soconusco’, ‘Suriname’ and 
‘Nueva Grenada’ from 
Colombia  

South and 
Central America 
(Trinidad) 

Introduction by Preuss. 
At the beginning of the 
20th century, Cameroon 
had established the most 
diverse collection of 
cacao varieties (Bartley, 
2005) 

Ghana  
1857 Seeds from Suriname Surinam Unsuccessful attempt by 

the Basel Missionaries. 
  

1861 ‘Amelonado’ Sao Tome & 
Principe

Partial success by the 
Basel Missionaries. 

  

1878? 
1887 

‘Amelonado’ Fernando 
Po/Sao Tome 

Tetteh Quarshie brought 
seeds from Fernando Po. 
Governor Griffiths also 
made introduction in 
1887.

 
1900 - 
1901 

1. ‘Cundeamour’, 
‘Pentagonum’ from 
Nicaragua  

Trinidad During this period, 
introduction was to 
obtain varieties higher in 
quality than the widely 
grown ‘Amelonado’ 
from Fernando Po. 

 2. ‘Red Forastero’, ‘Criollo’, 
‘White variety’ of 
‘Caracas’ type from 
Jamaica 

Royal 
BotanicGarden, 
England 

  

1903 ‘Ocumare’, ‘Trinidad Trinidad Introduced plants were 
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Criollo’, Nicaraguan 
Criollo’, ‘Red Criollo’ and 
‘Yellow Criollo’ 

established in Aburi 
Botanic Garden. These 
materials were largely 
self-incompatible. These 
are the likely ancestors 
of red fruited trees in 
Ghana.

  

Nigeria Regional differences in genetic composition of populations likely due to different 
routes of introduction

A. The Niger Delta Protectorate covering Midwestern to Calabar Region 

1874 ‘Amelonado’, Sao Tome 
‘Creuolo’  

Fernado Po Chief Squiss Ibaningo, a 
migrant worker 
introduced cocoa into 
Bonny, now in River 
State. This variety 
constituted virtually all 
the planting material 
cultivated at the middle 
of the 20th century.  

  

1899 Unknown varieties. 
Forastero? 

Royal Botanic 
Garden, 
England

Up to two shipments of 
cocoa plants 

  

1900 ‘Pentagonum’ variety Trinidad? Variety found at Old 
Calabar Station 

  

1905 Non-Amelonado ‘types’ Trinidad? 
SaoTome?

These were brought into 
Old calabar Station 

  

1909 60 fruits of ’Forastero’ type Trinidad Barrel shipment from 
Trinidad

B. The Lagos Colony

1880?  Sao Tome ‘Comum’ 
(Amelonado) 

Fernando Po First planting of cocoa in 
Lagos of some 1,500 
plants. The plantation 
near Agege was owned 
by JPL Davies (Webster 
1964)

  

1877-1888 Unknown. Fernando Po
Trinidad 

Most likely non-
Amelonado plants sent 
to Ceylon

Cote 
D’Ívoire 

 

1880 Amelonado Fernando Po First cocoa introduction 
  

Sierra 
Leone 

 

Pre-1900 Sao Tome ‘Comum’ 
(Amelonado); Cameroon 
variety, Victoria-Kakao 

SaoTome,
Fernando Po 
and Cameroon 

Several Sierra Leoneans 
were influential farmers 
in Fernando Po at the 
end of the 19th century. 

 - 

1902 - 60 plants of ‘Ceylon Red’, Trinidad



 
Genetic Diversity in Plants 

 

192 

Nicaraguan Criollo’, 
‘Forastero’ and T. 
pentagonum 

 - 1000 seeds of unknown 
variety 

Fernando Po

  

Liberia  
1861? Sao Tome ‘Comum’ 

(Amelonado) 
Sao Tome Many Liberians were 

contract workers in Sao 
Tome.

Table 2. 

(Bartley 2005). By 1840, some quantities of cocoa was exported from the island. The 
cultivation of cocoa spread to the main island of Sao Tome in the 1850s. The variety which 
became known as Sao Tome “Creoulo”, was self-compatible and homozygous and mostly 
related to the ‘Comum’variety in Bahia, Brazil. This variety was taken both directly and 
indirectly through Fernando Po to other inland West and central African countries and 
became the basis of cocoa grown there. However, some other varieties were also introduced 
into Sao Tome from Ecuador, Trinidad and Venezuela in 1880. Consequently, the bulk of 
cocoa grown on farmers’ plantation must have consisted of a mixture of these earlier 
varieties, but due to differential expression of self-incompatibility systems, the self-
compatible ‘West African Amelonado’ types must have dominated in the complex mixture 
of cacao of diverse origin at the beginning of the 20th century. 

During the second era which began at about the end of the 19th century and beginning of the 
20th century, economic considerations for higher income and premium due to greater yields 
and higher bean and chocolate quality were the main reasons for germplasm introduction. 
Previously selected individuals (clones) rather than ‘types’ showing potentials for high 
yields, resistance or tolerance to pests, diseases and abiotic stress such as drought were 
introduced and engaged in cultivar development processes on experimental stations. 
During this last decade, however, the “People, Planet and Profit’’ concept of Sustainability 
has become a significant factor in cacao germplasm introduction. This has bearing with the 
concept of “Preventive Breeding” where clones showing resistance to regionally important 
diseases of cocoa growing regions could be introduced through international intermediate 
quarantine centers. This was to ensure that in the unlikely case of disease spread, for 
example, witches broom from South America to Africa, there is present in the African 
germplasm collections, sources of resistance to cope with the new disease in order not to 
paralyze the local cocoa economy as is the case during any outbreak.  

Since the first successful introduction of ‘Amelonado’ cacao, Lower Amazon Forastero type  
into West Africa in the late 19th century, there has been series of additional germplasm 
introductions as reviewed by (Bartley, 2005; Aikpokpodion, 2009). In Nigeria for instance, 
since formal selection and germplasm conservation programs around 1931 at the Nigerian 
Department of Agriculture in Moor Plantation, Ibadan there has been. Further germplasm 
introduction of Trinitario and Criollo selections from Trinidad and Ceylon (now Sri Lanka) 
(Jacobs et al., 1971). The British West African Colonial Administration established the West 
African Cocoa Research Institute (WACRI) in 1938 with headquarters in Tafo, Ghana and a 
mandate covering Gold Coast (Ghana), SierraLeone, Nigeria and Liberia. Several materials 
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(Bartley 2005). By 1840, some quantities of cocoa was exported from the island. The 
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related to the ‘Comum’variety in Bahia, Brazil. This variety was taken both directly and 
indirectly through Fernando Po to other inland West and central African countries and 
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20th century, economic considerations for higher income and premium due to greater yields 
and higher bean and chocolate quality were the main reasons for germplasm introduction. 
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yields, resistance or tolerance to pests, diseases and abiotic stress such as drought were 
introduced and engaged in cultivar development processes on experimental stations. 
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quarantine centers. This was to ensure that in the unlikely case of disease spread, for 
example, witches broom from South America to Africa, there is present in the African 
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paralyze the local cocoa economy as is the case during any outbreak.  
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since formal selection and germplasm conservation programs around 1931 at the Nigerian 
Department of Agriculture in Moor Plantation, Ibadan there has been. Further germplasm 
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belonging to Upper Amazon Forastero and Trinitario populations were introduced from 
Trinidad by WACRI in 1944 (Toxopeus, 1964). Efforts to increase genetic variability in the 
base population in response to outbreaks of disease epidemic had provided impetus for 
germplasm introduction into Africa. For instance, the outbreak of cocoa swollen shoot 
disease in the 1930s in Ghana, Togo, and Nigeria almost destroyed the cocoa industry due to 
insufficient genetic variability in the base population. Consequently, new introductions 
were made in 1944 from Upper Amazon Forastero materials collected by F. J. Pound into the 
West African Cocoa Research Institute headquarters in Tafo, Ghana and Ibadan in Nigeria 
(Aikpokpodion et al., 2009). Due to the precocity of these materials, they were widely 
distributed for replanting of cut out plantations and by late 1950s, some 11 selected Upper 
Amazon types have been used to produce second and third generations of Amazon known 
as “F3 Amazon” or “Mixed Amazon” distributed to farmers (Knight and Rogers 1955). By 
1961, some 60,000 ha in Ghana and an estimated 21 million seedlings had been distributed 
by the government of the Western Region to plant some 9,500 ha in Nigeria (Aikpokpodion 
2009). Several hybrid varieties involving crosses with local Amelonado, Trinitario, and some 
Criollo materials were also developed from these materials in Ghana (Lockwood and 
Gyamfi 1979), Nigeria (Atanda and Jacobs 1974), and Cote d’Ivoire (Besse 1975; N’Goran et 
al. 1992).  

3. Concept and relevance of genetic diversity 
Although all members of a species have certain traits in common, individual members may 
vary significantly. While some of these may be environmental, a significant proportion is 
genetic. Genetic diversity is of fundamental importance in the continuity of a species as it 
provides the necessary adaptation to the prevailing biotic and abiotic environmental 
conditions, and enables change in the genetic composition to cope with changes in the 
environment. The first requisite study in the survival of a species is knowledge about the 
level of genetic diversity (Van Delden, 1992). This refers to the determination of the number 
of polymorphic loci, the number of alleles, genetic architecture and spatial distribution of 
genetic variants. Genetic diversity in a population is preserved when the population is in 
Hardy Weinberg equilibrium. This means that genotypes are present in expected 
proportions based on the allele frequencies in the population. However, one or two of the 
conditions for this may not hold. For instance, introduction of genetic variants through 
mutation or gene flow from a genetically different population will increase the genetic 
diversity. Assortative mating will mainly affect genotypic proportions. Directional selection 
against recessives will eliminate alternative alleles and make the population monomorphic 
at a particular locus. As a principle, balancing selection in favour of heterozygotes will 
preserve genetic diversity, while inbreeding and genetic drift, on the other hand, lead to loss 
of genetic diversity. 

4. Utility of genetic markers in defining genetic diversity in cacao 

Genetic markers are inherited variations that can be used to understand genetic events. 
These include any gene or other DNA variations that are useful for explaining observed 
genetic event in a population of interest. The use of genetic markers has been useful in the 
study of population genetics and evolution by providing methods for detecting genetic 
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differences among individuals. The majority of genetic markers are variations in DNA at 
sites that may or may not be part of a functional gene. However, their transmission to 
offspring follows Mendelian rules for inheritance. There are three main properties of a 
genetic marker: It must be locus-specific, polymorphic in the studied population and easily 
genotyped. The quality of a genetic marker is measured by its heterozygosity in the 
population of interest, and for a molecular marker, its polymorphism information content 
(PIC) as described by Botstein et al. (1980). Genetic markers that have been used in 
population genetics are grouped into three main classes: phenotypic or morphological 
markers, biochemical markers or isozymes and molecular markers utilizing variation at the 
nuclear DNA level. 

4.1 Morphological or phenotypic markers  

These are phenotypes for which variation observed in the population of interest can be 
explained by Mendel’s law of inheritance e.g. colour variation, growth habit and fruit shape. 
Traditionally, morphological markers have been used to characterize varieties based on the 
assessment of a range of phenotypic characteristics. Several studies have been carried out 
using morpho-agronomic characteristics of the pods, seeds and flowers to elucidate 
population structure and genetic diversity of cacao populations (Aikpokpodion, 2010; 
Bekele and Bekele, 1996; Engels, 1992). Although morphological genetic markers proved 
useful in several cases, they are subject to several limitations. These include subjectivity in 
the analysis of character, environmental influences, limited diversity (morphological 
variants) among cultivars, and restriction of characterization of some useful characters to a 
particular stage of development, such as flowering or fruit ripening, and limitation to only 
one locus.  

4.2 Allozymes  

Allozymes are allelic variants of enzymes encoded by structural genes. Enzymes are 
proteins consisting of amino acids, some of which are electrically charged. Due to change in 
the net electric charge resulting from mutation, allelic variation can be detected by gel-
electrophoresis and subsequent specific enzymatic staining. Usually, two or more loci can be 
distinguished per enzyme, and they are termed isoloci. Therefore, allozyme variation is also 
referred to as isozyme variation. The study of genetic variation in plant populations was 
greatly facilitated by the development of protein-based markers (i.e. allozymes). The 
primary contribution of allozymes to plant population biology has come from their 
utilization as neutral (or nearly neutral) genetic markers. Allozymes have been employed to 
characterize patterns of genetic variation within and among populations, and to examine the 
processes of dispersal and the patterns of mating that influence levels of genetic 
differentiation. In cacao, several workers such as Ronning & Schnell (1994) and Warren 
(1994) used isozyme systems to explore genetic diversity among cacao populations.  

4.3 Molecular markers 

Use of molecular markers has allowed the complete sampling of the genome, and helped to 
overcome the limitations of morphological markers and the isozyme markers. DNA markers 
have been successfully applied in cultivar identification, controlling seed purity of hybrids 
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differences among individuals. The majority of genetic markers are variations in DNA at 
sites that may or may not be part of a functional gene. However, their transmission to 
offspring follows Mendelian rules for inheritance. There are three main properties of a 
genetic marker: It must be locus-specific, polymorphic in the studied population and easily 
genotyped. The quality of a genetic marker is measured by its heterozygosity in the 
population of interest, and for a molecular marker, its polymorphism information content 
(PIC) as described by Botstein et al. (1980). Genetic markers that have been used in 
population genetics are grouped into three main classes: phenotypic or morphological 
markers, biochemical markers or isozymes and molecular markers utilizing variation at the 
nuclear DNA level. 

4.1 Morphological or phenotypic markers  

These are phenotypes for which variation observed in the population of interest can be 
explained by Mendel’s law of inheritance e.g. colour variation, growth habit and fruit shape. 
Traditionally, morphological markers have been used to characterize varieties based on the 
assessment of a range of phenotypic characteristics. Several studies have been carried out 
using morpho-agronomic characteristics of the pods, seeds and flowers to elucidate 
population structure and genetic diversity of cacao populations (Aikpokpodion, 2010; 
Bekele and Bekele, 1996; Engels, 1992). Although morphological genetic markers proved 
useful in several cases, they are subject to several limitations. These include subjectivity in 
the analysis of character, environmental influences, limited diversity (morphological 
variants) among cultivars, and restriction of characterization of some useful characters to a 
particular stage of development, such as flowering or fruit ripening, and limitation to only 
one locus.  

4.2 Allozymes  

Allozymes are allelic variants of enzymes encoded by structural genes. Enzymes are 
proteins consisting of amino acids, some of which are electrically charged. Due to change in 
the net electric charge resulting from mutation, allelic variation can be detected by gel-
electrophoresis and subsequent specific enzymatic staining. Usually, two or more loci can be 
distinguished per enzyme, and they are termed isoloci. Therefore, allozyme variation is also 
referred to as isozyme variation. The study of genetic variation in plant populations was 
greatly facilitated by the development of protein-based markers (i.e. allozymes). The 
primary contribution of allozymes to plant population biology has come from their 
utilization as neutral (or nearly neutral) genetic markers. Allozymes have been employed to 
characterize patterns of genetic variation within and among populations, and to examine the 
processes of dispersal and the patterns of mating that influence levels of genetic 
differentiation. In cacao, several workers such as Ronning & Schnell (1994) and Warren 
(1994) used isozyme systems to explore genetic diversity among cacao populations.  

4.3 Molecular markers 

Use of molecular markers has allowed the complete sampling of the genome, and helped to 
overcome the limitations of morphological markers and the isozyme markers. DNA markers 
have been successfully applied in cultivar identification, controlling seed purity of hybrids 
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and checking the genetic relatedness between cultivars. Some of the techniques developed 
for DNA manipulation in order to detect variations are: 

4.3.1 Random Amplified Polymorphis DNA (RAPD) 

In cacao, the first study of the use of molecular markers in cacao was reported by Wilde et al. 
(1992). These authors used Random Amplified Polymorhism DNA (RAPD) to study 
relationships among cocoa groups. Their work was soon followed by those of several 
authors who also used RAPD to determine genetic relationships among cacao populations 
(Russel et al., 1993; Laurent et al., 1994; Lerceteau et al., 1997; Whitkus et al., 1998). N’Goran et 
al. (1994) analyzed the genetic diversity of 106 genotypes in Cote d’Ivoire belonging to the 
various morphogeographic groups within Criollo, using 49 repeatable polymorphic RAPD 
products. They showed a clear structure among Forastero and Criollo groups with clear 
differentiation between Upper and Lower Amazon Forastero. Lerceteau et al. (1997) 
analysed the genetic diversity of Ecuadorian Nacional clones, Forastero, Trinitario and 
Criollo cacao clones using forty-three genomic probes. They found that within-group 
genetic diversity was almost identical between Forastero, Trinitario and Criollo. Their 
results showed that the populations of Amazon Forasteros and Criollo studied were highly 
diverse and that the Criollo and Trinitario populations showed some overlap.  

4.3.2 Restriction Fragment Length Polymorphisms (RFLP) 

RFLPs are generally found to be moderately polymorphic and can be applied in 
comparisons ranging from the individual level to closely related species. Because of their 
high genomic abundance and random distribution throughout the genome, RFLPs have 
been used by several workers to determine the genetic diversity of cacao populations 
(N’Goran et al., 2000; Lerceteau et al., 1997; Motamayor and Lanaud, 2002; Motamayor et 
al., 2002).  

4.3.3 Microsatellites 

Microsatellites, also known as Simple Sequence Repeats (SSRs) are molecular marker loci 
consisting of tandemly repeated DNA of short oligonucleotide sequences of two to six bases 
in length. They form a class of genetic markers that show variation in the number of repeats 
of a simple DNA sequence. They are extremely common in eukaryotic genome (Tautz and 
Rentz, 1984) and are highly polymorphic in length. The development and application of 
SSRs facilitate the acquisition of a large quantity of genetic information relevant to genotype 
identification, which provides opportunities to characterize germplasm collections (Mitchell 
et al., 1997). Such information generated are used by plant breeders to better understand 
their germplasm, guide breeding plans and better exploit genetic variation available (Lu et 
al., 2005). Microsatellites are recommended as an international standard for defining genetic 
identity and has been widely used in the study of genetic diversity of cacao genetic 
resources (Aikpokpodion et al., 2009, 2010; Saunders et al., 2000; Zhang et al., 2006). 

5. Utility of phylogenetic tree in revealing genetic diversity 
In the assessment of genetic diversity it is important to define relationships existing within 
or among sets of germplasm collection of a species and their evolutionary history within or 



 
Genetic Diversity in Plants 

 

196 

with related species. Phylogenetic trees serve as extremely powerful tools for organizing 
and illustrating these relationships. Phylogenetic trees have been successfully used in 
guiding conservation and biodiversity efforts (Sul et al., 2009) and establish relationship of 
cacao with its wild relatives (Figuera et al., 1994). A phylogenetic tree is a diagrammatic 
branching "tree" illustrating evolutionary relationships among entities within a species or 
various biological species based on similarities and differences in their physical and/or 
genetic characteristics. Organisms with similar morphologies or DNA sequences are likely 
to be more closely related than organisms with different structures or sequences. Entities 
that are joined together in the tree are implied to have evolved from a common ancestor. 
Each branch point represents the divergence of two species while sister taxa are groups that 
share an immediate common ancestor. Phylogenetic trees can either be rooted or unrooted. 
A rooted phylogenetic tree clearly shows relationship of each entity with the (usually 
imputed) most recent common ancestor of all the entities. Rooted trees are often constructed 
with the use of a definitive related ‘outgroup’ taxa. An ‘outgroup’ is a species or group of 
species that is closely related to the ‘ingroup’, the various species being studied. Unrooted 
trees, on the other hand, depict the relatedness of the entities without making assumptions 
about their ancestry. The principles of maximum parsimony and maximum likelihood are 
often used to analyze phylogenetic relationships with computer programs. The principle of 
maximum parsimony assumes that the tree that requires the fewest evolutionary events 
(appearances of shared derived characters) is the most likely. The principle of maximum 
likelihood states that, given certain rules about how DNA changes over time, a tree can be 
found that reflects the most likely sequence of evolutionary events.  

6. Genetic diversity analysis results from West and Central Africa  
Prior to recent studies in Cameroon, Cote d’Ivoire, Ghana and Nigeria, there was no useful 
information on the extent of genetic diversity in the cocoa cultivated in West and Central 
African countries. These studies were conducted within the framework of the Sustainable 
Tree Crops Program, a public-private partnership platform endowed by the United States 
Agency for International Development, US Department of Agriculture and chocolate 
industry partners such as the Mars Incorporated. These studies assessed genetic diversity in 
the introduced primary cacao clones and germplasm accessions used to develop improved 
hybrids distributed to farmers and cacao accessions on farmers’ fields across the sub-region. 
Microsatellite markers were used to assess genetic diversity in these accessions. In addition 
to the microsatellite studies, some studies were also carried out to determine variation in 
agro-morphological and phenotypic characteristics of cacao germplasm in farmers and 
genebank collections.  

6.1 Cameroon (Efombagn et al., 2006; Efombagn et al., 2008; Efombagn et al. 2009) 

In their study of some 194 cocoa accessions collected in farms in Southern Cameroon during 
field surveys (Plate 1 d) and 71 Trinitario and Upper Amazon clones available in genebank 
collections on-station were assessed using 13 SSR markers. The gene diversity, genetic 
differentiation and genetic similarities were analyzed for the different populations. In total, 
282 alleles were detected within all the populations studied (Plate 1c). The farm accessions 
were strongly differentiated based on their geographical origin, with accessions coming 
from the East province clustering together with local Trinitario accessions from the 
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with related species. Phylogenetic trees serve as extremely powerful tools for organizing 
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(appearances of shared derived characters) is the most likely. The principle of maximum 
likelihood states that, given certain rules about how DNA changes over time, a tree can be 
found that reflects the most likely sequence of evolutionary events.  

6. Genetic diversity analysis results from West and Central Africa  
Prior to recent studies in Cameroon, Cote d’Ivoire, Ghana and Nigeria, there was no useful 
information on the extent of genetic diversity in the cocoa cultivated in West and Central 
African countries. These studies were conducted within the framework of the Sustainable 
Tree Crops Program, a public-private partnership platform endowed by the United States 
Agency for International Development, US Department of Agriculture and chocolate 
industry partners such as the Mars Incorporated. These studies assessed genetic diversity in 
the introduced primary cacao clones and germplasm accessions used to develop improved 
hybrids distributed to farmers and cacao accessions on farmers’ fields across the sub-region. 
Microsatellite markers were used to assess genetic diversity in these accessions. In addition 
to the microsatellite studies, some studies were also carried out to determine variation in 
agro-morphological and phenotypic characteristics of cacao germplasm in farmers and 
genebank collections.  

6.1 Cameroon (Efombagn et al., 2006; Efombagn et al., 2008; Efombagn et al. 2009) 

In their study of some 194 cocoa accessions collected in farms in Southern Cameroon during 
field surveys (Plate 1 d) and 71 Trinitario and Upper Amazon clones available in genebank 
collections on-station were assessed using 13 SSR markers. The gene diversity, genetic 
differentiation and genetic similarities were analyzed for the different populations. In total, 
282 alleles were detected within all the populations studied (Plate 1c). The farm accessions 
were strongly differentiated based on their geographical origin, with accessions coming 
from the East province clustering together with local Trinitario accessions from the 
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genebank while accessions from the Centre-South provinces clustered with Amazon and 
hybrid accessions (Plate 1b), suggesting greater uptake of seed garden materials in farms in 
these provinces. The genetic diversity parameters indicate that the farmers’ planting 
material was not highly diverse, but genetically close to parental genotypes available in 
genebanks (Plate 1a and 1c). However, some promising Upper Amazon clones (T-clones) 
that have also been used as parents of released hybrid varieties were genetically distant 
from the accessions. Their result suggested that the progenies of the Upper Amazon parents 
have so far been poorly used in the cocoa farms surveyed. A large genetic diversity was 
observed in the farm (Hnb = 0.34 – 0.72) and genebank (Hnb  = 0.64 – 0.66) materials (Plate 1c). 
The large variability observed in farmer plantations was attributed to the large variation of 
first cocoa introductions (Bartley 2005), and the introduction of UA germplasm in the 1950’s 
with its subsequent use in the cocoa breeding program. They also observed a higher private 
allelic richness in farm genotypes (Ap= 2.03) than those of SNK (Selection of Nkoemvone), 
ICS (Imperial College Selection), T (Trinidad) and UPA (Upper Amazon) clones. This 
indicated that farm accessions also harbor some genes that are not present in current 
national field genebanks. Evidence were found of admixture in farmers’ fields which must 
have been due to hybridization (in seed gardens) and to substantial natural recombination 
in farmers’ fields. Also, since farmers tend to use seeds issued from open pollination in their 
plantations for new plantings (replacement of dead cacao trees, extension or the creation of 
new cacao farms), these must have resulted in the presence of admixture as observed in 
these materials. Surprisingly however, was the observation that there was no relationships 
between the ‘Criollo’ reference materials with cacao accessions collected from farmers 
plantations (Plate 1a).  

In a study to determine morphological diversity existing in cacao farms in relation to genetic 
diversity in gene bank accessions a total of 300 farm accessions (FA) were selected in the two 
major cocoa producing areas (Southern and Western) of Cameroon. Seventeen quantitative 
and qualitative descriptors used in this study were related to leaf (flush colour), flower 
(ligule colour), pod (weight, length, width, apex form, shape, rugosity, colour, husk 
hardness, basal constriction and pod index) and seed (number, length, width, dry weight 
and colour) characters. For the qualitative characters evaluated, considerable morphological 
variation was observed using the Shannon Weaver diversity index (SWDI) within FA and 
gene bank accessions. Among the FA, a differentiation between southern and western 
regions was only possible when using quantitative pod traits. Mean quantitative traits 
values of FA were not too different than those of most gene bank AGs, except for a few traits 
of agronomical interest (seed weight and pod index). No significant variation was observed 
for seed traits in all FA groups (southern/western). The morphological structure 
(quantitative traits) showed spatial differentiation between western and southern FA and a 
closer relationship between gene bank and some farm accessions.  

6.2 Cote D’Ivoire (Pokou et al., 2009; Tahi et al., 2008) 

Since the introduction of the ‘Amelonado’ type in 1880 that was widely cultivated in cocoa 
growing regions (Plate 2a), the first step at genetic improvement of the locally available 
germplasm took place with mass selection of ‘better’ types in local farms between 1947 and 
1958. Mostly due to low genetic variability available in local types as is the case in other 
West African countries, the Upper Amazon Forastero types were introduced in 1954. This  
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Plate 1. a. A scatter plot showing genetic structure of planting materials in farmers and 
genebank materials in Cameroon; b. Spatial genetic differentiation between farmers 
accessions in central and south provinces from accessions in eastern province of Cameroon; 
c. genetic diversity indices of farmers and genebank accessions of cocoa in Cameroon; d. 
locations of cacao accessions collected within cocoa producing area of Cameroon used for 
the study (Source: Efombagn et al., 2006; Efombagn et al., 2009). 
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culminated in the development and distribution of selected hybrids between from the 1960s. 
However, much impact was made with the distribution on the hybrids developed and 
distributed in 1975 (Besse, 1975). In a survey conducted recently, it was shown that 71 % of 
materials grown on farms were locally selected ‘Amelonado’ type, 23 % selected improved 
hybrid types, while 6 % of the farms were grown with a mixture of local and improved 
types (Plate 2c).  
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Plate 2. a. Cocoa producing regions in the humid forest of Cote d’Ivoire; b. genetic diversity 
in cacao accessions in farmers fields in Abengourou (green vertical lines) in relation to seed 
garden materials (red vertical lines); c. genetic diversity in cacao accessions in farmers fields 
in Divo (green vertical lines) in relation to seed garden materials (red vertical lines); d. 
distribution of different cacao types present in farmers fields in Cote d’Ivoire.  

In a study conducted between 2003 and 2005 (Pokou et al., 2009), 12 microsatellites (simple 
sequence repeats marker) were used to asses genetic diversity of cacao types. Results 
showed considerable diversity in farmers accessions reflecting largely hybridization 
between local Amelonado types and Upper Amazon types distributed in the 1970s (Plates 
2b & 2c). However, a significant proportion of diversity in seed garden materials was yet to 
diffuse to the farms indicating that farmers still largely used their own ‘selected’ materials 
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against those developed in research institutions. A further analysis was carried of the 
reciprocal recurrent selection programme set up in 1990. This involved two main genetic 
groups: Upper Amazon Forastero (UA) and a mixture of Lower Amazon Forastero (LA) and 
Trinitario (T). Based on data obtained from 12 microsatellite primers, the genetic diversity 
and genetic distances of the parental populations used in the first and second selection 
cycles are presented. The results revealed that the diversity of populations UA0 and UA1 on 
the one hand and (LA+T)0 and (LA+T)1 on the other is similar. The genetic distances were 
small between the parental populations used for the first and second cycles. Genetic 
diversity was greater in the UA group than in the LA+T group. The number of rare and of 
private alleles was reduced for both genetic groups, as well as the number of the frequent 
alleles in the LA+T group.  

6.3 Ghana (Opoku et al., 2007) 

In order to assess the genetic diversity of cacao types grown, some 377 accessions including 
farmers' accessions,  breeders' collection and parental clones were collected from all cocoa 
growing regions of Ghana (Plate 3a), and analyzed using 17 microsatellite markers. Genetic 
diversity indices indicated that average gene diversity was high in all populations, with 
mean observed heterozygosity of 0.738 (Plate 3b). Although the highest was recorded in 
accessions from breeders' and parental collections, genetic diversity in the farmers' 
collection was comparatively high. Included in the study were a few extant trees among one 
of the earliest Tetteh Quarshie's introduction in the late 19th century.  
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against those developed in research institutions. A further analysis was carried of the 
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Plate 3. a. Cocoa regions of Ghana indicating sites of cacao accessions collection (dots); b. 
Table of genetic diversity indices in cacao form the different regions and germplasm 
collection; c. Relationships among cacao accessions in the different regions and field 
genebank accessions 

The cocoa produced at the Tetteh Quarshie farm is of the Amelonado type, which originated 
from Brazil. Results of diversity analysis showed a clear separate clustering of accessions 
from Tetteh Quarshie farm and Aburi garden compared to rest of cocoa populations 
presently grown n Ghana (Plate 3c). These accessions were among the first introductions 
into the country and then spread across the country; however, the results indicated that 
presently these accessions have little or no influence on the current plantings in farmers' 
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fields. Subsequent hybridization with later introductions and adoption of farmers' own or 
newly released improved germplasm might have been responsible for observation made. 
The accessions from Western region clustered separately from those of breeders' collection 
and populations of other regions indicating that the breeders' germplasm had less impact on 
planting materials in the West of the country in comparison with other regions. This proved 
to be in agreement with the historical records that cocoa cultivation in Ghana had spread 
from other adjacent regions to the West. Additionally, the seed gardens from which farmers 
could obtain improved planting materials developed by breeders are fewer in the region 
and are inaccessible due to poor road network. On the other hand, farmers from other 
regions mostly collected seeds from the ‘Seed gardens’. This explained why the farmers' 
collections from these regions clustered with the Breeders' collections. Another interesting 
observation was that the germplasm from Central, Ashanti, Volta, and Eastern regions, 
which constituted the earliest cocoa-growing regions of Ghana, clustered together and 
separately from the Parental clones and Breeders' collection, whereas the accessions from 
Brong Ahafo region clustered with the Breeders' collections. This showed that most of Brong 
Ahafo plantings were done at the time when the “Series II hybrids” had been developed and 
were popular in the country. Most farmers in this region might have used those varieties as 
planting material. However, in the case of the other regions, a substantial number of farmers 
had, in addition to breeders' varieties, used materials from their own farms or other 
neighboring sources. 

6.4 Nigeria (Aikpokpodion 2007; Aikpokpodion et al., 2009; Aikpokpodion 2010; 
Aikpokpodion et al., 2010) 

In a recent study, 12 microsatellite markers were used to determine genetic diversity in 574 
accessions representing eight groups covering parental populations in West Africa, 
genebank, and farmers’ accessions collected from cocoa growing regions of Nigeria (Plate 
4a). From this study, it was shown that appreciable genetic diversity was present in on-farm 
and field genebank collections. A total of 144 alleles were detected in these accessions with a 
mean allelic richness of 4.39 alleles/ locus. The largest genetic diversity was found in the 
Upper Amazon parent population (Hnb=0.730), followed by the 1944 Posnette’s Introduction 
(Hnb=0.704), and was lowest in the Local parent population (Hnb=0.471). Gene diversity was 
appreciably high in the farmers’ populations (Hnb=0.563– 0.624); however, the effective 
number of alleles was lower than that found in the genebank’s Posnette population. Fixation 
index estimates indicated deficiency of heterozygotes in the Upper Amazon and the Local 
parent populations (Fis=0.209 and 0.160, respectively), and excess of heterozygotes in the 
Trinitario parent population (Fis=−0.341). The presence of inbreeding in the Local parent 
populations and substructure (Wahlund effect) in the Upper Amazon were suggested for 
the deficiency of heterozygotes observed. In Nigeria, restricted gene flow and spatial 
differentiation was evident in cacao varieties grown by farmers in Nigeria (Plate 4b). Cacao 
trees grown on farmers’ fields in southwestern and mid-western Nigeria are mainly hybrids 
of the Upper Amazon and the local Amelonado varieties, while the local Amelonado variety 
predominates in southeastern Nigeria (Plate 4c).The non-significant genetic differentiation 
observed between the genebank’s and farmers’ populations indicated significant impact of 
national breeding programs on varieties grown in farmers’ plantations (Plate 4c). Results 
also showed that a small proportion of the genetic diversity available in field gene banks at 
the Cocoa Research Institute of Nigeria (CRIN) had been used to develop improved varieties 
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in the Institute’s cacao breeding programs and that ‘Scavina’ and ‘Imperial Mixed 
Calabacillo’ cacao varieties of the Upper Amazon Forastero have not been significantly 
utilized in Nigerian cacao breeding programs. Population structure analysis cacao types 
grown in farmers’ fields showed that the Upper Amazon Forastero constitute 66 % of cacao 
grown, Amelonado made up 24 %, Trinitario accounted for 6 % while other types made up 4 
% of cacao grown (Plate 4d). Large number of alleles were found in the farmers’ populations 
(7.67–9.00), and compared with the number recorded for the genebank’s collection, although 
the effective number of alleles (4.49–4.80) was lower than in Posnette’s population (5.65). 
This situation is encouraging as it indicated that genetic diversity held in farmers’ collection 
in commercial plantations is much greater than, and showed a major shift from, what it was 
since introduction in the late nineteenth century till the 1950s when the highly uniform local 
Amelonado cocoa was predominant on the field. We can conclude from the molecular data 
used in this study that there has been a significant variety replacement of the Amelonado 
cacao grown on fields in West Africa with Upper Amazon and Amazon × Amelonado 
hybrids. 

In a study to determine phenotypic variation among cacao grown in Nigeria, 17 agro-
morphological traits were studied in 184 accessions collected from farmers’ fields (138) and 
field genebank collections (46). Fruit and bean traits of Upper Amazon Forasteros observed 
in farmers’ accessions provided evidence of a shift from previously grown local ‘West 
African Amelonado’ from the Lower Amazon Forastero population. The large variation 
observed in this study for cacao grown by farmers indicated a high level of heterogeneity 
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Plate 4. a. Sites of cacao germplasm collection(red dots) in cocoa producing region of 
Nigeria; b. Relationships showing spatial differentiation among cacao accessions collected in 
farmers’ fields in ideal climate (yellow), ideal soil (blue) and marginal climate (white) 
conditions in Nigeria; c. Relationships between farmers and field genebank  cacao accessions 
in Nigeria; d. Population structure indicating cacao types grown on farmers fields in 
Nigeria. 
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in materials maintained on-farm. The low percentage of fruit traits that are typical of 
‘Amelonado’ and ‘Trinitario’ types provides some evidence of variety replacement of ‘West 
Africa Amelonado’ (WAA) cacao types in farmers’ fields with Upper Amazon-derived 
types. This showed a radical shift from the situation preceding the 1950s, when uniform 
‘Amelonado’ cacao types were mainly grown. This would have resulted from the use Upper 
Amazon-derived cacao varieties distributed to farmers through the seed gardens. Significant 
variation observed for bean and fruit characteristics among cacao accessions in this study 
also indicated the importance of on-farm collections as a valuable reservoir of genetic 
diversity. Some of these traits are of commercial importance and have been used as selection 
criteria by farmers in the choice of parent trees for raising seedlings to make new plantings 
and farm expansion. From this study, the complete absence or slight anthocyanin 
pigmentation on the ridge of the mature fruit of more than 88% of accessions indicated that 
most of the cacao now grown in Nigeria was apparently derived from the Amazonian 
Forastero origin. The preponderance of ‘Cundeamour’ fruit shape (76%) with slight to 
strong basal constriction (88%), obtuse to attenuate apex forms (95%) and intermediate to 
intense rugosity (86%) showed that, possibly, the Upper Amazon Forastero (UAF) ‘Parinari’ 
population, characterized by pronounced bottleneck, conspicuous apex form and the 
intermediate to intensely warty fruit (Bartley 2005) and to a lesser extent, the ‘Nanay’ 
population, had the most impact on cacao On the other hand, the low percentage (less than 
15%) of red pigmentation in fruits, a trait associated with some ‘Criollo’ populations 
indicated that ‘Criollo’ and red-podded ‘Trinitario’ populations have, at present, only a 
minimal influence on field-grown cacao in Nigeria. 

7. Conclusion 

Cocoa beans either as export commodity or processed into cocoa products remain a 
significant revenue earner for the government and a veritable means for livelihood 
sustenance for the people of West and Central Africa. It was therefore pertinent to 
determine the extent of genetic diversity in this crop in order to safeguard, not only the 
livelihood of the people and revenue base of the government, but also the multi-billion 
dollars industry of processing and consuming countries. From results obtained in recent 
studies, the presence of appreciable genetic diversity in farmer-grown cacao indicated that 
there is enough resilience in the cacao types now grown in West and Central African 
countries to withstand any major disease outbreak, which may constitute a serious threat to 
the cocoa industry. This is in contrast to the situation in the 1930s and 1940s, when, due to a 
small range of genetic variability in materials grown in farms, the Cocoa Swollen Shoot 
Virus almost ruined the industry. At that time, more than 20 million trees were cut down as 
a control measure. The outbreak of Witches’ Broom disease in the late 1980s in Brazil 
provides a recent example of how disease attack can affect farmers’ livelihoods and the 
cocoa industry. The outbreak led to a drop in cocoa production from 380,000 tons per year 
(at that time Brazil was the world’s second largest cocoa producer) to 90,000 tons in the late 
1990s, when cocoa actually had to be imported. The presence of some private alleles in 
farmers’ population also gives an opportunity to select useful recombinants on the field that 
have shown greater adaptation and possibly accumulated genes for resistance to prevalent 
diseases such as Phytophthora pod rot, mirid attack (Sahlbergella singularis and Distantiella 
theobromae), and abiotic stress (e.g., drought). Restricted gene flow and spatial differentiation 
as observed in Cameroon, Cote d’Ivoire, Ghana and Nigeria indicated the existence of 
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inefficient seed delivery systems in some cases, which are not extending the benefits of 
improved varieties developed by researchers to farmers. There is a need, therefore, for the 
establishment of a functional and efficient seed delivery system to facilitate farmers’ easy 
access to improved planting materials.  

These studies revealed that research efforts to develop improved varieties over the years 
have been limited to a narrow range of diversity present in germplasm collections. This, in 
turn, has limited the gains that would have been made from utilizing useful attributes, such 
as resistance genes against Phytophthora pod rot disease in the Scavina variety and the large 
bean size of the Iquitos Mixed Calabacillo variety. This information is useful for future cocoa 
breeding efforts and a guide for future germplasm introduction. This knowledge is also 
important to enable the development of appropriate breeding strategies to improve planting 
materials, with particular attention to the integration of available genetic diversity into 
future cocoa improvement programmes. However, the discontinued use of the Amelonado 
cocoa by farmers have significant implication for the conservation of this stock, some of 
which are completely homozygous at all loci used in this study. It is hereby suggested that 
conservation strategies should be developed to preserve the local Amelonado landraces in 
order to exploit their useful values in future breeding programs.  

Although useful information have now been obtained on genetic diversity in the major 
cocoa producing (Cameroon, Cote d’Ivoire, Ghana and Nigeria) West and Central African 
countries, much information is still needed on the genetic diversity situation in other 
countries in the region and others such as Eastern and Southern African countries. For 
instance, information on genetic diversity in Sao Tome & Principe island and Fernando Po 
(Bioko) in Equatorial Guinea, the earliest places of cocoa introduction in Africa will be 
useful to determine the sources of many private alleles that were found in farmers 
accessions but absent in field genebanks. It is also very important to capture the diversity 
that might be present in order to exploit these for benefits of the ever increasing 
sophistication of the cocoa market including ‘origin’ and ‘specialty’ emphasis of the 
consumers. It will be very useful if funding could be made available to determine the 
genetic diversity of cacao types in Madagascar, Malawi, East African countries such as 
Tanzania and Uganda in addition to the rest West and Central African countries. This is 
because a thorough knowledge of genetic diversity in on-farm and field genebanks, 
particularly in an introduced crop species as cacao is crucial to the utilization of the 
genetic resources available. This will also be important for the sustainability of the global 
cocoa industry.  
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1. Introduction 
Citrus is the most produced fruit in the world with over the 116 million tons of production 
(FAO, 2009). Besides, citrus is an extremely important crop on a world-wide basis, and is 
grown wherever the climate is suitable. It is widely grown in most areas with suitable 
climates tropical, subtropical, and borderline subtropical/temperate (Kahn et al., 2001). 

The genus Citrus L. belongs to the subtribe Citrineae, the tribe Citreae within the subfamily 
Aurantioideae of the Rutaceae family (Webber, 1967). The Aurantioideae is one of seven 
subfamilies of Rutaceae which consists of two tribes and 33 genera. Each of tribes 
Clauseneae and Citreae is composed of three subtribes. Clauseneae includes Micromelinae, 
Clauseninae and Merrillinae, and Citreae has Triphasiinae, Citrinae and Balsamocitrinae. 
The Citrinae is distinct from all the other subtribes in the subfamily by having pulp vesicles 
in the fruit. This subtribe contains three groups; primitive citrus fruit, near citrus fruit, and 
true citrus fruit trees. True citrus fruits have six genera: Clymenia, Eremocitrus, Microcitrus, 
Poncirus, Fortunella and Citrus (Swingle & Reece, 1967).  

Most of genus including Citrus belongs to subfamily Aurantioideae originated from 
Monsoon regions and expand from West Pakistan to China, India islands, Northwest 
Australia, New Guinea. In this subfamily, four of 33 genus (Afraegle, Aeglopsis, 
Balsamocitrus and Citropsis) native to tropical Africa an one genus (Clausena)  native to 
Monsoon and tropical Africa. Besides, Microcitrus and Eremocitrus originated from 
Australia (Ulubelde, 1985). 

Spreading citrus to other parts of the world goes back to B.C. The first species reached to 
Europe was citron. This species brought to Iran by Persian and then spreaded to Europe. 
Sour orange and lemon were brought to Europe by the Romans through trades in first and 
second century A.D. A mosaic tile floor found in a Roman villa at Carthage, probably of 
the second century A.D., shows recognizable branches of citron and fruit-bearing lemon 
trees. Although there is still no consensus on the definitive homeland of lemon, this 
species have been described and it’s name pronounced as ‘li-mung’ in resources books 
writtened by Fan Ch'eng-Ta ve Chou K'ü-Fei in 1175 and 1178 A.D. By 1150 A.D. the 
Arabs had brought citron, sour orange, lemon and pummelo into North Africa and Spain. 
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In the written sources, sweet orange did not seem to had been widely cultivated until 
toward the middle of the fifteenth century. Portuguese succeeded in rounding Southern 
Africa soon brought better sweet oranges from India or Far East to Europe. By the 
beginning of the sixteenth century, there was abundant evidence showing that it had 
become well established and becomecommercially important in southern Europe. The 
mandarin, native to China was brought to Europe in 1805. Firstly it came to England and 
then spread to Malta, Scily and Italy. The pummelo or shaddock in its journey to Europe 
apparently followed about the same path as the sweet and sour oranges. It is notified that 
the seed of shaddock was first brought to Barbados by Captain Shaddock. The grapefruit, 
which probably originated as a mutation or sport from the shaddock, was first described 
under the name ‘forbidden fruit’ by Griffith Hughes in 1750 from Barbados. From Europe 
citrus spread to the New World firstly by Columbus in 1493 and then continued (Webber, 
1967; Scora, 1975). 

Citrus taxonomy and phylogeny are very complicated, controversial and confusing, mainly 
due to sexual compatibility between Citrus and related genera, the high frequency of bud 
mutations and the long history of cultivation and wide dispersion (Nicolosi et al., 2000). In 
addition, the level of difference in relation to species status in Citrus is uncertain. Citrus 
taxonomy was based on mainly morphological and geographical data in the past and many 
classification systems have been formulated. Two of these systems suggested by Swingle &  
Reece (1967) and Tanaka (1977) have been the most widely accepted. The number of 
recognized species is the major difference between two systems. Swingle recognized 16 
species in the genus Citrus, whereas Tanaka (1977) recognized 162 species. Scora (1975) and 
Barrett & Rhodes (1976) suggested that there are only three ‘basic’ true species of Citrus 
within the subgenus Citrus as follow: citron (C. medica L.), mandarin (C. reticulata Blanco), 
and pummelo (C. maxima L. Osbeck). Later, Scora (1988) added C. halimi as another true 
species. Other cultivated species within Citrus were derived from hybridization between 
these true species or closely related genera followed, mainly, by natural mutations. Recently, 
this thesis has gained support from various biochemical and molecular studies (Federici et 
al., 1998; Nicolosi et al., 2000; Barkley et al., 2006; Uzun et al., 2009a). Elucidating 
relationships, taxonomy, and diversity is important for developing breeding strategies, 
conserving biodiversity, and improving breeding efficiency. Also understanding genetic 
variability in citrus is critical for characterizing germplasm, controlling genetic erosion and 
the registration of new cultivars (Herrero et al., 1996; Barkley et al., 2006). 

Use of molecular markers has more advantages than that of morphologically based 
phenotypic characterization, because molecular markers are generally unaffected by 
external impact. It is possible to compare  accessions of a collection at any time of year using 
molecular markers, while phenotypic characteristics can be influenced by environmental or 
cultural affects (The Citrus and Date Crop Germplasm Committee, USA,CDCGC, 2004). 
Regarding to germplasm management molecular characterization has a number of 
applications such as relationships between accessions, characterizing newly acquired 
germplasm, monitoring shifts in population genetic structure in heterogeneous germplasm, 
exploiting associations among traits of interest and genetic markers and genetic 
enhancement (Bretting and Widrlechner, 1995, as cited in The Citrus and Date Crop 
Germplasm Committee, USA, CDCGC, 2004). 
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In the present study, we summarized genetic variations and relatioships among citrus 
species and cultivars mostly cultivated. While preparing this, many studies were 
overrewieved to better explain citrus diversity. Better understanding genetic relation in 
citrus offer more opportunities to conservation and evaluation of genetic resources. It is also 
important for citrus researcher and breeders to arrange their future studies. 

2. A general view of genetic relationships among cultivated citrus species 
It is suggested that the cultivated citrus derived from the three true species, citron, 
pummelo, and mandarin (Barrett & Rhodes, 1976). These three species reproduce sexually 
and if different cultivars within the species are intermated, the progeny are similar to their 
parents. The other important types (orange, grapefruit, lemon, and lime) are believed to 
have originated from one or more generations of hybridization between these ancestral 
genera. Most of the cultivars of orange, grapefruit, and lemon are believed to have 
originated from nucellar seedlings or budsports. Currently citrus fruits have high level of 
morphologic variations and various fruit characteristic because of inter and intraspecific 
interaction (Fig 1). Consequently, the amount of genetic diversity within these groups is 
relatively low, in spite of there being many named varieties. Conversely, mandarins, 
pummelos, and citrons have higher levels of genetic diversity since many of the cultivars 
have arisen through sexual hybridization (The Citrus and Date Crop Germplasm 
Committee, USA, CDCGC, 2004). 

 
Fig. 1. Citrus fruits have distinct fruit characteristics. 
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Relationships among citrus species was invastigated previously. In a recent study, citrus 
accessions were divided into two large groups. The first group  included citron, lemon, lime, 
rough lemon, with a similarity value of 0.60 from other Citrus species (Uzun et al., 2009a). 
The similar results were reported in previous studies (Federici et al., 1998; Nicolosi et al., 
2000; Barkley et al., 2006). Citron was one of the progenitor of lemons (Nicolosi et al., 2000; 
Gulsen & Roose, 2001). It was reported that lemons were thought to be natural hybrids of a 
citron and a lime (Scora, 1975; Barrett & Rhodes, 1976) or a hybrid of citron and sour orange 
(Nicolosi et al., 2000; Gulsen & Roose, 2001). Limes are apparently hybrids of citrons and 
papedas (Scora, 1975) or a tri-hybrid cross of citron, pummelo, and  Microcitrus, and  had 
the highest observed heterozygosity of all the taxonomic groups (Barrett & Rhodes, 1976; 
Nicolosi et al., 2000; Barkley et al., 2006). Rough lemon was reported as hybrid of mandarin 
and citron (Scora, 1975). C. volkameriana  was clustered with rough lemon as in the RAPD 
and SCAR study, and reported as a hybrid between citron and sour orange (Nicolosi et al., 
2000).This finding supports the citron as major progenitor of some commercial citrus 
cultivars such as all ‘true’ lemons, limes  and rough lemon. 

Sweet orange, mandarin, sour orange, pummelo and grapefruit nested in same large group 
in previous study (Uzun et al., 2009a). This group separated two subgroup at similarity level 
of 0.64. The first subgroup included sweet oranges, mandarins and sweet oranges were 
separated from mandarins at 0.78. Parental sweet orange tree was a hybrid of pummelo and 
mandarin (Scora, 1975; Barrett & Rhodes, 1976), which was later supported by Nicolosi et al. 
(2000). Barkley et al. (2006) suggested that sweet orange has a majority of its genetic makeup 
from mandarin and only a small proportion from pummelo. The second subcluster included 
pummelo, grapefruit and sour orange. In this subcluster, pummelos and grapefruits were 
separated from sour oranges with a similarity value of 0.68. Pummelos and grapefruits 
showed a similarity level of 0.83. Grapefruit  was reported as a hybrid of pummelo and 
sweet orange (Barrett & Rhodes, 1976; Nicolosi et al., 2000), and all grapefruit cultivars 
originated from single parent through mutations (Corazza-Nunes et al., 2002). Pummelo 
was indicated as one of the ‘true basic species’ in cultivated Citrus (Barrett & Rhodes, 1976). 
On the other hand, sour orange was reported as a hybrid of mandarin and pummelo in 
previous studies (Barrett and Rhodes, 1976; Barkley et al., 2006; Abkenar et al., 2007). 

‘Rangpur’ lime (C. limonia) and bergamot (C. bergamia) were nested in the same branch 
and closely related to sour orange (Uzun et al., 2009a). Sour orange was reported as a 
hybrid of mandarin and pummelo in previous studies (Barrett & Rhodes, 1976; Barkley et 
al., 2006; Abkenar et al., 2007). Low level of genetic variation was found among sour 
oranges (Uzun, 2009). On the other hand, there was no polymorphism  in sour oranges 
based on leaf isozymes (Torres et al., 1978) and SSR markers (Luro et al., 2000). Torres et 
al. (1978) reported that ‘Rangpur’ lime is quite different morphologically and 
genotypically from limes and was listed under C. reticulata. Nicolosi et al. (2000) indicated 
that ‘Rangpur’ was a hybrid of citron and mandarin and clustered with the citrons. 
According to Barkley et al. (2006), Webber (1943) believed that rangpurs were more 
similar to mandarins therefore, the origin and parentage of the rangpurs has been unclear, 
but they have generally been classified with mandarins in most previous studies. 
Hodgson (1967) suggested origin of bergamot was obscure, but probably related to sour 
orange. This accession was identified as a hybrid of citron and sour orange (Nicolosi et al., 
2000) and clustered with sour orange (Federici et al., 1998). 
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mandarin (Scora, 1975; Barrett & Rhodes, 1976), which was later supported by Nicolosi et al. 
(2000). Barkley et al. (2006) suggested that sweet orange has a majority of its genetic makeup 
from mandarin and only a small proportion from pummelo. The second subcluster included 
pummelo, grapefruit and sour orange. In this subcluster, pummelos and grapefruits were 
separated from sour oranges with a similarity value of 0.68. Pummelos and grapefruits 
showed a similarity level of 0.83. Grapefruit  was reported as a hybrid of pummelo and 
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3. Genetic diversity in orange 

In the cultivated citrus, sweet orange (C. sinensis L. Osbeck) originated as a  natural hybrid 
between mandarin and pummelo (Barrett & Rhodes, 1976), showed low level of genetic 
diversity according to lots of previous studies (Luro et al., 1995; Novelli et al., 2000; Novelli 
et al., 2006; Uzun, 2009). It is notified that most of sweet oranges obtained by mutation from 
one ancestor tree. So despite of differences in morphological characters, genetic variation of 
sweet orange was low (Fang & Roose, 1997). 

In recent study carried out using large amount of orange showed that there was high level of 
genetic similarity in oranges (Uzun, 2009). Similarity level of 250 orange accessions varied 
between 0.86 and 1.00. ‘Chironja’ was the most distant cultivar with 0.86 of similarity because 
of it derived from zygotic origin. This cultivar considered as a hybrid of orange and grapefruit 
and originated to Puerto Rico. Also it has large fruit and light yellow rind color (Fig. 1) 
(Hodgson 1967). Ambersweet had zygotic origin also separated clearly from other oranges. It 
is notified that this cultivar was a hybrid between a genotype obtained ‘Orlando’ tangelo X 
Clementine mandarin and unknown oranges (Jackson & Futch, 2003). Genetic similarity of all 
of other oranges was over 0.98 and some of them were identical. In this group there were 
many common orange cultivars and clones such as, many ‘Washington Navel’, ‘Valencia’ , 
‘Moro’, ‘Shamouti’, ‘Pineapple’, ‘Parson Brown’, ‘Salustiana’, ‘Sanguinello’, ‘Tarocco’ and 
‘Yafa’ clones introduced from other countries or selected in Turkey. On the other hand, lots of 
Turkish orange cultivars and clones for example, ‘Agma’, 'Alanya Dilimli’, ‘Dortyol Yerli’, 
‘Kozan Yerli’, ‘Sultanhisar Yerli’, also were existed in that group. Same results also reported in 
other studies. Barrett & Rhodes (1976) notified variations in orange, lemon, grapefruit and lime 
based on mutations occurred on one ancestor tree. Roose (1988), reported it was difficult to 
distinguish cultivars originated mutations using isozyme markers. Low level of 
polymorphism in orange also found with ISSR (Fang & Roose, 1997), SSR (Luro et al., 2000;  
Novelli et al., 2006), SRAP (Uzun et al., 2009a). On the other hand, no variation found in 
studied oranges in some researchs (Orford et al., 1995; Qing-Qin et al., 2007).  

Orange cultivars are classified into four groups: common, low acidity, pigmented and navel 
oranges (Hodgson, 1967, as cited in  Novelli et al., 2006). It is indicated despite the existence 
of substantial diversity among cultivated genotypes in respect of morphological, 
physiological and agronomic traits, very little DNA variation has been detected using DNA-
markers (Novelli et al., 2006). Same researcher found low level of genetic polymorphism 
among 41 orange cultivars. Similarity level of oranges varied between 0.96 and 1.00 and 
most of them were identical. They notified that sweet oranges have a narrow genetic basis 
and that most morphological characters originated through mutations, and clonal 
propagation of sweet oranges is the case for the majority of citrus species ((Herrero et al., 
1996; as cited in Bretó et al., 2001). Fang & Roose (1997) used ISSR markers to differentiate 41 
samples of orange belongs to three groups, Valencia, blood and navel based on fruit traits. 
All of these cultivars found almost the same ISSR fingerprints. This notified as majority of 
sweet orange cultivars derived from a single ancestor by mutation. However, some cultivar 
distinguished from others. Among the seven Valencia orange cultivars, only ‘Midknight’ 
differed from the other Valencias. Among the blood oranges, four of the five cultivars 
showed unique fingerprints for 1-3 fragments which distinguished them from all other 
sweet orange cultivars. Also 9 of 21 navel oranges had unique fingerprint patterns. Two 
Parent ‘Washington’ and  ‘Navel’ samples obtained from different locations differed. It is 
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explained as only case in which replicate samples of the same cultivar from different locations 
had different ISSR fingerprint patterns. It is indicated this result suggests that mutation 
occurred in at least one of them although horticultural traits are not known to between them 
(Fang &Roose, 1997).  In other study, it was found identical microsatellite profiles at 9 out of 10 
SSR loci among analyzed orange cultivars and clones (Hvarleva et al., 2008). For one locus 
‘Frost Valencia’ and ‘Shekeriko’ acidless local Cyprus orange were discriminated from 
‘Shamouti’, ‘Jaffa’, ‘Valencia long’ and ’Aematousiki’ oranges. Researchers also investigated 
high level of similarity of genotypes, cultivars and clones is in contrast with the observed 
phenotypic variability among them (Fig. 2), indicating that the local cultivars were possibly 
derived through mutations which are not detectable by the used SSRs or they are clones of the 
same original cultivars. This is in accordance with the view that most of the orange cultivars 
were derived through mutations which affect mostly fruit traits.  
 

 

 
 

Fig. 2. Fruit image of ‘Chironja’ (top) and ‘Moro’ (bottom) orange cultivars showed 
phenotypic variation among oranges( from Uzun, 2009). 
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4. Genetic diversity in mandarin 
Mandarin was considered as one of the true citrus species (Barrett & Rhodes, 1976) and this 
idea supported by following researches (Nicolosi et al., 2000; Barkley et al., 2006; Uzun et al., 
2009a). Mandarin group has great amount of cultivars and some of them originated from 
hybridization and the others derived from mutation. So, in the mandarins obtained from 
hybrid origin there was clear genetic variation. On the other hand, low level of diversity 
observed in the cultivars occurred by mutation such as Satsuma and Clementine groups 
(Breto et al., 2001; Barkley et al., 2006; Uzun et al., 2011a).  

In the recent study carried out with SRAP markers, mandarins separated two large groups 
at similarity level of 0.79 (Uzun, 2009). Satsuma and Clementine mandarins was nested in 
different groups. ‘King’ mandarin (Citrus nobilis Loureiro) late maturing and has large fruit 
cultivar found closely to Satsuma group. It was also reported by Coletto Filho et al. (1998) 
that genetic similarity among mandarins was over 0.77 and Satsuma and ‘King’ nested in 
the same gruop. Nicolosi et al. (2000) found that Satsuma and King closely related according 
to their RAPD and SCAR data. ‘Kara’ reported as a hybrid from ‘Owari’ Satsuma X ‘King’ 
(Hodgson, 1967),  grouped closely to Satsuma mandarins according to SRAP data (Uzun, 
2009). Low level of genetic variation found in most Satsumas and similarity level of nearly 
50 accessions was over 0.98. They separated several group including 2-15 accessions and 
there was no genetic differences into the each groups. In the another study, there was no 
variation among the 16 Satsuma mandarin and it was notified these genotypes obtained 
from mutations. In the same way, Fang and Roose (1997), found no differences in five 
Satsuma cultivars and Barkley et al. (2006), reported nearly all cultivars in the Satsuma 
group originated from mutations and they had same genetic construction. Hodgson (1967), 
classified Satsuma as seperate group in the mandarins and notified that Satsuma naming as 
Citrus unshiu Markovitch. Also same researcher reported Satsuma was a nonstable group 
and lots of cultivars and genotypes had been occurred by variations in this group.  

In citrus many economically important genotypes are obtained from hybridization. In the 
mandarin group there are lots of hybrid accessions derived from mandarin x mandarin, 
mandarin x pummelo (as tangelo), mandarin x orange (as tangor) or mandarin x tangelo. 
According to SRAP data, all tangelos and tangors closely related to mandarin instead of 
orange and pummelo (Uzun, 2009). On the other hand, ‘Ellendale’, ‘Ortanique’, ‘Mandora’, 
‘Lake’ tangelo, ‘Orlando’ tangelo (Fig. 3.), ‘Thornton’, tangelo, ‘Seminello’ tangelo, ‘Sampson’ 
tangelo and ‘Robinson’ and ‘Nova’ mandarins (both cultivars are result of Clementine X 
Orlando) grouped closely. ‘Ortanique’ and ‘Mandora’ were nearly identical and these cultivars 
were showed as synonym (Cottin, 2002). On the other hand, ‘Ortanique’ was reported as a 
natural hybrid between orange and mandarin (Hodgson, 1967). Also ‘Robinson’ and ‘Nova’ 
shared same parents had the high level of similarity. ‘Dancy’ mandarin separated clearly from 
other mandarins and nested alone in the dendrogram obtained by SRAP data (Uzun, 2009). 
According to Hodgson (1967), this cultivar classified as a species by Tanaka (1954) and 
originated from India. ‘Tankan’, ‘Ponkan’, ‘Minneola’ tangelo (Fig. 3.), ‘Batangas’, ‘Swatow’ 
nucellar and ‘Fuzhu’ grouped closely. ‘Ponkan’ and ‘Batangas’ were notified as a synonym 
(Cottin, 2002). Besides, ‘Tankan’ was reported as hybrid of mandarin and orange (Coletta Filho 
et al., 1998). Other cultivars have hybrid origin that ‘Fremont’, ‘Kinnow’ and ‘Murcott’ were 
nested together. ‘Fremont’ obtained from crossing of ‘Clementine’ X ‘Ponkan’ and ‘Murcot’ 
known as hybrid of mandarin and orange (Hodgson, 1967). ‘Sunburst’, ‘Fairchild’, ‘Encore’ 
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and ‘Bower’clustered in same small group (Uzun, 2009). Also ‘Sunburst’ and ‘Fairchild’found 
as closely related and clustered same group in other study (Barkley et al., 2006). ‘Fairchild’ was 
a hybrid of ‘Clementine’ X ‘Orlando’ and ‘Encore’ was a hybrid of ‘King’ X ‘Willowleaf’ 
(Hodgson, 1967). ‘Fortune’ as a hybrid between ‘Clementine’ and ‘Dancy’ (Hodgson, 1967), 
was found more related to ‘Clementine’ instead of ‘Dancy’ (Barkley et al., 2006; Uzun, 2009). 
‘Lee’ as ‘Clementine’ hybrid clustered closely to ‘Clementine’ than other ‘Clementine’ hybrids 
such as ‘Nova’ and ‘Robinson’ (Uzun, 2009).  

 

 
Fig. 3. ‘Minneola’ (top) and ‘Orlando’ (bottom) tangelos have same parentage (hybrid of 
Duncan grapefruit and Dancy mandarin) and contributed to the parentage of the such 
mandarin. 
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Fig. 4. Dendrogram showed relationships among 42 Clementine accessions based on SRAP 
markers (from Uzun et al., 2011a). 

Clementine (Citrus clementina Hort. ex Tan.) was classified as a Citrus species (Tanaka, 1977). 
Currently, this species is one of the most important mandarin hybrid especially in the 
Mediterranean countries due to its good fruit quality and flavour, high yield, easy peeling. 
A lot of Clementine clones with high quality and different maturity time were obtained 
from clonal selection and most of them registered as new cultivars. Bud mutations often 
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arise in Clementine, as it is  the case also for orange and Satsuma mandarin, which are 
generally detected by the growers in branches of trees showing altered horticultural traits, 
such as maturity and flowering time, or fruit characteristics (Breto et al., 2001). Contrasting 
with this diversity for agronomic traits, very low genetic variability has been found in 
cultivated citrus (Fang & Roose, 1997; Federici et al., 1998; Coletta-Filho et al., 1998; Luro et 
al., 2000; Breto et al., 2001; Corazza-Nunes et al., 2002, Uzun et al., 2011a). According to 
recent study carried out with 42 Clementine accession using SRAP markers genetic 
similarity of Clementine mandarins over the 0.96 (Uzun et al., 2011a). As a Turkish selection 
‘Clementine A 64’ seperated from other accessions. The rest of 41 accessions divided two 
groups at 0.99 (A and B). Group A consisted of six Clementine accessions’ selected in Turkey 
and all of them were identical (Fig. 4). Group B included 35 foreign Clementine accessions 
and 34 of them were identical. Only ‘Clementine SRA 87’ was distinguished from others in 
this group. 

In a study (Uzun et al., 2011a) genetic diversity of Clementine accessions was very low and 
most of them were indistinguished. Seven accessions originated in Turkey were separated 
from foreign accessions. Six of seven Turkish selection were identical. Turkish and other 
accessions grouped based on their geographic origin whereas accessions originated from 
other countries such as SRA series from France except ‘Clementine SRA 87’, ‘Fino’ from 
Spain and ‘Algerian Tangerina’ from Algeria, were indistinguished. It can be explained that 
Turkish accessions have low level of polymorphism due to long period of cultivation in 
Turkey without influence of foreign cultivars. It is reported previously that there was 
limited number of polymorphism in Clementine based on RAPD data and it is suggested 
Clementines were genetically similar (Russo et al., 2000). Breto et al. (2001), found low level 
of polymorphism, distinguished only two accessions and notified Clementines are 
vegetatively propagated and the new cultivars are obtained after careful selection of 
spontaneous somatic mutations. Luro et al. (2000) speculated that the microsatellites could 
not distinguish mutation-derived species such as sweet and sour orange, whereas 
polymorphism was detected among lemon and citron cultivars. 

5. Genetic diversity in lemon and relatives (citron, rough lemon,  
C. volkameriana) 
Citron that major progenitor of some commercial Citrus cultivars such as all true lemons 
and rough lemon was reported as one of the “basic” true Citrus species and (Barrett & 
Rhodes 1976; Gulsen & Roose 2001). Lemon (C. limon (L.) Burm. f.) was accepted as a 
species by two important taxonomic systems (Swingle & Reece 1967; Tanaka, 1977), but it 
has been reported as a hybrid by other studies (Barrett & Rhodes 1976; Torres et al., 1978; 
Herrero et al., 1996). Besides, lemon was notified as a hybrid of citron and sour orange (C. 
aurantium L.) in recent studies (Nicolosi et al. 2000; Gulsen & Roose 2001). Most lemons 
have highly similar morphological and biochemical characters, and some are reported to 
have originated by mutation from a single parental lemon tree. Rough lemon (Citrus 
jambhiri Lush) was reported to be closely related with the citrons in previous studies 
(Federici et al., 1998; Nicolosi et al., 2000; Barkley et al., 2006; Pang et al., 2007) and was 
also reported as a hybrid of mandarin and citron (Scora 1975;  Nicolosi et al., 2000; Barkley 
et al., 2006). Citrus volkameriana was reported as a hybrid between citron and sour orange 
(Nicolosi et al., 2000). 
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In a recent study genetic diversity in citron, lemon, rough lemon and C. volkameriana group 
was carried out using SRAP and SSR markers. They  evalutaed 56 accessions were evaluated 
(Uzun et al., 2011b). Similarity level of citrons to other accessions were ~0.70. Four citron 
accessions that ‘Buddhas Hand’ (fingered citron, Fig. 5) , ‘Etrog’ and two Turkish selections 
were distinguished clearly (Fig. 6). Similarly,  Gulsen and Roose (2001), reported that 
similarity level of citron and lemon-rough lemon group was 0.65 based on their ISSR data. 
On the other hand, according to Uzun et al. (2011b), genetic similarity among lemons and 
rough lemon-C. volkameriana group was 0.80. Rough lemons and C. volkameriana were closely 
related. At the same way, C. volkameriana was clustered with rough lemon as in the RAPD 
(Luro et al., 1992) and SCAR (Nicolosi et al., 2000) based studies.  

 
Fig. 5. Fruit shape of ‘Buddhas Hand’ (fingered citron) 

It is reported there was low level of polymorphism among most of lemons derived via 
clonal selection whereas higher genetic diversity was found in lemons which had hybrid 
origin (Uzun et al., 2011b). Genetic similarity of 45 lemons included both mutation and 
hybrid origin was notified between 0.80-1.00 (Fig. 6). The most distinct cultivars were 
‘Ponderosa’ and ‘Song Panache’. ‘Ponderosa’ was suggested as citron like fruits and notified 
as monoembryonic with large fruits and hybrid of citron and lemon (Hodgson 1967; Kahn et 
al., 2001). At the same way, ‘Ponderosa’ was the most distant cultivar from the other lemons 
based on leaf isozyme data (Torres et al., 1978). On the other hand, ‘Song Panache’ lemon 
have similar-shaped fruit as ‘Ponderosa’. Another hybrid origin lemon ‘Meyer’ also 
separated from other lemons based on SRAP and SSR data (Uzun et al., 2011b). This cultivar 
was classified as lemon-resembling fruit by Hodgson (1967). Some Turkish lemons had 
hybrid origin such as ‘Tuzcu 09 Aklimon’ and its selections ‘Tuzcu 896’ and ‘Tuzcu 897’ was 
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distinguished. These lemons were also found as distinct from others in previous studies 
(Aka-Kacar et al., 2005; Uzun et al., 2009b).  

Interdonato’ lemons was clearly separated from others and genetic similarity among 
‘Interdonato’ lemons was very high caused by their mutation origin (Uzun et al., 2011b). 
This cultivar was reported as a hybrid between lemon and citron (Hodgson 1967;  Gulsen 
and Roose 2000). “Interdonato” was found as apart from other lemons in previous studies 
carried out with different marker systems (Deng et al. 1995; Gulsen and Roose 2001).  

 
Fig. 6. Dendrogram showed relationships among citron, rough lemon, C. volkameriana and 
lemons (a; citrons, b: C volkameriana, c: rough lemons, d: lemons; from Uzun et al., 2011b) 
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It is notified that although they were distinguished genetic similarity of most of lemon was 
very high (~0.92-1.00) (Uzun et al., 2011b). Similar knowledge also was allowed by Gulsen & 
Roose  (2001) and they indicated most lemons originated from mutation. This group 
included some lemons from different countries such as ‘Femminello’, Zagara Bianca’, 
Carruboro’, ‘Continella’, ‘Limoneira 8A’, ‘Santa Teresa’, ‘Verna’, ‘Monachello’ and several 
from Turkey that ‘Kutdiken’, ‘Yediveren’, Italian Memeli’, ‘Lamas’, ‘Kibris’. There was high 
level of similarities between Turkish and other lemon accessions and there was no clear 
clustering according to their origin. Although most lemons studied were distinguished, 
diversity level among these lemons was low (Uzun et al., 2011b). 

As an important citrus rootstock sour orange was investigated partly in terms of genetic 
diversity in some studies. Recently, Lombardo et al. (2011) studied genetic variability of eight 
sour oranges using ISSR markers. They found a very low level of genetic variability among the 
cultivars; ‘Canaliculata’ formed a separated cluster with orange, suggesting a probable hybrid 
origin derived from crossing between sour and sweet orange. On the other hand, six sour 
oranges shared the same ISSR fingerprinting pattern not allowing to genetically distinguish 
anyone of them, while morphologically, they are notably different for the peculiar traits of the 
fruit and/or leaves. ‘Crispifolia’ was closely related to the previous six cultivars, suggesting a 
common origin of the group. Authors notified that this very low or absent genetic variability 
could be explained on the basis that these particular characteristics depend from mutations 
that do not varythe DNA length between the simple sequence repeats.  

High level of genetic similarity in sour orange also reported by other researchers. Barrett 
and Rhodes suggested variations in orange, lemon, grapefruit, sour orange and lime based 
on one ancestor tree. Torres at al. (1978) found any differences in 15 sour oranges 
accordingto their leaf isozyme data. Luro et al. (2000) found no polymorphism among 10 
accession of sour orange with SSR markers. Recently, Uzun (2009) also found very narrow 
genetic diversity in sour oranges. Besides sour oranges had hybrid origin such as 
‘Australian’ or ‘Smooth Seville’ were distinguished from other accessions. 

6. Genetic diversity in grapefruit and pummelo 
The grapefruit (C. paradisi Macf.) was notified as a natural hybrid between pummelo (Citrus 
maxima (Burm.) Merr.) and sweet orange (C. sinensis L. Osb). It originates from Barbados in 
the Caribbean islands and was first named as Citrus paradisi Macf. by James Macfedyan in 
1837 (Scora et al., 1982; Scora, 1988). Grapefruits are highly polyembryonic, therefore they 
are of nucellar and mutation origin. Genetic variation among common grapefruit cultivars 
was reported to be very low due to their mutation origin (Fang & Roose 1997; Corazza- 
Nunes et al., 2002).  

The pummelo is native to tropical and subtropical regions in Asia and has been cultivated 
China for over 2000 years (Corazza-Nunes et al., 2002; Yong et al., 2006). Pummelo was 
reported as one of the three true citrus species by Barrett and Rhodes (1976) and most of 
subsequent studies were in agreement with this statement (Federici et al. 1998; Nicolosi et 
al., 2000; Barkley et al., 2006; Uzun et al., 2009a). Pummelo has played an important role as a 
parent of many citrus fruits, such as lemons, oranges and grapefruits. 

In recent studies genetic variation in pummelo and grapefruit were investigated. Uzun et al., 
(2010), was determined genetic diversity among 35 accessions of grapefruits and pummelos 
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using ISSR markers. In that study,  grapefruits and pummelos were seperated clearly and 
similarity value of this two species was 0.79. Besides, all pummelos were distinguished and 
it might be of thier zygotic origin. Same results obtained from SRAP data (Uzun et al., 
2011c). At the same way, Yong et al., (2006) also seperated pummelos using SSR markers. It 
was concluded that pummelos were monoembryonic and  there was a high level of 
polymorphism in the pummelos (Yong et al., 2006).  

In the grapefruit group some accessions such as ‘Wheeny’, ‘Citrus hassaku’, ‘Cocktail’ and 
‘Oroblanco’ were clearly separated from pummelos and grapefruits and  nested  between  
this two species according to various marker systems (Uzun et al., 2010; Uzun et al., 
2011c). ‘Wheeny’ originated as a chance seedling in Australia and under heat-deficient 
climatic conditions in Australia and New Zealand it is a summer-maturing variety. While 
the fruit is grapefruit-like in most respects, the monoembryonic nature of seeds and some 
ofthe other characters suggest that it is probably a pummelo hybrid (Hodgson 1967). C. 
hassaku was reported as an independent species (Citrus hassaku Hort. Ex Tanaka) and 
originated as a chance seedling in Japan and its characteristics strongly suggest the 
pummelo-mandarin parentage with pummelo predominant (Hodgson 1967). On the other 
hand, C. hassaku was notified as a pummelo hybrid (Kahn et al., 2001). ‘Cocktail’ was 
indicated as a hybrid between ‘Frua’ mandarin and low acidity pummelo (Kahn et al.,. 
2001). Another accession ‘Oroblanco’ was reported as a hybrid between acidless pummelo 
and grapefruit (Kahn et al., 2001).  

High level of similarity was found in grapefruit cultivars in various studies. Low level of 
polymorphism was detected in grapefruits and some of them were identical (Uzun et al., 
2010; Uzun et al., 2011c). Fang and Roose (1997) found very low polymorphism in 
grapefruits based on ISSR data and notified that all grapefruits were derived from the 
same ancestral tree by mutation. There was no variation in grapefruits in other previous 
studies based on izozyme (Roose, 1988) and SSR (Luro et al., 2000) data. At the same way, 
Corazza-Nunes et al. (2002) detected high level of similarity in grapefruits. Most 
grapefruits, despite considerable variation in agronomical traits such as, rind and flesh 
color, fruit size, were nearly identical (Fig. 7). Cultivars with distinct morphological 
characters (pigmented or yellow flesh colour, seedy and seedless fruits) such as 
Henderson, Ruby, Duncan showed complete genetic similarity (Uzun et al., 2010).  

 
Fig. 7. Although grapefruits have distinct fruit characters, low level of genetic variation 
found among them (from left to right; Davis Seedless, Shambar, Red Blush). 
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7. Conclusion 
It is reported preservation of the genetic diversity represented in all the plant ecosystems 
throughout the world has become a major issue of international concern. The loss of 
increasingly large numbers of plant species through habitat destruction threatens the 
availability of a diverse plant germplasm base which will be needed to feed future 
generations. Ex-situ conservation of genetic resources of citrus was considered as imperative 
for this situation. (Bretting and Widrlechner, 1995, as cited in The Citrus and Date Crop 
Germplasm Committee, USA, CDCGC, 2004). Approaches to ex-situ conservation include 
methods like seed storage, field genebanks and botanical gardens. DNA and pollen storage 
also contribute indirectly to ex-situ conservation of genetic resorces. Advances in 
biotechnology, especially in the area of in vitro culture techniques and molecular biology 
provide some important tools for improved conservation and management of plant genetic 
resources (Rao, 2004). 

It is suggested better understanding of genetic diversity and its distribution is essential 
for its conservation and use. It will help us in determining what to conserve as well as 
where to conserve, and will improve our understanding of the taxonomy and origin and 
evolution of plant species of interest. Information of  these subjects is essential for 
collecting and use of  any plant species and its wild relatives. Understanding genetic 
diversity that is present in collections is required to better management of conserved 
germplasm. Through improved characterization and development of core collections 
based on genetic diversity information, it will be possible to exploit the available 
resources in more valuable ways (Rao & Hodgkin, 2002). 

Genetic variability in citrus is considered to be the result of many factors, such as 
hybridization, mutation and type of reproduction (mostly apomictic). The low intraspecific 
diversity found in cultivated species such as sweet orange contrasts with the high variability 
of agriculturally important traits such as ripening period and color and size of fruits 
(Herrero et al., 1996, as cited in Novelli et al., 2006). Understanding of genetic diversity in 
Citrus is essential for planning and application of breeding programs, establishing 
germplasm collection and carrying out molecular studies. It is also important for citrus 
researcher and breeders to arrange their future studies. 
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1. Introduction 
The success of any sustainable reforestation program, among other things, hinges on a 
continuous supply of high quality seeds for the production of the desired quantity of 
seedlings in nurseries or for successful stand establishment by direct sowing out in the field. 
What is seed quality then? Seed quality is defined as “a measure of characters or attributes 
that will determine the performance of seeds when sown or stored” (Hampton 2002). It is a 
multiple concept encompassing the physical, physiological, genetic, pathological and 
entomological attributes that affect seed lot performance (Basu, 1995). 

Several factors affect the production of high quality seeds, such as insect infestation (El Atta 
1993, Dajoz 2000, Bates et al. 2000, 2001), pollination failure and post-zygotic degeneration 
(Owens et al. 1990, El-Kassaby et al. 1993), infection by seed borne pathogens (Pritam and 
Singh 1997), environmental conditions during seed development (Gutterman 2000) as well 
as the genetic constitution (Bazzaz et al. 2000). 

Genetic diversity is the richness of the hereditary information in the gene pole of one 
species. High level of inter-species genetic diversity is an assurance for adaptation to 
changing environmental conditions, an indication for adaptation potential of the species and 
an important part of the ecosystem stability. Also genetic diversity is a raw material for tree 
improvement studies. As such, most of the researches about the genetic diversity are in high 
priority in forest trees improvement programs (Şevik et al., 2010a, 2010b).    

Genetic variation is the fundamental component, which ensures survival and thus the 
stability of forest ecosystems as its quantity and quality determines the potential of 
population to adapt the changing in environmental condition. This is particularly important 
with changing population and climatic condition and when the long-term stability of forest 
ecosystems is increasingly threatened by environmental stress. Thus, a genetic 
characterization of natural forest resources is the first step necessary for a better 
understanding of genetic resources for implementation of insitu and exsitu conservation 
activities (Şevik, 2010; Turna et al., 2006; Şevik et al. 2010a).  
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Up to now, in Turkey, studies about genetic diversity of the main forest trees have been 
concentrated on pine species, neglecting other main forest tree species. Turkish fir is among 
the one of the neglected species.  

Turkish fir (Abies nordmannianan subsp. bornmülleriana) has a special importance for Turkey 
because of its increasing economic value in marketplace and decorative characteristic in 
landscape architecture. Furthermore, being an endemic species for Turkey, very decorative 
species, for this reason the species is the most widely preferred Noel tree in the world (Şevik 
et al, 2011). Turkish fir is distributed from Kzlrmak River to Mount Uludağ in Western 
Blacksea region, particularly in Ayanck, Ilgaz Mountains, Bolu Seben Mountains, Boyabat-
Göktepe forests, Abant and Mount Uludağ. Stands of fir species occupy roughly 600.000 ha 
at Turkey (Anonymous, 2006). 

The objectives of this study were to investigate the Genetic diversity among Turkish fir 
populations in Turkey, and determine the extent of between population variation, using 13 
different morphological characters. 

2. Materials and methods 
Seed collection and sowing: Open pollinated seed materials from seventeen different 
natural populations of Turkish fir collected from Western Black Sea Region. Locations and 
description of the studied population are indicated in Fig. 1 and Table 1 in this study. 

 
Fig. 1. Locations of the populations 

Seed and seedling morphological variables studied and data collection: In this study, 
width, thickness, length and weight of seeds, carpel width, length and weight, carpel scape 
width and length, wings width and length were determined from total 303 sample trees. All 
length and width were measured with digital micro-compass (0,01 mm) from 10 samples for 
each sample tree. All weight was measured with digital weighing machine (0,001 gr).  

Statistical Analyses: Data were subjected to multi-way analysis of variance, Duncan test 
and Hierarchical Cluster analysis with SPSS statistical package program. Relationships 
between 13 related characters were tested using correlation analyses.  
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Pop. 
No 

Population 
Name City Number of 

Sample Trees 
Altitude 

(m) 
Longitude 

(E) 
Latitude 

(N) 

1 Bafra1 Samsun 10 828 35°21'18" 41°34'01" 
2 Bafra2 Samsun 10 1012 35°21'33" 41°33'28" 
3 İskilip1 Amasya 20 1673 33°46'11" 41°22'36" 
4 İskilip2 Amasya 20 1852 34°13'34" 40°49'01" 
5 Türkeli Sinop 13 1348 34°16'15" 41°44'58" 
6 Ilgaz1 Kastamonu 20 1430 33°49'17" 41°09'27" 
7 Ilgaz2 Kastamonu 20 1624 33°49'11" 41°08'60" 
8 Ilgaz3 Kastamonu 20 1995 33°50'58" 41°07'47" 
9 Balldağ1 Kastamonu 20 1056 33°29'02" 41°37'11" 
10 Balldağ2 Kastamonu 20 1374 33°25'29" 41°34'12" 
11 Balldağ3 Kastamonu 20 1640 33°22'37" 41°31'58" 
12 Samatlar Kastamonu 20 1497 33°15'32" 41°22'06" 
13 Eflani Karabük 20 1102 32°51'45" 41°29'02" 
14 Aladağ Bolu 10 968 31°37'15" 40°40'21" 
15 Kbrsck2 Bolu 20 1499 32°00'42" 40°25'46" 
16 Kbrsck1 Bolu 20 1791 32°02'22" 41°28'43" 
17 Göynük Bolu 20 1270 30°41'27" 40°30'08" 

Table 1. Description of the studied populations in Turkey 

Moreover, collected data was determined with Penrose formule. Data were standardized 
before the calculations and the morphological distance among populations were estimated 
as; 
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Where Zi,k is standardized values of the kth characteristics of the ith population, Xi,k is 
original average of the kth characteristics of the ith populations for the kth characteristics and 
Sk is the standard deviation of the studied populations for the kth characteristics (Şevik, 2005, 
2010).  
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Where, Dtj is the morphological distance between the ith, population and the jth populations, 
n is the number of studied characteristics, µkj is the standardized values of the kth of the Ith 
population, µkj is the standardized values of the kth characteristics of the jth population, Vk is 
the variance of standardized averages of the kth characteristics (Yahyaoğlu et al, 2001) was 
applied by standardized values in SPSS statistical package program (Şevik, 2010). 
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3. Results 
The analysis of variance showed that there were significant differences among populations 
at 0.01 for seed width and 0.001 for other characters. Mean values and multiple comparisons 
of studied morphological characters shown in Tables 2.   
 

Population 
Name  

Carpel Length 
(mm) 

Scale Length 
(mm) 

Carpel width 
(mm) 

Scale width 
(mm) 

Bafra1 33.31±0.81 a 25.21±0.82 ab 28.70±1.01 abcd 4.87±0.14 a 

Bafra2 33.32±0.98 a 24.70±0.92 a 27.63±1.12 a 5.12±0.21 abc 

İskilip1 36.41±0.68 cdef 27.36±0.61 bcde 31.01±0.71 cde 5.08±0.11 abc 

İskilip2 36.18±0.85 cdef 26.50±0.63 abcde 31.07±0.90 de 5.00±0.12 ab 

Türkeli 33.54±0.87 a 25.69±0.5 abc 27.86±0.85 a 5.29±0.14 abcd 

Ilgaz1 33.71±0.78 ab 25.33±0.66 ab 28.39±0.60 ab 5.18±0.13 abc 

Ilgaz2 36.39±0.95 cdef 27.83±0.67 cde 29.87±0.82 abcde 5.41±0.12 bcd 

Ilgaz3 34.86±0.64 abcd 26.95±0.65 bcde 28.47±0.82 abc 5.10±0.12 abc 

Balldağ1 36.99±0.73 ef 28.69±0.62 e 32.17±0.69 e 5.71±0.16 d 

Balldağ2 36.56±0.55 cdef 28.06±0.66 de 31.53±0.69 e 5.50±0.11 cd 

Balldağ3 36.30±0.56 cdef 27.73±0.53 cde 30.87±0.61 bcde 5.65±0.12 d 

Samatlar 36.06±0.52 bcdef 27.77±0.52 cde 31.56±0.68 e 5.67±0.12 d 

Eflani 34.04±0.53 abc 26.34±0.58 abcd 29.97±0.63 abcde 5.18±0.12 abc 

Aladağ 37.43±0.84 f 28.21±1.12 de 32.07±0.66 e 5.53±0.15 cd 

Kbrsck2 34.12±0.76 abc 25.79±0.69 abc 30.86±0.64 bcde 5.29±0.17 abcd 

Kbrsck1 36.65±0.70 def 27.93±0.58 cde 31.93±0.72 e 5.45±0.15 bcd 

Göynük 36.11±0.70 bcdef 28.15±0.68 de 30.67±0.72 bcde 5.45±0.11 bcd 

Av. 35.41±0.72  26.96±0.65  30.27±0.74  5.32±0.13  

F 3,194***  3,007***  3,420***  3.42***  

Table 2. Mean values of studied morphological characters and results of Duncan test. 

According to Table 2, Population of Kbrsck2 is in the first homogeny group according to 
all characters and population of Ilgaz1 is too except wing length. These populations showed 
lowest performance for thirteen characters. Populations of Aladağ, Balldağ1 and Balldağ2 
showed highest performance. Aladağ population (except wing width), Balldağ1 and 
Balldağ2 populations (except carpel scape width) are in the last homogeny group according 
to Duncan test. These populations showed the highest performance almost for all characters. 
The mean values and standard deviation of morphological characters by populations are 
shown in Table 2 (Şevik, 2010). 

Average carpel length is 35,41 mm, carpel width is 30,27 mm, scale length is 26,96 mm and 
scale width is 5,32 mm. According to results of variance; carpel length 12,4%, carpel width 
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According to Table 2, Population of Kbrsck2 is in the first homogeny group according to 
all characters and population of Ilgaz1 is too except wing length. These populations showed 
lowest performance for thirteen characters. Populations of Aladağ, Balldağ1 and Balldağ2 
showed highest performance. Aladağ population (except wing width), Balldağ1 and 
Balldağ2 populations (except carpel scape width) are in the last homogeny group according 
to Duncan test. These populations showed the highest performance almost for all characters. 
The mean values and standard deviation of morphological characters by populations are 
shown in Table 2 (Şevik, 2010). 

Average carpel length is 35,41 mm, carpel width is 30,27 mm, scale length is 26,96 mm and 
scale width is 5,32 mm. According to results of variance; carpel length 12,4%, carpel width 
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16,4%, scale length 16,2%, scale width 17,2% change of minimum values to maximum 
values. Maximum values of scale length (28,69 mm), carpel width (32,17 mm) and scale with 
(5,71 mm) determined to population of Balldağ1. Minimum values of scale length (24,7 
mm) and carpel width (27,63 mm) determined to Population of Bafra2. Minimum scale 
width is 4,87 mm (Bafra1), minimum carpel length is 33,54 mm (Türkeli). Maximum carpel 
length is 37,43 mm determined to population of Aladağ. 

 
Popul. 
Name 

Carpel Scape 
Length (mm) 

Carpel Scape 
Width (mm) 

Carpel Weight 
(mg) 

Wing Length 
(mm) 

Wing Width 
(mm) 

Bafra1 4.79±0.12 bcdef 1.61±0.07 cdef 275.64±20.03 ab 15.31±0.47 bc 14.04±0.51 a 

Bafra2 4.17±0.12 a 1.41±0.09 ab 245.60±22.69 a 14.74±0.91 ab 14.05±0.66 a 

İskilip1 4.86±0.11 def 1.75±0.06 f 353.41±14.83 de 16.97±0.50 cde 15.85±0.42 c 

İskilip2 4.96±0.13 def 1.70±0.05 ef 358.38±20.35 e 17.37±0.59 def 16.40±0.39 c 

Türkeli 4.72±0.12 bcdef 1.62±0.05 cdef 273.34±18.87 ab 13.27±0.58 a 14.45±0.49 ab 

Ilgaz1 4.41±0.11 ab 1.41±0.04 ab 252.23±11.26 a 16.25±0.43 bcde 14.47±0.30 ab 

Ilgaz2 4.89±0.14 def 1.58±0.04 bcdef 299.35±16.62 abcd 16.97±0.64 cde 15.98±0.46 c 

Ilgaz3 4.43±0.07 abc 1.51±0.06 abcd 251.07±12.66 a 16.31±0.55 bcde 15.64±0.30 bc 

Balldağ1 4.74±0.12 bcdef 1.54±0.05 abcde 330.65±14.27 cde 17.60±0.46 def 15.75±0.32 c 

Balldağ2 5.13±0.12 f 1.54±0.04 abcde 339.47±11.48 cde 17.65±0.52 def 15.81±0.26 c 

Balldağ3 4.58±0.12 bcd 1.62±0.05 cdef 299.12±12.54 abcd 16.56±0.41 cde 15.20±0.31 abc 

Samatlar 4.84±0.15 cdef 1.51±0.04 abcd 325.96±17.56 bcde 17.09±0.46 cdef 15.38±0.32 bc 

Eflani 4.64±0.10 bcde 1.40±0.05 a 286.68±12.46 abc 16.00±0.46 bcd 15.10±0.36 abc 

Aladağ 4.94±0.24 def 1.68±0.07 def 315.50±19.19 bcde 18.06±0.66 ef 15.63±0.49 bc 

Kbrsck2 5.07±0.10 ef 1.49±0.05 abc 272.18±14.67 ab 17.60±0.54 def 14.39±0.40 ab 

Kbrsck1 4.99±0.09 def 1.59±0.04 cdef 352.06±16.43 de 18.90±0.52 f 15.82±0.34 c 

Göynük 4.90±0.12 def 1.54±0.06 abcde 347.25±19.36 de 17.26±0.61 def 16.17±0.36 c 

Av. 4.77±0.12  1.56±0.05  304.58±15.79  16.7±0.54  15.3±0.38  

F 3,808***  3,604***  5,675***  4,703***  3,376***  

Table 2. (Continue). Mean values of studied morphological characters and results of Duncan 
test. 

Average carpel scape length is 4,77 mm, carpel width is 1,56 mm, carpel weight is 304,58 
mg, wing length is 16,7 mm, wing width is 15,3 mm. According to results of variance; scale 
scape length 14,4%,  scale scape width 25%, carpel weight 45,9%, wing length 42,4%, wing 
width 15,2% change of minimum values to maximum values.  

According to the table, population of Bafra1 had shown minimum values of carpel scape 
length (4,17 mm) and carpel weight (245,60 mg). Iskilip1 had shown Maximum values of 
carpel weight (358,38 mg) and wing width (16,4 mm). Minimum values; wing width is 14,04 
mm (Bafra1), carpel scape width is 1,4 mm (Eflani) and wing length is 13,27 mm (Türkeli). 
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Maximum values; wing length is 18,9 mm (Kbrsck1), carpel scape width is 1,75 mm 
(Iskilip1) and carpel scape length is 5,13 mm (Balldağ2). 

The mean values and standard deviation of morphological characters by populations are 
shown in Table 2 (Şevik, 2010). 
 

Population 
Name 

Seed Length 
(mm) 

Seed Width 
(mm) 

Seed Thickness 
(mm) 

Seed Weight 
(mg) 

Bafra1 11.00±0.34 ab 5.74±0.11 abc 3.97±0.09 ab 81.58±5.41 abcde 
Bafra2 10.84±0.39 a 5.78±0.12 abcd 3.82±0.14 a 85.84±7.66 abcde 
İskilip1 11.63±0.28 abcd 6.12±0.13 de 3.92±0.08 ab 84.55±4.38 abcde 
İskilip2 11.46±0.22 abc 5.93±0.12 abcd 3.90±0.07 ab 72.94±4.29 ab 
Türkeli 11.44±0.18 abc 5.95±0.14 abcd 3.94±0.10 ab 79.97±4.85 abc 
Ilgaz1 10.83±0.23 a 5.65±0.12 ab 3.73±0.08 a 74.71±3.73 ab 
Ilgaz2 12.01±0.28 cdef 5.86±0.12 abcd 4.03±0.08 ab 95.57±4.60 defg 
Ilgaz3 11.48±0.16 abc 5.65±0.07 ab 3.77±0.06 a 80.41±3.05 abcd 

Balldağ1 12.46±0.21 ef 6.07±0.09 cde 4.22±0.09 ab 103.29±4.53 fg 
Balldağ2 12.57±0.17 f 6.05±0.08 cde 4.33±0.08 b 109.11±3.82 g 
Balldağ3 12.36±0.22 def 5.85±0.09 abcd 4.05±0.07 ab 94.71±3.90 cdefg 
Samatlar 11.77±0.25 bcde 5.85±0.08 abcd 3.83±0.09 a 91.68±4.66 cdef 

Eflani 11.16±0.24 ab 6.36±0.12 e 3.90±0.07 ab 87.96±4.29 bcde 
Aladağ 11.99±0.26 cdef 5.99±0.12 bcd 4.07±0.14 ab 95.42±7.44 defg 

Kbrsck2 11.06±0.19 ab 5.61±0.08 a 3.77±0.05 a 71.72±2.78 a 
Kbrsck1 11.67±0.25 bcde 5.76±0.13 abcd 4.34±0.43 b 83.27±4.59 abcde 
Göynük 12.15±0.24 cdef 5.96±0.08 abcd 3.93±0.1 ab 96.80±4.65 efg 

Av. 11.64±0.23  5.89±0.1  3.97±0.1  81.58±4.05  

F 5,123***  3,451***  1,789**  5,942***  

Table 2. (Continue). Mean values of studied morphological characters and results of Duncan 
test. 

Average values of seed length (11,64 mm), seed width (5,89 mm), seed thickness (3,97) and 
seed weight (81,58 mg) are shown in the table. According to the table minimum seed length 
(10,83 mm) and seed thickness (3,73 mm) values are determined to population of Ilgaz1, 
minimum seed width (5,61 mm) and seed weight (71,72 mg) values are determined to 
population of Kbrsck2. Maximum values of seed length is 12,57 mm (Balldağ2), seed 
width is 6,36 mm (Eflani), seed thickness is 4,34 mm (Kbrsck1) and seed weight is 109,11 
mg (Balldağ2). 

On the cluster dendrogram constructed on the basis of Euclidean distances with the use of 
the nearest neighbourhood method for 13 quantitative morphological traits, two distinct 
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Maximum values; wing length is 18,9 mm (Kbrsck1), carpel scape width is 1,75 mm 
(Iskilip1) and carpel scape length is 5,13 mm (Balldağ2). 

The mean values and standard deviation of morphological characters by populations are 
shown in Table 2 (Şevik, 2010). 
 

Population 
Name 

Seed Length 
(mm) 

Seed Width 
(mm) 

Seed Thickness 
(mm) 

Seed Weight 
(mg) 

Bafra1 11.00±0.34 ab 5.74±0.11 abc 3.97±0.09 ab 81.58±5.41 abcde 
Bafra2 10.84±0.39 a 5.78±0.12 abcd 3.82±0.14 a 85.84±7.66 abcde 
İskilip1 11.63±0.28 abcd 6.12±0.13 de 3.92±0.08 ab 84.55±4.38 abcde 
İskilip2 11.46±0.22 abc 5.93±0.12 abcd 3.90±0.07 ab 72.94±4.29 ab 
Türkeli 11.44±0.18 abc 5.95±0.14 abcd 3.94±0.10 ab 79.97±4.85 abc 
Ilgaz1 10.83±0.23 a 5.65±0.12 ab 3.73±0.08 a 74.71±3.73 ab 
Ilgaz2 12.01±0.28 cdef 5.86±0.12 abcd 4.03±0.08 ab 95.57±4.60 defg 
Ilgaz3 11.48±0.16 abc 5.65±0.07 ab 3.77±0.06 a 80.41±3.05 abcd 

Balldağ1 12.46±0.21 ef 6.07±0.09 cde 4.22±0.09 ab 103.29±4.53 fg 
Balldağ2 12.57±0.17 f 6.05±0.08 cde 4.33±0.08 b 109.11±3.82 g 
Balldağ3 12.36±0.22 def 5.85±0.09 abcd 4.05±0.07 ab 94.71±3.90 cdefg 
Samatlar 11.77±0.25 bcde 5.85±0.08 abcd 3.83±0.09 a 91.68±4.66 cdef 
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F 5,123***  3,451***  1,789**  5,942***  

Table 2. (Continue). Mean values of studied morphological characters and results of Duncan 
test. 

Average values of seed length (11,64 mm), seed width (5,89 mm), seed thickness (3,97) and 
seed weight (81,58 mg) are shown in the table. According to the table minimum seed length 
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minimum seed width (5,61 mm) and seed weight (71,72 mg) values are determined to 
population of Kbrsck2. Maximum values of seed length is 12,57 mm (Balldağ2), seed 
width is 6,36 mm (Eflani), seed thickness is 4,34 mm (Kbrsck1) and seed weight is 109,11 
mg (Balldağ2). 

On the cluster dendrogram constructed on the basis of Euclidean distances with the use of 
the nearest neighbourhood method for 13 quantitative morphological traits, two distinct 
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groups can be noticed: the first is İskilip1, İskilip2, Balldağ2, Göynük, Samatlar, Aladağ, 
Kbrsck1 and the others. The second group cans distinct two groups, Ilgaz1 and others. 
According to these results, it can be said that there are three main groups (Figure 2 and 3). 

 
Fig. 2. Dendrogram of 17 population of Turkish fir based on 13 morphological traits.  

According to results of cluster analysis, red color is the first group, blue color is the second 
group and the yellow color is the third group in the figure 3 (Şevik, 2010). 

Some populations are geographically and genetically close to each other like, Bafra1 and 
Bafra2, Ilgaz2 and Ilgaz3, İskilip1 and İskilip2 populations. Some of them are geographically 
close to each other even though genetically different from each other. For example Balldağ1 
and Balldağ2, İskilip1 and İskilip2 populations. On the contrary, some populations are 
genetically close to each other even though geographically different from each other. For 
example Bafra1 and Kbrsck2, İskilip1 and Göynük populations (Figure 2 and 3). 

The highest 16 values calculated between Ilgaz1 and the other populations. Maximum 5 
values are between the populations of Ilgaz1 and Eflani (10,3635), Kbrsck1 (9,9517), Ilgaz3 
(9,2148), Türkeli and Ilgaz2 (8,4679). Minimum 5 values are 0,3029 (Bafra1 and Samatlar), 
0,4078 (Bafra1 and Göynük), 0,4107 (Balldağ3 and Samatlar), 0,4673 (Bafra1 and Ilgaz2) and 
0,5038 (Kbrsck2 and Göynük).  

Results of correlation analyses are shown in Table 4. According to Table 4 there were 
positive significant correlation was found between all characters except carpel scape width 
and seed length, seed thickness, seed weight. The correlation between carpel scape length 
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and carpel scape width is significant at the 0.05 level, other all correlations are significant at 
the 0.01 level (Table 4). 

 
Fig. 3. Geographic positions of populations and results of cluster analysis  

Morphological distance and grouping according to Penrose formula are shown that Table 3.  

 
Pop. No 1 2 3 4 5 6 7 8 

2 1.0171        
3 0.8408 1.0587       
4 0.8715 1.2715 0.6238      
5 1.1440 1.4252 1.5351 1.5285     
6 7.1725 5.7758 7.4618 7.2740 8.8849    
7 0.4673 1.5966 1.3288 1.3045 1.6894 8.4679   
8 0.9812 1.4185 0.8796 0.8711 1.7620 9.2148 1.0019  
9 0.9410 1.2547 0.7509 1.0335 1.6805 7.2567 0.6187 1.0099 
10 1.8281 2.0630 2.8355 2.1007 2.7878 4.6134 1.6283 1.9982 
11 0.6217 2.0264 1.5577 1.8446 2.3340 8.0759 0.5578 1.3256 
12 0.3029 1.3819 1.1421 1.2455 1.5132 8.0839 0.7395 0.6935 
13 1.5400 2.5653 0.8524 1.9061 1.9414 10.3635 1.3006 1.2208 
14 0.5383 0.8897 1.0649 1.2452 1.0398 5.2708 0.9439 1.5747 
15 0.9053 1.1575 1.1795 0.8243 1.1764 7.5639 0.5617 0.5652 
16 1.3048 2.1365 1.3576 1.6116 1.1450 9.9517 1.1685 0.7097 
17 0.4078 1.0211 1.0387 0.8375 1.4796 7.0460 0.5381 0.7332 

Table 3. Morphological distance among populations according to Penrose Formula  
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Pop. No 9 10 11 12 13 14 15 16 
10 1.9756        
11 1.1810 1.7470       
12 1.2355 1.8239 0.4107      
13 0.8475 3.3882 1.4892 1.5608     
14 0.8184 1.3315 0.8540 0.7276 1.7854    
15 0.5766 0.9610 1.2016 0.9795 1.3299 0.9168   
16 1.3074 2.0367 1.4842 1.1814 0.7464 1.6195 0.6667  
17 1.0942 1.2490 1.0541 0.6694 1.6872 1.0009 0.5038 1.1633 

Table 3. (Continue). Morphological distance among populations according to Penrose 
Formula  

 

  CL SL CW SW CSL CSW CWe WL WW SeL SeW SeT 
SL 0.81**                    

CW 0.69** 0.55**                  

SW 0.51** 0.51** 0.60**                

CSL 0.38** 0.30** 0.49** 0.29**              

CSW 0.27** 0.29** 0.19** 0.20** 0.14*            

CWe 0.78** 0.70** 0.71** 0.45** 0.48** 0.38**          

WL 0.60** 0.47** 0.80** 0.43** 0.38** 0.18** 0.63**        

WW 0.77** 0.69** 0.58** 0.35** 0.30** 0.28** 0.71** 0.63**      

SeL 0.62** 0.57** 0.57** 0.41** 0.39** 0.09ns 0.54** 0.41** 0.55**    

SeW 0.39** 0.41** 0.40** 0.21** 0.22** 0.20** 0.43** 0.27** 0.51** 0.46**     
SeT 0.32** 0.31** 0.34** 0.30** 0.25** 0.04ns 0.30** 0.28** 0.28** 0.44** 0.28**   

SeWe 0.64** 0.62** 0.56** 0.42** 0.38** 0.06ns 0.58** 0.44** 0.60** 0.77** 0.55** 0.45** 

ns: Non significant, **: significant at the 0.01 level, *: significant at the 0.05 level. 

Table 4. Pearson correlation coefficients among 13 morphological characters 

According to results of correlation analysis the highest relations are between the carpel 
length and seed length (0,81), carpel width and wing length (0,80) and carpel length and 
carpel weight (0,78). The minimum values are determined between carpel scape width and 
carpel scape length (0,14), wing length (0,18) and carpel width (0,19). 

4. Discussion 
According to results of the cluster analysis and variance analysis, Ilgaz1 population is very 
different to other populations. It could be because of its longitude and different ecological 
and genetical material condition. Results of the cluster analysis (Figure 2) were well 
accordance with morphological distances. For instance, morphological distances of Ilgaz1 
were the highest than the others. Similarly population of Ilgaz1 is very different to other 
populations according to cluster analysis.  These results could be used in preparation of 
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gene map, seed transfer zones, determination of breeding populations, gene conservation 
areas, geographic variation and resulting of provenance trials of the species in short period. 
Preparation of forest gene maps and determination of seed transfer zones and geographical 
variation by morphological distance were also suggested by Yahyaoğlu et al 2001. 

Genetic variation can be determined with morphological characters (Güney, 2009; Kulaç et. 
al., 2010; Şevik, 2010), isosymes analysis (Bilgen and Kaya, 2007; Turna, 2003)  and DNA 
markers (Clark et. al., 2000; Goldstein, 1995). Many researchers use these methods for 
determination to genetic variation on Abies species; Messaoud et all. (2007) Abies balsamea, 
Okada et all., (1973) Abies sachalinensis, Parker et all. (1981) Abies balsamea and Abies 
lasiocarpa, Kolotelo (1998) Abies amabilis, Abies grandis and Abies lasiocarpa e.c. 

Shea (1990) reported that the variation among the populations is small (1,3%) but significant 
in Abies Lasiocarpa. Sorensen and Franklin (1977) reported that, year effect including 
interactions with places and trees in places made up an estimated 45 % of the variance in 
seed weight and 25% of the variance in cotyledon number. Among population genetic 
variance was much lower than within population variance, ranging from 6.6 to 6.8% for 
drought resistance traits to 7.8–14.0% for bud-break dates and a maximum of 10.0–17.9% for 
height growth traits to Abies alba. Therefore, genetic variance was predominantly within 
population (Sagnard et al, 2002). 

The average genetic distance for all pair-wise comparisons between the ten populations of 
Abies alba in Italy was 0.014 (Parducci and Szmidt, 1997). 7,3% of the total genetic variation 
was due to differences among populations for gymnosperms (Hamrick et. al., 1992) and 10% 
for eigth Abies species (Shea and Furnier 2002). 13.3% of the total diversity is distributed 
among populations in  Abies alba (Vendramin et al. 1999). Great variation was observed in 
the heterozygosity among the population studied and ranged from 0.010 (A. pinsapo) to 
0.328 (A. cephalonica). The inter population genetic diversity was about 26% of the total 
genetic diversity. The average coefficient of gene differentiation (Gst) was 0.255, which 
means that approximately 26% of the total diversity of the Mediterranean firs exist among 
the populations. In particular, the geographical Area III (Turkey) has scored the highest 
value of Gst (25.8%), (Scaltsoyianne, 1999). 

The proportion of genetic diversity among the populations of  Abies sachalinensis is 1,5 % (El-
Kassaby, 1992), populations of  Abies mariesii is 2,6 % (Suyama et al. 1992) and populations of 
Abies cephalonica is 4.8% (Fady and Conkle 1993).  

Conte (2004) reported that ANOVA analysis of Abies nebrodensis indicated that most of 
genetic variation resides within subsets (84%). More than 10% of the total genetic diversity 
was due to differences among populations of Abies nebrodensis (Vicario et, al., 1995).  

Total percentage of genetic variation present in the population explained by interplot or 
among subpopulation differences is 0,35% of Abies fraseri. Thus, more than 99% of the 
genetic variation is due to within plot (i.e. tree to tree) variation (Diebel and Feret 1991). 
Most of the genetic diversity lies within populations to Abies cephalonica (Fady and Conkle 
1993). Less than 10% of the total observed variation appeared among populations of Abies 
cephalonica (Hamrick, 1989) and the variation among the populations is 11% in Abies alba  
(Vicario et al. 1995). Vendramin et al. (1999) reported that 13.3% of the total diversity is 
distributed among populations in Abies alba. On average, the genetic diversity among 
populations of Abies species has been found to be 6,3 % (Hamrick et al. 1992).  
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The high within-population genetic diversity and low among-population differentiation 
observed in conifers have been attributed to common lifehistory traits, such as longevity and 
extensive gene flow (Hamrick et al., 1992; Streiff et al., 1998). The biogeographic history of a 
species should also contribute significantly to current patterns of genetic variation (Planter 
et al. 2000). 

Despite the comparatively low levels of allozyme variation and the small genetic distances 
between populations, geographical differentiation among silver fir populations at different 
spatial scales could be demonstrated with markers (Konnert and Bergmann 1995). A large 
difference in cone legth, seed germination and seed weight was observed among the sites 
and among mother trees to Abies sachalinensis in Japan (Okada, 1973).  

Contrary other Abies species, there are not enough study for Turkish fir. For this, it can be 
suggested that all populations, especially Ilgaz1 population, be considered for a gene 
conservation program. Also, future studies are necessary to provide deeper insights in to the 
subject. It may be concluded from the present study that studied characteristic were the 
important factors on morphological distance among populations. Ecological and 
geographical differentiation is important factors which influence the breeding and sampling 
strategies of tree crops. It is also essential to consider the relationship between population 
structure in natural and domesticated populations (Chalmers et al. 1992; Şevik, 2010; Şevik 
et al. 2011b). Results of this study could be taken into consideration in silvicultural purpose 
(afforestation, artificial regeneration) and breeding strategies (i.e. determination of breeding 
populations, gene conservation areas, seed transfer zones, seed sources and geographic 
variation, resulting of provenance trial; establishment of seed orchard) of this species.  

Generally, our results show that large genetic diversity exist in Turkish fir to explain its 
great ecological plasticity and evolutionary. This results of study showed that the 
populations are not homogeneous with regard to the morphological characteristics. 
Populations consist of the trees having more or less different characteristics. The reason of 
the fact that the grouping and differences existed among the studied population in terms of 
the morphological characters may explain that there were different origins or varieties 
forming the Turkish fir stands. Variation in most of these characteristics appeared to be 
related altitude, divergent gene and genotype frequencies.  

As is known, the morphological and physiological characteristics of forest trees are inherited. 
These features, with the growing effects of climate and environmental conditions can vary 
very little. As an example; needle length, the number of needles, cones, seed and leaf 
characteristics, branching characters as show some morphological features. In fact, many 
researchers in determining the genetic diversity of forest trees, one or a few of the uses of these 
characters. (Matziris, 1989; Cregg, 1994; Matziris, 1984; Komar, 2000; Fan ve Grossnickle, 1999; 
Lamhamedi, 2000; Matziris, 1997; John, 1948; Schmidtling et. al., 2005;  Kathleen and Furnier 
2002; Erkan, 2008; Bilir, 2002; Tylek ve Walczyk 2002, Güney et al., 2011, Kulaç et al. 2011a, 
2011b; Turna and Güney, 2009; Turna, 2003, 2004). Seed size, parameters in terms of quality 
seeds is the most widely used classification also reflects the morphological diversity of values 
within and between populations. (Güney, 2009). Seeds in the trees, cones and cone elements, 
least affected by environmental conditions and thus genetic structure of the tree is considered 
the beginning of the elements that represent the most healthy way. Therefore especially in 
studies of genetic diversity of seeds, cones, and cones from the studies of the elements has a 
special place because it results is quite healthy (Turna et al., 2009). 
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Erkuloğlu (1993) reported that average weight of  Abies bornmulleriana Mattf. Seeds from 
Bolu are 57,13 mg. Okada et al., (1973)  Abies sachalinensis Masters in their study, in Japan, 
studied on 7 population and thousand grain weight of seed on the basis of population 
varied between 9.3 g to 12.3 g have identified. Also Skrzyszewska and Chlanda (2009) Abies 
alba Mill. thousand grain weight of seed on the basis of population, have found varied 
between 38.92 g and 53.27 grams. Edwards (1982), Fowells (1965)'to refer to Abies lasiocarpa 
var. arizonica (Merriam) Lemra. subalpine fir, compared to other types of seeds, the seeds of 
its much larger that represents about 70%. Kolotelo (1998) Abies amabilis seed weight 
(Dougl.) Forbes has changed between 25 mg and 55.6 mg and is the average of 34.5 mg, also 
Abies grandis Lindl. varied between 17.5 mg and 27.6 mg and average is 21.7 mg and Abies 
lasiocarpa (Hook.) Nutt. average of 7.2 mg to 18.5 mg and 12 mg of states that have changed. 
According to these results, the seeds of Uludag Fir, Abies alba Mill., Abies amabilis (Dougl.) 
Forbes, be said to be heavier than the seeds of Abies lasiocarpa (Hook.) Nutt. and Abies grandis 
Lindl. Also Sorensen and Franklin (1977) Abies Procera Rehd. state that the seed weight 
varied between 33 mg and 102.6 mg. In our study, the average seed weight ranged between 
71.72 mg and 109.11 mg, the average was determined to be 81.58 mg. Gökmen (1970), 
indicates that Abies nordmanniana Mattf. seeds is 1 cm in length. According to these results, 
seeds of Uludag Fir with Abies Procera Rehd. seeds appear to be close to each other in 
weight. Franklin (1974) Abies Procera Rehd. carpel averaging 2.5 x 3 cm in size, seeds 
indicates that the average size of 12 x 6 mm. Macvean (2007) Abies guatemalensis Rehder 
indicates seed length about 8-10 mm and wings  about 15 mm long. 

Nowadays; because of its increasing economical value in market and decorative 
characteristic in landscape architecture, Turkish fir (Abies nordmanniana subsp. 
bornmulleriana Mattf.) is taking more importance. In addition to this being an endemic 
species of Turkey and widely preferred Noel tree in the world. Turkish fir is one of the most 
important trees to Christmas tree and for these there are very much studies on this species 
(Frampton and McKinley, 1999; Frampton et al. 2009; Talgø et. al., 2009; Newton et al., 2009; 
Hart et al., 2009; Langdren et al., 2008; Frampton and Işk, 2008; Talgø and Stensvand, 2008).  

In this study, the genetic diversity of Turkish fir determined with respect to the some 
morphological characteristics. In this sense construction of genetic diversity, basic 
morphological characteristics, geographical variations and the morphological differences 
between tree species in the optimal and extreme distribution area of Turkish fir was 
determined.  

Until now a few studies have been conducted about Turkish fir (Kaya et al., 2008; Şimşek, 
1991; Velioğlu, 1999; Kaya and Raynal, 2000; Nielsen and Chastagner, 2005). But there is no 
comprehensive study to disclose the spatial distribution of Turkish fir and provide 
background information for future studies. In the near future; the studies done with the 
morphological characters about genetical variations are should also be analysed with DNA 
markers and isosymes analysis. 
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In this study, the genetic diversity of Turkish fir determined with respect to the some 
morphological characteristics. In this sense construction of genetic diversity, basic 
morphological characteristics, geographical variations and the morphological differences 
between tree species in the optimal and extreme distribution area of Turkish fir was 
determined.  

Until now a few studies have been conducted about Turkish fir (Kaya et al., 2008; Şimşek, 
1991; Velioğlu, 1999; Kaya and Raynal, 2000; Nielsen and Chastagner, 2005). But there is no 
comprehensive study to disclose the spatial distribution of Turkish fir and provide 
background information for future studies. In the near future; the studies done with the 
morphological characters about genetical variations are should also be analysed with DNA 
markers and isosymes analysis. 
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1. Introduction 
Apricot is a fruit species adopted to a wide geographical areas (De Poerderlé, 1788; 
Loudon, 1838; Arakelyan, 1968; Mehlenbacher et al. 1991; Huxley, 1992; Butner, 2001). 173 
years ago, Loudon (1838) was first to mention that wild apricots with different shades of 
pink flowers had been used as ornamental purpose for centuries. Nowadays commercial 
production areas of apricots are still very limited with a small number of varieties, 
although they spread across a wide area all over the world. Looking at the statistics,  the 
production value has been observed to show upward trend by years. This increase in 
production is closely related with breeding studies in different countries. Breeding 
programs were modified generally according to consumer’s demands and also some 
subjects such as resistance to diseases (Sharka, Monilinia etc.) and frost damages, 
determination of self-(in)compatibility.  

Germplasm collection and characterization is an early essential stage to initiate a breeding 
program for diversity. Traditionally germplasm collection and characterization had been 
done discribing phenological, pomological and morphological characteristics such as tree 
vigor and growth habit (Perez-Gonzales, 1992; Badanes et al. 1998; Asma & Ozturk, 2005), 
fruit quality features (Rehder, 1940; Bailey & Hough, 1975; Audergon et al. 1990; Souty et al. 
1990; Crossa-Raynaud & Audergon, 1991; Parolari et al. 1992; Bassi & Bartolozzi, 1993; 
Badanes et al. 1998; Gurrieri et al. 2001; Ledbetter & Petterson, 2004; Asma & Ozturk, 2005;  
Ruiz & Egea, 2008; Milosevic et al. 2010), leaf (Bailey, 1916; Hou, 1983; Rostova & Sokolova, 
1992), stone (Felföldi et al. 2009; Malik et al. 2010), flower (Rodrigo et al. 2006; Yilmaz & 
Paydas-Kargi, 2010), stigma and stylus (Viti et al. 2000) and pollen (Dezhong et al. 1995; 
Davarynejad et al. 2005; Arzani et al. 2005; Asma, 2008) comparing and combining the 
results of characaterization researches published by different groups is a difficult tusk since 
different variety of morphological, phenological and pomological characteristics have been 
assessed by the research groups. International UPOV and IPGRI criteria was created in 
order to overcome this unrequred situation and to enable researchers use common 
descriptor characteristics. 
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In the last two decades, molecular studies have been integrated into the conventional 
germplasm characterization researches (Battistini & Sansavini, 1991; Badanes et al. 1996; 
Mariniello et al. 2002; Hurtado et al. 2001, 2002; Hormaza, 2002; Vilanova et al. 2003; 
Geuna et al. 2003; Zhebentyayeva & Sivolap, 2000; Zhebentyayeva et al. 2003; Sanchez-
Perez et al. 2005; Romero et al. 2003, 2006; Rao et al. 2008; Yilmaz, 2008; Akpinar et al. 
2010) and genetic diversity in apricot. Recent studies show that this genetic diversity 
originated in Central Asia and transfered to Middle Asia and Caucasia. Later on, the 
apricot was taken to Europe, and recently spreaded from Europe to North America and 
the rest of world.   

2. Systematic and eco-geographical groups of apricot 
Apricot belongs to Prunus genus. Some systematicians created different sections under 
Prunus genus and Prunuphora sub-genara or Rosaceae family and Prunoideae sub-family 
(Table 1). American apricots are seen Armeniaca sub-section and named Armeniaca vulgaris 
Lam. (Bailey & Hough, 1975).   

 
Bailey (1916) (Ledbetter, 2008) Rehder (1940) (Ledbetter, 2008) 

Genus Prunus Genus Prunus 

Sub-genera Prunophora 
(plums, prunes & apricot) Sub-genera Prunophora 

Prunus armeniaca L. Sections Euprunus (European/Asian Plums) 

 Var. pendulata Dipp.  Pronocerasus (North American 
plums) 

 Var. variegata Hort.  Armeniaca (Apricots) 
 Var. sibirica Koch Armeniaca (Apricots) 
 Var. mandshurica Maxim.  P. brigantina Vill. 
 Var. Ansu Maxim.  P. mandshurica Maxim. 

P. mume Sieb. & Zucc.  P. sibirica L. 
 Var. Goethartiana Koehne.  P. armeniaca L. 
 Var. albo-plena Hort.  P. mume Sieb. & Zucc. 

Other wild forms  P. dasycarpa Ehrh. 
 laciniata Maxim. P. armeniaca L. 
 microcarpa Makino  P. armeniaca variegata Schneid. 
 viridicalyx Makino  P. armeniaca pendula Jaeg. 
 cryptopetala Makino  P. armeniaca Ansu Maxim. 

P. brigantiaca Vill. P. mume Sieb. & Zucc. 
P. dasycarpa Ehrh.  P. mume alba Rehd. 

 
 
 
 

 P. mume Alphandii Rehd. 
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Lingdi & Bartholomew (2003) 
(Ledbetter, 2008)  P. mume albo-plena Bailey 

Family Rosaceae  P. mume Pendula Sieb 
Subfamily Prunoideae  P. mume tonsa Rehd. 
Genus Armeniaca (Apricots)   

Armeniaca vulgaris L. Bortiri et al. (2002) (Ledbetter, 2008) 
 Var. vulgaris L. Sections Penarmeniaca 
 Var. zhidanensis Qiao & Zhu   

 Var. ansu Maxim Penarmeniaca  
 Var. meixianensis Zhang Prunus fremontii S. Wats. 
 Var. xiongyueensis Li  Prunus andersonii A. Gray. 

Armeniaca limeixing Zhang & Wang   
Armeniaca sibirica L.   
 Var. sibirica L. Hayashi et al. (2008) 
 Var. pubescens Kostina Traditional Japanese classification 
 Var. multipetala Liu & Zhang (Mega et al., 1988; Horiuchi et al., 1996) 
 Var. pleniflora Zhang  

Armeniaca holosericea Batal. Prunus mume
Armeniaca hongpingensis Li For fruit production 

         Armeniaca zhengheensis Zhang & Lu For ornamental “kei” 
Armeniaca hypotrichodes Cardot Yabai 
Armeniaca dasycarpa Ehrh. Yabai sub-groups 
Armeniaca mandshurica Maxim. Naniwa sub-groups 
 Var. mandshurica Maxim. Benifude sub-groups 
 Var. glabra Nakai Aojiku sub-groups 

Armeniaca mume Sieb. & Zucc. Koubai 
 Var. mume Sieb. Koubai sub-groups 
 Var. pallescens Franc. Bungo 
 Var. cernua Franc. Bungo sub-groups 
 Var. pubicaulina Qiao & Shen Anzu sub-groups 

Table 1. Apricot systematics according to various researchers   

Leaf characteristics were accepted the most important criterion for apricot systematic by 
various researchers. Bailey (1916) examined the leaves emerged from dormant buds. Rehder 
(1940) used leaf shape and pubescence for classification of species. Chinese botanists utilized 
leaves in parallel Western researchers. However, Japanese researchers considered flower 
and branch color and flower size in Japanese apricots (Prunus mume) which is an ornamental 
plants for Traditional Japanese classification (Mega et al. 1988; Horiuchi et al. 1996). Prunus 
fremontii which is in Penarmeniaca section and reported in some studies (Bortiri et al. 2001, 
2002) along with the desert dwelling species Prunus andersonii A. Gray. Prunus fremontii can 
be hybridized freely with other apricot species and differs from them (Ledbetter, 2008). 
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a. Prunus armeniaca var. ansu (www.flickr.com) 
b. Prunus mume (http://commons.wikimedia.org/wiki/File:Prunus_mume_Yaekanko.jpg) 
c. Prunus brigantina (http://luirig.altervista.org/cpm/albums/bot-042/001-prunus-brigantina.jpg) 
d. Prunus armeniaca 
e. Prunus mandshurica (http://www.lawyernursery.com) 
f. Prunus sibirica (http://www.agroatlas.ru/en/content/related/Armeniaca_sibirica/)  

Fig. 1. Different apricot species 
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Fig. 2. Leaf shapes in Prunus armeniaca in Irano-Caucasian eco-geographical group (Turkish 
apricots - Yilmaz, 2008) 

Apricot has 2n=16 chromosomes. Wide variations emerged in apricots because of seed 
propagation and growing in different ecological areas in time. Therefore, the systematicians 
reported that 6-8 eco-geographical groups and 13 regional sub groups occured. 

a. Central Asian eco-geographical group (Kostina, 1969) 
- Fergana regional sub-group (Bailey & Hough, 1975) 
- Upper Zeravshan regional sub-group (Bailey & Hough, 1975) 
- Semerkand-Shahrisiabz regional sub-group (Bailey & Hough, 1975) 
- Horezm regional sub-group (Bailey & Hough, 1975) 
- Kopet-Dagh regional sub-group (Bailey & Hough, 1975) 
b. Irano-Caucasian eco-geographical group (Kostina, 1969) 
- Iran-Caucasus regional sub-group (Mehlenbacher et al. 1991) 
- Dagestan regional sub-group (Mehlenbacher et al. 1991) 
- North Africa regional sub-group (Mehlenbacher et al. 1991) 
c. European eco-geographical group (Kostina, 1969) 
- Western European regional sub-group (Layne et al. 1996) 
- Eastern European regional sub-group (Layne et al. 1996) 
- Northern European regional sub-group (Layne et al. 1996) 
d. Dzhungar-Zailig eco-geographical group (Kostina, 1969) 
- Dzhungar regional sub-group (Mehlenbacher et al. 1991) 
- Zailig regional sub-group (Mehlenbacher et al. 1991) 
e. Northern China eco-geographical group (Bailey & Hough, 1975) 
f. Eastern China eco-geographical group (Bailey & Hough, 1975) 
g. Tibet eco-geographical group (Bailey & Hough, 1975; Asma, 2011) 
h. Northeast China eco-geographical group (Bailey & Hough, 1975; Asma, 2011) 



 
Genetic Diversity in Plants 

 

254 

The oldest and richest in diversity is the Central Asian group which includes local apricots 
from Central Asia, Xinjiang, Afghanistan, Balucistan, Pakistan, and Northern India 
(Kashmir). This group is mostly self-incompatible and characterized with medium sized 
fruits and they have a tendency to bloom late spring. The secondary gene center of apricot is 
the Irano – Caucasian group which extends from Armenia, Georgia, Azerbaijan, Dagestan, 
Iran, Iraq, Syria, Turkey, to North Africa, and even to Spain and Italy. They are generally 
self-incompatible, but on contrary, they produce large fruits and blooms earlier than 
apricots of Central Asia and needs lower chilling hours. Apricots of North American, South 
African, and Australian are classified as the European group and this group was originated 
from the apricots of Armenia, Iran, Turkey, and other Arab countries. Apricots of this group 
are self-compatible, fruits are more precocious and the trees need low chilling. The 
Dzhungar-Zailig group with mostly small fruits includes selections from regions of 
Dzharskent, Taldy-Kurgan, Kazakhstan, and Xinjiang (Mehlenbacher et al. 1990; Layne et al. 
1996; Faust et al. 1998).  Later, two major groups proposed by Bailey & Hough (1975), the 
Northern China group that includes forms of Prunus mandshurica and Prunus sibirica, and 
the Eastern China group that includes forms of Prunus ansu (Romero et al. 2003). In addition, 
some researchers mentioned two more groups named Tibet and Northeast China. While 
Tibet eco-geographic group includes forms of Prunus armeniaca var. holosericea, Northeast 
China eco-geographic group includes varieties and types of Prunus armeniaca, Prunus sibirica 
and Prunus mandshurica (Bailey & Hough, 1975).  

The Central Asian and Irano-Caucausian  including Turkish and Iran cultivars eco-
geographical groups show the richest phenotypic variability, while European group 
including cultivars grown in North America, Australia and South Africa is to exibit the least 
diversity (Mehlenbacher et al. 1991; Halasz et al. 2010).  

3. Origin and spread of apricot to the world   
According to the famous Russian Botanist Vavilov (1951), there are three important regions 
as origin of apricots although Armenia had been supposed apricot’s origin and named as 
Prunus armeniaca, previously. These are;  

a. The Chinese center (China and Tibet) 
b. The Central Asian center (from Tien-Shan to Kashmir) 
c. The Near-Eastern center (Iran, Caucasus, Turkey)    

Also Vavilov (1951) reported that the Near-Eastern center could be secondary gene center 
because of cultured varieties and absence of wild apricot forms (Bailey & Hough, 1975; 
Asma, 2011). 

The spread of apricots from Central Asia to the rest of world are explained by three different 
views. The first of these, dried apricot fruits and stones of natural apricot flora in Fergana 
Valley which is at the border of Uzbekistan, Tajikistan, and Kyrgyzstan and piedmont of 
Hind Kush and Tian Shan mountains were brought to Anatolia by soldiers on Iran and 
Transcaucasus during organized Asia campaigns by the Great Alexander in BC 334. Later 
on, apricot was moved to Europe from Anatolia during the Roman-Persian wars in BC 1 
(Layne et al. 1996). The second view; apricot was brought to Anatolia by merchants from 
China and Center Asia on famous Silk Road, and then Roman soldiers carried apricot to 
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Italy from Anatolia (Bailey & Hough, 1975). The third view is that Romans removed apricot 
to west during their expeditions to seize the Near East (Syria, Iran, and Caucasus) in BC 2 
(Layne et al. 1996). Apricot gradually spreaded to Africa on Meditarranean countries and 
Middle East, it was also carried to Balkans by Ottomans in XV. and XVI. century (Suranyi, 
1999). Apricot was taken to Southern Europe from Eastern Europe countries (Asma, 2011), 
to England in 1524 or 1548 from Italy. It was removed to America continent by the Spanish 
in 1626 (Faust et al. 1998).         

4. Apricot production of the world 
Despite we observe rich distribution of apricot through the world, the commercial 
production areas are limited. The majority of production is done in Mediterranean 
countries and also in Iran, Pakistan, Uzbekistan, Morocco, Algeria, Ukraine and USA 
(Romero et al. 2003).  

 
Fig. 3. World apricot production from 1961 to 2009 (FAOSTAT, 2011) 

Analyzing the data by years from 1961 until 2009,  we observe that the amount of 
production in the world have increased on a regular basis. During the last 50 years 1.317.607 
tons per year production reached about 3.728.083 tons (Fig 3). Despite to this increase in the 
50 years amount of production is actually low due to the limited capabilities of adaptation to 
different environments, limited numbers of variety, self-incompatibility, frost damage, 
susceptibility to Sharka and Monilinia (Sclerotinia laxa Aderh et., Ruhl.).  

Turkey is the leading country at the production of apricots. Turkey with its rich genetic 
resources and high quality dried apricot cultivars has reached to monopolistic position in 
the world. In recent years, the farming of dried apricot has increased in China, Pakistan, Iran, 
Syria, Uzbekistan, Afghanistan, too. Especially the city of Malatya in Turkey (Fig 4) and the 
surrounding areas of the city provides more than half of production of the country. For this 
reason, the city, Malatya is called also the apricot capital of the world (Asma, 2007).  
Apricots have been traditionally a part of life and as a symbol of the city at every point  
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Fig. 4. Malatya province where is the most apricot produce in the world. 

 

        
 
 

 
Fig. 5. Apricot is a symbol in Malatya. 
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(Fig 5). Malatya Apricot Research Station established in the city in 1937 played an important 
role at the development of apricot farming in the city (Fig 6). The station has a rich collection 
of 285 apricot accessions of different eco-geographical groups. It is third behind the Nikitsky 
Botanic Garden in Ukraine and Central Asian Experimental Station of the Institute of Plant 
Industry in Uzbekistan (Fig 7). The institution host thousands of seedlings obtained from 
constantly maintained crosses. In 2010, Malatya produced 661.000 tons of fresh apricot. Of 
the that production 101.000 tons dried apricots were obtained (TurkStat, 2010) (Fig 8).   

 
Fig. 6. Apricot Research Station (1937)  

 
Fig. 7. A view of Apricot Genetic Resources Collection Orchard in Apricot Research Station 
in Malatya / Turkey 



 
Genetic Diversity in Plants 

 

258 

  
 

 
Fig. 8. Best apricot competition in Malatya and new apricot cultivar Alkaya for table and 
dried consumption 

Apricot cultivation in the Mediterranean countries generally base on early and middle 
season table apricots and Spain, Italy and France have authority in the trade of table 
apricots. USA, South Africa and Australia are producer of dried and flesh apricots. However 
production of USA decreases sharply.  

Apricot rich countries has plenty of genetic diversity due to the production many years with 
seed. This increase shows that the studies need to be done in apricot. Indeed, in recent years, 
big, flashy, red-checked with orange flesh and resistant apricot variety has been the target of 
new development. Especially in Europe and the USA breeding programs released big new 
cultivars with cheek color of red but because of the low brix and poor flavor the release 
failed to succeed in the marked. 

One of the main priority of apricot breeding programs in the mid of 1990s was to develop 
cultivars resistant to the late spring frost (Layne et al. 1996; Bassi & Sansavini, 1988). 
However, unlike almond breeding (Vargas & Romero, 2001), this aim was failed to succeed 
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(Demirtas et al. 2010). In the wild apricots and germplasm collections the lack of genotypes 
exhibiting resistance to the late spring frost was the main reason for this fail. But this failure 
was ignored by producer since apricot is high-profit production and good evaluation of 
adaptation studies (Occarso, 1977; Durie, 1988; Ogasanovic et al. 1991; Harsanyi, 1991; 
Ozvardar et al. 1991; Baktir et al. 1992; Bassi et al. 1995; Kaska et al. 1995; Egea et al. 1995; 
Audergon et al. 1995; Ayanoglu et al. 1995; Paydas et al. 1995; Draganescu & Cociu, 1997; 
Hofstee et al. 1997; Papanikolaou-Paulopoulo & Poulis, 1997; Yilmaz, 2002; Blanc et al. 2006). 

One of the main goals breeding programs was to obtain varieties resistant to Monilinia 
[Sclerotinia (Monilinia) laxa Aderh et., Ruhl) (Cociu et al. 1991; Gulcan et al. 1994; Bassi et al. 
1995; Bassi & Audergon, 2006; Guerriero et al. 2006; Nicotra et al. 2006; Acarsoy et al. 2011). 
Although this ended up with some success, economically important cultivars were not 
released into market. Using efficient fungusit prevented also Monilinia breeding programs.  

All of these germplasm used in breeding and molecular genetic studies in recent years drawn 
towards different targets. The most important of these is Sharka (Plum pox virus) disease, 
unfortunately, which caused great losses (Lopez-Moya et al. 2000; Cambra et al. 2006). 

In addition, problems related to self-incompatibility became main problem after Sharka, in 
terms of ensuring the efficiency of production. In this context, the presence of S alleles on 
behalf of researchers to understand the mechanism of conflict directed to this point.  

5. Sharka (Plum pox virus) resistance in genetic diversity of apricot 
Sharka or Plum pox virus (PPV) is the most serious disease of Prunus trees. The disease has 
spreaded throughout many European countries, especially in Mediterranean countries. 
Resistant cultivars are limited and only some North American cultivars are known to be 
resistant to the disease. ‘Stark Early Orange’ (SEO), ‘Goldrich’, ‘Harlayne’, ‘Stella’, and 
‘Harcot’ are the resistant cultivars mostly used as resistant source for breedings (Martinez-
Gomez et al. 2000). The resent focus on the disease increased also cruiosty on the source of 
resistance of American cultivars. It is believed that North American cultivars originated 
from a limited number of European cultivars. The source of the resistance is unknown. 
However, recent studies shows that Central Asian apricots is the most likely source of 
resistant genes in the North American donors. Prunus mandshurica was first to be offered as 
PPV resistance into North American germplasm (Badenes et al. 1996). Zhebentyayeva et al. 
(2003) showed that ‘Harlayne’ and ‘Goldrich’ clusters with native Central Asian cultivars. 
‘Stark Early Orange’, LE 2904, LE 3276, and ‘Vestar’  are also grouped with native Chinese 
material on the genetic diversity study (Zhebentyayeva et al. 2003). Hormaza (2002) also 
demonstrated that Chinese cultivars contributed to the pedigree of ‘Stark Early Orange’. The 
recent research of Zhebentyayeva et al. (2008) shows that cultivars ‘Harlayne’, ‘Goldrich’, 
and ‘Stark Early Orange’ has genetic similarity with native Central Asian genotypes. The 
researchers also showed that Prunus davidiana alleles in ‘Stark Early Orange’ and Prunus 
mume alleles in ‘Stark Early Orange’ and ‘Goldrich’ pointed out a contribution of these 
species to PPV resistance as well (Zhebentyayeva et al. 2008). 

6. S-genotyping in genetic diversity of apricot 
Like to other Prunus species, apricots show gametophytic self-incompatibility controlled by 
a single locus with multiple genes, S-haplotypes (De Nettancourt, 2001). The S-haplotype 
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contains a female determinant, (S-RNase) encoding for a ribonuclease enzyme (McClure et 
al. 1989), and the recently identified male determinant, S-haplotype-specific F-box gene (Entani 
et al. 2003; Romero et al. 2004; Halasz et al. 2010). 

The Irano – Caucasian group are usually self-incompatible whereas Europan apricots are 
mostly self-compatible (Halasz et al. 2005; Kostina, 1970). Mehlenbacher et al. (1991) stated 
Central Asian apricots are also mostly self-incompatible.  

Cross-incompatibility between a pair of cultivars occurs frequently self-incompatible 
species. Cross-incompatibility was observed among the North American cultivars, Goldrich, 
Hargrand and Lambertin No.1 (Egea & Burgos, 1996),  and also among giant-fruited 
Hungarian apricots (Szabo & Nyeki, 1991; Halasz et al. 2010). Halasz et al. (2010) 
determined total 12 cross-incompatiblity groups between Irano-Caucasian eco-geographical 
groups (Turkish apricots) and European eco-geographical groups (Hungarian and North 
American apricots) (Table 2). 
 

Cross-incompatibility 
groups Cultivars S-genotype 

I Goldrich, Hargrand, Lambertin No.1 S1S2 
II Cologlu, Kadioglu, Seftalioglu, Cegledi orias, 

Ligeti orias
S8S9 

II Iri Bitirgen, Moniqui S2S6 
IV Artvin PA, Priana S2S7 
V Alyanak, Ziraat Okulu S2S8 
VI Dortyol-4, Sebbiyiki S2S19 
VII Sakit-3, Tokaloglu Izmir S3S19 
VIII Cataloglu, Ozal, Soganci S6S9 
IX Zerdali No.1, XI Zerdali S6S12 
X Ordubat, X2 Zerdali S7S12 
XI Adilcevaz-5, Hacihaliloglu, Kabaasi, 

Kamelya, Zerdali No.2
S9S13 

XII Shalakh (Aprikoz), Voski S11S13 
XIII Levent, Sakit-1 S6S19 
XIV Cekirge 52, X3 Zerdali S9S20 
0: Universal pollen 
donors 

Canakkale (ScSc), Ethembey (ScS8), Karacabey 
(ScS2), Mektep (ScS8), Pasa Mismisi (ScS8), 
Sam (ScS2), Yerli Izmir (ScS7)  

Table 2. Cross-incompatibility groups of apricot (Halasz et al. 2010; Egea & Burgos, 1996; 
Halasz et al. 2005) 

To date, 21 S-RNase alleles are known  in European apricots, 20 of which (S1-S20) code for 
self-incompatibility and one (Sc) allowing self-compatibility (Burgos et al. 1998; Halasz, 2007; 
Halasz et al. 2005, 2007) and recently it was confirmed that SC haplotype is a pollen part 
mutant of S8 haplotype (Halasz et al. 2007). Beside, some additional S-alleles have been also 
identified in Chinese cultivars (Wu et al. 2009; Halasz et al. 2010).   

A gradually decreasing allele number was detected in apricot landraces from China to 
Western Europe, with some allelic exclusivity occuring in certain geographic areas (Halasz, 
2007; Halasz et al. 2010).  
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7. Genetic diversity of apricot based on molecular markers 
Apricot is a temperate and subtropical zones fruit. China, the Irano-Caucasian region 
(Turkey and Iran), Central Asia, Europe and North America are the main producer regions 
in the world. The Central Asia is the oldest and the primary genetic source of apricot group 
is the Central Asian accessions are self-incompatible; the Irano-Caucasian apricots which are 
mostly the cultivated ones are mostly self-incompatible, with large fruits and low chilling 
requirements. The European and the North American apricots are originated from Irano-
Caucasia has relatively narrow genetic diversity and are self-compatible with large fruits  
(Mehlenbacher et al. 1991). For a long period, genetic diversity in apricot was studied with 
pomological, morphological and phenological characteristics (Guerriero & Watkins, 1984). 
DNA-based markers that have been used in the last decade clarify the relationship among 
the apricot accessions. 

For breeding and commercialization of promising apricot cultivars, a precise 
characterization and discrimination of the cultivars are prerequest. Different types of marker 
such as morphological, molecular, biochemical systems have been used for genetic analysis 
in horticultural plants. However, due to the effects of environmental factors, asessment of 
morphological and pomological traits may be ambiguous. Therefore, markers independent 
from the environment are necessary for reliable identification and discrimination of 
genotypes and cultivars.  DNA markers are well known independent from environmental 
interactions and they show high level of polymorphism. Therefore, they are considered 
invaluable tools for determining genetic relationships/diversity. Various types of DNA 
markers are now available. Among them, RAPD developed by Williams et al. (1990) has 
been commonly used method in apricot to assess genetic variability and relationships 
among cultivars (Takeda et al. 1998; Zhebentyayeva et al. 2000; Hormaza, 2001; Mariniello et 
al. 2002; Ercisli et al. 2009). More recently, ISSR (Chenjing et al. 2005; Yilmaz, 2008), RFLP 
(De Vicente et al. 1998), AFLP (Hurtado et al. 2001, 2002; Hagen et al. 2002; Panaud et al. 
2002; Geuna et al. 2003; Krichen et al. 2006; Yuan et al. 2007), SSR (Hormaza, 2002; Romero et 
al. 2003; Zhebentyayeva et al. 2003; Maghuly et al. 2005; He et al. 2006; Maghuly et al. 2006; 
Ali Khan et al. 2008) and SRAP (Uzun et al. 2010) techniques has also been used in apricot to 
characterize different cultivars belongs to diverse eco-geographical groups. 

The diversity determined between apricot cultivars was probably due to crosses between 
wild and cultivated apricots and cultivars from different eco-geographic origin (Uzun et al. 
2010). Microsatellite analyses suggested that European cultivars might have originated 
through hybridization among Irano-Caucasian genotypes and also most of the European 
cultivars have originated by hybridization with genotypes from the Irano-Caucasian group 
(Maghuly et al. 2005; Faust et al. 1998; Kostina, 1969). The heterozygosity of the apricot 
genotypes narrowed while apricot transfer from China to Europe. Pedryc et al. (2009) show 
that Middle European and Chinese apricot are distantly related. 

Molecular markes have created new era in genetic diversity researches since early nineties. 
Restriction fragment length polymorphism (RFLP), and PCR based markers such as 
randomly amplified polymorphic DNA (RAPDs), sequence-related amplified 
polymorphism (SRAP), single nucleotide polymorphism (SNPs), micro-satellites or simple 
sequence repeats (SSRs) are mostly used marker systems in plants and also in apricot 
genetic divesity researches. Microsattelites among all is a very useful tool for apricot 
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diversity studies, and most promising to cleary genetic relation among the apricots  and 
travel routes of apricots (Romero et al. 2003; Maghuly et al. 2005). 

Amplified fragment length polymorphism (AFLP) molecular markers assesment for the 
genotyping of 118 commercial apricot accessions and some related apricot species (Geuna et 
al. 2003). The researchers clustered the apricots into four groups corresponding to their 
geographic distribution; (1) Mediterranean apricots, (2) Chinese apricots, (3) apricots of 
continental Europe and (4) Europe-North American apricots. Their data confirmed that the 
migration of apricot from the East to West. They also showed with molecular markers that 
Prunus sibirica and Prunus mandshurica are different from Prunus armeniaca, but they group 
together with Chinese accessions (Geuna et al. 2003). In anohter study Romero et al. (2003) 
studied apricots by using of SSR markers to determine the genetic relationships among 
genotypes from different eco-geographical groups. They observed that Western European 
and North American subgroups clustered together in aggrement with their common origins 
from ancient European cultivars (Kostina, 1969; Bailey & Hough, 1975; Badanes et al. 1996). 
However their study placed Hungarian cultivars closer to the Central Asian group than to 
the other European cultivars.  

Hayashi et al. (2008) studied Japanese apricot (Prunus mume) germplasm and reported that 
the genetic diversity and relationships among 127 Japanese apricot germplasms assessed by 
SSR markers. Their study supported the two hypotheses that Japanese apricot cultivated in 
Japan had been introduced from China and that fruiting cultivars had been selected from 
flower-ornamentals.   

Turkish germplasm was studied by Yilmaz (2008) and Uzun et al. (2010) and genetic 
diversity and relationships among the accesessions were determined using RAPD, ISSR, 
SRAP and SSR markers.  The researchers reported the high genetic diversity in Turkish 
apricots. Four high chilling requiring cultivars originated from Eastern Turkey clustered 
apart from the rest.  European, South African, North American and other Turkish cultivars 
were not clearly grouped regarding to their geographic districts. Therefore the researchers 
suggested that these cultivars, despite their different geographic origins, have similar 
genetic background.  
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1. Introduction 
Tall fescue (Lolium arundinaceum (Schreb.) S.J. Darbyshire) (2n=6x=42) represents the 
predominant perennial cool-season grass forage in the USA. Its wide adaptation, excellent 
spring, summer and fall production, deep root system, tolerance to heat and persistence 
over summer conditions makes this a highly desirable species for hay, pasture and turf. Tall 
fescue tolerates short-term flooding, moderate drought and heavy livestock grazing and 
machinery traffic. It responds well to fertilizer but can maintain itself under limited fertility 
conditions and is adapted to moderately acid and wet soils (Jennings et al., 2008). 
Approximately two-thirds of the total annual growth of tall fescue occurs during the 
spring and about one-third occurs during summer and fall making it nearly a full season 
forage. A wide array of phenotypic and genotypic variation exists in tall fescue and 
cultivar development has traditionally used recurrent selection techniques. For this 
review, we focus primarily on tall fescue as a forage or hay producing species; however, 
methods discussed can be equally applicable to turf programs. Although tall fescue is a 
complex hexaploid species, it can be hybridized with annual (2n=2x=14) or perennial 
ryegrass (2n=4x=28) (Lolium perenne L. subsp. multiflorum (Lam.) Husnot (syn. Lolium 
multiflorum Lam.) for the development of festuloliums (Yamada and Takamizo, 2004). In 
some instances, induced androgenesis has been utilized to generate useful germplasm 
(Vagera et al., 1998).  

Gamete selection as originally defined by Stadler (1944) is based on the principal that 
selection exerted at the gametophytic level can increase desirable allelic frequencies 
detectable at the sporophytic level. If superior gametes can be recognized with certainty 
through a selection cycle, then such a system would be theoretically more efficient than one 
based on zygotic selection (Richey, 1947). In practice, gamete selection ordinarily involves 
two steps: 1) selection on the basis of outcross performance testing of individual plants of a 
variety or population, and 2) a similar controlled selection for outstanding individuals 
exhibiting desirable agronomic attributes. Following the identification of superior 
genotypes, such individuals would undergo continued selfing, followed by phenotypic 
selection, to generate a homozygous line, fixed for the desired agronomic characteristics. In 
instances where haploids can be generated through microspore culture, followed by genome 
doubling, homozygous or dihaploid lines can be obtained.  
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Breeding methods that utilize haploids can be varied and often provide materials exhibiting 
particular usage in genetic analysis and breeding systems when properly exploited 
(Dunwell, 2010). In addition, gametophytic selection approaches can lead to a correlated 
sporophytic response that can involve the segregation of important agronomic traits 
(Mulcahy, 1971). When applicable, gamete selection has emerged as a superior and efficient 
form of selection and the feasibility of this approach appears to be a promising method for 
facilitating the incorporation of desirable alleles within a short period of time. Stadler (1944) 
is among the earliest who reviewed its potential application in corn breeding. More recently, 
the importance of a gamete form of selection, utilizing early generation selection, has 
demonstrated successful simultaneous selection of multiple traits, including quantitative 
trait loci for characteristics such as seed yield, maturity, and tolerance to disease (Singh, 
1994; Ravikumar et al., 2004). In these instances, gamete selection was found to be superior 
in its efficiency to conventional pedigree, single seed descent, and mass selection methods 
(Singh, 1994). A gamete selection approach may also be equally effective on complex traits 
such as biotic and abiotic stress, herbicide tolerance, general and specific combining ability, 
and the selection of complex quantitative traits such as yield, drought tolerance, disease 
resistance, etc. Traditionally applied to commercial grain crops such as corn (Gordilli and 
Geiger, 2008; Chang and Coe, 2009), wheat (Barclay, 1975), barley (Kasha and Kao, 1970; 
Shugar, 1989) and beans (Singh et al., 1998) gamete selection often utilizes the induction of 
haploids and the subsequent generation of double haploid breeding approaches. With the 
use of these methods, various degrees of success in gamete selection have been attained. The 
generation of haploid or monoploid individuals is typically achieved through microspore 
culture methods (Mohan et al., 1997; Maheshwari et al., 1980; Tuvesson et al., 2008), wide 
hybridization (Inagaki, 1997), or through a pollen/sperm nucleus utilizing a haploid 
inducing system (Chang and Coe, 2009). This approach has even been applied to tall fescue 
(Kasperbauer et al., 1980; Bai & Qu, 2000). Each of these methods relies on the haploid 
individual normalizing its chromosome number either through the utilization of mitotic 
inhibitors such as colchicine, or through spontaneous doubling. This chromosome doubling 
event results in the generation of individuals that are homozygous for the genotype 
conferred by the single contributing gamete. By using a paternal monoploid or dihaploid 
generation process, gamete selection is a proven and efficient method of selection that has 
yet to be applied to forage grass breeding (Stadler 1944; Lu, et al., 1996; Rotarenco and 
Chalyk, 2000). Dihaploid (DH) breeding methods have been suggested and employed as a 
means to develop new germplasm in the Festuca-Lolium complex of polyploid grasses 
(Humphreys et al., 2003; Guo and Yamada, 2004; Guo et al., 2005). Previous research 
utilizing homozygous lines to study the inheritance of palatability has suggested that 
selection within homozygous lines can represent a useful methodology for the improvement 
of tall fescue (Henson and Buckner, 1957; Buckner and Fergus, 1960a). As a consequence, 
when the gamete selection approach is utilized in a breeding program, the generation of DH 
tall fescue lines should result in the development of efficient breeding advances and 
superior germplasm (Bouchez and Gallais, 2000). Additional research also indicates that 
genetic mapping studies focused on the elucidation of a variety of complex genetic traits can 
be more readily accomplished through the use of homozygous lines (Riera-Lizarazu et al., 
2010). The application of gamete selection to tall fescue could be accomplished if an efficient 
system of haploid induction followed by parthenogenesis were available. 
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Sporophytically expressed traits are transmitted as genetic information through the gametes 
(sperm or egg nuclei) and contain half the information that is contained in the sporophytic 
tissue. In some instances, gametophytic genes can regulate both gamete and sporophytic 
traits and this is called genetic overlap. In the presented gamete selection approach, a slight 
modification of the methodology as presented by Stadler and his contemporaries is utilized. 
Employing the method of gamete selection considered in this text, traits transmitted by the 
gamete are under the control of genes that are expressed specifically in the sporophyte. A 
single gamete provided by the tall fescue parent fertilizes the egg of an inducer line (IL) that 
results in genome loss and a parthenogenic response. Individuals derived from this 
hybridization event, followed by genome loss and the parthenogenic response, are 
recovered ryegrass, tall fescue or varied intermediate genotypes of ryegrass-fescue (e.g. 
festulolium). Selection applied at the F1 sporophyte results in a form of gamete selection. 

The USDA-ARS has recently developed an approach utilizing Lolium multiflorum lines (IL1 
and IL2) that are uniquely characterized by their ability to loose either a ryegrass or tall 
fescue genome following hybridization and the expression of a low frequency of 
parthenogenic behavior (Kindiger, 2009). Parthenogenesis involves development of the egg 
cell within the embryo sac without involvement of the sperm nucleus and such behavior has 
been characterized across numerous species, especially following wide hybridizations 
(Kendall, 1934). In this review, a low frequency parthenogenic response represents the first 
reported incidence of such behavior in ryegrass x tall fescue hybrids. The frequency of this 
behavior is difficult to determine, however, it is estimated to occur less than 1% which is 
typical for other species (Kendall, 1934). This frequency can and does vary across tall fescue 
genotypes hybridized with the IL lines. 

Two ryegrass (Lolium perenne L. subsp. multiflorum (Lam.) Husnot (syn. Lolium multiflorum 
Lam.) (2n=2x=14) genetic stocks, identified as IL1 and IL2 (Kindiger and Singh, 2011; 
Kindiger, 2011), are characterized by a genome loss phenomenon following hybridization 
with tall fescue (Lolium arundinaceum (Schreb.)) S.J. Darbyshire (syn. Festuca arundinacea 
Schreb.) (2n = 6x = 42)\, followed by a low level of parthenogenic development. The IL1 and 
IL2 genetic stocks exhibit few advantageous agronomic characteristics and are essentially 
notable only for their ability to induce chromosome or genome loss following hybridization. 
Both lines are free of the fungal endophytes Epichloë sp. or Neotyphodium sp. (Carroll, 
1988; Moon et al., 1994; Pederson & Sleper, 1988). Recurrent selection remains a widely 
utilized approach for breeding most cereal and forage species (Gallais, 1993) and has also 
been applied utilizing DH lines (Bouchez and Gallais, 2000). Incorporation of a gamete 
selection methodology should provide an equally successful approach for tall fescue 
improvement.  

In the approach, hybrids are generated utilizing genetic stocks IL1 or IL2 as the maternal 
parent and a single tall fescue individual or population as the paternal parent. Varietal or 
individual plant sampling within improved tall fescue cultivars or populations will yield a 
myriad of segregating gametes possessing a wide array of advantageous and 
disadvantageous alleles. Each pollen sperm nuclei will contribute a unique genotype to each 
hybrid and as a result, each hybrid represents a random genotypic combination of the IL 
maternal line and tall fescue pollen parent. Since the IL1 and IL2 lines are narrow based, 
agronomically inferior, unimproved genetic stocks, any potential advantageous contribution 
they may provide is considered minimal, notwithstanding unknown potential heterotic 
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effects in the F1 that may occur between the Lolium and Festuca genomes. The primary focus 
of the approach is placed on the gametic contribution of the paternal tall fescue parent and 
its expression in the hybrid sporophyte. Through this process, the breeder or geneticist is 
essentially sampling the genetic diversity of the paternal individual on a single pollen grain 
basis and examining each contribution in the hybrids. 

2. Methodology 
Pollinations are generated by hand utilizing the appropriate IL genetic stock as the maternal 
parent. Hybrid seed is easily generated in quantity. Following germination of the hybrid 
seed, numerous ryegrass-tall fescue hybrids are now available with each F1 hybrid being 
derived from a single tall fescue pollen grain sperm nucleus fertilizing the IL egg. The 
chromosome number of the hybrids is typically 2n=2x=28 with each hybrid possessing one 
genomic contribution from each parent (ryegrass (n=7) and tall fescue (n=21). Hybrids are 
generally sterile, but a low incidence of fertility can occasionally occur (Buckner, 1960b; 
Buckner et al., 1961). The generated seed can be sown in low density space planting 
nurseries, grown in the greenhouse, or planted to a spaced planted nursery where various 
induced or natural selection pressures can be applied to the hybrid individuals (Figures 1a, 
1b, 1c). Multiple locations are desirable to focus selection on the particular attributes such as 
stress or rust tolerance in a region where the germplasm is planned to be released (Figures 
2a, 2b). If disease tolerance is a selection criterion, then the hybrids should be grown in a 
region where the specific disease under study is prevalent. Once exceptional hybrid 
individuals are identified, the F1’s can be transferred to the greenhouse to exclude any 
chance of cross-pollination with any tall fescue pollen in the field. If an abundance of tall 
fescue pollen is not a problem in the nursery, then the hybrids can remain in the nursery for 
a future harvest of each selected plant inflorescence. Hybrid individuals that do not possess 
an appropriate genotype contribution from the paternal tall fescue parent are culled from 
the nursery. If multiple years of selection are to be performed, seed heads are not to be 
retained until the final year of selection. 

 
Fig. 1. a (left) Low density nursery planting of IL X tall fescue seed; USDA-ARS, 
Grazinglands Research Laboratory, El Reno, OK, USA. Figure 1b (center) Space planted 
nursery of IL x tall fescue hybrids. Figure 1c (right) Stress tolerant and stress intolerant 
hybrids from the IL x tall fescue hybrid space planted nursery.  
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hybrids from the IL x tall fescue hybrid space planted nursery.  
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Fig. 2. a (left) IL x tall fescue F1 drought selection nursery at he Mound Valley Unit,  
Kansas State University, Southeast Agricultural Research Center, KS in July, 2010. Circled 
individuals identify F1 plants exhibiting superior drought tolerance and plant vigor. Figure 
2b (right) IL x tall fescue F1 rust tolerance selection nursery at Barenbrug Seeds, West Coast 
Research Center, Albany, OR in August, 2011. 

The surviving hybrids are allowed to flower; then inflorescences are gathered at maturity, 
broken up by hand or machine and sown to trays. A light cleaning is applied to remove 
stems. The cleaned seed heads are then placed in germination trays for identification and 
selection of either recovered ryegrass or tall fescue seedlings. Typically, following two 
weeks of germination, a few seedlings will appear and are allowed to grow to appropriate 
size for transplanting (Figure 3). The germinating seedlings will generally be ryegrass 
recoveries possessing a chromosome number of 2n=2x=14, tall fescue recoveries possessing 
a chromosome number of 2n=6x=42, or various tall fescue DH recoveries with ryegrass 
introgression or ryegrass recoveries with tall fescue introgression. Since the seedlings 
obtained from the sterile F1 hybrids are generated through parthenogenic development 
following spontaneous chromosome doubling, each recovery will possess a full genome 
contribution of either the ryegrass or tall fescue parent. Genome loss, spontaneous doubling 
followed by parthenogenic development represent the important and essential contributions 
of the IL1 and IL2 lines. All recovered lines derived from this process will have all genes, 
alleles or quantitative loci conferring a trait fixed in the DH recovery (Kindiger and Singh, 
2011; Kindiger 2011). Essentially, the process generates homozygous or DH lines from the IL 
x tall fescue F1 hybrids. 

Each recovered individual will be free of the Lolium sp. fungal endophytes since the IL1 and 
IL2 lines do not possess endophyte. Recovered tall fescue DH lines can then be evaluated 
under additional selection schemes and eventually inter-crossed to perhaps generate a 
synthetic possessing various advantageous attributes, or be utilized as breeding lines for the 
development of cultivars. 

3. Example 1: Gamete selection for crude protein 

The development of forages with superior nutritional qualities is an ongoing and time 
consuming breeding effort often hindered by the complex genetics associated with each 
quality trait (Casler, 2001; Bouton, 2009). Since grazing animals have specific and differing  
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Fig. 3. Germination of dihaplod seedlings from a selected IL x tall fescue F1 hybrid. These 
individuals will represent DH tall fescue recoveries. 

nutritional requirements, the qualities of the forage should be adjusted to fit that particular 
need (Brummer and Casler, 2009). Intergeneric hybridization between Lolium and fescue  

has been a common method to understand and improve the genetics underlying the forage 
quality (Naganowska et al., 2001; Cogan et al., 2005). In addition, applying approaches such 
as introgression mapping facilitated with either genomic in situ hybridization techniques or 
molecular markers, provide an additional set of powerful tools for forage quality 
improvements (Cardinal et al., 2003). The close homology between the Lolium sp. and 
Festuca sp. genomes can also allow either recombination or a full substitution of a Lolium 
chromosome for a Festuca chromosome (Kopecký et al., 2009) and such events could affect 
the expression of a forage quality. It may also be useful to incorporate molecular markers 
during the breeding process or during backcross generations to identify any ryegrass 
segments that might have been introgressed into the fescue genome (Humphreys, 2004).  

In a preliminary demonstration utilizing the gamete selection approach, 14 IL x tall fescue 
hybrids were evaluated for their crude protein (CP) quantity via available nitrogen in plant 
leaf tissue. The need for forages to possess adequate levels of CP must complement the 
grazing animal’s nutritional requirements. Typically, CP estimates reflect the level of 
nitrogen and amino acids in forages. CP content is considered a quantitative trait in most 
forages (Fei et al., 2006.) and is typical of a trait exhibiting low heritability and is, as a 
consequence, difficult to transfer rapidly and effectively (Vogel et al., 1981). Leaf samples 
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from 14 IL x tall fescue F1 hybrids were obtained from the nursery in March 2011 and were 
run on an Elementar varioMacro flash combustion instrument (Elementar Americas, Inc., 
Mt. Laurel, NJ). In addition, DH lines derived from particular IL x tall fescue hybrids were 
assayed for N, along with the check tall fescue cultivars Nanyro, Retu, Drover and 
Barcarella. CP concentration of samples was estimated by multiplying total nitrogen (N) 
concentration by 6.25 (Hersom, 2007)(Table 1). Multiplying the N concentration by 6.25 to 
estimate CP level is performed because protein molecules contain an average of 16% N 
(1/16 = 6.25). This N and CP estimation represents the standard approach utilized for 
evaluating beef cattle protein requirements (Hersom, 2007). Results presented in Table 1 
indicate that hybrids high in CP content provide DH recoveries high in CP content. DH23A, 
a DH exhibiting low CP content, was obtained from a hybrid exhibiting low CP content. A  
 

IL x Tall Fescue Crude Protein Description 
LF12-8 18.5 IL X TF Hybrid 
LF12-9 10.6 IL X TF Hybrid 
LF13-1 14.3 IL X TF Hybrid 
LF13-3 11.7 IL X TF Hybrid 
LF14-1 17.9 IL X TF Hybrid 
LF14-2 13.1 IL X TF Hybrid 
LF15-2 17.1 IL X TF Hybrid 
LF16-1 11.7 IL X TF Hybrid 
LF16-2 16.2 IL X TF Hybrid 
LF16-3 14.4 IL X TF Hybrid 

LF800-4 15.6 IL X TF Hybrid 
LF800-8 12.0 IL X TF Hybrid 
LF800-9 19.4 IL X TF Hybrid 
LF900-1 19.2 IL X TF Hybrid 

Syn1 21.0 Blend of DH lines 
DH8B 18.7 LF12-8 recovery 
DH9B 18.4 LF12-8 recovery 

DH36D 21.1 LF900-1 recovery 
DH15B 19.2 L F800-9 recovery 
DH14B 18.6 LF14-1 recovery 
DH23A 12.2 LF16-1 recovery 
Nanyro 21.4 Cultivar Check 
Drover 19.8 Cultivar Check 

Barcarella 15.5 Cultivar Check 
Retu 18.4 Cultivar Check 

  
Table 1. Crude protein estimates across IL x tall fescue hybrids (LF), their dihaploid 
recoveries (DH) and standard cultivar checks. 
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program focused on developing a high CP cultivar would simply require the identification 
of agronomically superior DH lines exhibiting high CP estimations. This approach is 
superior to traditional recurrent selection as there are no segregating alleles that could 
confer lower or segregating CP levels. All lines utilized in the breeding process are fixed for 
the high or low CP genes. This approach removes much of the random segregation of alleles 
governing CP or other traits of low heritability. Following identification of high CP 
materials, eight high CP DH lines were combined to generate an experimental synthetic 
(Syn1). In limited performance trials, Syn1 has demonstrated itself to be a DH synthetic 
exhibiting high CP and superior agronomic attributes. As a consequence, a selection 
program focused on identifying hybrid genotypes exhibiting high CP content, then deriving 
high CP content DH lines from those hybrids should be an efficient and effective method to 
concentrate quantitative trait loci defining elevated CP content via gamete selection. 

4. Example 2: Gamete selection for stress tolerance 
A primary objective of the forage research program at the USDA-ARS, Grazinglands 
Research Laboratory is the development of tall fescue forage possessing tolerance to the 
environmental extremes of the Southern Plains Region. Typically, these environmental 
extremes involve heat, drought and low nitrogen inputs. To achieve this goal, a three year 
program of natural selection was conducted with numerous IL x tall fescue hybrids. 
Selection criteria were to evaluate the hybrids in a high stress environment on the Southern 
and Central Plains of the USA consisting of high summer temperatures, high wind, non-
irrigated, low nitrogen input (40 lbs/ac) conditions (Figures 1a, 1b, 2a, 2b). Trials were 
conducted at the USDA-ARS, Grazinglands Research Laboratory, El Reno, OK and at the 
Mound Valley Research Unit, Kansas State University, Southeast Agricultural Research 
Center, Parsons, KS. Seed generated from the initial IL x tall fescue crosses were sown in a 
greenhouse and individuals were transferred to spaced plot field selection nurseries in the 
fall of 2006 (El Reno, OK) and 2008 (Mound Valley, KS). IL x tall fescue hybrids that did not 
possess a genotype adaptable to these conditions either died or, if the individual hybrids 
exhibited unsatisfactory agronomics, were physically removed from the nursery on a year to 
year basis (Figure 4). In the fall of 2009, seed heads were removed from the El Reno, OK 
nursery and in the fall of 2010, seed heads were removed from the surviving IL x tall fescue 
hybrids at the Mound Valley, KS location. Seed heads were threshed as described and sown 
to germination trays in the greenhouse.  

Recovered DH tall fescue lines were removed from the germinating trays and transplanted 
to pots. In some instances, DH lines were selfed for seed increase. Though tall fescue is 
considered an obligate out-crossing species we have observed that this is not the case for 
many recovered DH lines and successful selfing of tall fescue has been observed and 
utilized in prior tall fescue research programs (Buckner and Fergus, 1960a). Seed generated 
through selfing recovered DH lines were sown in small, unreplicated plots in the nurseries 
at the USDA-ARS, Grazinglands Research Laboratory, El Reno, OK. Single DH plant 
selections were transplanted to the Kansas State University, Southeast Agricultural Research 
Center, Parsons Unit, Mound Valley, KS in 2010. The selection criteria remained unchanged 
at both locations for DH evaluation. During the summer of 2011 both locations experienced 
extended severe to extreme drought and heat conditions (National Oceanic and 
Atmospheric Administration, National Climatic Data Center, 2011). The DH tall fescue 



 
Genetic Diversity in Plants 

 

278 

program focused on developing a high CP cultivar would simply require the identification 
of agronomically superior DH lines exhibiting high CP estimations. This approach is 
superior to traditional recurrent selection as there are no segregating alleles that could 
confer lower or segregating CP levels. All lines utilized in the breeding process are fixed for 
the high or low CP genes. This approach removes much of the random segregation of alleles 
governing CP or other traits of low heritability. Following identification of high CP 
materials, eight high CP DH lines were combined to generate an experimental synthetic 
(Syn1). In limited performance trials, Syn1 has demonstrated itself to be a DH synthetic 
exhibiting high CP and superior agronomic attributes. As a consequence, a selection 
program focused on identifying hybrid genotypes exhibiting high CP content, then deriving 
high CP content DH lines from those hybrids should be an efficient and effective method to 
concentrate quantitative trait loci defining elevated CP content via gamete selection. 

4. Example 2: Gamete selection for stress tolerance 
A primary objective of the forage research program at the USDA-ARS, Grazinglands 
Research Laboratory is the development of tall fescue forage possessing tolerance to the 
environmental extremes of the Southern Plains Region. Typically, these environmental 
extremes involve heat, drought and low nitrogen inputs. To achieve this goal, a three year 
program of natural selection was conducted with numerous IL x tall fescue hybrids. 
Selection criteria were to evaluate the hybrids in a high stress environment on the Southern 
and Central Plains of the USA consisting of high summer temperatures, high wind, non-
irrigated, low nitrogen input (40 lbs/ac) conditions (Figures 1a, 1b, 2a, 2b). Trials were 
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Center, Parsons, KS. Seed generated from the initial IL x tall fescue crosses were sown in a 
greenhouse and individuals were transferred to spaced plot field selection nurseries in the 
fall of 2006 (El Reno, OK) and 2008 (Mound Valley, KS). IL x tall fescue hybrids that did not 
possess a genotype adaptable to these conditions either died or, if the individual hybrids 
exhibited unsatisfactory agronomics, were physically removed from the nursery on a year to 
year basis (Figure 4). In the fall of 2009, seed heads were removed from the El Reno, OK 
nursery and in the fall of 2010, seed heads were removed from the surviving IL x tall fescue 
hybrids at the Mound Valley, KS location. Seed heads were threshed as described and sown 
to germination trays in the greenhouse.  

Recovered DH tall fescue lines were removed from the germinating trays and transplanted 
to pots. In some instances, DH lines were selfed for seed increase. Though tall fescue is 
considered an obligate out-crossing species we have observed that this is not the case for 
many recovered DH lines and successful selfing of tall fescue has been observed and 
utilized in prior tall fescue research programs (Buckner and Fergus, 1960a). Seed generated 
through selfing recovered DH lines were sown in small, unreplicated plots in the nurseries 
at the USDA-ARS, Grazinglands Research Laboratory, El Reno, OK. Single DH plant 
selections were transplanted to the Kansas State University, Southeast Agricultural Research 
Center, Parsons Unit, Mound Valley, KS in 2010. The selection criteria remained unchanged 
at both locations for DH evaluation. During the summer of 2011 both locations experienced 
extended severe to extreme drought and heat conditions (National Oceanic and 
Atmospheric Administration, National Climatic Data Center, 2011). The DH tall fescue 
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recoveries have exhibited good to excellent tolerance, superior adaptation to and persistence 
under these record-setting drought conditions at both locations. This study indicates that the 
gamete selection approach is effective and efficient in identifying genotypes that can tolerate 
high environmental stress conditions such as drought, heat and low nitrogen inputs. These 
and additional DH lines generated from this gamete selection approach will be utilized to 
form a foundation of tall fescue germplasm with particular adaptation to high stress sites 
across the Southern Plains and Midwest regions of the USA.  

 
Fig. 4. Example of a stress intolerant IL x tall fescue F1 hybrid (left) and a stress tolerant 
hybrid (right).  

5. Confirming recovery of DH tall fescue lines 
There are two methods that can be performed to indicate or verify that the recovered tall 
fescue materials are DH homozygous recoveries. The first step is to self-pollinate the 
particular DH individual for seed increase and perform nursery grow outs. If the offspring 
from the selfing do not segregate for size, inflorescence morphology, maturity or other 
obvious phenotypic characteristics, they are likely DHs (Figure 5). 

A second approach is to utilize molecular markers known to exhibit a banding pattern that 
is consistent with disomic inheritance and co-dominant expression. That is, each marker 
exhibits a maximum of two bands for each individual when two alleles at a particular locus 
are present in a heterozygous state. When one band is present, the allele at that locus would 
be in a homozygous condition. These markers will be most useful since segregation will be 
predictable and such markers are easy to score (Stift et al., 2008). Tall fescue, having a 
polyploid genome constitution (Alderson and Sharp, 1994), has a considerable level of 
genome duplication. As a consequence, it is important to utilize markers that are known to 
amplify only a single or specific site in the tall fescue genome. When such markers are 
utilized, only a single amplification product will be formed at that locus since that locus 
would be homozygous. If the site were heterozygous, the amplification of multiple alleles 
would be visualized. Following the approach of Saha et al. (2004), selected DH lines were 
evaluated utilizing a set of twelve EST-SSR markers with the analyses being performed by 
DNA LandMarks (Quebec, Canada). The results of the analysis indicated that DH47 



 
Genetic Diversity in Plants 

 

280 

exhibited a high level of allelic variability when compared to the other DH recoveries (Table 
2). From this analysis, DH47 is indicated to be non-homologous for all marker loci and is 
likely a rogue. DH lines 41, 42, 44 and 57 are indicated to be true DH recoveries, 
homozygous at the evaluated marker loci. Similar approaches may be equally effective in 
polyploids thought to possess a high degree of genome duplication (Esselink et al., 2004).  

 
Fig. 5. A plot in a DH phenotypic uniformity trial at the USDA-ARS, Grazinglands Research 
Laboratory. 

EST-SSR DH41 DH42 DH44 DH47 DH57
NFA004 285 285 285 298 285
NFA030 199 199 199 199 199
NFA039 293 293 293 291 293
NFA047 244 244 244 241/244/250 244
NFA067 130 151 175 147 136
NFA068 254 254 254 251 254
NFA073 236 236 246 236 246
NFA074 244 244 244 241/244/250 244
NFA095 187 187 187 182/187 187
NFA104 218 218 218 238 218
NFA115 236 236 236 220/230 236
NFA133 150 150 150 145/155 150  

Table 2. Base-pair marker size segregation of twelve EST-SSR markers across five potential 
dihaploid lines. The absence of allelic variation across markers indicates a dihaploid 
recovery, homozygous for the locus (e.g. DH41, DH42, DH44, DH57). An excessive level of 
allelic marker variability suggests a non-homozygous condition and the lack of a 
homozygous DH recovery (DH47). The DH47 line would be discarded. 
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6. Conclusion 
The generation of haploid or dihaploid lines through a gamete selection approach can be of 
critical importance in breeding and genetic analysis research (Duwell, 2010). The materials 
and procedures described above apply directly to the breeding and selection of superior tall 
fescue germplasm and could be expanded to other fescue species. The expansion of research 
programs utilizing this approach should find the availability of DH lines useful when 
objectives are focused on plant genomics, fine mapping of DH derived populations and/or 
marker-assisted selection of genes that confer agronomically favorable traits. One advantage to 
the described method is that microspore methods are not utilized and the researcher is not 
limited to genotypes amenable to microspore culture techniques. The sampling of hundreds of 
thousands of pollen grains, each segregating for a myriad of genotypes from a single tall 
fescue individual or population requires less labor input and represents a low cost, rapid 
selection strategy that can be implemented across diverse environments. The simultaneous 
selection of multiple traits or complementary traits can be applied quite effectively and the 
prescribed approach also does not require any prior genetic information regarding the 
inheritance or expression of the quantitative trait. Though molecular markers can be applied, 
the approach does not require the utilization of molecular markers for marker-assisted 
selection. Generated DH lines possessing superior genotypes are maintained through selfing, 
retaining the fixation of the qualitative or quantitative trait of interest. 

Though IL1 and IL2 can be utilized to generate DH lines, the frequency of generation is low, 
less than 1%. However, the ability to generate IL x tall fescue hybrids is rapid and 
inflorescences on the hybrids are abundant. When numerous F1 inflorescences are utilized 
from the F1, the recovery of DH lines is quite efficient. Depending on the quality and 
number of inflorescences, it is not unusual to obtain one to eight seedlings from each IL x 
tall fescue hybrid. When multiple hybrids are screened and placed in a commercial line 
production situation, hundreds of DH recoveries may be obtained each season. What the 
approach may lack in DH generation frequency, is compensated by its efficiency in 
recovering DH lines. It is anticipated that when applied correctly, this approach would be 
effective for development of tall fescue lines exhibiting quality traits such as days to 
flowering, drought tolerance, grazing persistence, CP, NDF, ADF, RFQ, lignin, forage yield, 
etc. The gamete selection approach should also be advantageous to tall fescue breeders 
requiring efficient and rapid methods of developing tall fescue germplasm adapted to the 
unknown parameters of global climate change (Humphreys et al, 2006).  
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1. Introduction 
Rice (Oryza spp.) is one of the most important food crops in the world, being planted on 
almost 11% of the Earth’s cultivated land area over a wide number of ecosystems (Khush, 
2005; Maclean et al., 2002). Two species, Oryza sativa and O. glaberrima, are cultivated while 
other species are wild. Human selection and environmental factors have contributed to the 
genetic diversity in rice, particularly in O. sativa cultivars (Maclean et al., 2002). A significant 
amount of this genetic diversity is housed in rice gene banks around the world, with a copy 
also conserved in the snowy depths of Svalbard, Norway. The diversity of rice offers a 
valuable resource to understand grain quality and how different agronomic backgrounds 
alter those traits. Rice is consumed mainly as milled, white grains or as brown grains 
(unpolished), and also as ingredients in food products. The cooking and sensory properties 
of a variety are key components that affect its acceptability to consumers (Cramer et al., 
1993). Consumer preferences shift from low-quality to high-quality rice with increased 
income and market liberalisation (Cramer et al., 1993; Dawe & Slayton, 2004). Improvements 
in post-harvest technologies have also contributed to this shift in consumer preference by 
decreasing the price difference between low- and high-quality rice (Dawe & Slayton, 2004). 

With the exponential and breathtaking progress in sequencing and genotyping technologies 
this decade is bearing witness to in rice, research programs delivering to breeding programs 
should perhaps focus on understanding the genetic control of different traits of eating quality, 
and offering genetic markers to breeding programs for inclusion on the new generation chips 
being developed (Boualaphanh et al., 2011). However, understanding the genetics of eating 
quality is difficult because consumers are not easily able to describe the sensory experience. 
Without a way to measure the trait, it is not possible to find an associated locus.  

Thus, in order to assess consumer acceptability of breeding materials and rice cultivars, and 
in the absence of a clear knowledge of sensory properties, quality evaluation and breeding 
programs rely heavily on three indirect indicators that predict, to some degree, the cooking 
and sensory properties of rice: amylose content, gelatinisation temperature, and gel 
consistency. An understanding of the genetics behind these quality indicators can aid in 
screening early in breeding programs. However, as research has progressed into the 
genetics of those indicators, the data reveal that one major gene can be found for each trait, 
but the genes underlying the finer phenotypic classifications for each of those traits remain 
undiscovered. In this chapter, the genetic diversity of rice for these three indicators of 
quality and future avenues for research are reviewed. 
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2. Amylose content 
Amylose content (AC) is regarded as the most important indicator in classifying rice 
varieties (Juliano, 1985) because it influences texture and retrogradation potential of 
cooked grains (Champagne et al., 2004; Ong & Blanshard, 1995a). It is measured in 
breeding programs as soon as heterozygosity is minimised and is the first tool used in the 
selection process for eating quality. Rice varieties are classified into high (>25%), 
intermediate (20 – 25%), low (10 – 19%), very low (3 – 9%), or waxy (0 – 2%) amylose 
classes (Kumar & Khush, 1987). 

Since waxy rice varieties do not have amylose molecules, they are of particular interest in 
research because they provide a simple way to unravel the effects of components of the rice 
grain, other than amylose, that affect cooking and eating properties. However, waxy rice 
varieties have been reported to have very low amounts of amylose (i.e., Chung et al., 2011; 
Juliano, 1971; Landers et al., 1991; Sanchez et al., 1988; Varavinit et al., 2003). In an 
international cooperative test conducted recently, waxy rice samples were reported to have 
as high as 11% amylose using the iodine colorimetric method (Fitzgerald et al., 2009a). 
Reports have also indicated the presence of amylose chains within the hilum of immature 
waxy grains based on the colour reaction with iodine (Badenhuizen, 1956; Baker & Whelan, 
1951; Juliano & Villareal, 1987). The difference between the expected amount and the 
observed amylose values indicate either (1) amylose is truly present in waxy rice varieties or 
(2) the values obtained by iodine colorimetry stemmed from technical issues relating to the 
method. Therefore, there is a need to further define the waxy phenotype. In this review, the 
definition of amylose is based on its genetics, its structure, and its effect on the functional 
properties of rice. 

In order to clarify whether amylose is truly present in the waxy mutants, 53 traditional Lao 
waxy varieties and IR29 (a waxy mutant) were used along with 75 non-waxy varieties. 
These non-waxy varieties consisted of 8 very low AC, 7 low AC, 19 intermediate AC, and 42 
high AC rice varieties. The set also included milled rice flour of Calmochi-101 (waxy), 
Calamylow-201 and BL-2 (opaque mutants of Calhikari-201), BR-2, BR-5, and BR-7 (waxy 
mutants of Calhikari-201) kindly provided by Dr McKenzie (California Cooperative Rice 
Research Foundation, Inc) (McKenzie et al., 2006a, 2006b) and RS111, a high-amylose 
content mutant (37%) of a Chinese variety (Shu et al., 2006a) provided by Dr Wu Dianxin 
(Zhezhiang University, Hangzhou, China). These varieties were tested in many different 
ways to determine whether or not amylose was present (Cuevas, 2009). 

2.1 Genetic definition of amylose 

The genetic basis of AC has been studied extensively. The major gene responsible for amylose 
synthesis in rice is the Waxy gene on chromosome 6 (Nagao & Takahashi, 1963; Sano, 1984). 
Amylose classes associate with polymorphisms in the Waxy gene (Wx) (Table 1). The 
functional alleles Wxa and Wxb, caused by a single base change at the 5’ splice site of intron 1, 
distinguish low amylose contents from high and intermediate classes (Hirano et al., 1998; 
Wang et al., 1995). The G→T mutation in the splice site of intron 1 causes inefficient 
transcription because of alternate splicing (Bligh et al., 1998; Cai et al., 1998; Isshiki et al., 1998). 
However, these two alleles are not enough to explain the continuous variation in AC across 
the different classes nor do they define the waxy class. A single nucleotide polymorphism 
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(SNP) in exon 6 (A→C), Wxin, was associated with intermediate AC (Chen et al., 2008; Larkin 
& Park, 2003; Mikami et al., 2008). Seeds that are opaque despite the production of amylose, 
Wxop (or Wxhp), carry the same SNP in the intron 1 splice site as Wxa and an A→G SNP on exon 
4 (Liu et al., 2009; Mikami et al., 1999). Further, premature termination of translation caused by 
a 23-bp duplication in exon 2 of Wx causes a shift in the reading frame; this leads to a 
premature stop codon and the waxy phenotype (Mikami et al., 2008; Wanchana et al., 2003).  
 

Haplotype Intron 1 Exon 2 
(23-bp dupl’n) Exon 4 Exon 6 Phenotype 

1 Ta +   Waxy 
2 T -   Low AC 
3 G - G  Very low AC 
4 G - A C Intermediate AC 
5 G - A A High AC 

a Waxy rice predominantly carry the Wxb allele; however, there are waxy rice varieties that do carry the 
Wxa allele (Yamanaka et al., 2004) 
Table 1. Known haplotypes of rice based on mutations in the Waxy gene 

In rice, Granule-Bound Starch Synthase I (GBSSI) enzyme, the product of the Wx gene, is 
expressed in the endosperm and encodes a 66-kDa protein (Hirose & Terao, 2004). The SNPs 
defining each haplotype are at important sites for gene expression, therefore each SNP 
lowers the amount of GBSSI protein produced (Figure 1).  

 
Fig. 1. Comparison of GBSS1 bands in rice varieties with decreasing amounts of amylose:  
(1) RS 111, (2) IRGC111746 B, (3) IR8, (4) IR64, (5) Calamylow-201, (6) Calhikari-201, (7) BL-2, 
and (8) Calmochi-101. The ladder is composed of phosphorylase B (94 kDa), albumin (67 
kDa), and ovalbumin (43 kDa).  

In contrast to non-waxy varieties, Calmochi-101, a waxy rice variety, does not express GBSSI 
(Figure 1). Bands of GBSSI were also not observed in IR65, a waxy variety used as a 
standard, nor in the set of 54 waxy varieties (Cuevas, 2009). Hence, it can be concluded that 
the waxy mutants of rice do not express GBSSI protein. 

2.2 The molecules of amylose  

GBSSI synthesises amylose molecules in storage organs (Ball & Morell, 2003; Sano & 
Katsumata, 1984; Smith et al., 1997). Amylose is a linear (sparsely branched) polymer of 
glucose units linked by α-1,4 linkages (Ball et al., 1996), that reaches up to chain lengths 
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ranging from 200 to 10,000 degrees of polymerisation (Hizukuri et al., 1989; Takeda et al., 
1986; Takeda et al., 1992a, 1992b; Ward et al., 2006) and with molecular weights in the 105 
range (Ebermann & Praznik, 1975; Roger & Colonna, 1996; Shelton & Lee, 2000). These 
molecules are distinct from amylopectin molecules, the hyperbranched glucose 
homopolymer of starch. 

Amylose chains form helical coils when suspended in water. Iodine then enters these coils, 
subsequently forming stable amylose-iodine complexes that are characterised by a blue 
colour reaction (Rundle et al., 1944). Thus, amylose content in rice varieties can be quantified 
based on the intensity of the color reaction with iodine. In a previous study (Cuevas, 2009), 
amylose content of the 54 waxy rice varieties was measured using the a modified method 
based on the ISO 6647 routine method (International Organization for Standardization, 
2007), and the method returned positive values (Table 2).  
 

 Amylose 
Content (%) 

Maximum 8.15 
Minimum 3.88 
Mean 6.21 
Standard Deviation 1.12 

Table 2. Range of amylose content values of the waxy rice varieties following modified ISO 
6647, using non-waxy standards with known amylose contents (Cuevas, 2009). 

The range of amylose contents for the waxy varieties measured in Table 2 fell within the 
very low amylose class (Kumar & Khush, 1987). Based on these results, it is easy to conclude 
that waxy rice grains do have some amount of amylose molecules despite the absence of 
GBSSI expression within the grains of these varieties. It is also easy to classify very low 
amylose varieties as waxy, or group these two types into one class (Varavinit et al., 2003). 
However, the results in Table 2 were obtained using calculations based on standard curves 
that might not be chemically appropriate: 0% amylose was extrapolated from absorbance 
readings of non-waxy materials, but a waxy variety for the zero reading is more appropriate 
and delivers matrix control. A pure amylopectin matrix represents 0% amylose and waxy 
rice is recommended to be this matrix in the AACC Method 61-03 (American Association of 
Cereal Chemists, 2000).  

The difference in structure between the chains that constitute amylose and amylopectin 
molecules has allowed for their separation by size exclusion chromatography (SEC) after 
debranching the molecules to obtain the chains from each. Elution volumes of the 
debranched molecules of the two polymers have been identified: the longer amylose 
molecules elute first followed by the shorter amylopectin molecules (Ward et al., 2006). 
Through universal calibration and the use of pullulan standards, the elution volumes could 
be converted into chain lengths (or degree of polymerisation, X) (Ward et al., 2006). Thus, 
the proportion of amylose relative to amylopectin can be determined based on the area 
under the two peaks. 

As shown in Figure 2, the waxy variety, Calmochi-101, does not show a peak in the chain-
length area where amylose elutes. This is expected because GBSSI is not expressed in this 
variety (Figure 2). When SEC traces of varieties spanning the range of amylose classes are 
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compared (those in Figure 1), the area under the amylose peak (X 200 – 10000) increases 
while the area of the amylopectin peak (X < 200) decreases with increasing amylose content 
and GBSSI expression (Figure 1). In non-waxy varieties, the amylose peak does not return to 
the baseline between the amylose and the amylopectin peaks (Figure 2). The distance from 
the baseline increased with increasing amylose content, indicating that GBSSI synthesises 
chains between the amylose and the amylopectin chain-length ranges.  

Calamylow-201, the opaque mutant, was shown to express GBSSI, albeit weakly (Figure 1). 
The debranched chain-length distributions of this variety and of BL-2, another opaque mutant, 
confirm the presence of low amounts of amylose inside the grain (Figure 2) despite the 
resemblance in physical appearance with waxy grains. Moreover, these mutants appear to fall 
into haplotype 3 of the Wx gene (Table 1), carrying the mutation on exon 4, based on their AC.  

10000 1000 100 10 1

0
10

20
30

40

X

D
R

I r
es

po
ns

e 
(m

V
)

xxxxxxxxxxxxxxxxx
xxxxx
xxx
xxx
xxx
xxx
xxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxx
xxxxxxxxxx
xxxxxxx
xxxxx
xxxx
xxxx
xxxx
xxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxx
xxx
xxx
xxx
xxx
xxx
xxx
xxxx
xxxxx
xxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx xxxx

xxxxxxx

 
Fig. 2. Debranched chain-length distributions of waxy and non-waxy rice varieties. 
Calmochi-101 (---); BL-2 and Calamylow-201 (—); Calhikari-201 (---); IR24 (—); IR8 (●); 
IRGC111746B (x); and RS 111 (—) (Cuevas, 2009). 

It has previously been reported that immature waxy rice grains contain amylose chains in the 
hilum, as indicated by distinctive colour reactions with iodine (Badenhuizen, 1956; Baker & 
Whelan, 1951; Juliano et al., 1987). The implication is that GBSSI is active at one point in grain-
filling, and that waxy rice really does contain amylose, the product of that enzyme. However, 
genetics and SEC profiles indicate that these linear glucose chains could not be amylose, 
defined as the product of the Wx gene, despite the blue reaction, because of the frame-shift 
mutation in exon 2 (Mikami et al., 2008; Wanchana et al., 2003) and the absence of a peak 
consistent with amylose in the mature varieties (Figure 2). To clarify whether amylose exists 
during grain-filling in a waxy variety, starch from immature rice grains of Thassano 1 (TSN1), 
a waxy rice variety from Lao PDR, was debranched and the molecules were separated by SEC 
(Cuevas, 2009). Results showed quite clearly that chains normally assigned as amylose were 
absent and only amylopectin chains were detected even in the immature stage (Figure 3). 
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The enzymes that are involved in starch synthesis are reported to have temporal patterns of 
expression. GBSSI is expressed quite late in the development of the grain, beginning to be 
detectable five days after flowering (Hirose & Terao, 2004). The iodine reaction then implies 
that some other enzyme synthesises glucose chains that mimic the response of amylose. There 
are many possible starch synthases that could produce such chains in immature grains. Early 
in grain-filling, genes coding enzymes involved in amylopectin synthesis are highly expressed. 
Starch synthases (SS) II-2 and III-1 are specifically expressed 1 – 5 days after flowering while 
SSI, II-1, IV-1 and IV-2 are expressed constantly during grain filling (Hirose & Terao, 2004).  

The absence of amylose-length chains in immature grains of TSN1 (Figure 3) indicates that 
GBSSI is indeed absent from waxy grains. The blue core previously observed in the hilum of 
immature waxy grains (Baker & Whelan, 1951; Badenhuizen, 1956; Juliano et al., 1987) must 
have been caused by the presence of ‘atypical’ amylopectin molecules that form complexes 
with iodine (Buleon et al., 1998). Iodine forms a blue reaction with chains X ≥ 45 (Bailey & 
Whelan, 1961); the steady expresser SSIV is associated with the synthesis of chain lengths in 
this range and is associated to the production of such chains in the hilum (Hirose & Terao, 
2004; Roldan et al., 2007). Mutants of Arabidopsis that do not express SSIV do not synthesise 
starch (Roldan et al., 2007). This suggests therefore, that SSIV is implicated in the synthesis 
of the material that seeds the building of the amyloplast.  

 

 
Fig. 3. Debranched chain-length distributions of immature TSN1 grains. The amylose peak is 
notably absent (Cuevas, 2009). 

2.3 Effect of amylose on functional properties 

The absence of the long linear chains of amylose in waxy rice affects its functional 
properties. Within the starch granule, amylose is believed to surround and to bind 
amylopectin blocklets together (Gallant et al., 1997; Morris, 2006; Ridout et al., 2006; Tang et 
al., 2006) which suppresses swelling of non-waxy starch granules (Lii et al., 1996). The effect 
on the swelling capacity of starch granules predictably affects the viscosity profiles of non-
waxy and waxy starch (Allahgholipour et al., 2006; Fitzgerald et al., 2003); hence, viscosity 
curves can be used to distinguish waxy from non-waxy rice. 
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Viscosity parameters (Figure 4a) are usually assessed for late generation material in 
breeding programs (Fitzgerald et al., 2003; Larkin et al., 2003). One instrument that 
measures these is the Rapid Visco Analyser (RVA); starch is suspended throughout the test 
by constant stirring (Lai et al., 2000) and viscosity is denoted by changes in the stirring 
torque (Miyoshi et al., 2000) during the temperature cycle. Parts of the viscosity curve have 
been associated with amylose content (Bao et al., 1999; Champagne et al., 1999; Juliano, 1985; 
Ong & Blanshard, 1995b). The RVA has been deemed an indirect method for determining 
quality of rice (Yan et al., 2005). 
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Fig. 4. Viscosity curves obtained by Rapid Visco-Analyser. The temperature profile is 
denoted by the black line. (a) An example of a viscosity curve, showing the different points: 
PV, peak viscosity; TV, trough viscosity; FV, final viscosity. (b) Comparison of curves of the 
different amylose classes. Error bars are placed at PV, TV, and FV. 
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As the temperature increases, starch granules and proteins begin to absorb water and to 
swell (Batey & Curtin, 2000; Matveev et al., 2000), causing an initial rise in viscosity. The 
temperature at this point, known as the pasting temperature, is associated with 
gelatinisation properties of the starch source. Viscosity continues to increase, peaking at the 
point at which the balance between granule swelling and bursting has been achieved (PV) 
(Fitzgerald et al., 2003). Amylose and some amylopectin molecules, that leach while the 
granules are swelling (Tsai & Lii, 2000), form a continuous phase which contributes to the 
decrease in viscosity when the temperature plateaus (Lii et al., 1995); this is the lowest point 
in the curve and is known as trough (TV), or hot-paste, viscosity (Bergman et al., 2004; 
Bhattacharya & Sowbhagya, 1979; Onwulata & Konstance, 2006). As the starch slurry cools, 
viscosity starts to increase again because the leached amylose molecules form networks 
(Gidley, 1989; Nguyen et al., 1998). At the end of the test, the RVA records the final viscosity 
(FV) value as the temperature returns to a constant. From these three points, three 
additional parameters are derived: breakdown (BD, difference between PV and TV), 
consistency (CO, difference between FV and TV), and setback (SB, difference between FV 
and PV) (Bhattacharya & Sowbhagya, 1978; Fitzgerald et al., 2003; Juliano, 2007).  

Waxy rice varieties used in this study exhibit distinctive pasting behaviours compared with 
varieties belonging to different amylose classes (Figure 4b). PV, TV, and FV are the lowest in 
waxy rice varieties (Figure 4b and Figure 5a-c), consistent with a previous report 
(Allahgholipour et al., 2006). The low FV in waxy varieties is likely to be explained by the 
absence of amylose chains. The linear nature of the amylose molecule allows it to retrograde as 
the RVA cools, forming a gel matrix in which amylopectin molecules and starch ghosts are 
embedded (Gidley, 1989; Gidley & Bulpin, 1989; Miles et al., 1985). In contrast, because of the 
abundance of chains X 6–9, amylopectin molecules retrograde more slowly (Kanae et al., 2004; 
Shi & Seib, 1992), taking up to several days or weeks (Colonna et al., 1992). Hence, the non-
waxy varieties retrograde a lot faster, resulting in higher FV, than the waxy varieties (Figure 5c). 

The effect of AC on PV is not as clear as its contribution to FV. It has previously been 
reported that AC is positively (Singh et al., 2006; Tran et al., 2001) and negatively (Chung et 
al., 2011; Juhász & Salgó, 2008; Tan & Corke, 2002) correlated with PV. Using data from 
IRRI’s quality evaluation program, Figure 5a shows that AC does affect PV for non-waxy 
varieties, in agreement with previous reports (Larkin et al., 2003; Yan et al., 2005). Previous 
studies all used much smaller sample sets than were available in IRRI’s quality evaluation 
database. While PV appears to be associated with the presence of amylose, it has been 
determined that varieties within the same amylose class are highly diverse in terms of PV 
(Figure 6a). 

The heights of the viscosity curves appear to be limited by the height of the peak (Figure 6a). 
For instance, the low value of TV in waxy varieties (Figure 5b) can be attributed to the low PV 
in the waxy varieties. On the other hand, the other amylose classes had higher PV and had 
higher TV as well. Since TV is formed by disruption of starch structure due to shear, its level 
depends on the degree of swelling of the granules (which is associated with PV). Also, the 
associations of the derived values with amylose seem to depend on PV. BD did not associate 
with AC (Figure 5d), because both PV and TV did not. SB increased with amylose content 
(Figure 5f) not due to PV, but rather because FV is affected by AC. Meanwhile, since FV and 
TV of waxy varieties are lowest among the classes, it follows that the difference between the 
two parameters is the lowest among the classes as well (Figure 5e).  
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Fig. 5. Comparison of RVA parameters among the different amylose classes: (a) peak 
viscosity, (b) trough viscosity, (c) final viscosity, (d) breakdown, (e) consistency, (f) setback. 
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Fig. 6. Comparison of individual RVA curves by (a) amylose class; and (b) after recalculating 
RVA values to obtain a fixed PV value across all samples: waxy (black lines) and non-waxy 
(grey lines). 

Due to the effect of PV (and of swelling as well) on the other RVA parameters, it could be 
meaningful to compare RVA curves of different samples if they have a fixed PV value 
(Bhattacharya & Sowbhagya, 1978). When the viscosities were recalculated so that all 
samples have the same PV, the samples could be classified into two main groups: one group 
contained the waxy varieties while the other group contained the non-waxy varieties 
(Figure 6b), which reaffirms the difference in pasting behaviour between waxy and non-
waxy rice flour. Even with a fixed PV value, the varieties within each amylose class showed 
variability at other points in the RVA curves. 

The variability in RVA curves within each amylose class indicates that the Wx gene is not 
the lone predictor of cooking and eating properties of rice. Proteins are reported to affect the 
RVA curves, particularly because of their contribution to swelling (Baxter et al., 2004; Baxter 
et al., 2006; Derycke et al., 2005; Fitzgerald et al., 2003; Martin & Fitzgerald, 2002; Teo et al., 
2000; Xie et al., 2008). Genes coding for starch branching enzymes (BE) I and III have been 
associated with variability in viscosity profiles (Han et al., 2004), along with other grain 
components such as phosphorus (Lin & Czuchajowska, 1998). 

Aside from the RVA parameters, waxy rice varieties are distinguishable from non-waxy rice 
varieties based on the overall shape of the RVA curve (Figure 4 and Figure 6). The increase 
of viscosity from pasting to peak was much faster in waxy rice than in the non-waxy 
varieties; this was particularly evident when the RVA curves being compared had a fixed 
PV value (Figure 6b). 

Table 3 shows that the slope from TV to FV increased as the amount of amylose increased. 
The slope is significantly shallower in the waxy varieties than in the non-waxy varieties. On 
the other hand, the slope from pasting to PV was clearly significantly higher in waxy rice 
than in non-waxy rice (except for the very low amylose class) when the slope was computed 
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based on temperature; when the slope was computed based on the time, the waxy varieties 
only had significant difference in slope when compared to the high amylose varieties. The 
results of these comparisons are in agreement with visual comparisons of viscosity profiles 
in previous reports (Allahgholipour et al., 2006; Horibata et al., 2004; Yan et al., 2005). 
 

Amylose class N 
Slope1 

Paste to PV 
(x-axis = time) 

Paste to PV 
(x-axis = temp.) TV to FV 

Waxy 54 1562.7a 134.4a 60.5d 
Very Low 8 1317.4a 96.3ab 323.9c 
Low 7 1424.6ab 70.3b 489.7b 
Intermediate 18 1476.4ab 87.2b 540.3ab 
High 42 1304.2b 74.3b 588.5a 

Table 3. Means of slopes from pasting to PV and from TV to FV for the rice samples used in 
the study. Independent t-test was conducted to compare the slopes. Data analysed from 
Cuevas (2009). 1For each column, numbers followed by the same letters are not significantly 
different (α = 0.05). 

Amylose content is affected by the activity of GBSSI, the enzyme encoded by the Wx gene. 
Polymorphisms within the gene have been identified and been linked with the different 
amylose classes. Rice functional properties, such as pasting behaviour, have also been 
previously associated with AC. However, within each amylose class, there is a high 
variability in pasting properties. Thus, other grain components besides amylose and other 
genes besides the Wx gene affect pasting behaviour. To understand the pasting properties of 
rice, these other factors must be taken into account as well. 

3. Gelatinisation temperature 
Gelatinisation temperature (GT) is used in varietal development as an indicator of  
the cooking time of rice samples (Cuevas et al., 2010a). It is an economically important 
indicator of quality because selecting for shorter cooking times leads to significant potential 
savings in fuel costs (Fitzgerald et al., 2009b); thus, GT is a significant component of the 
carbon footprint of rice.  

Three classes of GT are recognised in rice breeding programs: high (>74 °C), intermediate 
(70 – 74 °C), and low (<70 °C) (Jennings et al., 1979; Juliano & Pascual, 1980; Juliano, 2003; 
Waters et al., 2006). In these programs, three methods are commonly being used to classify 
grains by GT: deducting 3 °C from the pasting temperature derived from the RVA (Juliano 
et al., 1965), the alkali spreading value (ASV) (Little et al., 1958), and by differential scanning 
calorimetry (DSC) (Normand & Marshall, 1989). However, various studies have shown 
conflicts regarding the relationship among these observations and the associations of these 
measurements with cooking time (Cuevas et al., 2010a).  

Fortunately, the structure and the mechanism leading to high and low GT have already been 
discovered. Amylopectin, the other polymer of starch, is composed of linear glucose units 
linked by α-1,4 bonds, which are organised into clusters with α-1,6 bonds at the branch 
points (Ball & Morell, 2003). At the ultra-structural level, GT is affected by the debranched 
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chain-length distributions of amylopectin within the crystalline lamella; particularly, the 
proportions of chains with lengths (measured as X) 6 – 12 and X 12 – 24 (Nakamura et al., 
2002). The synthesis of amylopectin chains has been associated with functionality of several 
enzymes. By re-plotting amylopectin chain-length distributions using a mechanistic 
approach originally developed to understand synthetic polymer synthesis, coupled with 
current biochemical knowledge, one could classify the process of amylopectin synthesis into 
four stages characterised by rates of chain elongation and of chain termination (Castro et al., 
2005).  

Starch synthase (SS) I elongates chains of X 6 – 12 (Fujita et al., 2006) while SSIIa is reported 
in various botanical sources to extend the lengths of these chains further to X 12 – 24 (Craig 
et al., 1998; Konik-Rose et al., 2007; Morell et al., 2003; Umemoto et al., 2004; Yamamori et al., 
2000). Branching enzyme (BE) IIb, on the other hand, cleaves the elongating chain and 
transfers the short amylopectin segments (Nishi et al., 2001; Tanaka et al., 2004). Disruptions 
to activity of any one of these starch synthase and branching enzymes are believed to have 
pleiotropic effects by altering the dynamics of the processes. In wheat and maize, the 
enzymes of starch synthesis are organised into complexes (Hennen-Bierwagen et al., 2008; 
Tetlow et al., 2004, 2008), so a change to one enzyme in the complex alters the composition 
of the complex and thereby the functionality (Tetlow et al., 2008). Changes in enzyme 
functionality could lead to changes in the amylopectin chain-length distribution; such 
changes can be observed by comparing conventional chain-length distribution plots 
(Hanashiro et al., 1996; Jane et al., 1999) or re-plotting those distributions using the 
mechanistic approach (Cuevas et al., 2010b). Observed changes in chain-length distributions 
suggest mutations in the genes coding for the enzymes involved in amylopectin synthesis. 

Studies addressing GT have focused on the chain elongation aspect of amylopectin 
synthesis. Differences in proportions of chains with X 6 – 12 and X 12 – 24 have been 
associated with mutations in the gene coding for SSIIa (SSIIa), located on chromosome 6 
(Umemoto et al., 2004). Four haplotypes have been defined based on two SNPs and a 
functional nucleotide polymorphism (FNP) in SSIIa. These haplotypes generally group rice 
varieties into high and low GT classes (Cuevas et al., 2010a ; Umemoto & Aoki, 2005; Waters 
et al., 2006), with a few exceptions (Figure 7).  

The four haplotypes of SSIIa are grouped into two classes, each spanning 10 °C in GT. 
Moreover, the distribution of GT by SSIIa haplotype does not show a clear population of 
varieties with intermediate GT (Figure 7) (Cuevas et al., 2010a). It has been reported that any 
of the four SSIIa haplotypes could lead to GT between 70 and 74 °C and improved varieties 
with intermediate GT by ASV could be classified as high GT by DSC (Cuevas et al., 2010a). 
Clearly, SSIIa does not code for intermediate GT. 

Intermediate GT is commonly found in improved varieties cultivated and consumed in Asia 
(Juliano, 2003). In most programs at the International Rice Research Institute (IRRI), breeders 
select for lines with intermediate GT (Kaosa-ard & Juliano, 1991). Figure 8 shows that this is 
still the case in this century. Since intermediate GT has such a high importance in the 
selection process, the genetic basis for this trait has yet to be identified. 

The inability of SSIIa to distinguish the intermediate GT class presents an opportunity to 
understand this functional property more deeply. Other enzymes involved in amylopectin 
synthesis may be involved. Minor quantitative trait loci (QTLs) that could possibly lower GT 
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have been mapped to chromosomes 1 and 7 (Bao et al., 2004). Another gene on chromosome 
6, called alk2(t), was associated with differences in thermal properties and amylopectin 
chain-length distributions in varieties with the same SSIIa haplotype (Shu et al., 2006b). 
Other enzymes such as starch synthase or branching enzymes (Butardo et al., 2011), could 
also be involved in changing the amylopectin structure (Ryoo et al., 2007) leading to 
intermediate GT. 
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Fig. 7. Comparison of kernel density plots among the four SSIIa haplotypes (as represented 
by the SNP combinations) in 1500 rice varieties. Data analysed from Cuevas et al. (2010a). 
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Fig. 8. Distribution of GT classes based on ASV in 29,690 IRRI breeding materials analysed 
in 2004 – 2007. 
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Other studies have investigated the role of chain termination on GT. Changes in 
functionality of BEIIb have been associated with variations in GT by affecting the chain-
length distribution of amylopectin in amylose-extender mutants (Jiang et al., 2003; Nishi et al., 
2001; Tanaka et al., 2004; Yamakawa et al., 2007). Comparisons of amylopectin chain-length 
distributions between IR36ae, an established BEIIb mutant (Asaoka et al., 1986; Juliano et al., 
1990), and its wildtype IR36, and between Goami 2, a mutant variety with functional 
properties similar to those of BEIIb mutants (Kang et al., 2003), and its wildtype Ilpumbyeo, 
suggest that BEIIb functions in complex with SSIIa (Cuevas et al. 2010b). A number of gene 
interactions have been reported to affect GT in an inter-subspecific doubled haploid 
population (He et al., 2006). However, there is still genetic work to be done to discover the 
basis of intermediate gelatinisation temperature. 

4. Gel consistency 
Gel consistency (GC) is a measure of firmness of the rice after cooking and is performed to 
classify rice varieties of the same AC, particularly in the high AC class, into hard, medium, or 
soft texture (Cagampang et al., 1973; Kohlwey, 1994). GC is commonly measured by 
determining the length of a cooled gel made from flour previously cooked in 0.2 M KOH 
(Cagampang et al., 1973). Variations in the method exist and are used depending on the AC of 
the samples. For waxy varieties, which form pastes instead of gels (Lii et al., 1995; Tsai et al., 
1997), the amount of flour used is higher (Bean et al., 1984) or neutral solutions are used 
instead of the alkaline solution (Perdon & Juliano, 1975). However, GC is not generally used in 
rice improvement programs focusing on rice varieties of intermediate and lower AC classes. 

GC is a measure of the strength of the gel. The range of GC values to classify rice varieties 
according to this property is wide. Samples are grouped into arbitrarily set classes based 
on the length of the gel: hard (length of gel < 40 mm), medium (length of gel 41 – 60 mm), 
and soft (length of gel > 61 mm) (Graham, 2002). Weak and rigid gels depend on the 
association of starch polymers in the aqueous phase (Dea, 1989). Since amylose is the main 
polymer that leaches as starch granules are heated (Tsai & Lii, 2000) and amylose forms 
networks as the gel starts to cool (Gidley, 1989; Nguyen et al., 1998), GC could well be 
related to AC. Indeed, correlations between the two properties have been reported in 
many populations and landraces (Tan & Corke, 2002; Septiningsih et al., 2003; Zheng et 
al., 2007). In addition, the decrease in AC in irradiated rice was attributed to the softening 
of the rice gel (Yu & Wang, 2007). 

The established correlations support the associations between GC and QTLs mapped to the 
Wx locus (He et al., 2006; Lanceras et al., 2000; Zheng et al., 2007). Studies have even 
reported that the gene coding for GC is located within the Wx locus (i.e., Tang et al., 1991; 
Tian et al., 2005). It was recently shown that the major gene for GC is in fact the Wx gene, 
and the mutation is a SNP on exon 10, a C  T polymorphism, which groups high AC rice 
varieties into hard and soft GC classes only (Tran et al., 2011). In the same way that a major 
gene separates high and low GT, as reviewed above, the extremes of GC are explained by 
biallelic variability at a single locus, but the intermediate class was not accounted for by that 
locus (Tran et al., 2011).  

The relationship between AC and GC in IRRI breeding materials, however, is not as clear as 
those previously reported (Figure 9). These results show that GC is spread across all the AC 
classes in the breeding materials. Varieties from waxy and very low AC tended to have soft 
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GC (higher GC values) while varieties from the other AC classes had GC readings from hard 
to soft. Thus, other factors aside from amylose must be contributing to the strength of the 
cooling gel, and understanding these will assist breeding programs to select more accurately 
for traits of texture. 
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Fig. 9. Relationship of amylose content and gel consistency in IRRI breeding materials 
analysed in 2004 – 2007 (r = -0.169). 

In the IRRI rice breeding programs, materials with soft GC appear to be preferred (Tran et 
al., 2011). Since the SNP in exon 10 of the Wx gene explains extreme variations in GC, it can 
be used as a tool in selecting breeding lines, particularly in programs working on varieties 
with high AC. 

The diversity in GC in each amylose class indicates that GC may be controlled by several 
minor genes besides the Wx (He et al., 2006; Tang et al., 1991). In backcross populations 
derived from hard/medium and medium/soft parents, medium GC appeared to be 
recessive to hard GC while soft GC is recessive to medium GC, indicating three alleles for 
this trait (Tang et al., 1991). However, the exon 10 SNP in the Wx gene does not distinguish 
the medium type. The appearance of the medium GC trait might be contributed by other 
genes. For instance, various minor QTLs in chromosomes 1, 2, 6, and 7 have been associated 
with GC (He et al., 1999, 2006; Lanceras et al., 2000; Bao et al., 2002; Septiningsih et al., 2003; 
Zheng et al., 2007). Aside from minor genes, pleiotropic effects might be influencing GC as 
well. Interactions between Wx and BEIII and between Wx and Pul have been suggested to 
contribute to GC (He et al., 2006). With enzymes functioning in complexes, it may be 
possible that inactivity in one enzyme could affect the functionality of others within the 
complex, leading to medium GC, if complexes exist in rice. 
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5. Future directions 
Though useful in predicting quality, AC, GT, and GC do not paint the whole picture of rice 
quality. Varieties identical in these three traits may be grouped into one quality class based 
on these parameters but consumers easily distinguish a premium variety from a lower 
quality one (Champagne et al., 2010). This could lead to low rates of adoption of newly 
developed improved varieties by farmers. Unfortunately, consumers are rarely able to 
describe the difference when they eat supposedly identical rice varieties (based on AC, GT, 
and GC if applicable). Hence, the next steps in discovering genes for sensory quality include 
finding descriptors for the sensory experience and developing phenotyping tools that can be 
used to quantify these descriptors. Once the phenotype is known, association mapping can 
begin, using appropriate populations. Such an approach will then lead to the delivery of 
validated genotyping tools to breeding programs.  

An example of the value and need for phenotyping tools is the trait of aroma. Aroma is easy 
to define as present or absent in cooked rice. It was therefore possible to develop a 
phenotyping tool, in this case gas chromatography (Bergman et al., 2000), and then use 
mapping populations, genome-wide genotyping and sequencing of candidate loci to find 
genes and allelic variation (Kovach et al., 2009). Unfortunately, other sensory properties of 
rice are more abstruse because they are not as easily described by consumers. To find 
adjectives for these other sensory properties, descriptive sensory profiling is employed; a 
trained sensory panel assesses food for aroma, texture, and flavour (Champagne et al., 
2010). Comparisons by a trained panel between similar varieties (in terms of AC, GT) but 
classed as premium and second-best showed that slickness, roughness, and springiness 
were textural attributes that separated the two classes while sweet taste, popcorn flavour, 
and metallic mouthfeel were the flavour attributes (Champagne et al., 2010). Without 
phenotyping tools, these traits could not be associated with genetic loci. Thus, discovering 
novel sensory quality genes goes in tandem with developing phenotyping tools. 

6. Conclusion 
Genetics has advanced people’s understanding of rice grain quality. The identification of the 
genes controlling the different quality traits has certainly helped breeders in improving rice 
varieties, especially with the capacity to deliver those outcomes using genome-wide 
genotyping tools. In the case of AC, GT, and GC, knowledge of the genetic factors has 
already translated into molecular markers; these tools are being applied in breeding 
programs with a caveat: the genetics of the extreme classes of GT and GC are now 
understood; for programs aimed at targeting for the intermediate phenotype, the gene(s) 
have yet to be identified. For AC, the SNPs coding for all classes are likely to be known; but 
there are other factors that contribute to pasting properties. The genetics behind these other 
factors have yet to be fully understood. 

Waxy rice varieties do not have amylose and thus could not be grouped into quality 
classes based on this property. Within the waxy class, rice varieties are very diverse and 
new approaches in characterising and classifying them are being developed. The RVA is a 
promising tool for screening eating and cooking properties of waxy rice and in defining 
the quality classes. However, since the viscosity curves within each amylose class are 
different, it is important to understand how the other factors affecting pasting properties 
interact with AC. 
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The challenge now is to find new genes for rice quality beyond AC, GC, and GT. Development 
of high-throughput genotyping technologies is progressing at a hectic pace. The progress, 
then, of finding novel sensory quality genes hinges on the pace of development of 
phenotyping tools that target traits that rice consumers find difficult to characterise.    
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productivity and the future of cotton breeding efforts tightly depend on 1) the level of the 
genetic diversity of cotton gene pools and 2) its effective exploitation in cotton breeding 
programs. Elucidating the details of genetic diversity is also very important to determine 
timeframe of cotton agronomy, develop a strategy for genetic gains in breeding, and 
conserve existing gene pools of cotton.  

During past decades, because of advances in molecular marker technology, there have been 
extensive efforts to explore the molecular genetic diversity levels in various cotton gene 
pools and genomic groups, varietal and breeding collections, and specific germplasm 
resources. These efforts reinforced a serious concern about the narrow genetic base of 
cultivated cotton germplasm, which has obviously been associated with a “genetic 
bottleneck” occurred during historic cotton domestication process (Iqbal et al., 2001). A 
narrow genetic base of cultivated germplasm was one of the major factors causing the recent 
cotton yield and quality declines (Esbroeck & Bowman, 1998; Paterson et al., 2004).These 
declines, however, are largely due to challenges and the lack of innovative tools to 
effectively exploit genetic diversity of Gossypium species. The most effective utilization of 
genetic diversity of Gossypium species further requires modern genomics technologies that 
help to reveal the molecular basis of genetic variations of agronomic importance. 
Sequencing the cotton genome(s) (Chen et al., 2007;) is a pivotal step that will facilitate the 
fine-scale mapping and better utilization of functionally significant variations in cotton gene 
pools (Abdurakhmonov, 2007). Once exploited effectively, these wide ranges of genetic 
diversity of the genus, in particular reservoir of potentially underutilized genetic diversity 
in exotic wild cotton germplasm, are the ‘golden’ resources to improve cotton cultivars and 
solve many fundamental problems associated with fiber quality, resistance to insects and 
pathogens and tolerance to abiotic stresses (Abdurakhmonov, 2007). In this chapter, we 
describe cotton germplasm resources, the amplitude of morphobiological and agronomic 
diversity of Gossypium genus and review efforts on molecular genetic diversity of cotton 
gene pools as well as highlight examples, challenges and perspectives of exploiting genetic 
diversity in cotton.  

2. Description of cotton gene pools and worldwide germplasm collections 
Although wild cottons (Gossypium spp) are perennial shrubs and trees, the domesticated 
cottons are tropic and sub-tropic annual crops cultivated since prehistoric times of the 
development of human civilization. The Gossypium genus of the Malvaceae family contains 
more than 45 diploid species and 5 allotetraploid species (Fryxell et al., 1992; Percival et al., 
1999; Ulloa et al., 2007). These species are grouped into nine genomic types (x = 2n = 26, or n 
= 13) with designations: AD, A, B, C, D, E, F, G, and K (Percival et al., 1999). The species are 
largely spread throughout the diverse geographic regions of the world. Based on the usage 
of these Gossypium species in cotton breeding and their genetic hybridization properties, 
they can be grouped into 1) primary gene pool, which includes the two species from the 
New World, G. hirsutum L. and G. barbadense L., as well as remaining three wild tetraploid 
species, G. tomentosum Nuttall ex Seemann, G. mustelinum Miers ex Watt and G. darwinii 
Watt; 2) secondary gene pool, including A, B, D and F genome diploid cotton species; 3) 
tertiary gene pool, including C, E, G, K genome Gossypium species (Stelly et al., 2007; 
Campbell et al., 2010). 
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Diploid cottons, referred as Old World cottons, are classified into eight (A-G to K) 
cytogenetically defined genome groups that have African/Asian, American, and Australian 
origin (Endrizzi et al., 1985). Two of these Old World cottons from Asian origin, G. arboreum 
L. and G. herbaceum L., with a spinnable seed fiber, were originally cultivated in Asian 
continent. Today, Old World cultivated cottons remain primarily for non-industrial 
consumption in India and adjacent Asian countries.  

The New World diploid Gossypium comprises of 14 (one undescribed taxon US-72) D 
genome species (Ulloa et al., 2006; Alvarez and Wendel, 2006; Feng et al., 2011). 
Taxonomically, these species are recognized as the Houzingenia subgenus (Fryxell, 1979, 
1992). Twelve of the 14 species of this group are distributed in Mexico and extending 
northward into Arizona. Five species are adapted to the desert environments of Baja 
California [G. armourianum Kearney (D2-1), G. harknessii Brandegee (D2-2), and G. davidsonii 
Kellogg (D3-d)] and NW mainland Mexico [G. turneri Fryxell (D10) and G. thurberi Todaro 
(D1)]. An additional seven species [G. sp. US-72, G. aridum (Rose & Standley) Skovsted (D4), 
G. lobatum Gentry (D7), G. laxum Phillips (D9), G. schwendimanii Fryx. & Koch (D11), G. 
gossypioides (Ulbrich) Standley (D6), and G. trilobum (Mociño & Sessé ex DC.) Skovsted (D8)] 
are located in the Pacific coast states of Mexico and, with the exception of the last species, 
are arborescent in growth habit (Ulloa et al., 2006). The other two species with disjunct 
distributions, G. raimondii Ulbrich (D5) is endemic to Peru, while G. klotzschianum Andersson 
(D3-k) is found in the Galápagos Islands. The D-genome species (subgenus Houzingenia) are 
classified into six sections: Section Houzingenia Fryxell (D1 and D8); Section Integrifolia 
Todaro (D3-d and D3-k); Section Caducibracteolata Mauer (D2-1, D2-2, and D10); Section 
Erioxylum Rose & Standley (US-72, D4, D7, D9, and D11); Section Selera (Ulbrich) Fryxell (D6); 
and Section Austroamericana Fryxell (D5) (Percival et al., 1999). 

Until recently, evaluation of the New World D-genome species of Gossypium, especially 
Section Houzingenia and Section Erioxylum, has been limited by the lack of resource material 
for ex situ evaluation. In recent years, the United States Department of Agriculture and the 
Mexican Instituto Nacional de Investigaciónes Forestales Agricolas y Pecuarias (INIFAP) 
have sponsored joint Gossypium germplasm collection trips by U.S. and Mexican cotton 
scientists (Ulloa et al., 2006; Feng et al., 2011). As a result of these efforts, a significant 
number of additional Gossypium accessions of the subgenus Houzingenia from various parts 
of Mexico are now available for evaluation, including several accessions of each of the 
arborescent species (Ulloa et al., 2006). Although none of these diploid species produces 
cotton fibers, the D genome is one of the parental lineages of the modern allotetraploid 
cultivated cottons, Upland and Pima (Ulloa, 2009). Studying these D genome species is the 
first critical step to fulfill the pressing need to document the in situ conservation, to assess 
the genetic diversity in Gossypium species for the preservation of the D genome species, and 
to facilitate their use for cotton improvement. In situ conservation of some of these species is 
threatened by population growth and industrialized agriculture. These Gossypium species 
are donors of important genes for cotton improvement (Ulloa et al., 2006). 

Hybridization between A-genome (Old World cottons) and D-genome (New World cottons) 
diploids and subsequent polyploidization about 1.5 million years ago created the five AD 
allotetraploid lineages belonging to the primary gene pool that are indigenous to America 
and Hawaii (Phillips, 1964; Wendel & Albert, 1992; Adams et al., 2004). These New World 
allotetraploid cottons include the commercially important species, G. hirsutum and G. 
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barbadense, which are extensively cultivated worldwide (Abdurakhmonov, 2007; Campbell 
et al., 2010).  

G. hirsutum (also called Acala or Upland, short stapled, Mocó, and Cambodia cotton) is the 
most widely cultivated (90%) and industrial cotton among all Gossypium species. It includes 
the Upland cotton cultivars and other early maturing, annually grown herbal bushes. The 
center of origin for G. hirsutum is Mesoamerica (Mexico and Guatemala), but it spread 
throughout Central America and Caribbean. According to archaeobotanical findings, G. 
hirsutum probably was domesticated originally within the Southern end of Mesoamerican gene 
pool (Wendel, 1995; Brubaker et al., 1999). Consequently, two centers of genetic diversity exist 
within G. hirsutum: Southern Mexico-Guatemala and Caribbean (Brubaker et al., 1999); 
Mexico-Guatemala gene pool is considered the site of original domestication and primary 
center of diversity. Within this range, G. hirsutum exhibits diverse types of morphological 
forms, including wild, primitive to domesticated accessions. According to Mauer (1954), there 
are four groups of sub-species of G. hirsutum: (1) G. hirsutum ssp. mexicanum, (2) G. hirsutum 
ssp. paniculatum, (3) G. hirsutum ssp. punctatum, and (4) G. hirsutum ssp. euhirsutum 
(domesticated cultivars). These four groups of sub-species include within themselves a 
number of wild landraces and primitive predomesticated forms such as yucatanense, 
richmondi, punctatum, latifolium, palmeri, morilli, purpurascens and their accessions as well 
as a number of domesticated variety accessions from 80 different cotton growing countries 
worldwide (Sunilkumar et al., 2006; Lacape et al., 2007; Abdurakhmonov, 2007).  

G. barbadense (also called as long staple fibered Pima, Sea Island or Egyptian cotton), 
accounting for about 9% of world cotton production, was originally cultivated in coastal 
islands and lowland of the USA and became known as Sea Island cotton. Sea Island cottons, 
then, were introduced into Nile Valley of Egypt and widely grown as Egyptian cotton to 
produce long staple fine fibers (Abdalla et al., 2001). The wide-distribution of G. barbadense 
included mostly South America, southern Mesoamerica and the Caribbean basin (Fryxell, 
1979). G. barbadense can be divided into two botanical races brasilense (with kidney-seed trait) 
and barbadense (with nonaggregated seeds) that both widely present as semi-domesticated 
forms in Brazil (de Almeida et al., 2009). The brasilense race, considered to have been 
domesticated in the Amazonian basin (de Almeida et al., 2009) is considered a locally 
domesticated form for G. barbadense cotton (Brubaker et al., 1999; de Almeida et al., 2009). 

The other three AD tetraploid species of cotton, G. mustelinum with specific distribution in the 
Northeast Brazil (Wendel et al., 1994), G. darwinii endemic to Galapagos Islands (Wendel & 
Percy, 1990), and G. tomentosum Nutall ex Seemann endemic to Hawaiian Islands (DeJoode 
and Wendel, 1992; Hawkins et al., 2005), are truly wild species (Westengen et al., 2005).  

The main ex situ cotton germplasm collections are in the US, France, China, India, Russia, 
Uzbekistan, Brazil, and Australia. Although there are a few other cotton germplasm 
collections present in other countries of the world, these eight countries represent the 
majority of the world’s cotton germplasm resources. Each country has a germplasm storage 
and conservation program in place (Campbell et al., 2010). The history of collecting an initial 
cotton germplasm through the specific expeditions of cotton scientists to the centers of 
Gossypium origins are well described by Ulloa et al. (2006) that were the basis, perhaps, for 
the majority of the current cotton germplasm collections worldwide. Consequently, to 
protect the world-wide economic value of cotton and cotton byproducts, cotton germplasm 
collections worldwide were enriched with numerous cotton germplasm accessions and 
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breeding materials/lines as source of the genetic diversity through continuous research 
efforts of specific cotton breeding programs and mutual germplasm exchange over the last 
100 years (Abdurakhmonov, 2007; Campbell et al., 2010).  

The brief descriptions for some of worldwide cotton germplasm collections were 
highlighted in several documents by Abdurakhmonov (2007), Chen et al. (2007), Stelly et al. 
(2007), Ibragimov et al. (2008), Wallace et al. (2009) and Campbell et al. (2010). In particular, 
a recent report of cotton researchers published in Crop science journal (Campbell et al., 
2010) has widely described the current status of global cotton germplasm resources. 
Campbell et al. (2010) provided information regarding: 1) members of the collection, 2) 
maintenance and storage procedures, 3) seed request and disbursement, 4) funding 
apparatus and staffing, 5) characterization methodology, 6) data management, and 7) past 
and present explorations.  

The contents and distribution of cotton germplasm accessions across the eight collections is 
summarized by Campbell et al. (2010), so we will not review the details of each collection to 
avoid redundancy, but rather found appropriate to list brief information in regards to the 
overall content and specificity of these world cotton collections. Based on a number of 
preserved cotton accessions in the collection, the eight major world collections can be 
positioned as follows: Uzbekistan (18971 accessions), India (10469 accessions), USA (10318 
accessions), China (8837 accessions), Russia (6276 accessions), Brazil (4296 accessions), 
CIRAD (France; 3070 accessions) and Australia (1711 accessions). The main content of these 
collections consists of accessions for two cultivated cotton species, G. hirsutum and G. 
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1-9 grams per boll, 1000 seed mass varies in a range of 50-170 grams, the lint percentage 
varies in a range of 0-45%, Micronaire varies in a range of 3-7 mic, the fiber length varies in a 
range of 1-1.28 inch, and fiber strength varies in a range of 26-36 g/tex. There was also a 
wide range of variation in photoperiodic flowering (day neutral, weak to strong 
photoperiodic dependency) and maturity (Abdurakhmonov, 2007). This wide phenotypic 
diversity of cotton shows the extensive plasticity of cotton plants and potential of their wide 
utilization in the breeding programs as an initial material.  

4. Some examples of exploiting genetic diversity through traditional breeding  
Above mentioned genetic diversity, preserved in germplasm collections worldwide, are the 
golden resources to genetically improve the cotton cultivars. There are numerous examples on 
the utilization of such genetic variations in solving many fundamental problems in cotton 
breeding and production (Abdurakhmonov, 2007). For instance, the exploration for genetic 
diversity for Verticillium wilt fungi from the exotic G. hirsutum ssp mexicanum var nervosum 
germplasm and its on-time mobilization into the elite cultivars solved wilt epidemics in 1960's 
and saved Uzbekistan's cotton production, and so the economy of the country (Abdullaev et 
al., 2009). As a result, the wilt resistant variety series named as “Tashkent” were developed 
(Abdukarimov et al., 2003; Abdurakhmonov, 2007). Later, salt tolerant genotype AN-Boyovut-
2 was selected from Tashkent cultivar biotypes demonstrating a continuation of a 'genetic 
diversity imprint' introgressed from the wild landrace stock (Abdukarimov et al., 2003). This is 
one of the success stories on exploiting genetic diversity and its impact from the single 
landrace stock germplasm, G. hirsutum ssp. mexicanum (Abdurakhmonov, 2007). A number of 
other examples on the creation of natural defoliation, disease and pest resistance, tolerance to 
multi-adversity stresses, improved seed oil content and fiber quality parameters, utilizing the 
exotic germplasm genetic diversity in Uzbekistan have been well documented (Abdukarimov 
et al., 2003; Abdurakhmonov et al., 2005, 2007).  

Successful photoperiodic conversion program in cotton was developed to mobilize day-
neutral genes into the primitive accessions of G. hirsutum. Day-neutral genes were 
introgressed into 97 primitive cotton accessions by a large backcrossing effort (McCarty et 
al., 1979; McCarty & Jenkins, 1993, Liu et al., 2000). This converted cotton germplasm is an 
important reservoir for potential genetic diversity and can be used as a source to introgress 
genes into breeding germplasm (Abdurakhmonov, 2007).  

Similarly, using genetic diversity existing in Gossypium genus, reniform nematode resistance, 
which is one of the high cost ($100 million/year) problems in US cotton production, was 
addressed. Scientists succeeded in introgressing high resistance to the nematode from G. 
longicalyx into G. hirsutum through genetic bridge crossing of two trispecies hybrids of G. 
hirsutum, G. longicalyx, and either G. armourianum or G. herbaceum (Robinson et al., 2007). Later, 
a gene of interest was mapped (Dighe et al., 2010). Resistance to root-knot nematode was also 
solved with the use of genetic diversity in Gossypium genomes (Roberts & Ulloa, 2010). 
Additionally, Hinze et al. (2011) developed four diverse populations based on US germplasm 
collection that helped to utilize a large amount of 'still underutilized' genetic variability in 
cotton breeding that should be useful in sustainable cotton production with superior quality. 
There are many other examples recorded in different cotton breeding programs, but we limit 
this section with above examples and move to address the challenges behind these success 
stories and future perspectives in this direction. 
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Fig. 1. Morphological trait diversity: (A)-pollen color, petal color and spot; (B)-matured bolls 
in diploid species, and (C)-matured bolls in tetraploid species. 
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Fig. 2. Diversity on several morphological traits in exotic and cultivar germplasm of G. 
hirsutum accessions from Uzbekistan cotton collection (Abdurakhmonov et al., 2004, 2006). 
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Fig. 2. Diversity on several morphological traits in exotic and cultivar germplasm of G. 
hirsutum accessions from Uzbekistan cotton collection (Abdurakhmonov et al., 2004, 2006). 
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5. Challenges and perspectives of exploiting diversity of different gene pools 
The introduction of genetic diversity into elite cotton germplasm is difficult and the 
breeding process is slow. When breeders use new and exotic germplasm sources, which 
possess desirable genes for crop trait improvements, large blocks of undesirable genes are 
also introgressed during the recombination between the two parental lines (linkage drag). 
This linkage drag has limited the use of such germplasm. Therefore, the utilization of useful 
genetic diversity of the wild germplasm using traditional breeding efforts is challenging due 
to: 1) hybridization issues between various cotton genomes, 2) sterility issues of interspecific 
multi-genome hybrids, 3) segregation distortion, 4) photoperiodic flowering of wild cottons 
and 5) long timescale (10-12 years of efforts) required for successful introgression and 
recovering superior quality homozygous genotypes using traditional breeding approaches 
(Abdurakhmonov, 2007). This underlies necessity for the development of new innovative 
genomics approaches to support and accelerate the traditional efforts of exploiting the 
genetic diversity in cotton breeding. Continuing the introduction of genetic diversity into 
cultivated plants is important for reducing crop vulnerability and improving important 
traits such as yield, fiber quality traits, and disease and pest resistance of the cotton crop.  

The most effective utilization of the genetic diversity of Gossypium species further requires 
(1) characterization of candidate gene(s) underlying the phenotypic and agronomic 
diversities based on genomic information in other species, (2) estimation of molecular 
diversity, genetic distances, genealogy and phylogeny of gene pools and germplasm groups, 
(3) acceleration of linkage mapping and marker-assisted selection, (4) development of 
efficient cotton transgenomics, and (5) sequencing cotton genome(s) (Abdurakhmonov, 
2007). Furthermore, (6) it is very important to characterize and describe the existing cotton 
germplasm collections for both phenotypic and genomic diversity. Consequently, (7) 
incorporation of information into electronic web-based cotton databases such as cotton DB 
(http://cottondb.org), Cotton Portal (http://gossypium.info), and the Cotton Diversity 
Database (http://cotton.agtec.uga.edu; Gingle et al., 2006) as well as further improvement 
of data management tools are pivotal to facilitate an effective exploitation of the genetic 
diversity of cotton in the future. Cotton germplasm exchange (8) among collections and 
research groups is also an imperative part toward this goal (Abdurakhmonov, 2007).  

6. Characterization of molecular genetic diversity in Gossypium genus 
Molecular diversity using protein and DNA marker technologies has extensively been 
studied for accessions from primary and secondary gene pools. Molecular genetic diversity 
of tertiary gene pool cotton species is poorly explored using molecular marker technology . 

6.1 Molecular diversity within primary gene pool 

6.1.1 Upland germplasm 

As mentioned above, application of modern molecular marker technologies, such as 
isozymes (Wendel & Percy, 1990; Wendel et al., 1992), random amplified polymorphic 
DNAs – RAPDs (Multani & Lyyon, 1995; Tatineni et al., 1996; Iqbal et al., 1997; Mahmood et 
al., 2009; Chaudhary et al., 2010), restricted fragment length polymorphisms – RFLPs 
(Wendel & Brubaker, 1993), amplified fragment length polymorphisms – AFLPs (Pilay & 
Myers, 1999; Abdalla et al., 2001; Iqbal et al., 2001; Rana et al., 2005; Lukonge et al., 2007) and 
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Simple Sequence Repeats – SSRs (Liu et al., 2000, Gutierrez et al., 2002; Rungis et al., 2005; 
Zhang et al., 2005a; Bertini et al., 2006; Zhang et al., 2011a; Kalivas et al., 2011) generally 
revealed a low level of genetic diversity within Upland cultivars. There were little variations 
in estimation of molecular diversity among Upland cultivars (G. hirsutum); however, in 
general, the genetic distance reported for Upland cultivars was in the range of 0.01-0.28 
(Abdurakhmonov, 2007).  

Recently, we analyzed a large number of G. hirsutum variety and exotic accessions from 
Uzbek cotton germplasm collection (Fig.2) with SSR markers (Abdurakhmonov et al., 
2008, 2009). Analysis of a large number of G. hirsutum accessions from exotic germplasm 
and diverse ecotypes/breeding programs with SSR markers confirmed the narrow genetic 
base of Upland cotton cultivar germplasm pool (with the genetic distance (GD) range of 
0.005-0.26) and provided an additional evidence for the occurrence of a genetic 
‘bottleneck’ during domestication events of the Upland cultivars at molecular level (Iqbal 
et al., 2001). Molecular diversity analysis of germplasm accessions using principal 
component analysis (PCA) suggested that germplasm resources could be broadly grouped 
into three large clusters (Fig.3) of exotic (1), USA-type (2) and Uzbekistan (3). First three 
eigenvalues of PCA analysis accounted for a ~52% variation and demonstrated existence 
of wide genetic diversity within the exotic germplasm, including germplasm accessions 
from Mexican and African origin (GD=0.02-0.50; Fig.3). We recorded a plenty of private 
SSR alleles within each group of accessions, specific to the germplasm groups, breeding 
ecotypes or exotic accessions. 

A wider genetic diversity in the land race stocks of G. hirsutum was reported by previous 
studies (Liu et al., 2000, Lacape et al., 2007), suggesting the existence of sufficient genetic 
diversity in the exotic germplasm for future breeding programs. Rana et al. (2005) also 
reported a wider genetic diversity (30-87%) within G. hirsutum breeding lines using AFLP 
markers. Some recent studies have reported a relatively higher genetic diversity with an 
average genetic distance of up to ~37-77% in G. hirsutum cultivars, based on the analysis of 
specific germplasm resources from Brazil (Bertini et al., 2006), Pakistan (Khan et al., 2009; 
Azamat & Khan, 2010), India (Chaudhary et al., 2010) and China (Liu et al., 2011; Zhang et 
al., 2011a) breeding programs. Results of these studies were inferred from SSR or 
combination of a SSR and/or RAPD marker polymorphisms. 

Similarly, using SSR and RAPD markers, Sapkal et al. (2011) reported moderately high 
level of genetic diversity (up to 57%) for 91 Upland cotton accessions with genetic male 
sterility maintainer and restorer properties. This suggested the existence of useful genetic 
diversity both in exotic and breeding line resources, useful to broaden the genetic base of 
Upland cotton cultivars. There is a need for evaluation of molecular genetic diversity level 
(Zhang et al., 2011a) and its effective exploitation in breeding programs that will address 
current concerns on narrowness of genetic base of widely grown Upland cotton cultivars 
(Hinze et al., 2011). 

6.1.2 Sea Island germplasm 

The molecular genetic diversity within G. barbadense germplasm accessions was also studied 
using molecular markers such as allozymes (Wendel & Percy, 1990) and AFLPs (Abdalla et al., 
2001; Westengen et al., 2005). These studies revealed a narrow genetic base within G. barbadense 
accessions with a genetic distance of 7-11% (Abdalla et al., 2001; Westengen et al., 2005) 
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Fig. 3. Principal coordinate analysis of Upland cotton (G. hirsutum) accessions from Uzbek 
cotton germplasm collection analyzed with SSR markers. Two (A) and three (B) dimensional 
view for accessions from Africa (AF), Afghanistan (AFG), Bulgaria (BUL), China (CN), 
Czechoslovakia (CZ), India (IN), Korea (KOR), Mexico (MEX), Pakistan (PAK), Syria (SYR), 
Ukraine (UA), United States (US), Uzbekistan (UZB), Yugoslavia (YU), and others (Turkey, 
Iraq and Azerbaijan). 

as was observed within the Upland cotton germplasm. In contrast, Boopathi et al. (2008) 
have identified highly diverse pairs of G. barbadense accessions using SSR marker analysis, 
which is useful for breeding of high quality Pima type cotton cultivars. Recently, de 
Almeida et al. (2009) have studied the molecular diversity level of G. barbadense populations 
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in situ preserved in the two states of Brazil, Ampa and Para. The genetic analysis using SSR 
markers of plant populations in these two states revealed 1) high homozygosity in each 
genotype tested, 2) high total genetic diversity (He=39%) in G. barbadense populations 
studied and 3) high level of population differentiation (Fst=36%) between cotton plants from 
these two Brazilian states. Results suggested the existence of noticeable genetic diversity 
preserved in in situ populations of G. barbadense in Brazil that should be further maintained 
within an ex situ germplasm collection to guarantee its long term preservation (de Almeida 
et al., 2009). Similarly, there is useful genetic diversity in ex situ preserved G. barbadense 
germplasm collections worldwide. For instance, the molecular diversity analysis of G. 
barbadense accessions using SSR markers revealed that moderately higher genetic diversity 
(up to 34%) exists within former USSR (that includes collections of Uzbekistan and Russia), 
China, USA, and Egypt germplasm collections (Wu et al., 2010). In that, USSR collection 
demonstrated the extraordinary genetic diversity compared with other collections whereas 
Egyptian collection had the least genetic diversity.  

6.1.3 Wild allotetraploid germplasm 

The molecular diversity revealed by AFLP markers was low within G. tomentosum 
germplasm with a genetic distance range of 2-11% (Hawkins et al., 2005). However, recent 
efforts on the characterization of genetic diversity level of three in situ preserved G. 
mustelinum population from Brazil using SSR markers suggested 1) high level of 
homozygosity within each population studied and 2) existence of high level of total genetic 
differentiations (58.5%) between them, which is due to geographic isolations and genetic 
founder effects (Barrosso et al., 2010). Wendel & Percy (1990) analyzed 58 G. darwinii 
accessions from six islands using 17 isozyme markers encoded by 59 genetic loci and 
identified high genetic diversity level within its accessions and relationships with G. 
barbadense and G. hirsutum genomes. This classical study suggested that G. darwinii is closely 
related to G. barbadense despite having gene flow imprints from G. hirsutum;   however, G. 
darwinii has a large number of unique alleles to be considered a distinct genome (Wendel & 
Percy, 1990). 

6.2 Molecular diversity within secondary gene pool 

The genomic diversity of the A-genome diploid cottons has also been studied using 
molecular marker technology (Liu et al., 2006; Guo et al., 2006; Kebede et al., 2007; Rahman 
et al., 2008; Kantartzi et al., 2009; Patel et al., 2009; Azamat & Khan, 2010). The genetic 
distance within 39 G. arboreum L (A2A2-genome) accessions, analyzed with SSR markers, 
ranged from 0.13-0.42 (Liu et al., 2006) demonstrating the existence of wider genomic 
diversity in the A-genome diploids compared to the Upland cultivar germplasm. Kebede et 
al. (2007) reported, however, moderate level of genetic diversity within each A1 and A2- 
genome cottons that ranged from 0.03-0.20 with an average of 0.11 within G. herbaceum and 
0.02-0.18 with an average of 0.11 for G. arboreum (A2). The overall genetic distance between 
A1 and A2 genomes was up to 36-38% (Kebede et al., 2007; Mahmood et al., 2010). In fact, G. 
arboreum arose from the primitive perennial form of G. herbaceum spread in India and there 
is a single reciprocal chromosomal translocation in G. arboreum genome compared to G. 
herbaceum (Guo et al., 2006). Molecular diversity revealed by SSR markers was higher within 
G. arboreum accessions (an average of 25%) compared to G. herbaceum accessions (an average 
of 4%; Patel et al., 2009), suggesting differences in two closely related cotton genome 
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germplasm resources. This is an interesting finding but is in contrast to the report by Kebede 
et al. (2007) where an average genetic diversity within A1 and A2 genome accessions was 
equal.  

Rahman et al. (2008) studied 32 G. arboreum accessions specific to Pakistan with RAPD 
markers and found up to 53% genetic diversity between studied accessions with very 
narrow diversity within cultivated G. arboreum accessions compared to non-cultivated ones. 
Analyzing 96 G. arboreum accessions with SSR markers, Kantartzi et al. (2009) reported that 
genetic distance within these geographically diverse A2 genome accessions ranged up to 
51%. In a more recent study, Azamat & Khan (2010) also reported wider genetic diversity in 
G. arboreum cultivar germplasm revealed by RAPD (GD=0.371) and SSR markers (GD=0.41). 
Although variable genetic distance estimates are presented, these reports collectively 
suggest that A genome representatives of secondary gene pool have sufficient molecular 
diversity useful for breeding programs. 
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6.3 Molecular diversity within tertiary gene pool 

There is a limited information on molecular diversity estimates for tertiary germplasm pool 
accessions, including C, E, G and K-genomic species. Recently, Tiwari & Stewart (2008) 
reported AFLP marker-based molecular diversity analysis results for 57 accessions of C- and 
G-genome species, including G. australe F. Mueller (G), G. nelsonii Fryxell (G3), G. bickii 
Prokhanov (G1) and G. sturtianum J.H. Willis (C1). Results showed that within G. australe 
accessions, the pairwise mean genetic distance was in a range of 3-15%, suggesting narrow 
genetic diversity within G. australe accessions that could be due to relatively recent seed 
dispersal over large growing area of this species (Tiwari & Stewart, 2008). However, there 
was moderately high molecular diversity between G. australe and G. nelsonii accessions, 
ranging from ~17-31%.Higher molecular diversity of up to ~43% was found between G. 
australe and G. bickii accessions. The genetic distance between G. bickii and G. nelsonii varied 
from 25% to 35% and as expected C1-genome accessions were most distantly related ones to 
these three G-genome species (Tiwari & Stewart, 2008). There is no report on molecular 
diversity studies on other representatives of tertiary gene pool. 

6.4 Molecular diversity among cotton gene pools 

The genetic diversity among different gene pools was also estimated in many studies using 
various marker systems. AFLP marker analyses studies (Iqbal et al., 2001, Abdalla et al., 
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2001, Westengen et al., 2005) revealed that the genetic distance between G. barbadense and G. 
hirsutum was in the range of 21-33%. The other wild AD tetraploids (G. mustelinum, G. 
tomentosum) were close to the cultivated AD cottons sharing 75-84% similarity, where G. 
tomentosum was closer to G. hirsutum genome (GD=0.16) than the other allotetraploid species 
(Westengen et al., 2005). At the same time, as mentioned above, G. darwinii was closer to G. 
barbadense than G. hirsutum (Wendel & Percy, 1990). 

Based on AFLP marker analysis, the genetic distance between the widely cultivated AD 
cottons (G. barbadense and G. hirsutum) and A-genome diploids varied from 45 to 69%, and 
that between the cultivated AD cottons and the D-genome varied from 55 to 71%. The 
genetic distance between the wild AD tetraploids and the A-genome was in the  range of 46-
52%, and between the wild AD cottons and the D-genome was 58-59%. The genetic distance 
between the A- and D-genome cottons was in the range of 0.72-0.82 when analyzed with 
AFLPs (Iqbal et al., 2001, Abdalla et al., 2001, Westengen et al., 2005).  

The use of SSR markers revealed that the genetic distance between G. hirsutum and G. 
barbadense was in a range of 42-54% (Kebede et al., 2007). However, Lacape et al. (2007) 
reported higher genome dissimilarity values (D=0.89-0.91%) between G. hirsutum and G. 
barbadense within their material. Also, high mean dissimilarity values were reported 
between G. hirsutum and G. tomentosum (D=0.71-0.75) and between G. barbadense and G. 
tomentosum (D=0.80) using highly polymorphic sets of SSRs (Lacape et al., 2007). The genetic 
distance among the AD tetraploids was also in the range of 0.80-0.88 (Liu et al., 2000) with 
moderate closeness of G. tomentosum to the Upland cotton than G. barbadense cultivars that 
was also supported by other studies with different marker systems (Dejoode & Wendel, 
1992; Hawkins et al., 2005). Based on SSR marker analysis, the genetic distance between the 
cultivated AD cottons and the A-genome was in the range of 31-43%, and that between the 
cultivated AD cottons and the D-genome was in the range of 35-46% (Kebede et al., 2007). 
The genetic distance between A-and D-genome cottons varied in the range of 29-42% 
(Kebede et al., 2007).  

7. Perspectives of 21st century cotton genomics efforts in characterizing and 
exploiting the genetic diversity of Gossypium species 
During the past two decades, the international cotton research community has made 
extensive efforts to utilize the genetic diversity in cotton, which are imperative for the future 
of trait improvements of the cotton crop. There are many marker systems such as isozymes, 
RAPDs, RFLPs, AFLPs (extensively referenced herein), and their various modifications 
(Zhang et al., 2005b) successfully used in cotton. However, the development of a large 
collection of robust, portable, and PCR-based molecular marker resources such as Simple 
Sequence Repeats (SSRs; www.cottonmarker.org) and Single Nucleotide Polymorphisms 
(SNPs) for cotton were one of the tremendous accomplishments of cotton research 
community (Chen et al., 2007; Van Deynze et al., 2009). This accelerated studies on genetic 
diversity in cotton at genomic level. Cotton marker resources were made available for cotton 
research community through cotton marker database (CMD) (Blenda et al., 2006) that are 
being extensively used to create cotton genetic linkage maps and to map important 
agronomic QTLs (Abdurakhmonov, 2007; Chen et al., 2007; Zhang et al., 2008). In addition 
to available DNA marker systems, recently, Reddy et al. (2011) developed a diversity array 
technology (DArT) marker platform for the cotton genome and evaluated the use of DArT 
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markers compared with AFLP markers in mapping populations. These studies are very 
important to elucidate molecular basis of genetic diversities in cotton that are vital to 
mobilize useful genes of agronomic importance to the elite cultivars through marker-
assisted breeding programs.  

Furthermore, researchers have reported several potential candidate genes of many 
agronomic traits in cotton. Tremendous efforts were made to study molecular basis of one of 
the most complex, but important traits – cotton fiber development (Abdurakhmonov, 2007; 
Chen et al., 2007; Zhang et al., 2008). These efforts, including many more recent reports on 
the dissection of candidate genes that are specifically expressed in developing fibers are 
undoubtedly imperative for future exploitation of genetic diversity in cotton fiber traits 
using transgenomics approaches (Arpat et al., 2004; Ruan et al., 2003; Zhang et al., 2011b).  

Despite wide spectra of genetic diversity in Gossypium genus and extensive cotton genomics 
efforts, cotton lags behind other major crops for marker-assisted breeding due to limited 
polymorphism in the cultivated germplasm. This underlies broadening of cultivar 
germplasm genetic base through mobilization of useful gene variants from other gene pools 
into cultivated germplasm. There is a need for application of modern innovative genomics 
tools such as association mapping to identify genetic causatives of natural variations 
preserved in cotton germplasm resources and their use in plant breeding. Efforts on turning 
the gene-tagging efforts from bi-parental crosses to natural population or germplasm 
collections, and from now classical QTL-mapping approach to modern linkage 
disequilibrium (LD)-based association study should lead to elucidation of ex situ conserved 
natural genetic diversity of worldwide cotton germplasm resources and its effective 
utilization. LD refers to a historically reduced (non-equilibrium) level of the recombination 
of specific alleles at different loci controlling particular genetic variations in a population 
(Abdurakhmonov & Abdukarimov, 2008). Although novel to cotton research, the 
association genetics strategy is, in fact, highly applicable to the identification of markers 
linked to fiber quality and yield through the examination of linkage disequilibrium (LD) of 
DNA-based markers with fiber quality and yield traits in a large, diverse germplasm 
collection (Abdurakhmonov et al., 2004, 2008, 2009).  

Application of association mapping strategy in gene mapping and germplasm 
characterization gained wider use in cotton. For example, Kantartzi & Stewart (2008) 
conducted association analysis for the main fiber traits in 56 G. arboreum germplasm 
accessions introduced from nine regions of Africa, Asia and Europe using 98 SSR markers. 
Association mapping strategy was also applied for tagging fiber traits in the exotic 
germplasm derived from multiple crosses among Gossypium tetraploid species (Zeng et al., 
2009). Both of these studies did not quantify the LD level in the population and used 
marker-trait associations to tag genetic variations contributing to the trait of interest.  

Alternatively, to better assess and exploit a molecular diversity of cotton genus, we 
conducted molecular genetic analyses in a global set of ~1000 G. hirsutum L. accessions, one 
of the widely grown allotetraploid cotton species, from Uzbek cotton germplasm collection. 
This global set represented at least 37 cotton growing countries and 8 breeding ecotypes as 
well as wild landrace stock accessions. The important fiber quality (fiber length and 
strength, Micronaire, uniformity, reflectance, elongation, etc.) traits were measured in two 
distinct environments of Uzbekistan and Mexico. This study allowed us to quantify the 
linkage disequilibrium level in the genome of Upland cotton germplasm and to design an 
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“association mapping” study to find biologically meaningful marker-trait associations for 
important fiber quality traits that accounts for population confounding effects (Yu et al., 
2006; Abdurakhmonov & Abdukarimov, 2008). Several SSR markers associated with major 
fiber quality traits along with donor accessions were identified and selected for MAS 
programs (Abdurakhmonov et al., 2008, 2009).  

Further, with the specific objective of introducing and enriching the currently-applied 
traditional breeding approaches with more efficient modern MAS tools in Uzbekistan, we 
began marker-assisted selection efforts based on our association mapping studies 
mentioned above. For this purpose, we selected (1) a set of twenty three major (Micronaire, 
fiber strength and length, and elongation) fiber trait-associated DNA markers as a tool to 
manipulate the transfer of QTL loci during a genetic hybridization; and (2) thirty-seven (11 
wild race stocks and 26 variety accessions from diverse ecotypes) donor cotton genotypes 
that bear important QTLs for fiber traits. These donor genotypes were crossed with 9 
commercial cultivars of Uzbekistan (as recipients) in various combinations with the 
objective of improving one or more of fiber characteristics of these recipients. These 9 
parental recipient genomes were first screened with our DNA-marker panel to compare 
with 37 donor genotypes. The polymorphic status of marker bands between donor and 
recipient genotypes were recorded. The hybrid plants generated from each crossing 
combination were tested using DNA-markers at the seedling stage, and hybrids bearing 
DNA-marker bands from donor plants were selected for further backcross breeding 
(Abdurakhmonov et al., 2011).  

Testing the major fiber quality traits using HVI in trait-associated marker-band-bearing 
hybrids revealed that mobilization of the specific marker bands from donors really had 
positively improved the trait of interest in recipient genotypes (data not shown). Currently, 
we developed a second generation of recurrent parent backcrossed hybrids (F1BC2), bearing 
novel marker bands and having superior fiber quality compared to original recipient parent 
(lacking trait-associated SSR bands). These results showed the functionality of the trait-
associated SSR markers detected in our association mapping efforts in diverse set of Upland 
cotton germplasm. Using these effective molecular markers as a breeding tool, we aim to 
pyramid major fiber quality traits into single genotype of several commercial Upland cotton 
cultivars of Uzbekistan. Our efforts will not only help rapid introgression of novel 
polymorphisms, broadening the genetic diversity of cotton cultivars and accelerating the 
breeding efforts for future sustainable cotton production in Uzbekistan but also exemplify 
effective exploitation of the natural genetic diversity ex situ preserved in cotton germplasm 
collections (Abdurakhmonov et al., 2011). 

In spite of successful application of association mapping in cotton, there is a great challenge 
with assigning correct allelic relationships (identity by decent) of multiple band amplicons 
when diverse, reticulated, and polyploid cotton germplasm resources lacking historical 
pedigree information are investigated. Besides, there is the issue of rare and unique alleles  
that is problematic for conducting association mapping (Abdurakhmonov & Abdukarimov, 
2008). While these issues can be solved using many available methodologies and approaches 
(Abdurakhmonov & Abdukarimov, 2008); however, recent studies in model crops 
suggested a new methodology to minimize these issues with the creation of segregating 
populations, performing genetic crosses between several reference populations with known 
allele frequencies for functional polymorphisms. Such an approach is referred to as nested 
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association mapping (NAM) and NAM populations would greatly enhance the power of 
association mapping in plants (Stich and Melchinger, 2010). The usefulness and feasibility of 
NAM population based genetic mapping studies were successfully demonstrated in maize 
(Kump et al., 2011; Poland et al., 2011; Tian et al., 2011;) and should be adopted for other 
crops with complex genome and diverse germplasm resources like cotton. Therefore, 
creation of NAM populations for cotton on the basis of germplasm evaluation and 
characterization studies is the task of high priority for future characterization and mapping 
of biologically meaningful genetic variations in cotton. This requires further efforts and 
investments that facilitate fine-scale association mapping studies in cotton. This will 
ultimately lead to cloning and characterization of genetic causatives controlling the genetic 
diversities and its effective exploitation in plant breeding.  

8. Conclusions 
In conclusion, by having a wide geographic and ecological dispersal, the Gossypium genus 
represents and preserves large amplitude of morphobiological and genetic diversity within 
its ex situ worldwide germplasm collections and in situ occupation sites. Because of the 
development of molecular marker technologies, and their application in genetic diversity 
studies of germplasm resources, various gene pools and specific cultivar groups, researchers 
found a genetic bottleneck in cultivated cotton germplasm resources. However, there is 
moderately high molecular diversity present in some specific cultivar germplasm analyzed 
worldwide, suggesting a need for continual efforts on searching the diverse cultivar 
germplasm resources using molecular markers. There is a need to extend molecular marker-
based diversity studies for tertiary gene pool accessions of cotton. There also is high genetic 
diversity available within exotic land race stocks, wild AD cottons, and putative A-and D-
genome ancestors to AD cottons that have potential to search for genetic variations useful in 
future improvement of cotton. The variations observed in genetic distance estimations 
between different studies could be due to (1) germplasm resources chosen for the study, (2) 
number of accessions analyzed with molecular markers, (3) number of markers and marker 
types used, (4) genomic regions screened, and (5) subjective features of data analyses 
process, e.g., considering or removing unique or rare alleles, largely influencing the genetic 
distance measures.  

Further, the narrowness of genetic diversity in cultivar germplasm was associated with 
recent and possibly future declines in cotton production and its quality, which was a timely 
warning to accelerate efforts on broadening the genetic base of cultivar germplasm resource 
via mobilizing novel genetic variants from wild, primitive, pre-domesticated primary, 
secondary and tertiary gene pools. Traditional efforts have succeeded in introgressing many 
new genetic variations into cultivar germplasm from other gene pools, but it is still 
challenging and the breeding process is slow due to a number of genetic barriers and 
obstacles, as highlighted above, to accomplish the goal. This underlies the importance of 
development of innovative tools to exploit the biologically meaningful genetic variations, 
existing in Gossypium genus. The most effective utilization of genetic diversity of Gossypium 
species further requires characterization of candidate gene(s) underlying the phenotypic and 
agronomic diversities, acceleration of linkage mapping, map-based cloning and marker-
assisted selection that underlie development of modern genomics technologies such as high-
resolution, cost effective LD-based association mapping for cotton with its optimization 



 
Genetic Diversity in Plants 

 

330 

through development of modern nested association mapping populations. The development 
of efficient cotton transgenomics tools and complete sequencing of cotton genome(s) will 
further accelerate exploitation of genetic diversity in highly specific manner and with clear 
vision. Future application of whole genome-association strategy with epigenomics 
perspectives, which currently is widely being applied in human and the other model plants 
such as Arabidopsis, will have a significant impact on identifying true functions of genes 
controlling available genetic diversity, and consequently, its effective utilization.  
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1. Introduction 
Increase in global numerical population especially in developing nations has gradually led 
to food shortage and hence increase in poverty. Addressing and tackling the issue and 
causes of poverty in the developing nations is one major challenge to breeders (Fu and 
Somers 2009). The different theories of econometircs have identified the human and material 
resources traceable to poverty, but fail to identify the crop improvement techniques in 
addressing world food shortage (Baudoin and Mergeai 2001). Crop improvement techniques 
therefore remains a major concern to plant breeders (Akbar and Kamran, 2006; Aremu et al, 
2007a). Several factors affect crop improvement for specific or general environment 
performance. Such factors include climate, weather, soil, edaphic and biological and more 
importantly crop genotype (Aremu, et al, 2007b). Crop genotypes are composed of different 
crop forms including inbred or pure lines hybrids, landraces, wildraces germplasm 
accessions, cultivars or varieties. These crop genotypes have wide and diverse origin and 
genetic background known as genetic diversity. Genetic diversity study is a major 
breakthrough in understanding intraspecie crop performance leading to crop improvement 
(Aremu, 2005). Knowledge of crop performance in genetic diverse population reveals the 
differences in the nature of genetic materials used.  

Genetic diversity studies therefore, is a step wise process through which existing variations 
in the nature of individual or group of individual crop genotypes are identified using 
specific statistical method or combination of methods (Christini et al. 2009; Warburton and 
Crossa 2000; Aremu, 2005; Weir 1996). It is expected that the identified variations would 
form a pattern of genetic relationship useable in grouping genotypes. 

Several researchers including breeders have employed different data source and type from 
diverse crops in their methods to study genetic diversity. Such data source include 
morphological and agronomic, pedigree, proximate or biochemical and molecular data 
(Aremu, et al., 2007a in cowpea; Liu et al., 2000 in cotton; Mostafa et al., 2011 in wheat; 
Adewale et al., 2010 in African Yam bean; Christine et al., 2009 in bentgrass. 

The choice of statistical method to be used is dependent on the achievable objectives laid out 
in the studies. This chapter reveals the underlying importance of genetic diversity and 
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reviews useable statistical techniques for identifying and grouping genotypes for 
intraspecies crop improvement. 

2. Need for germplasm resource in genetic diversity preservation 
Crop genotypes sourced as germplasm accessions, landraces, breeding lines, wild species, 
have rich and variable genetic integrity explorable for breeding programmes. The first step 
of any meaningful breeding programme is to identify crop plants that exhibit exploitable 
variation for the trait(s) of interest. However, these genetic diverse crops are under threat. 
Continuous hybridization and crossing systems have reduced the genetic variations in 
cropping programmes and leave a dearth in harvesting and utilization of novel crop types 
with exploitable traits. Also, the continuous threat or loss of genetic diversity as a result of 
replacement of landraces, wild species and other primitive term of crop species by exotic 
high- yielding varieties remains an insurmountable problem to plant breeders. Another 
major source of loss of genetic diversity is by changes and or increase in population size, 
resulting in land use acts promoting deforestation, wars, industrialization, urbanization and 
other factors. According to Brown (1989), preservation of genetic diversity is possible when 
genetic or germplasm resource is realized as the most precious asset in conserving genetic 
diversity. Germplasm therefore is an essential resource for successful plant breeding. 
Certain areas of the world exhibit high level of genetic variability for crops (Vavilov, 1950). 
Falconer and Mackay (1996); Eivazi et al; (2007); reported that such areas are considered as 
regions or center of genetic diversity. Therefore genetic diversity in crop may be associated 
with the origin of the crop. This is supported by Christine et al. (2009), who reported genetic 
diversity to be associated with origin. Potter and Doyle, (1992) reported Tropical Africa to be 
the centre of diversity for African yam bean. Van Bueningen and Busch (1997), reported 
genetic diversity of wheat to be centered in North America. Ariyo and Odulaja (1991), found 
correlation between genetic diversity and eco-geographic background in okro. Some 
grouping methods in genetic diversity studies identified origin and geographical diversity 
not important in measuring genetic diversity. Nair et al. (1998) discovered diversity in 
sugarcane not to be associated with origin. Aremu et al. (2007a), discovered that center of 
origin is not a measure of genetic diversity in cowpea. If crop origin is somewhat not 
important in the measure of genetic diversity a resource centre is therefore needed to 
preserve and maintain the wide genetic sources exploitable in breeding programmes. 
Genetic relationship and diversity are useful for developing germplasm conservation 
strategies and utilization of crop genetic resources. The use of genetic diversity resource 
centre cannot be under estimated as earlier discussed.  

3. Importance of genetic diversity studies 
Study on genetic diversity is critical to success in plant breeding. It provides information 
about the quantum of genetic divergence and serves a platform for specific breeding 
objectives (Thompson et al, 1998). It identifies parental combinations exploitable to create 
segregating progenies with maximum genetic potential for further selection, as proven by 
Akoroda (1987), Weir, (1996), Liu et al.( 2000); Dje et al.(2000), (Aremu et al, 2007b). Genetic 
diversity exposes the genetic variability in diverse populations and provides justification for 
introgression and ideotype breeding programmes to enhance crop performance. Mostafa al 
et. (2011), postulated that genetic diversity studies provides the understanding of genetic 
relationships among populations and hence directs assigning lines to specific heterogeneous 
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Genetic relationship and diversity are useful for developing germplasm conservation 
strategies and utilization of crop genetic resources. The use of genetic diversity resource 
centre cannot be under estimated as earlier discussed.  

3. Importance of genetic diversity studies 
Study on genetic diversity is critical to success in plant breeding. It provides information 
about the quantum of genetic divergence and serves a platform for specific breeding 
objectives (Thompson et al, 1998). It identifies parental combinations exploitable to create 
segregating progenies with maximum genetic potential for further selection, as proven by 
Akoroda (1987), Weir, (1996), Liu et al.( 2000); Dje et al.(2000), (Aremu et al, 2007b). Genetic 
diversity exposes the genetic variability in diverse populations and provides justification for 
introgression and ideotype breeding programmes to enhance crop performance. Mostafa al 
et. (2011), postulated that genetic diversity studies provides the understanding of genetic 
relationships among populations and hence directs assigning lines to specific heterogeneous 
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groups useable in identification of parents and hence choice selection for hybridization. 
Choice of parent has been identified to be the first basic step in meaningful breeding 
programme (Akoroda 1987); (Aremu et al. 2007a); (Islam 2004), (Rahim et al, 2010). 
Furthermore, the choice of parent selection in diversity studies is valuable because it is a 
means of creating useful variations in subsequent progenies. ); Dje et al. (2000), discovered 
that the higher the genetic distance between parents, the higher the heterosis in the 
developed progenies. Hence the heterotic progenies can be further hybridized and 
selections based on transgressive segregation. Akbar and Kamran, (2006). exploited this 
parental selection technique in wheat breeding program through hybridization. Mostafa et 
al. (2011), investigated genetic distance among 36 winter wheat genotypes cultivated in 
different regions of Iran using principal component analysis and discovered five major 
groups in the genotypes to distantly related. Comprehensive and significant emphasis are 
made by researchers especially plant breeders on the analysis of genetic diversity in a 
number of field crops white and yellow yam, (Akoroda, 1987); cowpea, (Adewale and 
Aremu, 2010); African yam bean, (Baudoin and Mergeai 2001); Flax, (Mohammadi et al. 
2010); wheat, (Mostafa et al. 2011) and several other crops. 

The diversity studies on these crops at their respective primitive levels (Landrace, wildtype, 
accessions, lines etc) led to the development of their widely distributed cultivars and 
varieties with proven characteristics based on stability and adaptability of performance with 
consistent tolerance to adverse weather conditions and resistant to diseases around the 
world. Fu and Somers (2009) supported that the use of identified wheat parents resistant to 
environmental stress under different growing conditions has led to increased world wheat 
production. The early report of Mohammadi and Prasna (2003) revealed that appropriate 
parent selection for hybridization in maize using a definite diversity study technique, Bohn 
et al (1999), identified six groups of wheat land races in the Western Iran that can be grown 
in different geographical locations for improved yield. Martin et al., (2008) discovered 42 
cultivars of bentgrass in the mancet city and that only diversity studies would identify 
reliable and definite cultivar(s) with varietal purity and ensure protection of breeder and 
consumer rights. Understanding the inter and intra specie genetic relationships  as provided 
by diversity studies has proven to increases hybrid vigor and reduce or avoid re-selection 
within existing germsplasm. It is worthy of note that existing cultivar populations have 
narrow genetic bases, hence need for creating variability within and among cultivars using 
genetic diversity methods.       

4. Genetic diversity measurement tools 
Genetic diverse populations arising from pure lines, accessions, landraces, wild or weed 
races are analyzed using a number of methods. Such method can be single or in combination 
of two or more methods. Franco et al. (2001) stressed the need for careful considerations to 
be made when measuring genetic diversity within and between crop populations in 
research. Such considerations include: 

1. Use of multivariate data collected from morphological or agronomic traits. Such data 
may effectively display discrete, continuous, binomial ordinal etc. variables. 

2. Use of multiple data sets arising from morphological, biochemical and DNA-based 
collections. The use of such multiple data sets in diversity study helps to reveal the 
adequacy in terms of strength and constraints in the choice of each of the data sets. The 
use of multiple data pose some puzzles including can analysis and result interpretation 
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be based on individual or combined data sets? And more worrisome is the puzzle on 
how to effectively combine the different data sets and still achieve meaningful result. To 
provide answers to these puzzles, Wrigley et al. (1982), studied phylogenetic 
relationships among triticeae species using individual and combined analysis of data 
sets consisting of morphological and DNA-based traits and discovered divergent 
results in the analysed individual and combined data. The discrepancies in the results 
may be attributed to the discrete nature of DNA-based data and the continuous variable 
nature of the morphological data. No wonder Hillis 1987; Chippindale and Wein (1994) 
suggested the assignment of specific numbers to both quantitative and qualitiative traits 
in morphological, biochemical and molecular data set. In view of this, Pedersen and 
Seberg (1998) advised that both individual and combined data sets can be analyzed in 
many possible and meaningful ways to draw conclusions on genetic divergence. In 1999 
and 2001, Taba et al. and Franco et al., respectively utilized the modified Location 
Model (MLM) which combines all variables into one multinomial variable called “W” to 
classify maize accessions from the genetic resource centres of Latin America. Better still, 
this MLM can combine molecular and morphological data to classify data better than 
when individual data set is employed. Individual data from morphological, 
biochemical or molecular data set can be analyzed using one or a combination of 
techniques. These techniques shall be discussed.  

3. Expected objective to be achieved. This dictates choice of statistical tool in measuring 
genetic distance and the level of clustering of the intragenic factors in use. Such 
objective(s) include to determine the quantum of variation and grouping such genotype 
based on genetic distance, identify action following parental selection. In essence, 
breeding focus determines applicable method in explaining the nature of genetic 
divergence.  

Variations are recorded in the measurement of genetic diversity in genotype relationships 
based on genetic distances and grouping populations from individual genotypes such as 
accessions, lines, wild races etc. The recorded variations are primarily because of the 
differences in the nature of genetic materials. Therefore, the basis or genetic variance 
theories which identifies genotype relationships based on genetic distance estimating 
genetic diversity depends largely on statistical genetic variance theories which identifies 
genotype relationships based on genetic distance / variance.  

5. The use of morphological data to measure genetic distance 
Nei, (1973), first defined Genetic distance as the difference between two entities that can be 
described by allelic variation. This definition was later in 1987, modified to  “extent of gene 
differences among populations that are measured using numerical values. Betterstill, in 
1998, Beaumont et al., provided a more comprehensive definition of genetic distance as any 
quantitative measure of genetic difference at either sequence or allele frequency level 
calculated between genotype individuals or populations.    

The first early work of Anderson (1957), proposed the use of metrogliph and index-score to 
study the pattern of morphological variations in individual data set. In the early seventies 
(Singh and Chaudhary 1985) used this method to study morphological variation in green 
gram. This method uses a range of variations arising from trait such that extent of trait 
variation is determined by the length of rays on the glyph. The performance of a genotype is 
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adjudged by the value of the index score of that genotype. The score value determine the 
length of ray which may be small, medium or long Akoroda (1987); Ariyo and Odulaja 
(1991) and Van Bueningen and Busch (1997), extensively explored the use of metroglyph 
and index-score to morphological variations in yellow yam, Okro and wild rye accessions 
respectively. 

Similar to metroglyph and the score index is Euclidian Distance (ED) measurement. 
According to Nei (1987), Euclidian distance measures similarity between two genotypes, 
populations or individuals using using statistical measures where two individuals i and j, 
having observations on morphological traits (p) denoted by x1, x2, x3,……xn and y1, y2,……yn 
for i and j individuals respectively. 

Metroglyph and index-score methods measures genetic distance by use of morphological 
traits. Euclidian distance measurements utilize both morphological and molecular based 
marker data sets. Smith et al. (1991), applied the following statistic to measure ED. 

dij = [(T1(i) – T2(i)2)/2T(i)]1/2. 

Where T1 and T2 are the values of the ith trait for 1 lines and 2 and 2 T(i) is the variance for 
the ith trait over all the lines used. Much later, Weir (1996) developed a formula for 
calculating genetic distance to be. 

d(I,j) = [(x1 –y1)2 + (x2 – y2)2 + …..(xp -yp)2 ]1/2  

where i and j is the ED between two individuals lines having morphological traits (p)  

x1, x2……xp is the traits for i individuals and  
y1, y2……xp is the traits for j individuals  

from here, the individual character distances are summed and then divided by the total 
number of characters scored in both individuals. ED measurement allows the use of both 
qualitative and quantitative data several workers identified genotype distances using ED. 
Van Bueningen and Busch (1997) in wheat, smith et al, 1987 in sorghum and Ajmone –
Marsan (1998) in maize. 

6. The use of molecular data in measuring genetic distances 
The advent and explorations in molecular genetics led to a better definition of Euclidean 
distance by Beaumont et al; (1998) to mean a quantitative measure of genetic difference 
calculated between individuals, populations or species at DNA sequence level or allele 
frequency level. 

Various genetic distance measurements are proposed for analyzing DNA-based data for the 
purpose of genetic diversity studies. Powel et al. (1996), identified different DNA-based 
marker techniques to include Random Amplified Polymorphic DNA (RAPD), Amplified 
Fragment Length Polymorphism (AFLP), Restriction Fragment Length Polymorphic (RFLPs) 
and the most recent Simple Sequence Repeats (SSR) and Microsatellite (MT) of single 
nucleotide polymorphism (SNPs). The above nucleotide differences can be used effectively 
to run individual or combined data sets of morphological, biochemical or DNA based data. 
For DNA based data, where the amplification products are equated to alleles, the allele 
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frequencies can be calculated and the genetic distance between i and j individuals estimated 
as follows. 

1

d(ij)  1  ( )
n r

ai ajX X
 

   
 
  

Where Xai is frequency of the allele a for individual I, and n is the number of alleles per loci; 
r is the constant based on the coefficient used. In its simple form, i.e r = 1, genetic distance 
can be calculated as: 

d (ij)  1/2 ( )
n

ai ajX X
 

  
 
  

Where r = 2, d(i,j) is referred to as Rogers (1972) measure of distance (RD), where    

RDij = I/2[ ( xai-xaj) 2]1/2 

Where allele frequencies are to be calculated for some of the molecular markers, the data 
must first generate a binary matrix for statistical analysis. Binary data has been long and 
widely used before the advent of molecular marker data to measure genetic distance by 
Rogers (1972); Nei and Chesser (1983) coefficient and known as GDMR and GDNL 

respectively. 

In the use of any given statistical formula to determine genetic diversity in molecular based 
data, one specific problem usually encountered is the failure of some genotypes to show 
amplification for some primer pairs. Robinson and Harris (1999) noted that lack of 
amplification may be due to “null alleles”. Most often, it is difficult to ascribe lack of 
amplification to “null allele”. It is therefore the reposed confidence of the researcher, that a 
“null allele” status of a genotype will not be considered as missing data during computation 
of genetic similarity- distance matrix so as to avoid gross error during result interpretation. 

DNA based marker data have been successfully used to measure genetic distance in some 
crops (Pritchard et al. (2000) in pigeon pea; Beaumont et al. (1998) in wheat; Franco et al., 
(2001) in maize; Dje et al. (2000) in Sorghum. 

7. Grouping techniques in measuring genetic diversity 
Genetic relationship among and with breeding materials can be identified and classified using 
multivariate grouping methods. The use of established multivariate statistical algorithms is 
important in classifying breeding materials from germplasm, accessions, lines, and other races 
into distinct and variable groups depending on genotype performance. Such groups can be 
resistant to diseases, earliness in maturity, reduced canopy drought resistant etc. The widely 
used techniques irrespective of the data source (morphological, biochemical and molecular 
marker data) are cluster analysis, Principal Component Analysis (PCA), Principal Coordinate 
Analysis (PCOA) Canonical Correlation and Multidimensional Scaling (MDS). 

Cluster analysis presents patterns of relationships between genotypes and hierarchical 
mutually exclusive grouping such that similar descriptions are mathematically gathered 
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into same cluster (Hair et al. 1995); (Aremu 2005). Cluster analysis have five methods namely 
unweighted paired group method using centroids (UPGMA and UPGMC), Single Linkages 
(SLCA), Complete Linkage (CLCA) and Median Linkage (MLCA). UPGMA and UPAMC 
provide more accurate grouping information on breeding materials used in accordance with 
pedigrees and calculated results found most consistent with known heterotic groups than 
the other clusters (Aremu et al., (2007a). 

Principal components, canonical and multidimentional analyses are used to derive a 2-or 3-
dimensonal scatter plot of individuals such that the geometrical distances among individual 
genotypes reflect the genetic distances among them. Wiley (1981), defined principal 
component as a reduced data form which clarify the relationship between breeding 
materials into interpretable fewer dimensions to form new variables. These new variables 
are visualized as different non correlating groups. 

Principal components analysis first determines Eigen values which explain the amount of 
total variation displayed on the component axes. It is expected that the first 3 axes will 
explain a large sum of the variations captured by the genotypes. Cluster and principal 
component analysis can be jointly used to explain the variations in breeding materials in 
genetic diversity studies. 

8. Conclusion 
Genetic diversity studies is in no measure the first basic step in meaningful breeding 
programme and therefore require accurate and reliable means for estimation. Data sets 
sourced can morphological biochemical several workers successfully utilized various 
statistical tools in analysis diverse data sets and identified two major framework to really 
explain divergence in genotype performance. Genetic distance among and within individual 
data sets can be conveniently determined using specific tools while classificatory and cluster 
analysis require principal component and polymorphic sequence tools. Since each data set 
provide different molecular type of information, based marker data set is visualized to 
provide more reliable differentiate information on the genotypes. Analysis of data sets can 
be complex. Many software packages are available. There is still a need for a comprehensive 
and user-friendly software packages that would integrate different data set for analysis and 
generate reliable and useable information about genetic relationship. Equally important in 
genetic diversity studies is the need for a genetic resource centre. Studies should incorporate 
utilization of genetic diversity information in developing genetic resource centre accessible 
to breeders. 
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1. Introduction 

Present-day patterns of plant distribution have been formed under the influence of various 
biotic and abiotic factors. Plant distribution reflects the habitat preferences of species and  
the outcome of their competition as well as the complex evolutionary processes resulting in 
the specificity of mating systems, the genetic structure of different species and other aspects 
of species biology. Together, these factors determine the current ranges and distributions  
of plant species. At the edge of a species' range, the significance of particular interactions 
with the environment becomes more pronounced. However, our understanding of this class 
of interactions is limited. There is debate about whether these interactions represent a 
distinct and ordered set of related phenomena or whether they are unrelated and without 
order. Different approaches to this problem are needed in different situations. 
Understanding the processes of microevolution in species at the edges of their ranges is of 
great interest, particularly in view of the continuing decline in worldwide biodiversity and 
ongoing and future climate changes. When the area of a plant's habitat is sufficient, most 
populations exist in a relatively stable condition, and changes in their genetic structure 
follow slow processes, such as gene flow and genetic drift. However, in populations 
growing at the edge of their range, the rates of genetic processes can change dramatically. 
At the limits of the climatic and ecological tolerance of species, populations usually 
become smaller and more fragmented. These populations are generally less genetically 
diverse than those living at the center of the range because they exist in less favorable 
habitats and at lower densities, and consequently, they may be more prone to extirpation 
(Hampe & Petit, 2005; Vucetich & Waite, 2003). However, some species may have existed 
as groups of isolated populations for thousands of generations. The long-term survival 
and evolution of a species depends on the maintenance of sufficient genetic variability 
within and among populations. Patterns of population genetic diversity have been shown 
to be generally shaped by past climate-driven range dynamics, rather than solely  
by stochastic demographic and genetic processes (Hewitt, 2004). Given the enormous 
variety of plant life forms and their habitats as well as the complexity of their 
evolutionary histories, it is difficult to accept as a general rule that all marginal 
populations will exhibit lower genetic diversity than those from the center of a  
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species’ range. Moreover, this rule would not hold true for all rare plants, which are 
associated with different causes underlying their rarity. A comparison of rare species 
belonging to different plant families and with different evolutionary histories may aid in 
inferring a number of scenarios under which a species may persist at the edge of its range. 
These scenarios may include common principles that do not correspond well to the 
“center-periphery” hypothesis. 

2. The region and the species selected  

The southern part of East Asia together with tropical Asia, is considered one of the centers 
of the origin and diversification of many plant taxa. The southern region of the Russian Far 
East (Primorsky Territory, Primorye) is located at the eastern edge of the Asian continent. 
The majority of this region is mountainous, with the Sikhote Alin Mountains extending 
throughout most of the area. The geographic location of the region accounts for the variety 
of its flora: it includes mountainous tundra areas, coniferous forests and coniferous-
deciduous forests, and part of the lowlands surrounding Khanka Lake is occupied by 
forest-steppe. The flora of the region is unique and is characterized by a very complex mix 
of representatives of different kinds of vegetation. Unlike many other regions at the same 
latitude, most of this area was not glaciated during the Pleistocene; glaciers were limited 
to the highest peaks of Sikhote Alin, and the vegetation has undergone uninterrupted 
development since the Pliocene. The modern species complexes of Sikhote Alin have been 
formed during numerous migration processes under the influence of global climate 
change, the specific impact of the region's proximity to the ocean and marine 
transgressions. The region maintains a large number of rare and endangered species that 
originated in earlier epochs. Unfortunately, many of the previously abundant plants of the 
area have already become rare and are disappearing as a result of increasing 
anthropogenic pressure. The removal of rare and disappearing plants from their native 
habitats has led to the disruption of natural ecosystems and has significantly 
impoverished the biodiversity of the region. 

Over 2,500 vascular plant species are represented in the flora of the southern part of  
the Russian Far East, and more than 340 species are listed in the Red Data Book of 
Primorsky Krai (2008) as endemic, rare or endangered. A large number of rare species are 
endemic, restricted to certain habitats, or their northern distribution limits are located in 
the region. Some of these species are relics of Tertiary flora with extremely limited ranges, 
whereas others exhibit range habitat preferences occupying tiny areas at specific locations. 
We have chosen a number of rare Far Eastern species (Figure) characterized by different 
life history traits for the present study. All of these species are listed in the Rare  
Plant Species of the Soviet Far East and Their Conservation (Kharkevich & Kachura, 1981), 
Red Data Book of Primorsky Krai (2008) and the Red Data Book of the Russian Federation 
(1988). The genetic diversity and population structure of each of these species have  
been studied using the following markers: allozymes, dominant DNA markers (random 
amplified polymorphic DNA, RAPD, and/or inter simple sequence repeat, ISSR)  
and sequences of noncoding regions of the chloroplast genome (cpDNA). Some life 
history traits and the main parameters related to genetic diversity and population 
structure in these species are presented in Table. Below, we provide a detailed description 
each of these species. 
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Panax ginseng Oplopanax elatus    Aristolochia 
manshuriensis

Microbiota decussata (dots)
and Oxytropis chankaensis

(strip)

Iris mandshurica Iris vorobievii

 
Fig. 1. Geographic ranges of rare Far Eastern species under study (according to Alexeeva, 
2008; Huang et al., 2003; Kharkevich & Kachura, 1981; Shu, 2000; Xiang & Lowry, 2007;  
Zhu et al., 2010).  

2.1 Ginseng (oriental ginseng), Panax ginseng C.A. Meyer 

Ginseng, Panax ginseng C.A. Meyer, is a representative of the Panax L. genus related to an 
ancient family of angiosperms, the Araliaceae, members of which have been found in 
Cretaceous deposits. Most members of the Araliaceae are distributed in tropical and 
subtropical regions, with some species reaching the temperate zone. The Panax genus 
consists exclusively of herbaceous perennial plants, and all species in this genus are 
distinguished by the peculiar structure of an aboveground shoot that dies annually, whereas 
most members of the Araliaceae are trees or shrubs (Grushwitsky, 1961). The uniqueness of 
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Species* 
Life-hystory traits 

Life 
form 

Life-span 
(years) Clonality Mating 

system Pollination Seed dispersal 

Panax ginseng, Е PH 140 NC S, A I G, A 
Oplopanax elatus, V S 300 C S I G, A 
Aristolochia 
manshuriensis, E 

WL 50 NC S I W, Wa 

Microbiota decussata, V S 250 C S W G 
Oxytropis  
chankaensis, V 

PH 50 NC S I W, Wa, G 

Iris vorobievii, E PH ≤7 PC S I G, A 
Iris mandshurica,V  PH 25 C S I G, A 
       

 Genetic diversity parameters at population level 

Species* 
Allozymes  Dominant markers  Chloroplast DNA 

Р95 Не FST Р95 Не GST π·10-3 h GST 

Panax ginseng, Е 7.6 0.022 0.204  4.0 0.013 0.249  – – – 
Oplopanax elatus, V 25.0 0.113 – 23.5 0.088 0.293 – – – 
Aristolochia 
manshuriensis, E 

25.0 0.108 0.065 36.2 0.141 0.112 – – – 

Microbiota decussata, V – – – 45.1 0.249 0.352 0.603 0.954 0.090 
Oxytropis chankaensis, V 37.1 0.294 0.025 66.9 0.290 0.135 0.480 0.703 0.146 
Iris vorobievii, E – – – 32.5 0.104 – 0.587 0.912 – 
Iris mandshurica,V – – – 31.3 0.108 – 0.285 0.733 – 
Mean values for species 
with restricted ranges** 

29.9 0.095 0.206  – 0.280 0.210  – – 0.637a 
0.165g 

Table 1. Life-history traits and parameters of genetic variation in populations of rare Far 
Eastern species studied. *, Categories of rarity are given with the species name according to 
the Red Data Book of Primorsky Krai (2008): E, endangered; V, vulnerable. Life form: S, 
shrub; WL, woody liana; PH, perennial herb. Clonality: C, clonal; PC, poor clonal; NC, non-
clonal. Mating system: S, sexual; A, apomixis. Pollination: W, wind; I, insect. Seed dispersal: 
W, wind; Wa, water; A, animal; G, gravity. Genetic diversity parameters at population level: 
P95, percentage of polymorphic loci (95% criterion); He, expected genetic diversity; π, 
nucleotide diversity; h, haplotype diversity; FST, and GST, indices of genetic differentiation 
among populations; –, not determined. **, Mean values of genetic variation parameters in 
species with restricted ranges are cited from Gitzendanner & Soltis, 2000 (for allozyme data) 
and Nybom, 2004 (for dominant DNA marker data); GST based on chloroplast DNA data are 
cited from Petit et al. (2005): a, for angiosperms; g, for gymnosperms. 

The genus Panax makes it difficult to ascertain its alliances with other genera of Araliaceae. 
The range of Panax is divided by the Pacific Ocean into two parts: an East Asian and a North 
American region (Grushwitsky, 1961). The intrageneric systematics of Panax has been 
revised as a result of the similarity of different Panax species habitus and the presence of 
intermediate forms that complicate species discrimination. Most Panax species are found in 
Eastern and Southeastern Asia, with the exception of P. quinquefolium L. and P. trifolius L., 
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which inhabit North America. P. ginseng and P. quinquefolium have a chromosome number 
of 2n = 48, whereas most other Panax species exhibit 2n = 24. 

In the past, P. ginseng was distributed throughout a wide territory in the forests of the Far 
East. It was estimated in the 1950s that in the first half of the 20th century, wild-growing 
ginseng plants could be found in large forestlands from 40° to 48° northern latitude and 
from 125° to 137° eastern longitude, covering approximately 500,000 square kilometers 
(Grushwitsky, 1961). At that time, the ginseng populations growing in Russia represented 
the northeastern boundary of the species’ geographic range, whereas its main habitat area 
was located south and west of this territory, covering Heilongjiang, Jilin and Liaoning 
Provinces in China and the northern part of Korea. The natural range of ginseng is now 
drastically reduced (Figure). Wild-growing ginseng had disappeared completely from Korea 
and Liaoning Province in China by the 1930s and almost completely from Heilongjiang and 
Jilin Provinces in China by the 1990s (Zhuravlev & Kolyada, 1996). The distribution of 
ginseng has currently narrowed to a few patches in Russia and China (Zhuravlev & 
Kolyada, 1996; Zhuravlev et al., 2008). The largest patch of this species is located in the 
southern part of the Sikhote Alin mountain range; another population inhabits the 
southwest region of Primorye and Jilin and Heilongjiang Provinces (Changbai Mountains) 
in China; and a third population is located in the western part of Primorsky Territory 
(Figure, dark green). Reports of wild ginseng in China have become rare. In Russia, ginseng 
has been listed in the Red Book since 1975 as a federally threatened species (Red Data Book 
of the Russian Federation, 1988), and at present, Primorsky Territory in Russia is the only 
place in the world where natural ginseng populations exist, representing a remnant gene 
pool of wild-growing ginseng.  

Ginseng is an herbaceous perennial species with an annually moribund shoot. It grows in 
certain special habitats and persists only in remote locations. It is very difficult to estimate 
the actual abundance of wild-growing ginseng in nature because of its ability to undergo 
lengthy dormancy, which may last from one to several dozen years; therefore, the recorded 
number of vegetative ginseng plants does not correspond to their true abundance. I.V. 
Grushwitsky investigated natural ginseng habitats in the 1950s and wrote that this plant did 
not exhibit a tendency toward extinction for the most part, despite its relic origin and low 
rate of regeneration (Grushwitsky, 1961). However, he also noted that human activity has a 
destructive influence on natural ginseng populations, reducing them to potentially 
threatened levels. In addition, logging, fires and the shallowing of rivers hamper the 
restoration of ginseng populations. Poaching and overexploitation of ginseng resources 
appear to be the most important and most obvious reasons for the reduction and exhaustion 
of ginseng populations today (Zhuravlev & Kolyada, 1996). 

Ginseng reproduces exclusively through seeds and is nearly incapable of vegetatively 
reproducing (Grushwitsky, 1961; Zhuravlev & Kolyada, 1996). This species is characterized 
by a mixed mating system and the ability to produce seeds via autogamy, outcrossing or 
agamospermy without pollination (Koren et al., 1998). Presumably, self-pollination has 
prevailed in natural ginseng populations because of their low plant density. The occurrence 
of outcrossing, which is carried out by insect pollen transfer, cannot be excluded in natural 
environments, but this appears to be very rare and likely does not play a significant role in 
ginseng pollination. P. ginseng has also been shown to be a facultative apomict with a type 
of agamospermy resembling diplospory (Koren et al., 1998; Zhuravlev et al., 2008). 
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Studies on the genetic variability of P. ginseng using different molecular markers (allozymes, 
RAPD, ISSR) have detected very low levels of genetic polymorphism (Koren et al., 2003; 
Zhuravlev et al., 2008; Reunova et al., 2010a). Only 3 allozyme loci among 39 studied and 
only one of 74 RAPD loci were found to be polymorphic. These low levels (Table) do not 
differ significantly from estimates obtained with ISSR markers (PISSR = 9.3%, HeISSR = 0.014, 
Reunova et al., 2010a). These data are also in agreement with the results of genetic studies 
on cultivated ginseng sampled from China and Korea (e.g., Kim & Choi, 2003). Thus, P. 
ginseng is characterized by a lower level of genetic variation than the average values found 
for rare endemic species (Table). 

An analysis of population subdivisions based on allozymes and dominant DNA markers 
showed a low level of differentiation of natural P. ginseng populations and a decrease in the 
total genetic diversity in the Sikhote Alin population (Zhuravlev et al., 2008). The great 
majority (up to 95%) of the genetic variability in this species is concentrated within 
populations, whereas only 4.1% of the total variation was found to be distributed among 8 
sub-populations (estimated by allozymes, Zhuravlev et al., 2008). Approximately 25% of the 
variation is distributed between populations (estimated with DNA markers, Reunova et al., 
2010a). No correlation between geographic and genetic distances was found for the 
investigated populations using allozyme and DNA markers.  

Extremely low levels of genetic variation are usually found in endemic or relic plant species 
with narrow ranges which can often be connected to a species' life history and/or 
evolutionary events such as selection or genetic drift. The low genetic diversity of P. ginseng 
populations indicates that this species has experienced a severe genetic bottleneck. In 
particular, the lack of variation in the Sikhote Alin population may be a result of a founder 
effect because of the lack of a refugium during the last Pleistocene-Holocene cooling. This 
hypothesis is supported by the results of an analysis of the genetic relationships of extant 
ginseng populations on the basis of allozymes and DNA markers (Zhuravlev et al., 2008; 
Zhuravlev et al, 2010; Reunova et al., 2010a). Without other available natural populations to 
analyze, we can only assume that the center of the genetic richness and, possibly, the center 
of the origin of ginseng was located southwest of its extant natural populations, potentially 
in a place where there is great industrial activity in modern China.  

Another reason for the low genetic diversity found in P. ginseng may be adaptive selection 
that has occurred in response to climate cooling and during the expansion of the species 
northward from its southern refugia. Some peculiarities of ginseng biology (such as its 
underdeveloped embryos and aboveground germination) indicate that this species evolved 
during a warm climate as a representative of the ancient thermophilic flora. A number of P. 
ginseng traits, especially related to its mating system, indicate recent adaptations (Koren et 
al., 1998; Zhuravlev et al., 2008).  

Past evolutionary events have resulted in extant ginseng populations being characterized by 
very low genetic variation. However, this low genetic diversity did not prevent the species 
from surviving across a wide territory until recently. Despite its weak competitiveness, P. 
ginseng possesses some degree of ecological flexibility, certain adaptations to unfavorable 
environments and the ability to ensure seed reproduction via different pathways. Among 
these properties, increased individual longevity may be the main mechanism underlying the 
long-term survival of the species under unstable conditions. Discoveries of 100-year-old 
ginseng plants are occasionally recorded, and cases of 300-year-old plants are well known 



 
Genetic Diversity in Plants 

 

354 

Studies on the genetic variability of P. ginseng using different molecular markers (allozymes, 
RAPD, ISSR) have detected very low levels of genetic polymorphism (Koren et al., 2003; 
Zhuravlev et al., 2008; Reunova et al., 2010a). Only 3 allozyme loci among 39 studied and 
only one of 74 RAPD loci were found to be polymorphic. These low levels (Table) do not 
differ significantly from estimates obtained with ISSR markers (PISSR = 9.3%, HeISSR = 0.014, 
Reunova et al., 2010a). These data are also in agreement with the results of genetic studies 
on cultivated ginseng sampled from China and Korea (e.g., Kim & Choi, 2003). Thus, P. 
ginseng is characterized by a lower level of genetic variation than the average values found 
for rare endemic species (Table). 

An analysis of population subdivisions based on allozymes and dominant DNA markers 
showed a low level of differentiation of natural P. ginseng populations and a decrease in the 
total genetic diversity in the Sikhote Alin population (Zhuravlev et al., 2008). The great 
majority (up to 95%) of the genetic variability in this species is concentrated within 
populations, whereas only 4.1% of the total variation was found to be distributed among 8 
sub-populations (estimated by allozymes, Zhuravlev et al., 2008). Approximately 25% of the 
variation is distributed between populations (estimated with DNA markers, Reunova et al., 
2010a). No correlation between geographic and genetic distances was found for the 
investigated populations using allozyme and DNA markers.  

Extremely low levels of genetic variation are usually found in endemic or relic plant species 
with narrow ranges which can often be connected to a species' life history and/or 
evolutionary events such as selection or genetic drift. The low genetic diversity of P. ginseng 
populations indicates that this species has experienced a severe genetic bottleneck. In 
particular, the lack of variation in the Sikhote Alin population may be a result of a founder 
effect because of the lack of a refugium during the last Pleistocene-Holocene cooling. This 
hypothesis is supported by the results of an analysis of the genetic relationships of extant 
ginseng populations on the basis of allozymes and DNA markers (Zhuravlev et al., 2008; 
Zhuravlev et al, 2010; Reunova et al., 2010a). Without other available natural populations to 
analyze, we can only assume that the center of the genetic richness and, possibly, the center 
of the origin of ginseng was located southwest of its extant natural populations, potentially 
in a place where there is great industrial activity in modern China.  

Another reason for the low genetic diversity found in P. ginseng may be adaptive selection 
that has occurred in response to climate cooling and during the expansion of the species 
northward from its southern refugia. Some peculiarities of ginseng biology (such as its 
underdeveloped embryos and aboveground germination) indicate that this species evolved 
during a warm climate as a representative of the ancient thermophilic flora. A number of P. 
ginseng traits, especially related to its mating system, indicate recent adaptations (Koren et 
al., 1998; Zhuravlev et al., 2008).  

Past evolutionary events have resulted in extant ginseng populations being characterized by 
very low genetic variation. However, this low genetic diversity did not prevent the species 
from surviving across a wide territory until recently. Despite its weak competitiveness, P. 
ginseng possesses some degree of ecological flexibility, certain adaptations to unfavorable 
environments and the ability to ensure seed reproduction via different pathways. Among 
these properties, increased individual longevity may be the main mechanism underlying the 
long-term survival of the species under unstable conditions. Discoveries of 100-year-old 
ginseng plants are occasionally recorded, and cases of 300-year-old plants are well known 

Living on the Edge: Various Modes of  
Persistence at the Range Margins of Some Far Eastern Species 

 

355 

(Zhuravlev & Kolyada, 1996). In addition, the life spans of individual plants may lengthen 
in accordance with their ability to undergo long-term dormancy (in the form of so-called 
"dormant roots"). Because ginseng maintains a generative stage starting from an age of 3-5 
years and lasting until death, annually producing up to 100 seeds per plant, a single 
individual can maintain a population’s size for hundreds of years, even if only a small 
proportion of its offspring survives and reaches generative age. Moreover, the seeds of one 
generation can germinate over a period of several years because to mature, the 
underdeveloped embryo requires an alternation of warm and cold periods that can take 
from one to several years.  

At the same time, limited opportunities for recombination (autogamy, agamospermy) can 
result in further reducing the genetic diversity of ginseng. Moreover, because all three 
extant ginseng populations occupy the northeastern margin of its former distribution area, 
their gene pools are not enriched by gene flow from extirpated central populations. With the 
continuing reduction of natural ginseng populations as a result of human activity, this 
species may become extinct in the wild very soon.  

2.2 Japanese devil's-club, Oplopanax elatus (Nakai) Nakai 

Oplopanax elatus is another member of the ancient family Araliaceae. This species is a 
deciduous shrub with a spiny stem approximately 1 m in height and large palmately 
compound leaves. The species’ distribution area is quite limited. In Russia, O. elatus occurs 
in the southern Primorye, where its range is represented by several isolated populations 
associated with the main mountain peaks of the southern Sikhote Alin. Outside Russia, O. 
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particularly vulnerable as a result of intensive harvesting and habitat disturbance due to 
fires and logging. 
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Eastern Asian and North American disjunct distributional pattern. O. horridus occurs on the 
Pacific coast of the United States and Canada as well as around Lake Superior. O. japonicus 
is endemic to the Japanese Islands (Hokkaido, Honshu and Shikoku). This disjunct 
distribution pattern is observed for many plant genera and is explained by the existence of 
the land bridges between Eurasia and North America and between the Japanese 
Archipelago and the mainland during the Pliocene-Pleistocene. Based on the internal 
transcribed spacer sequences of nuclear ribosomal DNA (ITS rDNA), phylogenetic analysis 
confirmed the origin of the three Oplopanax species from a common East Asian ancestor. The 
closely related species O. horridus and O. elatus form a sister pair, and both are closely 
related to O. japonicus (Artyukova et al., 2005). An ancestral form that gave rise to O. horridus 
and O. elatus could have survived in the coastal zone during global cooling and the 
strengthening of climate continentality during the Early Pliocene and subsequently spread 
along the Pacific coast and across the Bering Bridge into North America.  

In southern Primorye, O. elatus is mainly confined to the orotemperate belt in the altitudinal 
range of ca. 800 to 1,500 m above sea level and is a common species in the understory of fir-
spruce forests (Kurentsova, 1968) occurring in moist, well-drained ecosystems. This species, 
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which is clearly representative of the thermophilic and hydrophilous Turgai flora, has found 
specific refugia in the understory of fir-spruce forests, which favors its growth. Only under 
these conditions does the species occur at lower altitudes in coniferous–deciduous forests. 
However, its growth in mixed forests is hindered not only by low humidity, but also by 
competition from shrubs and grasses, which are abundant in the understory of mixed 
forests in Primorye. In spruce forests, the shrub and herb layers are poorly developed, and 
O. elatus has an opportunity to achieve a wider distribution (Kurentsova, 1968). In these 
habitats, the species is usually very abundant and sustainable. However, it is unable to 
withstand competition from heliophilous species, which rapidly fill gaps after disturbances 
to primary stands, such as natural or artificial fires or logging.  

O. elatus mostly reproduces vegetatively through lateral branches that form adventitious 
roots when in contact with the soil. This species grows clonally, and individual clones can 
include 20 or more shoots, which can remain connected by decumbent stems to the parental 
plant for extended periods of time (Kurentsova, 1968). The life span of a single shoot is up to 
40 years, and the overall life span of an individual from germination to the death of all parts 
of the clone can reach 300 years (Zhuravlev & Kolyada, 1996). Propagation of O. elatus 
through seeds is impeded; the seed set on individual plants is high, but most seeds exhibit 
underdeveloped embryos. Delayed embryo development is an ancient feature of many 
Araliaceae. A small number of Oplopanax seeds germinate in the second year, and most of 
the seedlings die.  

An analysis of genetic diversity using dominant molecular DNA markers (RAPD and ISSR) 
allowed the levels of intra- and interpopulation variability to be evaluated in three 
geographically isolated O. elatus populations (Reunova et al., 2010b). The level of genetic 
diversity in O. elatus is much less (Table) than that in Kalopanax septemlobus (P = 59.2%, He = 
0.119; Huh et al., 2005) or Dendropanax arboreus (P = 70.2%, He = 0.253; Figueroa-Esquivel et 
al., 2010), which are Araliaceae species with more continuous ranges that have been studied 
using dominant markers.  

The O. elatus sample from Mt. Litovka (Livadiiskii Range, southern Sikhote Alin) with the 
highest level of RAPD variability (P = 29.41%, He = 0.110; Reunova et al., 2010b) is 
characterized by a level of genetic diversity similar to that detected based on allozyme 
data (P = 25.0%, Ho = 0.131, He = 0.113; Kholina et al., 2010). Allozyme analysis has shown 
a slight excess of heterozygotes in this population. This may be attributable in part to 
vegetative reproduction of pre-existing heterozygous genotypes and/or to selection 
favoring heterozygotes that are better able to adapt to new environments. The low 
polymorphism and allelic diversity in O. elatus, along with a rather high level of observed 
heterozygosity (Ho), may be indirect evidence of the effect of genetic drift, which reduces 
allelic diversity and, consequently, the proportion of polymorphic loci. It seems likely that 
the source from which the studied O. elatus populations were established was 
heterozygous plants, especially if they were characterized by increased viability. In 
addition, an excess of heterozygotes and high values of Ho may be explained by 
mutations that could have arisen in long-lived clones and been maintained by vegetative 
reproduction (similar to the serpentine endemic Calystegia collina; Wolf et al., 2000). Given 
the mainly vegetative mode of reproduction of O. elatus and the total life span of an 
individual accession lasting up to 300 years, accumulation of mutations maintained by 
vegetative reproduction cannot be ruled out. 
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Thus, based on different nuclear DNA marker data, the levels of genetic variation in the 
populations located near the northern edge of the O. elatus range appear to be comparable 
with the mean values reported for rare plant species (Table). In addition to its small 
distribution range and ecological specificity, the low level of genetic variation detected in O. 
elatus may be determined by the species’ history. Reductions in polymorphism levels are 
caused by population bottlenecks resulting from dramatic decreases in population size. 
Bottleneck events have been proven to be the most probable reason for low polymorphism 
levels in relic Araliaceae species such as P. ginseng (Koren et al., 2003) and Dendropanax 
morbifera (Kim et al., 2006). As mentioned above, O. elatus inhabited deciduous Turgai 
forests. During periods of glaciation, broadleaved forests experienced dramatic range 
contractions and were forced to retreat southward, and the zone of high mountain 
vegetation was shifted to lower elevations. It has been suggested that coastal areas and the 
temporarily emerged continental shelves of the Sea of Japan connecting the Japanese 
Archipelago to the continent may have served as refugia for coniferous and broadleaved 
mixed forests (Sakaguchi et al., 2010). During its isolation in refugia and its subsequent 
expansion, O. elatus might have adapted to life in the understory of the fir-spruce forests. 
The possibility cannot be excluded that contractions in the species' population size following 
re-establishment from just a few founders could have happened more than once and may be 
occurring today, when these processes are associated with intense human activity (logging, 
fires and plant harvesting). 

An analysis of the clonal structure of the population from Mt. Litovka indicated that in a 
sample of 29 accessions, there were a total of 22 multilocus genotypes. Only four of these 
genotypes were found more than once (from two to four times). The genotypic diversity 
(G/N) was determined to be 0.76, indicating that 76% of the individuals exhibited unique 
genotypes. Simpson’s diversity index, D, is equal to 0.97, whereas the mean D value for 21 
species of clonal plants has been 0.62 (Ellstrand & Roose, 1987). The existence of a great 
number of different genotypes along with low genetic variation has been reported for a 
number of species (Watkinson & Powell, 1993; Xie et al., 2005 and references therein). This 
phenomenon may be explained by the sporadic seed propagation in these species. In 
general, even a small number of individuals resulting from sexual reproduction is sufficient 
to make a population genotypically variable. Our findings imply that in the population of O. 
elatus, sexual reproduction succeeds periodically and results in the maintenance of a certain 
level of genotypic diversity. In addition, it has been suggested that events such as a 
presumptive origin from heterozygous founders, the accumulation of mutations and the 
retention of the changes via vegetative reproduction could promote the high level of 
genotypic variation observed. 

The rarity of O. elatus is largely a result of this species' ecological specificity, dependence on 
humidity and low competitive ability. Anthropogenic influences (plant harvesting and 
habitat destruction) threaten the existence of this species. The flexibility of its reproductive 
system, combining different modes of reproduction, allows this species to renew 
heterozygous genotypes by clonal growth and to contribute additional variability resources 
through sporadic seed reproduction. At the same time, some features of the species' biology 
(the long life span of a single clone, overlapping generations and the ability to cross-
pollinate) also help to maintain a certain level of polymorphism. The existing level of genetic 
diversity can be crucial to preventing the negative consequences associated with a small 
number of isolated populations and genetic drift. 
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2.3 Manchurian birthwort, Aristolochia manshuriensis Komarov 

Manchurian birthwort, Aristolochia manshuriensis Kom., is a relic woody liana that belongs to 
the ancient angiosperm family Aristolochiaceae. This species is endemic to the Manchurian 
floristic region (Kitagawa, 1979) and occurs in the montane mixed forests of China and 
Korea (Figure). In the southern part of the Russian Far East, the species reaches the northern 
boundary of its range. A. manshuriensis prefers specific habitats in river floodplains at a 
certain altitude above sea level, along chutes and in steep slope foots, especially those with 
northern slope aspects, avoiding sunlit habitats associated with soil overheating. All Russian 
A. manshuriensis populations are located in the valleys of just three rivers and their 
tributaries. These populations are fragmented and separated by ridges. Within populations, 
plants grow at an uneven density, forming patches separated by 0.5–4 km from each other. 
The growth and expansion of natural A. manshuriensis populations are suppressed, and their 
natural regeneration is very poor (Kurentsova, 1968). At least three of four extant A. 
manshuriensis populations are now located in disturbed habitats and are experiencing strong 
anthropogenic pressure.  

A. manshuriensis exhibits no means of vegetative reproduction, possesses a poor rooting 
ability and requires a long period of root formation (Shulgina, 1955). Seed reproduction in 
this species is usually successful, but spontaneous fruit set of only 2% has been documented. 
The seed set on a fruit is rather high because all mature fruits contain approximately 100 
fully viable seeds. A histological analysis showed normal development of flower structures, 
a high level of pollen-grain fertility (97%) and a large number of pollen grains in the anthers 
of this species (Nakonechnaya et al., 2005).  

Its seeds are adapted to spread by water and by wind (Nechaev & Nakonechnaya, 2009). 
These seeds are characterized by underdeveloped embryos, but seed germination is usually 
successful after winter dormancy or brief artificial stratification (Adams et al., 2005). Under 
favorable conditions, seedlings develop to the generative stage over 10-12 years, reaching a 
height of 15 m or more (with support) by this age. A long life span for a single A. 
manshuriensis plant is estimated to be more than 40 years. Under unfavorable conditions, 
plants can be kept in a virgin state for many years without flowering.  

Similar to most Aristolochiaceae species, A. manshuriensis is an evolutionarily outcrossing 
plant exhibiting special adaptations of its flower structures (gynostemium) to ensure cross-
pollination by insects. Autogamy and geitonogamy are possible, but pollinators are required 
to perform self-pollination as well as cross-pollination (Nakonechnaya et al, 2008). This 
species is characterized by long-term and abundant blossoming as well as a long life span of 
individual flowers, which increases the possibility of cross- and self-pollination. However, 
the presence of suitable insect pollinators during A. manshuriensis blooming is a 
precondition for successful seed reproduction in this plant. The flower structure of A. 
manshuriensis is matched to insect pollinators with a certain body size and thorax structure 
to allow the transfer of a sufficient number of pollen grains to the stigma. Among the 
visitors to A. manshuriensis flowers, flies of the genus Pegoplata (Anthomyiidae) are the only 
possible pollinators (Nakonechnaya et al., 2008). These flies have many other substrates 
available for breeding and larval feeding, which may be a cause of their rare visitations to A. 
manshuriensis flowers and, as a result, the rare fertilization and low fruit set of this species. 
Given that many Aristolochiaceae species are associated with specific insect pollinators 
(Nakonechnaya et al., 2008 and references therein), it may be assumed specific pollinators of 
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marginal populations of A. manshuriensis have been lost as a result of shifts in the areas 
occupied by flora and fauna during the Pleistocene cooling. However, the high seed 
productivity of each mature fruit indicates the high potential fecundity of the species. 

The mean level of genetic variability in A. manshuriensis is rather moderate based on 
allozymes (Nakonechnaya et al., 2007) and RAPDs (Table). The relatively high level of 
heterozygosity in A. manshuriensis populations compared with the average values for rare 
endemic species (Table) may be explained by outcrossing. Indeed, an excess of 
heterozygotes has been revealed within A. manshuriensis populations, despite their small 
population sizes, and no inbreeding has been found at the species level (Koren et al., 2009). 

The relatively low level of population differentiation identified with molecular markers may 
be indicative of gene flow among populations in the present or recent past. Another possible 
reason for the low differentiation observed may be the greater degree of habitat integrity 
and the closer connections between populations that existed in the past (Koren et al., 2009). 
This explanation is supported by the low mean genetic distances between populations  
(DN = 0.0096) and the value of gene flow between populations (Nm = 3.96) calculated based 
on GST, which shows that the isolation of the populations studied is incomplete.  

Within two of the most disturbed populations, a statistically significant subdivision is 
shown with both allozyme and RAPD markers. Moreover, an effect of a genetic bottleneck is 
revealed in three populations that have undergone strong anthropogenic pressure (Koren et 
al., 2009). These findings indicate a reduction in gene flow between subpopulations in recent 
years as result of the intensive disturbance of their habitats.  

Thus, the relic populations of A. manshuriensis exhibit moderate levels of genetic diversity. The 
low level of differentiation between the populations is probably connected with the 
evolutionary history of the species and the interaction of various factors, such as migration and 
selection. Despite the fact that all of the extant A. manshuriensis populations in the Russian part 
of the range are isolated from one another by ridges, they all grow in the valleys of rivers with 
their headwaters in the Borisovskoe Plateau and may have a common origin. It is likely that 
fragmentation of the A. manshuriensis populations occurred recently during the increase of 
human activities and the forest destruction that took place in the 20th century (Koren et al., 
2009). The ongoing degradation of natural populations seems not to be associated with 
depletion of the gene pool and inbreeding depression. Because of the small size and 
fragmentation of these populations and their isolation from each other and from the species 
distribution center, genetic drift makes a significant contribution to the decrease in this species' 
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2.4 Russian arborvitae (Siberian Cypress, Russian Cypress),  
Microbiota decussata Komarov  

The perennial evergreen decumbent coniferous shrub Microbiota decussata Kom. 
(Cupressaceae) is known from the southern part of the Russian Far East, where it occurs on 
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some mountain peaks in the Sikhote Alin Mountains. The species is strongly restricted in its 
distribution, with its natural range stretching from 43 00’ N to 48 50’ N, from the subalpine 
zone of southeastern Primorsky Territory to the mountains in the Anyuy River basin in 
Khabarovsk Territory (Figure). 

M. decussata is the sole species in the genus Microbiota, which is the only Cupressaceae genus 
endemic to the Sikhote Alin Mountains, and it is considered to represent one of the plant 
species that existed in this mountain system before the mountain-valley glaciers developed 
(Shlotgauer, 2011). The Sikhote Alin palynooras contain pollen of Cupressaceae (Pavlyutkin 
et al., 2005 and references therein), but the cupressaceous pollen grains could not be 
distinguished beyond the family level. The fossil species Cupressinoxylon microbiotoides 
Blokhina from the Eocene/Oligocene deposits of Yuri Island of the Kurils is considered to 
have represented a putative species of the genus Microbiota (Blokhina, 1988). Of the extant 
Cupressaceae species, M. decussata is most closely related to Platycladus orientalis based on 
morphological data. The only fossil record of M. decussata was found in the Pavlovka lignite 
field (the southern Primorye) dated to the Pliocene or the late Eocene through late Oligocene 
(Pavlyutkin et al., 2005 and reference therein). In the Pavlovka deposits, wood of M. decussata 
was found together with fossilized wood of P. orientalis (Bondarenko, 2006). The presence of 
both species in the Pavlovka lignite field indicates their co-occurrence in the 
Oligocene/Pliocene plant associations of Sikhote Alin. Currently, Platycladus orientalis is a 
common tree in China and is widely cultivated elsewhere in Asia, eastward to Korea and 
Japan, southward to northern India and westward to northern Iran, whereas M. decussata is 
not found outside Russia. Its range is restricted to the Sikhote Alin, where the species exhibits 
a strongly disjointed distribution (Figure). Phylogenetic studies based on ITS rDNA and 
chloroplast markers (Gadek et al., 2000; Little et al., 2004) have confirmed the genetic affinity of 
the two taxa, which are placed in a sister clade to Calocedrus. 

The heliophilous Russian arborvitae shrubs inhabit steep stony slopes and scree fields at 
altitudes from ca. 300 to 1,700 m above sea level (mainly at or above the timberline) under 
climatic conditions that impede the growth of forest vegetation. The xerophytic species M. 
decussata is a poor soil-tolerant plant that is resistant to a wide range of temperatures. As it 
grows under very harsh climatic and edaphic conditions, M. decussata is a pioneer in the 
colonization of cold stone deserts and participates in soil formation processes (Urusov, 
1979). This low shrub with creeper and ascending branches often forms dense (crown 
density of 1.0) monodominant stands (Kurentzova, 1968; Krestov & Verkholat, 2003). In the 
southern part of its range, populations of M. decussata are more sustainable than those of 
another subalpine shrub, Pinus pumila. At the northern boundaries of its range, in the Anyuy 
and Chor River basins, the viability of M. decussata populations appears to be lower as a 
result of competitive inhibition by boreal species. Under these circumstances, fruiting of 
Russian arborvitae is rarely observed (Melnikova & Machinov, 2004), and the species is 
replaced by P. pumila (Kurentzova, 1968; Urusov, 1988). 

M. decussata is an anemophilous monoecious plant that propagates sexually and by layering. 
The plant begins bearing fruits at 14–17 years, and the maximum life span of individuals has 
been determined to be approximately 250–300 years. The female cones of this species 
contain only a single 2 mm long naked seed. The seeds are able to disperse over a very short 
distance, dropping near the parent plant, though sporadic dispersal by animals cannot be 
ruled out. The seeds retain germination capacity for a long period but germinate almost 
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The plant begins bearing fruits at 14–17 years, and the maximum life span of individuals has 
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exclusively after fires (Urusov, 1979). Outside the area occupied by their parent population, 
seedlings and juvenile plants are extremely rare (Kurentzova, 1968). M. decussata grows very 
slowly (3–7 cm a year) and can extend into new free habitats through the slow creeping of 
stems (up to 3–5 m in length) that produce roots at their nodes (Urusov, 1988).  

M. decussata exhibits a high level of nuclear genome variation (Table), despite the restricted 
and fragmented range and geographical isolation of its populations (Artyukova & 
Kozyrenko, 2009). The gene diversity within populations from the southern and middle 
parts of the range of this species is slightly higher than that in the northern population from 
the Chor River basin, which is in close proximity to its northern range limits. The lower level 
of gene diversity in the northern population might be caused by severe temperature 
conditions interfering with sexual reproduction; thus, species dispersal occurs mainly by 
layering. The highest level of genetic diversity is found in the population from the central 
Sikhote Alin. The lack of population-specific RAPD markers and the similar high levels of 
diversity retained in the populations could be caused by a common gene pool and ancient 
polymorphism. The genetic differences among all pairs of populations (separated by 10–400 
km) fit an isolation-by-distance model. Overall, based on RAPD markers, the level of 
nuclear genome variation in endemic M. decussata (Table) is comparable with that found in 
some other Cupressaceae species with fragmented or restricted ranges (e.g., Hwang et al., 
2001; Allnutt et al., 2003; Hao et al., 2006). 

Based on sequence data from noncoding cpDNA regions, a considerable level of haplotype 
diversity and a low level of nucleotide diversity have been revealed in M. decussata, which is 
similar to what has been found in some other woody species, including two species of 
Cupressaceae, Cunninghamia konishii and C. lanceolata (Hwang et al., 2003). A common 
haplotype for all populations has not been found, though three haplotypes of the central 
Sikhote Alin population are also present in southern and/or northern populations. The large 
number of unique, closely related haplotypes within each population may suggest that the 
distribution area of M. decussata was fragmented a long time ago by the extirpation of 
populations in the adjacent territory. 

In contrast to nuclear DNA, there is no significant isolation-by-distance effect observed in 
the plastid genome in this species, but cpDNA data related to differentiation show a 
nonrandom geographical distribution of haplotypes. Differentiation in M. decussata appears 
to be associated with historical events and the complex mountain topography of its range. 
The results of nested clade analysis and coalescent simulation data provide evidence of 
species expansion (Artyukova et al., 2009). The presence of the same substitutions and 
shared haplotypes in populations from opposite ends of the range indicate that ancestral 
populations of this species might have formerly exhibited a contiguous distribution range. 
The highest gene diversity in both genomes and the presence of shared haplotypes in the 
population from the central Sikhote Alin, which coincides in position with the assumed site 
of this species’ origin at the watershed of the ancient Ussuri and Partizanskaya River basins 
(Urusov, 1979), may indicate its ancient origin. The fossil data (see above) confirm the 
occurrence of M. decussata in the Oligocene/Pliocene plant associations of Sikhote Alin near 
the southern limits of the current species range. 

Unique species life-history traits have ensured the survival and range expansion of M. 
decussata, while most Arcto-Tertiary species, including species of Cupressaceae, either 
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shifted their ranges south (e.g., Platycladus orientalis) or vanished (e.g., putative common 
ancestor of M. decussata and P. orientalis). The long-term persistence of M. decussata in the 
territory that has been ice-free during glaciations as well as traits such as a long life span 
and pre-reproductive phase, the long-term survival of its seeds in soil seed banks and 
spreading by layering, seem to enable the retention of historically established levels of 
gene diversity in fragments of the ancestral populations of this species. Climatic and 
landscape changes at the Pleistocene–Holocene boundary caused the timberline to rise, 
and M. decussata, like most contemporary montane plants, retreated toward higher 
elevations. The enrichment of plant communities of the Sikhote Alin Mountains with cool 
temperate and boreal species also resulted in the shifting of M. decussata stands to 
ecotopes with severe climatic and soil conditions (e.g., steep, stony slopes and scree fields) 
and in the splitting of the large ancestral population, forming its disjunct present-day 
distribution. 

The modern populations of M. decussata have the ability to survive the ongoing climate 
changes and global warming because of the physiological and ecological range of tolerance 
and life history traits of this species. Upward shifts of the timberline forcing M. decussata to 
migrate up to mountain summits with taluses (Urusov, 1988; Krestov & Verkholat, 2003) 
may lead to further contraction of its remnant populations on mountains at middle 
elevations. However, because this species can survive under harsh environmental 
conditions (e.g., poor soil, high solar radiation, extreme winds), which are unsuitable for 
other species, it could survive on the highest mountain peaks. 

2.5 Oxytropis chankaensis Jurtzev 

Oxytropis chankaensis Jurtz. (synonym O. hailarensis subsp. chankaensis (Jurtzev) Kitag.) is a 
perennial herb with a narrow habitat range that is restricted to the west shore of Khanka 
Lake (Kharkevich & Kachura, 1981; Pavlova, 1989; Yurtsev, 1964), which is the largest lake 
in Northeast Asia (Figure). O. chankaensis plants occur only in sandy habitats on a narrow 
strip along the Khanka Lake shoreline, forming separate populations numbering 
approximately 80 to 500 individuals (Kholina & Kholin, 2006). The genus Oxytropis DC is 
comprised of approximately 450 species occurring predominantly in the mountains of Asia. 
The high ecotopic diversity and the mosaic of conditions in mountain ecosystems lead to the 
occurrence of neighbouring populations of Oxytropis species with different ecological 
requirements and contribute to the enhanced speciation and interspecific hybridization in 
the genus. These processes explain the current controversy within the taxonomy of this 
genus (Malyshev, 2007, 2008). 

A legume species originally found on the shoreline of Khanka Lake was rst described as a 
distinct endemic species, Oxytropis chankaensis, based on the observation of denite 
morphological differences compared with its congeners (Yurtsev, 1964). In the International 
Legume Database (ILDIS), O. chankaensis is considered to be a subspecies of O. hailarensis 
Kitag., the species that occurs in China and Mongolia (Bisby et al., 2009). In the Flora of 
China (Zhu et al., 2010), both species are regarded as synonyms of O. oxyphylla (Pall) DC, a 
type species of section Baicalia, subgenus Oxytropis (Malyshev, 2007). However, O. 
chankaensis and O. oxyphylla are clearly distinguished by morphological features and by their 
ploidy levels: O. oxyphylla is diploid (2n = 16; Zhu et al., 2010), whereas O. chankaensis is 
tetraploid (2n = 32; Probatova et al., 2008a). Phylogenetic analyses of the ITS rDNA and 
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three noncoding regions of chloroplast DNA strongly confirm that O. chankaensis and O. 
oxyphylla are distinct species (Artyukova et al., 2011a). 

O. chankaensis is the only representative of section Baicalia in Primorye (Pavlova, 1989). It is 
an outcrossing species that is pollinated by bumblebees, like most Oxytropis species (Yurtsev 
& Zhukova, 1968), with pollen potentially being dispersed over long distances. O. 
chankaensis is characterized by a long flowering period (from the third week of May until 
mid-August) and a high number of flowers per plant (up to 400, an average of 40 
inflorescences with 4–14 flowers per plant) as well as high pollen fertility (95.7 ± 1.4%), 
which contribute to successful pollination and fertilization. The plants of this species exhibit 
high fecundity, with fruits containing up to 20 seeds, and an individual plant produces 
approximately 4,000 seeds (Kholina et al., 2003). The first fruits mature by the end of May, 
and fruiting lasts until September. Mature spherical pods can be dispersed by wind and 
water over long distances beyond the limits of local populations, while some seeds from 
dehiscent pods are gravity-dispersed over only a short distance from the maternal plant to 
form the soil seed bank. During the vegetative season, seedlings emerge from the seeds of 
the first fruits, and some of the seeds begin to germinate in the following year, after a winter 
dormancy period. 

Ontogenic features of O. chankaensis (Kholina & Kholin, 2006), such as its long life span, 
overlapping generations, the multiplicity of its development, its early transition to the 
generative state and the long period of the generative state, are the most important 
characteristics of this species for maintaining its population numbers and preserving genetic 
heterogeneity. The juvenile and immature stages are the most vulnerable stages of the 
species’ life cycle.  

The characteristics of the reproductive biology of O. chankaensis, such as the normal 
structure and function of the reproductive organs, the high fertility of pollen, the 
considerable duration of the flowering period and the long life of the flower, result in 
reliable pollination and high seed production. This species is characterized by a combination 
of different modes of dissemination, hardseededness and long-term maintenance of 
germination (over 10 years). Seed dispersal over short and long distances by wind and 
water promotes intraspecific genetic structure and the homogenization of populations 
through gene exchange. The longevity of the seeds leads to their accumulation in the seed 
bank in the soil, and these seeds replenish the gene pool of a population when they 
germinate. The high fecundity of O. chankaensis, together with mechanisms that support 
recombination (the predominance of cross-pollination) and the exchange of genes (via 
pollen and seeds), provides reliable renewal of this species in vivo.  

An allozyme analysis showed that O. chankaensis is an autotetraploid that arose through the 
fusion of nonreduced gametes in the course of multiple crosses between genetically different 
plants (Kholina et al., 2004). The recurrent polyploidy events in the evolutionary history of 
this species are confirmed by the presence of several chloroplast DNA haplotypes in each 
population (Artyukova et al., 2011b). In addition, the levels of genetic diversity in O. 
chankaensis populations revealed using allozymes (Kholina et al., 2009) and RAPDs are high 
compared with the average values for rare endemic species (Table). 

The most striking feature of the O chankaensis plastid genome, which is maternally inherited 
in Fabaceae, is the unexpectedly high cpDNA haplotype diversity (Table) for a species with 



 
Genetic Diversity in Plants 

 

364 

an extremely narrow geographic range. At the same time, its nucleotide diversity is low. 
Most (≥90%) of the genetic variability of nuclear markers and of the chloroplast markers is 
distributed within populations. Unlike most angiosperms (Petit et al., 2005), the level of 
cpDNA subdivision in this species does not differ from the levels of differentiation of the 
nuclear genome based on RAPD markers (Table). In addition, correlation between 
geographic and genetic distances is absent for the plastid and nuclear genomes. The low 
population partitioning (cohesive genetic system) and lack of phylogeographic patterning 
may be attributed to both recent fragmentation of a once continuous population and 
extensive (past/modern) gene flow via pollen and seeds, which prevents the accumulation 
of genetic differences. 

Despite the slight divergence observed, each population possesses a unique part of the 
species gene pool. The biological traits and reproductive features of this species as well as 
the existence of tetrasomic inheritance and recurrent tetraploidy events in its evolutionary 
history contribute significantly to the maintenance of genetic diversity. 

Thus, the narrowly endemic species O. chankaensis exhibits adaptive mechanisms that enable 
it not only to successfully renew its populations in the coastal zone, which are exposed to 
frequent flooding and other adverse factors, but also to maintain the high level of 
recombination responsible for the survival of the species in a changing environment. 
Apparently, the rarity of this species is a result of its high habitat specificity; it lives only on 
the sandy shores of a large lake where there is intense insolation and high air humidity. 
Fluctuations in its population size as a result of lake-level oscillations can result in reduced 
numbers at some localities, but in these cases, the species’ high productivity and reserves of 
genetic variability, which enable adaptive responses of species, help to restore the 
populations. The threat of total destruction of the species is raised by human-induced 
habitat destruction.  

2.6 Iris mandshurica Maximowicz and I. vorobievii N.S. Pavlova  

Iris L. is a Northern Hemisphere genus of flowering plants composed of approximately 280 
valid species. As they are mostly open land plants, Iris species are adapted for living in a 
wide range of habitats from cold and montane regions to grassy slopes, steppe 
meadowlands, arid and marsh areas and riverbanks, though there are no truly sylvestral 
plants among this group. Irises are outcrossing species exhibiting flowers with specialized 
structures to insure cross-pollination; their fruits (dry capsule) contain numerous seeds that 
can disperse through a variety of mechanisms, such as barochory, autochory, anemochory, 
hydrochory, myrmecochory and zoochory. In addition, these perennial plants reproduce 
asexually through bulbs or rhizomes that form dense or loose colonies (tufts) and grow in 
size over 20 years. Many Iris species inhabiting Russia are at the border of their geographical 
ranges and occur in small, isolated populations. In the southern part of the Russian Far East, 
there are 11 Iris species, mainly belonging to the subgenus Limniris, section Limniris 
(Pavlova, 1987). Only two species, Iris mandshurica Maxim. and I. vorobievii N.S. Pavlova, are 
representatives of a small section of dwarf irises, Psammiris, of the subgenus Iris. 
Psammirises usually have yellow flowers with a yellow beard in the center of the outer 
three perianth segments (“falls”) and seeds with a white appendage (loosely called aril) 
indicative of possible dispersal by ants.  
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lower than that in the widespread species I. humilis (P = 48.1%, He = 0.168; Kozyrenko et al., 
2009). Notably, the genetic diversity value in I. humilis is in accord with the average value 
for plants with mixed breeding systems (He = 0.18; Nybom, 2004), whereas in I. mandshurica 
and I. vorobievii, these values are significantly lower (Table). This may indicate the 
prevalence of vegetative propagation over propagation through seeds in the populations 
studied. 

I. mandshurica and I. vorobievii show considerable levels of haplotype diversity, along with 
low levels of nucleotide diversity in the chloroplast genome, which is transmitted through 
seeds in Iris species (Cruzan et al., 1993). Low nucleotide diversity and high levels of 
cpDNA haplotype diversity have been found in some widespread (e.g., I. humilis, 
Kozyrenko et al., 2009) and endemic perennial herb species (e.g., Aconitum gimnandrum, 
Wang et al., 2009; and Oxytropis chankaensis, Artyukova et al., 2011b). However, for most 
angiosperms, including Iris species (e.g., Cornman & Arnold, 2007), populations are often 
fixed for single cpDNA haplotypes, and polymorphic populations possessing different 
haplotypes occur in potential contact zones of different maternal lines or at sites of long-
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term persistence. In contrast, the populations of I. vorobievii and I. mandshurica contain 13 
and 6 haplotypes, respectively, which may result from historical gene flow, retention of 
ancestral polymorphisms that accumulated over a long period in more continuous ancient 
populations, or a putative origin from several founders. Based on cpDNA haplotypes, 
demographic event analyses show that populations of both species have undergone 
bottleneck events and expansion in the past (Kozyrenko et al., 2009). 

Apparently, the main reason for the rarity of I. mandshurica and especially of I. vorobievii is 
the scarcity of suitable habitats for these psammirises in Primorye. As I. vorobievii and I. 
mandshurica represent components of steppe vegetation and grow in specific edaphic 
conditions, they are members of several steppe communities that are likely remnants of 
previously more widespread steppe vegetation (Krestov & Verkholat, 2003). The 
contractions of such relic communities result from climate and natural community changes 
(natural succession) and, in recent years, from anthropogenic habitat destruction. Their 
isolation from the main part of the species’ ranges, limited seed dispersal and poor 
vegetative reproduction make these psammirises particularly vulnerable and may lead the 
species to extinction. 

3. Conclusion 
It is usually assumed that a certain level of genetic diversity is necessary for the long-term 
prosperity of a species. Indeed, different genotypes confer different levels of resistance to 
various environmental stresses, and consequently, the greater the diversity of the genotypes 
in a population, the more effective its ability to withstand unfavorable conditions will be. 
Therefore, the existence of a low level of genetic diversity is often considered to represent a 
crucial stage for the survival of a species or even a sign of its extinction. However, despite 
several attempts to determine the average levels of genetic variation in different categories 
of plants (e.g., Gitzendanner & Soltis, 2000; Nybom, 2004), it is still unknown what level of 
polymorphism should be considered critical for the existence of a certain species. Thus, 
some rare endemic species exhibit higher levels of genetic diversity than the average values 
found for this category of plants, such as Oxytropis chankaensis (Table). At the same time, 
very low levels, or even an absence of genetic variability has been found in other narrowly 
endemic plants (e.g., Bensoniella oregona, Soltis et al., 1992). It is impossible to predict the fate 
of a species on the basis of its genetic diversity alone. Here, we have attempted to address 
some species existing under extreme conditions in the context of a variety of environmental, 
biological, evolutionary and other influences. 

All of the species described above are represented by small, fragmented, marginal 
populations. Each of these species is characterized by a particular level of genetic diversity, 
ranging from very low (Panax ginseng) to high (Oxytropis chankaensis). Despite these 
differences, all of these plants exhibit weak competitiveness, and none of them can be 
considered prosperous. These species are not dominant in their respective plant 
communities, and they inhabit specific (often quite narrow) ecological niches where their 
existence is maintained more or less successfully for a long period. Without the effects of 
human activity, these species could probably exist in this state indefinitely. What are the 
mechanisms that ensure the long-term existence of these species in small, isolated 
populations at the limit of their climatic and environmental tolerance? 
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For ginseng, longevity appears to be most important factor for its survival. Indeed, a lifetime 
of up to several hundred years is unusual for an herbaceous plant that is incapable of 
vegetative reproduction. Ginseng maintains the ability to produce seeds throughout its life 
span, and it appears that as a result of apomixes, its seed production is not particularly 
dependent on environmental conditions or the availability of pollinators. A large number of 
fully viable seeds and an extended period of embryo maturation allow revival of 
populations of this species, even from a small number of individuals over the course of 
many years. 

Similar to ginseng, Aristolochia manshuriensis only exhibits seed-based reproduction. The life 
span of this species is not as long as that of other woody plants and is near the average for 
woody vines. This species has a very poor ability to reproduce vegetatively, and there are 
major limitations on its seed reproduction as a result of adaptation to pollination only by 
certain insects. Though adaptation to specific pollinators prevents inbreeding, pollination 
decreases if pollinators are absent, and the resulting fruit development is low. In this case, 
high seed production (a large number of seeds per one fertilization event) and adaptability 
to seed transfer by wind and water seems to be of primary importance for the survival of the 
species. Even a single successful fertilization every several years could guarantee population 
restoration if conditions are suitable for seed germination. Under unfavorable conditions, 
plantlets of this species can exist in a juvenile state for a long time, which allows a 
population to survive until the re-establishment of suitable conditions. 

The ability for vegetative propagation is a pathway for the survival of some species 
(Oplopanax elatus, irises and Microbiota decussata). This pathway also allows for the 
rehabilitation of a species, even after a significant reduction in its population, and it 
effectively allows clonal colonies to reoccupy their habitats, where suitable conditions for 
the species are associated with an absence of competitors. The flexibility of the reproductive 
system of O. elatus, combined with its different modes of reproduction allows it to renew 
heterozygous genotypes by clonal growth and to contribute additional variability resources 
through sporadic seed reproduction. At the same time, some features of the biology of this 
species (the long life of a single clone, overlapping generations and the ability to cross-
pollinate) also help to maintain a certain level of polymorphism.  

For I. mandshurica and I. vorobievii, vegetative reproduction (even if poor) seems to be the 
only way to survive under unfavorable conditions. Rare reproduction through seeds allows 
for the maintenance of a certain level of genetic diversity in its populations. However, the 
spread of both species beyond the borders of their existing populations is unlikely as a result 
of the scarcity of suitable habitats. Poor vegetative reproduction and limited seed dispersal 
as well as isolation from the main part of the species range (I. mandshurica) or its occurrence 
in a single locality (I. vorobievii) make populations of both species vulnerable. In the case of I. 
vorobievii, this vulnerability may lead to rapid species extinction. 

The pattern of genetic diversity and the structure of populations in the endemic species M. 
decussata are congruent with the leading edge model of colonization. It could be proposed 
that extant southern populations represent the putative species range center. Populations 
that expanded southward during dry and cool periods at the Oligocene/Miocene boundary 
have become completely extirpated following climate changes in the Quaternary. The 
distribution area of M. decussata became fragmented quite some time ago through the 
displacement of the species toward mountain peaks and the extinction of stands in the 
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adjoining territories. The remnant M. decussata populations have the potential for survival 
under ongoing climate changes and global warming because of this species' physiological 
and ecological range of tolerance, reproduction by layering and other life history traits. 

In the case of endemic or rare species, one must distinguish between relics left by the 
extinction of related populations and newly evolved taxa. All relics that survived the 
repeated periods of Pleistocene climate cooling have apparently experienced a severe 
genetic bottleneck, not only as a result of genetic drift associated with the reduction of 
populations, but also because of selection acting in a rapidly changing climate. Because of 
this selection, the fittest individuals have survived. Among the representatives of the ancient 
tropical floras (P. ginseng, O. elatus, A. manshuriensis) only a small number of genotypes are 
likely to have possessed such fitness. By acquiring a mechanism for survival in harsh 
environments, these species have lost much of their genetic diversity. 

In the case of the narrowly endemic species O. chankaensis, the situation is different. This 
species possesses adaptive mechanisms that enable it not only to successfully renew its 
populations in the coastal zone, which are exposed to frequent flooding and other adverse 
factors, but also to maintain the high level of recombination responsible for the survival of 
the species in a changing environment. This is a relatively young species, and its biological 
characteristics may promote its prosperity and wide distribution; the only obstacle to this is 
its high habitat specificity; it only inhabits the sandy shore of a large lake where there is 
intense insolation and high air humidity. However, there are no such habitats nearby, and 
the small number of plants in some populations makes this species vulnerable. 

The patterns observed for various rare species often do not fully correspond to the general 
idea of survival at the edge of their range. Plant species exhibit tremendous variation in life 
history traits that may help them survive in harsh or changeable environments. The cause of 
a plant's rarity depends on the effects of different historical, biological and genetic factors. In 
all cases, different compensatory mechanisms, such as increased longevity and fertility, the 
formation of soil seed banks and vegetative reproduction, are involved. The adaptations of 
these species are not always successful because the historically established balance between 
reproduction and dispersal can be disturbed. However, in the absence of destructive human 
activities, many rare species could exist for an indefinite time. 
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1. Introduction 
The American chestnut, Castanea dentata [Marsh.] Borkh (Fagaceae), was an abundant canopy 
tree inhabiting the mixed mesophytic forests of eastern North America. The species was struck 
by a fungal pathogen (Cryphonectria parasitica [Murrill] Barr) introduced from East Asia in the 
late 1800’s on imported Asian chestnut material with the consequence that billions of trees 
have been destroyed (Barakat et al., 2009; Pierson et al., 2007; Elliot & Swank 2008; Jacobs 2007; 
Stilwell et al.,2003; Paillet, 2002; Huang et al., 1998; Russel, 1987). The near elimination of this 
once important species has had widespread effects on the ecological functioning of eastern 
North American forests, and has also had a severe impact on economic forest extraction 
practices (e.g., strong workable lumber; chestnuts as food and forage). Castanea dentata has 
escaped complete elimination from its native range by persisting as occasional sprouts from 
the root collar of trees damaged by the blight; these sprouts rarely reach full sexual maturity 
(Jacobs, 2007; Stilwell et al.,2003; Paillet, 2002). Efforts are underway to restore this former 
keystone species and prevent extinction, reestablishing its ecological and economic roles in its 
natural habitat. Breeding of blight-resistant strains is being attempted (e.g., by the American 
Chestnut Foundation, TACF) through a series of initial hybridizations between C. dentata and 
the Chinese chestnut (C. mollisima Blume), followed by a series of backcrosses with the 
American chestnut always selecting for blight-resistance, to develop strains that are 
predominantly American chestnut in genotypic constitution but which retain Chinese blight-
resistance genes. For example, some of the most recent blight-resistant strains ready for re-
introduction are calculated to be genetically 94% American chestnut and 6% Chinese chestnut 
(Jacbos, 2007; Diskin et al., 2006). 

The conservation of endangered plant species often involves restoring these species back to 
their natural habitats and/or ex situ rescue plantings (Merritt & Dixon, 2011), and the 
American chestnut is no exception. Considerable resources are being expended in 
generating blight-resistant strains of C. dentata, thus necessitating optimization of restoration 
programs which are usually labor-intensive and expensive. Costs of such restoration efforts 
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include propagule generation and collection, storage, treatment, site preparation, planting, 
protecting, provisioning, travelling to and from the introduction site, monitoring, and future 
manipulations of individuals (Rogstad & Pelikan, 2011).  

One approach to optimizing restoration of the American chestnut is to use computer 
programs to model the population growth and genetic effects of restoring plant populations 
in different ways. While restoration programs have been widely undertaken for a number of 
plant species, we lack the tools to analyze how factors like founder number and geometry of 
placement within a restoration habitat interact with varying founder or species life history 
characteristics, and whether these factors impact resultant population growth rates and 
preservation of genetic diversity. While ecological edge effects have been documented as 
being evident at the borders and edges of restoration preserves due to altered micro-
environments in terms of wind-speeds, light availability and organismal composition 
among other factors (Primack, 2010), less is known about whether placement of founders at 
varying distances from the preserve edge impacts the population dynamics and genetic 
diversity measures of establishing populations. Further, can differing founder placement 
patterns interact with other life-history characteristics such as pollen and offspring dispersal 
distances to bring about different population growth rates and genetic diversity levels? 
Exploring these potential demographic and genetic edge effects in the field with C. dentata 
would not be feasible due to the costs associated with carrying out such experiments on a 
wide-scale to ensure statistical reliability of data, especially since blight-resistant individuals 
are expensive and time-consuming to produce, and thus must be used judiciously.  In this 
case modeling virtual populations through computer simulations represents a more 
tractable alternative to field experiments, potentially providing valuable insight for 
restoration managers on how best to re-introduce the American chestnut into preserves. 

In this study, the computer program NEWGARDEN (Rogstad & Pelikan, 2011) was used to 
model blight-resistant American chestnut population restoration in a virtual preserve to 
explore the population growth and genetic effects of placing founders at different distances 
from preserve borders under differing patterns of gene dispersal. Our null hypothesis is: 
Varying American chestnut founder placement at various diagonal distances from the 
preserve border, while altering offspring and pollen dispersal distances, will have no effect on 
population growth rates or retention of founding genetic diversity. We used comparative trials 
to examine the degree to which some patterns of introduction might be preferable over others. 

2. Methods 
We used NEWGARDEN to model the population growth and genetic diversity of newly 
establishing chestnut populations. This program simulates natural population development 
based on a set of user-specified initial input conditions (Rogstad & Pelikan, 2011). One set of 
input conditions constitutes a “trial” and input between trials may vary as to founder 
number and geometric patterning, preserve characteristics, and with regard to various life-
history characteristics (see below). For each age (bout of mating with mates chosen 
randomly as conditioned by the input) of the developing population, NEWGARDEN 
provides output statistics (for each new cohort and for the entire population; only the latter 
are given here) concerning the population size, the number of founding alleles retained, 
heterozygosity (observed and expected), and Fit (a measure reflecting deviation from Hardy-
Weinberg expectations due to subdivision and/or inbreeding; hereafter referred to as F 
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value). For each set of input trial conditions, the user can specify the number of replicate 
runs of those conditions to be used to calculate a mean and standard deviation for each of 
the listed output statistics. The user can thus compare whether means of statistics differ for 
populations of contrasting trials that differ in one or more input conditions. 

2.1 Input parameters held constant 

The input parameters common to all experimental runs are described following their order 
in the NEWGARDEN input file. These constant input parameters are based on population 
development data obtained from the only known chestnut restoration stand which is 
naturally developing at West Salem, Wisconsin (for details, see Pierson et al., 2007; Rogstad 
& Pelikan, 2011). 

2.1.1 The preserve grid system 

Populations for all trials develop on a Cartesian grid system defined by the user. Individuals 
can only establish on grid points, the spacing of which represents the average minimum 
distance that can exist between reproductive trees. In our simulations, the grid system 
represents a restoration preserve (a 5 km x 5 km square), comprising a 1000 x 1000 grid 
point system with 5 m between grid points. This simple model represents an approximate 
average minimum distance spacing needed between two reproductive trees based on a 
mature chestnut community at the carrying capacity. 

2.1.2 Loci and allelic variation 

The ideal, non-inbred source population for the founders was set to have 30 loci per 
founder, each with 100 alleles of equal frequency (frequency = 0.01 per allele). 
NEWGARDEN randomly draws two alleles for each locus from the source population when 
creating a founder’s genotype. In each new generation, every individual was censused for 
its allelic status at each of the 30 loci to generate the genetic diversity output statistics.  

2.1.3 Mating system 

All individuals are bisexual with 100% outcrossing. 

2.1.4 Offspring production 

The age-specific reproduction rate (r) specified in all input files (based on population 
development at West Salem) was held constant as shown in Table 1. In the intermediate years 
not defined, the rate of offspring production is linearly interpolated between the bounding age 
values. An established offspring does not reach reproductive age until its eighth year (Table 1). 
Offspring production is distributed across eligible reproducing individuals according to a 
Poisson distribution. As in natural settings, reproductive individuals may create multiple 
offspring, but all of these may not establish into saplings. Offspring counted in a generation’s 
reproduction rate are potential recruits for establishment and growth at a grid point. The 
number of such potential recruits does not indicate the exact size of the newly established 
cohort for any particular age in one bout of mating. See mortality for ways in which potential 
offspring “die” or fail to establish in NEWGARDEN. 
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2.1.5 Age-specific pollen rate 

For established individuals, the relative rate of serving as an eligible pollen donor that 
contributes pollen to a given mating is conditioned by its age according to Table 1. Pollen 
production is proportional relative to the highest value in the input. For the ages that are not 
specified by the input values, the pollen rate is linearly interpolated. Once NEWGARDEN 
selects an age-class and distance class (see below) for the pollen donor, one donor is chosen 
at random for a particular mating from the pool of eligible potential donors. 

2.1.6 Mortality 

Individuals can “die” in a number of different ways during a trial run. Death means that the 
individual is removed from the grid system and from further population processes and 
analyses. If the offspring is distributed outside of the defined preserve grid system, it 
automatically dies. An offspring will die in the event that it lands on a grid point that is 
already occupied by an individual that will survive to the next generation. When an ovule 
isn’t pollinated since an eligible pollen donor is not within the range of the ovule producer, 
this counts as a reproductive event followed by immediate death of the potential offspring. 
If two or more offspring land at the same grid point, one is randomly chosen as the survivor 
with others deleted. Death of individuals is also age-dependent as specifiable by the user. 
For all trials here, age-specific probabilities of dying are given in Table 1. Ages without a 
specified risk of death are linearly interpolated between bounding values. In our trials, 
founders reach age 114, so there is a probability that several founders are still alive by the 
end of the trial run. 

 

Age Relative rate of 
reproduction 

Relative rate of pollen 
provisioning 

Percent 
mortality 

0 0 0 0.3 
1 0 0 0.2 
4 0 0 0.1 
5 0 0  
6 0 0.2  
7 0  0.05 
8 0.02   

10 0.04 0.5 0.02 
12 0.08   
17 0.2   
25  0.95  
70 1.3   
75 1.3 1.2  
115 1.3 1.16 0.02 

Table 1. Input Parameters Held Constant. User specified age-specific input conditions for 
reproductive rate, pollen provisioning, and mortality used in all trials. Values not given 
were interpolated between the bounding values. See text for more details. 
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2.1.7 Initial population 
Aging of the population begins with the founders and it will continue to age until the 
specified number of generations is completed. 169 founders, this being approximately the 
minimum number of founders needed to capture > 95% of the source population alleles 
(Lawrence et al., 1995; Chakraborty, 1993), of initial age 13 were used with founders located 
every other grid point in a 13 x 13 individual square  (26 x 26 grid points). This simulates a 
10 m distance between founders in a planting square 130 m on each side. This square of 
founders remained constant across all trials, although it was moved to different distances 
from the preserve borders. 

2.1.8 Generations 

Beginning with the founders, 100 bouts of reproduction (101 generations or ages including 
the founding generation) were conducted for each set of trial conditions. Output results in 
Figures 1 to 3 are reported for the entire population at each age. For the pollen and offspring 
dispersal distance comparison trials (Figures 4 to 6) only the results at the terminal age 100 
are given. 

2.1.9 Replicate runs 

The output values reported are mean values calculated from 40 replicate runs for each set of 
trial input conditions. When trials are said to differ, we mean that reported generation mean 
values differ significantly (p value < 0.05) unless otherwise stated. This convention is used 
rather than reporting each standard deviation and t-test results for all trial comparisons. 

2.2 Variable input parameters 

2.2.1 Region and founder placement 

In the first series of comparative trials, the square of 169 founders was placed at increasing 
diagonal distances from the preserve border beginning with the founders at the lower left 
corner (trial a). Seed and pollen dispersal distances were held constant at 25% to or from 
each distance frame (see below) in this initial series. In a subsequent series of trials, the 
constant-sized founder square was likewise moved diagonally toward the center of the 
preserve while offspring and pollen dispersal distances differed in various combinations 
(Table 2). 

2.2.2 Offspring dispersal distribution 

Offspring dispersal on the grid system is based on a nested series of limiting frames called 
“distance frames”. When an offspring is dispersed to a particular distance frame based on 
given probabilities, the lower and upper values of each frame define the limits of dispersal. 
For a given dispersal event, one point within the selected distance frame is chosen at 
random. The limits of the four frames used in our trials and their varying respective 
dispersal probabilities across trials are described in Table 2. In the “Basic Conditions” trials, 
offspring establishment was evenly divided to the four distance frames with 25% 
probability of dispersal to each frame. Modifications to the “basic” trial conditions to create 
alternate comparative trials are detailed in Table 2. We use the summary phrase “Offspring 
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less distant” to indicate restricted offspring dispersal (compared to the “Basic Conditions” 
trials) within 65 m of the parent (13 grid points), whereas in “Offspring least distant” trials, 
the majority of offspring dispersal was within 30 m (6 grid points) of the parent plant. The 
summary phrase “Offspring more distant” is used for the trials in which the greatest 
percentage of offspring were dispersed between distances 110 m to 1500m (22 to 300 grid 
points) from the parent plant (Nathan et al., 2008; Jansen et al., 2008). 

2.2.3 Pollen transport distances 

The “Basic Conditions” and “Offspring less/least/more distant” trials had equal 
probability of pollen dispersal from within each of the four distance frames (Table 2). Trial 
E has 90% of pollen dispersal limited to from within a 30 m frame of the producing 
individual. Trial F has 90% of pollen dispersed from 110 m to 1500 m (22 to 300 grid 
points) from the parent plant. 

2.3 Output 

Based on population characteristics developing from the initial input specifications, 
NEWGARDEN provides means for four statistical measures reported here: population  
size, mean number of founding alleles retained, observed heterozygosity, and Fit (or F value) 
calculated as: 

 Fit = 1 – Hob / Hex   (1) 

where Hob equals observed heterozygosity (based on actual counts of heterozygous loci 
across all loci for all the individuals in the population) and Hex equals the Hardy-Weinberg 
expected heterozygosity based on the allele frequencies across all loci in the entire 
population. In general, Fit increases as inbreeding and/or subdivision increase in the 
population and Fit = 0 in the absence of inbreeding. For the first series of trials (Figures 1 
through 3) mean output values are reported for the total number of individuals in the 
population at the end of each age. For the second series of trials (Figures 4 through 6), values 
are given only for the total population after 100 bouts of mating. 

3. Results 
Under the “basic” conditions of offspring and pollen dispersal (25% to or from each frame 
respectively; see Table 2), mean population size increased with increasing diagonal distance 
of the standard square of 169 founders from the preserve corner (Figure 1). At age 100, 
founders situated at the corner (trial a) had the lowest mean population size (2,018 
individuals), while the equally highest mean population sizes (approximately 7,000) were 
attained by populations with founders inset by 300, 400 and 500 grid points from the corner 
(trials d, e, and f, respectively). Even an inset distance of 100 grid points (ca. 500 m; trial b) 
increased the mean population size by 148%, compared to founders placed at the corner. 
The percent gain in population increase per unit inset distance declines as the inset distances 
increases beyond 100 grid points, only increasing by approximately 21% when inset 
distances increases from 100 to 200 grid points, and approximately 13% when inset distances 
increase from 200 to 300 grid points. Beyond 300 grid points the rise in mean population size 
was not statistically different. 
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Table 2. Percent offspring and pollen dispersed to or from each distance frame for 
NEWGARDEN trials described further in the text.  Trials were otherwise identical. 

 
Fig. 1. Mean population sizes for each age of American chestnut populations founded at 
differing diagonal inset distances. These comparative trials span 101 generations at the basic 
offspring and pollen dispersal conditions (25% to and from each frame respectively). See 
text for more details. 
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Figure 2 shows the mean number of founding alleles retained across 101 generations for the 
trials depicted in Figure 1. In the source population, 3000 alleles each at frequency of 0.01, 
were available for the founding population. Drawing 169 founders, approximately 2900 
alleles were present at founding (97% of the source population alleles; Figure 2). For 
example, imagine a restoration project where 1,690 trees are planted with 90% attrition prior 
to reproduction (e.g., Primack & Miao, 1992). On average such a population would have 
approximately 97% of the alleles in the original source population. NEWGARDEN can be 
used to estimate founding population sizes needed given the effects of attrition, to provide 
target numbers of individuals for establishing new populations or supplemention as 
needed. 

For all populations, the number of alleles retained declined through generations, with 
populations founded at greater inset distances retaining higher numbers of alleles (Figure 
2). The 169 founders were all aged 13 at the beginning of the trials, and given the mortality 
rate of 2% per generation (Table 1), approximately 22 founders should remain in 
populations after 100 bouts of mating. This suggests that a significant proportion of the total 
founding alleles remaining in the population at age 100 are carried by the descendents of 
founders that have died. 

After 100 bouts of mating, there was approximately a 6% decline in number of founding 
alleles retained for populations inset at least 100 grid points or more (trials b, c, d, e and f), 
compared to the 9.6% decline seen for populations situated at the corner (trial a). At year 
100, placing the founders 100 or more grid units inward from the corner produced a 3.8% (at 
the least; trials b through e) increase in alleles retained compared to placing the founders at 
the corner (trial a).  The differences between various inset distances from 100 to 500 grid 
points (trials b through f) were not statistically different (although notice the trend). 
Variations of inset distances under basic dispersal conditions did not have significant or 
biologically meaningful effects on observed heterozygosity levels (ranging from 0.97 to 0.99) 
across generations, at basic dispersal conditions (data not shown). 

There was little population subdivision and inbreeding observed across generations under 
basic dispersal conditions as founders were placed at greater inset distances (Figure 3). At 
year 100, F values increased slightly across generations, with the highest F values (almost 
0.02) being reached by founders inset the furthest (by 500 grid points; trial f). F values 
tended to be lower for decreasing inset distances (e.g., trials a and b) at year 100. Although 
all trials are increasing in F, only by increasing the number of generations could it be 
determined the degree to which F values might become important (e.g., approach 0.05) in 
future generations. 

Next, we ran a series of comparative trials varying not only in the inset distance of the 
square of 169 founders, but also altering the offspring and pollen dispersal conditions 
relative to the basic conditions (25% to or from each frame respectively) used in the trials 
just reviewed in Figures 1 through 3. We conducted this next trial series to investigate how 
differing types of gene dispersal might interact with founder distance from a border to affect 
population growth and genetic diversity. 

Figure 4 shows population growth results (at population age 100 only) from these trials 
when both inset distances and dispersal conditions were varied. Trends observed here 
included increasing mean population sizes as inset distances increased from the corner to  
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For all populations, the number of alleles retained declined through generations, with 
populations founded at greater inset distances retaining higher numbers of alleles (Figure 
2). The 169 founders were all aged 13 at the beginning of the trials, and given the mortality 
rate of 2% per generation (Table 1), approximately 22 founders should remain in 
populations after 100 bouts of mating. This suggests that a significant proportion of the total 
founding alleles remaining in the population at age 100 are carried by the descendents of 
founders that have died. 

After 100 bouts of mating, there was approximately a 6% decline in number of founding 
alleles retained for populations inset at least 100 grid points or more (trials b, c, d, e and f), 
compared to the 9.6% decline seen for populations situated at the corner (trial a). At year 
100, placing the founders 100 or more grid units inward from the corner produced a 3.8% (at 
the least; trials b through e) increase in alleles retained compared to placing the founders at 
the corner (trial a).  The differences between various inset distances from 100 to 500 grid 
points (trials b through f) were not statistically different (although notice the trend). 
Variations of inset distances under basic dispersal conditions did not have significant or 
biologically meaningful effects on observed heterozygosity levels (ranging from 0.97 to 0.99) 
across generations, at basic dispersal conditions (data not shown). 

There was little population subdivision and inbreeding observed across generations under 
basic dispersal conditions as founders were placed at greater inset distances (Figure 3). At 
year 100, F values increased slightly across generations, with the highest F values (almost 
0.02) being reached by founders inset the furthest (by 500 grid points; trial f). F values 
tended to be lower for decreasing inset distances (e.g., trials a and b) at year 100. Although 
all trials are increasing in F, only by increasing the number of generations could it be 
determined the degree to which F values might become important (e.g., approach 0.05) in 
future generations. 

Next, we ran a series of comparative trials varying not only in the inset distance of the 
square of 169 founders, but also altering the offspring and pollen dispersal conditions 
relative to the basic conditions (25% to or from each frame respectively) used in the trials 
just reviewed in Figures 1 through 3. We conducted this next trial series to investigate how 
differing types of gene dispersal might interact with founder distance from a border to affect 
population growth and genetic diversity. 

Figure 4 shows population growth results (at population age 100 only) from these trials 
when both inset distances and dispersal conditions were varied. Trends observed here 
included increasing mean population sizes as inset distances increased from the corner to  

Founder Placement and Gene Dispersal Affect Population Growth  
and Genetic Diversity in Restoration Plantings of American Chestnut 

 

383 

 
Fig. 2. Mean number of founding alleles retained across 101 generations for trial  
populations differing only in the distance to which founders were inset from a preserve 
border (population sizes shown in Figure 1). For all of these trials, the “basic” conditions  
of offspring and pollen dispersal distances were used (25% to or from each frame 
respectively). See text for more details. 

 
Fig. 3. F values across 101 generations for trials differing only in founder inset distance. 
These data are from the same trials depicted in Figures 1 and 2. “Basic” offspring and  
pollen dispersal conditions were used in each trial (25% to or from each frame  
respectively). See text for more details. 
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Fig. 4. Mean population size differences for comparative trial populations differing as to 
both founder inset distances (x-axis) and with greater or lower offspring and/or pollen 
dispersal distances (indicated by different letters A through F) relative to the “basic” 
dispersal conditions (see Table 2).  Data points depict population size for each trial at age 
100 only. In the trial condition summaries to the right of the graph, if a dispersule type  
(i.e., offspring versus pollen) is not mentioned, that dispersule disperses according to  
the basic conditions. 

500 grid points for population D, up to 400 grid points (E), up to 300 grid points (A), and up 
to 100 grid points (B, C, and F). For populations B, C and F, increasing founder inset 
distance to 100 grid points from the corner raised mean population size significantly. 
However beyond 100 grid points, population sizes remained more or less constant across 
further increase in inset distances. If actual dispersal patterns match those in trials B, C, or F, 
a restoration manager will not gain higher rates of population growth by planting founders 
beyond 100 m into the preserve. Relative to the “basic” dispersal conditions trials just 
discussed in Figures 1 through 3 (trials marked A in Figure 4), altering offspring and pollen 
dispersal distances caused various but pronounced differences in rates of population 
growth. Trial D, with only the offspring dispersing to greater distances, was the only trial 
that exceeded trial A (“basic” conditions) at founder inset distances greater than 100 grid 
points. Trial D showed the greatest overall population growth compared to all trials at those 
inset distances. 

For each set of trial conditions (A through F) the greatest allele loss occurred when founders 
were placed at the preserve corner (Figure 5). More alleles were retained under otherwise 
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constant trial conditions when founders were inset only 100 grid points although even 
further inset distances caused no further major increases in allele retention for trial 
conditions A, B, C, and F, while inset distances of 300 grid points were needed to maximize 
allele retention for trial conditions D and E. Considering all of these trial conditions, the 
greatest difference in the mean number of founding alleles retained is between trial E at the 
corner and trial D at 400 grid points (a 10.9% difference). 

 
Fig. 5. Change in mean number of founding alleles retained in NEWGARDEN 
populations after 100 bouts of mating for trials depicted in Figure 4. Trial conditions 
differed with regard to both founder inset distance and offspring and pollen dispersal 
distances as indicated (see summaries for A through F to the right of the graph). 
Connected data points show alleles retained under one set of trial dispersal conditions 
when founders were placed at diagonally increasing distances from the preserve corner 
(x-axis). See text for more details. 

Observed heterozygosity values for all trials after 100 mating bouts did not vary by a large 
amount (ranging from 0.967 to 0.980), showing only a 1.3% difference between the highest 
and lowest values. At generation 100 there was little population subdivision and inbreeding 
seen across trials with differing founder inset distances and various dispersal conditions 
(Figure 6). The highest F values were seen for populations under basic dispersal conditions 
(trial conditions A), followed by populations with offspring being dispersed less distantly 
(trial conditions B and C). Populations tended to have slightly greater F values at inset 
distances beyond 100 grid points, except for trial D, where offspring were more distantly 
dispersed (80% to the last frame) and trial F, where pollen was more distantly dispersed and 
offspring least distantly dispersed (80% from the last frame and 90% to the first frame, 
respectively). 
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Fig. 6. Changes in F values in populations after 100 bouts of mating (the same populations 
shown in Figures 4 and 5). Trial conditions differed with regard to both founder inset 
distance and offspring and pollen dispersal distances as indicated (see summaries for A 
through F to the right of the graph). Connected data points show F values under one set  
of trial dispersal conditions when founders were placed at diagonally increasing  
distances from the preserve corner (x-axis). See text for more details. 

4. Discussion 
4.1 Practical applications 

The null hypothesis that placing founders at differing distances from the edge of a 
restoration preserve will have no effect on subsequent population growth or genetic 
diversity was falsified according to results involving the first series trials with the basic 
dispersal conditions only (Figures 1 through 3). These results confirm that populations can 
manifest different degrees of population growth and genetic edge effects (Rogstad & 
Pelikan, 2011) depending on the distance of founders from preserve borders.  In terms of 
population development, increases in growth rates were correlated with increasing 
distances of founder placement from a border up to a point: with the “basic” gene dispersal 
distances, planting founders 300 grid points (1500 m) into the preserve is as good as 
planting them 500 grid points (2500 m) into a 5 km x 5 km or larger preserve.  Increasing 
founder placement up to 300 grid points increasingly allows founders a greater number of 
viable grid points to establish their offspring thereby reducing mortality levels. As for 
genetic diversity, the greatest loss of alleles occurred when founders were placed less than 
100 grid units from the border (trial a, Figure 2).  However, even at the corner, losses were 
not considerably greater than placing the founders 100 grid points into the preserve (corner 
trial a retained 90.4% while trial b retained 93.9% of the founding alleles). A preserve 
manager not interested in maximizing population growth but who only wants to maximize 
genetic diversity retention could thus plant the founders 100 grid points (500 m) into a 5 km 
x 5 km or larger preserve. Beyond that, planting further into the preserve does not 
significantly increase the number of founding alleles conserved. Differences in losses of 
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manager not interested in maximizing population growth but who only wants to maximize 
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genetic diversity as indicated by changes in observed heterozygosity or F values were not 
pronounced at age 100 among these trials, and thus are not of major concern to a restoration 
manager through the initial establishment period modeled. 

The second series of trials in which offspring and pollen movement distances were varied in 
populations with founders placed at increasing distances from the border (Figures 4 through 
6) demonstrate that population and genetic edge effects are further affected by variations in 
gene dispersal distances. Compared to the basic conditions used in Figures 1 through 3, 
population growth was increasingly reduced (Figure 4) when pollen dispersal was more 
restricted and offspring dispersal was more distant (trial E), when offspring dispersal was 
less distant but pollen dispersal matched the basic conditions (trial B), when pollen dispersal 
was more distant and offspring dispersal less distant (trial F), and when offspring dispersal 
was most restricted but pollen dispersal matched the basic conditions (trial C).  Only when 
offspring establishment was more distant but pollen dispersal matched the basic conditions 
(trial D) did population growth exceed that exhibited when the basic dispersal condition 
applied (trial A). These results suggest that in restoration projects with conditions similar to 
those simulated here, large gains in population growth might be promoted by ensuring that 
more offspring establish at greater distances than are occurring naturally. 

Differences in founding allele retention among this second series of trials were also evident 
(Figure 5), with the greatest retention in alleles being under the basic and offspring more 
distant dispersal conditions (trials A and D respectively). For trial conditions A, B, C, and F, 
there was a sharp increase in allele retention by moving founders from the corner inwards 
100 m, after which further gains were not as pronounced to various degrees for different 
trial conditions at increasing distances. Under trial conditions E and D, placing founders at 
300 grid points would be preferable since significant gains in allele retention were not had 
beyond that distance. Across all of these trials, the greatest difference in allele retention was 
9.6% (between trial E founders at the corner and trial D founders inset by 400 grid points). 
Inbreeding and subdivision appear to attain the highest values under the basic dispersal 
conditions with founders inset into the preserve (Figure 6), although none of the values are 
yet approaching pronounced levels. Causes driving the minor differences seen in F values 
among trials are not always readily interpretable (e.g., note trials E versus F versus C). 

Overall, the relationships among trial conditions, inset distance, population growth, genetic 
diversity retention, and inbreeding/subdivision can be complex and are not necessarily 
intuitive. Given this complexity, NEWGARDEN modeling can be used to suggest 
restoration management strategies. As noted earlier, restoration programs and management 
need to be as cost-efficient as possible. By understanding interactions between life-history 
characteristics of C. dentata and inset distance for founder establishment, program managers 
can estimate the best methods to minimize such costs. For example, results of this study 
suggest that planting and stewarding a limited number of founders (thousands at one 
location are not needed) at least 1500 m into a preserve and promoting successful offspring 
establishment beyond that which is occurring naturally, rather than expending that effort 
promoting establishment within the developing stand, is less costly and potentially more 
successful in terms of ease of population establishment and growth, maintenance, as well as 
retention of genetic diversity and avoidance of inbreeding and subdivision compared to 
other options. Managers may have to make cost-benefit decisions such as which is more 
important: saving funds by planting near a border, maintaining genetic diversity at the 
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sacrifice of maximizing population growth, or planting further into a preserve at greater 
expense. The results here stress the need for accurate knowledge of realized gene dispersal 
attributes (and of other life history attributes) in any modeling-derived restoration 
management planning. Lacking such information, restoration managers should preferably 
take the most conservative approach to restoration using as accurate estimations of life 
history characteristics as possible, in this case, planting the founders at least 1500 m from a 
border. 

4.2 Evolutionary implications 

Natural populations establish with varying numbers of founders (often low numbers), 
degrees of isolation, and geometry of founding. Interpopulation and interspecific life history 
variation compound the complexity of establishment events as indicated in trials here. The 
results above suggest that these factors can interact differentially among newly founded 
populations, and that even seemingly slight differences in initial conditions (e.g., just 500 m 
difference in founder placement) may have significant effects on the future trajectories of 
population growth and genetic diversity measures. NEWGARDEN can be used to explore 
this variation in theoretical and existing situations. 

4.3 Further considerations 

We emphasize that the results reported here were generated with a subset of the potential 
input conditions including constant input parameter values designed to simulate population 
development in the only known restoration population of chestnuts, the West Salem stand 
(Rogstad & Pelikan, 2011). However, conditions at other restoration sites will surely differ 
(e.g., density of competitors and rates-distances of establishment, age-specific offspring and 
pollen production, age-specific mortality rates, gene dispersal distances, etc.). Further, other 
species will often have drastically different conditions from those modeled here (e.g., short 
lived perennials or annuals, different densities, different gene dispersal patterns). Finally, 
the ecological niche will vary across species in ways that might affect geometric patterning 
(e.g., the section of a forest the species naturally inhabits: one species that would typically be 
found living on the outer regions of a forest would have different life history characteristics 
than a species that would inhabit the center part of that forest). NEWGARDEN can be used 
to explore such intra- and interspecific differences in the conditions of population 
establishment and development. 

Previous studies (Rogstad & Pelikan, 2011) have indicated that differences in the geometric 
placement of founders (e.g., spacing between individuals; arranged in lines versus squares; 
founder subdivision into a series of smaller squares) can affect rates of population growth 
and genetic diversity maintenance. When planting a founding population, the simplest 
pattern is to plant trees in straight lines to make rectangular or square founder areas. In our 
experiments, the founders were established in a 13 x 13 square of individuals to be easily 
manipulated for each trial of varying inset distances. This square shape only allowed for one 
offspring to establish within the founding square between founding parents, which may not 
allow for higher rates of population growth in the first few years of reproduction if the 
offspring have limited dispersal. One question not addressed in our trials was whether or 
not varying geometry of founder establishment patterns (e.g., completely random founder 
locations, X-shaped lines, various straight lines, circles, or hollow squares) would affect 
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establishment and development. 
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population growth and genetic diversity. Different establishment patterns may allow for a 
greater number of offspring to land in unoccupied grid points than in the square pattern 
used in the above trials, and possibly reduce the loss of genetic diversity. It is also possible 
that the geometric pattern of the founder establishment interacting with the inset distance 
would affect the overall population growth and maintenance of genetic diversity. Trial 
comparisons where geometry is varied in combination with distance from edges and 
dispersal distances are underway. 

For the above trials, 169 founders were used based on previous studies (Lawrence et al., 
1995; Chakraborty, 1993) that suggest a minimum of approximately 172 founders is needed 
to capture the greatest majority of alleles from the source population while also minimizing 
reintroduction costs in restoration projects. NEWGARDEN could be used to further 
investigate what would be the minimal number of founders needed to minimize allele loss 
over generations under a range of conditions. 

Since it is not possible to investigate differences in all input conditions a priori, 
NEWGARDEN modeling can also be used a posteriori to generate simulated populations 
reflecting conditions and population growth outcomes for stands that have already been 
established.  Such simulations can then be used to evaluate the degree to which population 
growth and genetic diversity preservation could be improved by supplementations or 
manipulations of actual populations (e.g., planting more individuals, altering gene exchange 
distances via increased seed distribution, reducing mortality rates at certain life stages, etc.). 

If the restoration program includes harvesting offspring to redistribute within the preserve 
or at new locations, where should the offspring be collected from? Samples could be taken 
in the immediate area surrounding the entire founding population. However, this might not 
be optimal due to travel distance into the preserve. It would be better to collect offspring 
closer to one edge of the preserve, minimizing travel distance. However, perhaps the farther 
in one direction the offspring are from the founders, the greater the risk of loss of genetic 
diversity and increased offspring subdivision. One area for further study would be to 
analyze cohort (not population) growth, heterozygosity and F values, and loss of genetic 
diversity in subregions that are at varying distances from the founders. This would allow 
restoration managers to determine how close to an edge they could collect offspring that 
would still retain the greatest genetic diversity for new plantings. The results of such 
experiments would also provide information on the erosion of genetic diversity over space 
and time in entire populations and the degree to which erosion might be localized. 
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1. Introduction  

Historical patterns of human occupation in Brazilian Neotropical Region, featured by 
deforestation for urbanization, economic exploitation and agriculture, have changed the 
Atlantic Forest landscape to a collection of fragments. Nowadays this biome is characterized 
for being highly fragmented but still possessing one of the highest rates of species diversity 
in the world.  

Understanding the genetic structure of populations that occur in forest remnants is 
fundamentally necessary to establish efficient strategies for the re-composition, 
management, and conservation programs. For such, it is necessary not only to understand 
the genetic diversity of a species, but also, how this diversity is distributed within and 
between forest populations. Notably, a considerable part, if not the majority, of Brazilian 
Atlantic Forest fragments are linked to rivers or streams, once the policy applied in Brazil 
regarding conservation in agricultural areas favours the maintenance of legal reserves in 
proximity of water sources. The vegetation of river margins are subjected to flooding, a 
strong limiting factor which can lead to local adaptation. These ecological and landscape 
characteristics may have important outcomes to the genetic diversity of tree populations.  

In this chapter, we assembled information from review and research papers of impact in this 
study area intending to raise knowledge to assist conservation initiatives of Brazilian 
Atlantic Forest fragments and riparian woods. We plan to broach fundamental concepts 
regarding the historical fragmentation process in Brazilian Neotropical Region, the effects of 
fragmentation upon the genetic diversity of forest remnants, and the local adaptation to 
seasonally variable river levels. This discussion is not intended to be a summary of the 
existing literature in the theme, but to address important information concerning genetic 
diversity of neotropical tree species, focusing in the results of eleven years of research on 
species frequently used in reforestation of legal reserves in Southern Brazil.  
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2. The Neotropical floristic kingdom 
The word Neotropic (from the Greek neos = “new”) refers to the tropical region of the 
American continent (Antonelli & Sanmartín, 2011), or “New World” – a term coined by 
Peter Martyr d’ Anghiera in 1493, shortly after Christopher Columbus’s first voyage to the 
Americas (O’Gorman, 1972). As currently defined (Schultz, 2005), the Neotropical kingdom 
extends from central Mexico, in the north, to southern Brazil, in the south, including Central 
America, the Caribbean islands and most of South America.  

In the Neotropics, equatorial and tropical climates predominate with low climatic 
seasonality, when compared with kingdoms with cold and temperate climates. Precipitation 
and annual mean temperatures are generally high, but there is great regional variation 
(Antonelli & Sanmartín, 2011). Before human colonization, the rain forest of Amazonia 
accounted for about one third of the entire South American continent. There are, however, 
several other terrestrial biomes in the Neotropics that are noteworthy for their size and 
ecological importance, such as the Cerrado and the Atlantic forest of eastern Brazil 
(Antonelli & Sanmartín, 2011).  

The outstanding species richness found today in the Neotropics has remained elusive in our 
understanding of the evolution of life on Earth (Antonelli & Sanmartín, 2011). Comprising 
around 90,000–110,000 species of seed plants, the Neotropics alone harbours about 37% of 
the world’s species, more than tropical Africa (30,000–35,000 spp.) and tropical Asia and 
Oceania combined (40,000–82,000 spp.) (Govaerts, 2001; Thomas, 1999). Sanmartín and 
Antonelli punctuated the factors that can explain this high species richness (Antonelli & 
Sanmartín 2011 and references therein). They are related 1) with the geographical position of 
Central and South America, resulting largely in tropical and equatorial climates; 2) edaphic 
heterogeneity; 3) biotic interactions that promote speciation mechanisms; 4) relatively stable 
environments over time, resulting in very ancient ecosystems that conserve niches; 5) 
adaptive radiation favoured by the great ability of dispersal of flowering plants; 6) 
geographic isolation (only 3.0 million years ago, South America became connected to North 
and Central America by the Isthmus of Panama); 7) climatic fluctuations of Pleistocene, 
leading to formation of refuges for many isolated populations and allopatric speciation; 8) 
uplift of the Andean cordillera, occurred largely in the last 25 million years; and 9) the 
profound change in the vast hydrological systems, especially in the Amazon region.  

During millions of years there was a synergism between gradual and slow climate changes 
and speciation, giving time for natural selection and other evolutionary tolls to play their 
role. The final result of this long process of genesis and evolution of the Neotropical region, 
is that most of the Neotropical countries, such as Brazil, Colombia, Ecuador and Peru, are on 
the higher positions of any ranking of species richness. Brazil, in particular, occupies the 
first position in such rankings and is therefore considered the most Megadiverse country.  

Neotropical kingdom is divided into Caribbean, Guayana Highlands, Amazonian, Brazilian 
and Andean region (Takhtajan, 1986). Brazilian region is, in turn, subdivided into the 
provinces of the Caatinga, the highlands of central Brazil, Chaco, Atlantic, and Paraná 
(Takhtajan, 1986). In the Brazilian territory, major biomes are spread over these provinces, 
such as the Caatinga, Cerrado, Atlantic Forest, Pantanal and Pampas. Even in the case of a 
predominantly tropical region, where, typically, there is less thermal seasonality and spatial 
climate variations than in temperate regions, there are important environmental variations 
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that create significant intra-regional heterogeneity. This fact can be explained by: 1) large 
latitudinal variation found, the northern boundary of the region is located around 3 ° S, and 
the south boundary, around 33 ° S latitude; 2) great altitudinal variation, with elevations 
ranging from sea level to mountainous regions that can reach approximately 2900 meters of 
altitude; 3) wide edaphic variation, the result of different soil genesis processes over time 
and space and 4) continentality, which determines a lower overall level of humidity and 
higher thermic amplitude, the most distant of the Atlantic Ocean. This great heterogeneity, 
combined with the inherent environmental characteristics of tropical regions that favor the 
development of life, and added to the climate and geological history of the entire Neotropic, 
which favored isolation and speciation, have provided to these biomes, in terms of floristic 
and physiognomy, a high species richness, high endemism and great structural complexity. 

According to the Brazilian Institute of Geography and Statistics - IBGE (2004), Atlantic 
Forest biome constitutes the extra-Amazonian forest large set of South America, formed by 
rainforests (dense, open and mixed) and seasonal (deciduous and semideciduous). It 
comprises an environmental complex that includes mountain ranges, plateaus, valleys and 
plains of the entire eastern Brazilian Atlantic continental band. In southern and southeastern 
Brazil, it expands westward, reaching the borders of Paraguay and Argentina, also 
advancing on the southern highlands of Brazil, reaching the state of Rio Grande do Sul. 

3. The history of fragmentation of the Atlantic forest biome 
The Atlantic forest is the most uncharacterized Brazilian biome (IBGE, 2004). Since the 
beginning of European colonization, from 1500, several economic cycles of exploration 
occurred, generating successive impacts in a growing area (Dean, 1996). Brazil has the most 
diverse flora of the planet and also had its name inspired in a tree, Brazil-wood (Caesalpinia 
echinata Lam), a typical species of coastal forests of the southeast. The first cycle of the 
ancient Portuguese colony was the exploitation of this species, highly valued for producing 
a resin which conferred a reddish color to fabrics. Later, with the largest reserves of this 
wood already exhausted, other exploitation or agricultural cycles began, such as the sugar 
cane, gold, and ultimately, coffee. They all contributed strongly to clearance and 
degradation of new areas (Dean, 1996). From the late 19th century and throughout the 20th 
century, new development and national integration projects have come and settled a 
consistent process of industrialization and urbanization exactly in the area originally 
occupied by the Atlantic Forest. Nowadays, these urban areas have the highest population 
densities and lead the economic activities in the country (IBGE, 2004). An estimated 112 
million people live in this area, which accounts for 61% of the population of Brazil (IBGE, 
2007). The current results are the almost complete loss of primary forests and a continuous 
process of destruction of existing remnants, which place the Atlantic Forest biome in 
unworthy position in the world: as one of the most endangered ecosystems (SOS Mata 
Atlantica and Instituto Nacional de Pesquisas Espaciais (INPE), 2011). In sum, predatory 
economic cycles and projects of development and national integration have led, throughout 
the biome area, to the expansion of the agricultural frontier, the establishment of industrial 
activities, mining and power generation and intense and disorganized urbanization process, 
causing the destruction of, approximately, 92% of the original vegetation, which had, in 
1500, 1,315,460 square kilometers (Fundação SOS Mata Atlântica and INPE, 2011). The 
remaining 8% are highly fragmented, separated by a matrix that includes pastures, crops, 
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water reservoirs, industrial plants, mining and urban areas, especially on the margins of 
water bodies and mountain areas with highly tilted ground. Even so, one should not 
underestimate the importance of these fragments. For example, in terms of species richness, 
occur, even today, in the Atlantic Forest biome, about 20.000 species of vascular plants, of 
which 6.000 are endemic (Fundação SOS Mata Atlântica and INPE, 2011).  

If on one hand the historical processes of economic development led to a predatory pattern 
of destruction with the formation of relictual fragments of sizes and levels of isolation and 
different anthropic impact, on the other, the Brazilian environmental legislation, considered 
one of the most advanced of the planet, through his last Forest Code, established in 1965 and 
improved in recent decades, defined areas of permanent preservation and legal reserve 
(Medeiros et al., 2004). The first has the function of conservation of ecosystem services, 
encompassing riparian forests, river headwaters, hills tops and mountains, hillsides with 
slopes greater than 45 °, "restingas" and mangroves. The second has the goal of biodiversity 
conservation and must have, at least, 20% of the property area in the southern and 
southeastern Brazil, reaching 80% of the area in the Amazon region. Thus, the historical 
process that led to the intense fragmentation of the Atlantic Forest biome has suffered, in 
recent decades, the influence of an environmental legislation more effective for 
conservation. The result is that most of the remaining fragments can be found in permanent 
preservation areas and legal reserves, especially in riparian areas and steep slopes with 
unstable soils.  

At this time, Brazilian society is burned with a heated debate, in the Brazilian National 
Congress, on the proposed changes to the Forest Code. In one side, the sectors of society and 
policymakers linked to the economically strong Brazilian agricultural sector require the 
flexibility of code, aiming to reduce the need for recovery and conservation of areas of 
permanent preservation and legal reserve, in order to result in the release of more land for 
agriculture. In the other side, the Brazilian Society for Science Progress, urban sectors of 
society and policymakers linked to the environmental movement strongly oppose the 
proposed changes. There is a concern that, if these changes are approved, the fragmentation 
process of natural areas and the destruction of relictual fragments will be intensified, which 
would result in ecological and evolutionary consequences for populations of many species 
present in these natural areas. 

4. Genetic diversity of tree species 
4.1 Fundamental concepts 

The genetic variability contained in plant species may occur in distinct levels: 1) species 
within ecosystems; 2) populations within species; and 3) individuals within populations of a 
species. The genetic structure of a species can be defined as the distribution of the genetic 
variability within and between its populations as a direct result of the combination among 
mutation, migration, selection and genetic drift. Also, many tree species harbor effective 
mechanisms that allow the dispersion of alleles, enabling them to maintain high levels of 
genetic variability within their populations (Hamrick et al., 1979; Hamrick, 1983; Loveless 
and Hamrick, 1987). Studying several natural tropical tree populations, Hamrick (1983), 
concluded that the genetic variability within natural populations is directly linked to their 
mating system, pollen dispersion syndrome, seed propagation and also by their effective 
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population size. These factors are also related to the geographic distribution and the type of 
community in which such species naturally occur. 

As stated above, understanding the genetic structure of populations that occur in forest 
remnants is fundamentally necessary to establish adequate criteria in to which these 
populations will play a role in the re-composition of degraded ecosystems (Kageyama, 
1987). For such, it is necessary not only to understand the genetic diversity of a species, but 
also, how this variability is distributed within and between their populations present in the 
disturbed areas. To such intention many statistical tools have since been developed to 
measure, qualify and partition this genetic variability. 

In 1951, Sewal Wright established one of the main components of the distribution of genetic 
diversity in natural populations: the partition of the endogamy coefficient within and 
among populations. In his method Wright was able to determine how the endogamy 
coefficient determine not only the level of crossing between close related individuals within 
a population but also how it can be related to the differentiation of multiple populations and 
the overall adaptability of a metapopulation. Also he was able to demonstrate how this 
partition could be directly linked to the matting system present within each species. His 
method partitioned the components of the endogamy coefficient f into three distinct 
coefficients: FIS, which is mainly used to measure the degree of crossing between closely 
related individuals within a population; FST, which can be considered an estimative of the 
endogamy level among populations. Although such concept might be strange, Wright was 
able to determine that this endogamy between populations was equivalent to determining 
the genetic relatedness among these populations; and FIT, which represent the endogamy 
level present in the whole metapopulation and correspond to the overall adaptability 
measured for the sum of populations. We can also consider that FIS represents the 
endogamy level related to the reproductive system present within a species, FST to be the 
endogamy level due to the partition of the population into subpopulations, and FIT the 
endogamy level related to the reproductive system and the subdivision of all 
subpopulations.  

This concept of partitioning the f statistic developed by Wright is highly important when we 
consider the genetic study of the fragmented population as it gives an overview of how the 
genetic variability is distributed within and among the subpopulations of a species in a 
determined area and permits us not only to infer the level of fragmentation within a 
metapopulation but also main type of reproduction present in a species. 

When considering the genetic pattern of natural populations, we need also to know specific 
patterns of genetic richness within each population to answer a wide range of questions like: 
degree of conservation, percentage of variation within each specific population, differences 
in genetic diversity and degree of heterozygosity. This being said, we have to consider other 
important measures of population genetics. 

The percentage of polymorphic loci is one of the simplest measurements of the genetic 
variation that can be used to evaluate the genetic variability present in a population. As the 
name says, it shows the number of polymorphic loci present in a population in relation to all 
the amplified loci obtained with the DNA-based Markers. 

Another form to evaluate the genetic variability present within a population is to obtain 
information about its genetic diversity. Initially geneticist borrowed the method of 



 
Genetic Diversity in Plants 

 

396 

calculating such diversity from our friends Ecologists. The Shannon and Weaver (1949) 
index (H) was employed in ecology to measure the diversity of species within a given area 
and later was adapted to measure the genetic diversity within the studied populations. Later 
on, a more specific index was developed to measure this genetic diversity eliminating some 
of the bias that was generated when adapting the Shannon index for the evaluation of the 
genetic data. The Nei´s genetic diversity (1973) was developed as a specific way to measure 
the population genetic diversity using data obtained specifically with the DNA-based 
markers. This index was able to measure more accurately the degree of genetic variation 
within each population and presented different considerations when analyzing the data 
obtained by dominant (there is no way to differentiate the recessive alleles) codominant (all 
alleles are differentiated, and each pair of primers is considered to amplify only one 
molecular locus) markers. For dominant (H) data Nei´s genetic diversity is analyzed in 
terms of within population gene diversity (Hs) and the total gene diversity present in the 
pool of populations studied (Ht). But as said above, for codominant marker more detailed 
information can be given by this statistical index, dividing this statistic into observed (Ho) 
and expected (He) heterozygosities, making it possible to calculate the excess or deficit of 
heterozygotes within each population, gene flow and inferences of genetic bottlenecks and 
genetic drift. 

Considering that in the traditional method of calculation the genetic variability was based 
on the assumption that the populations were in Hardy-Weinberg equilibrium, some of the 
inferences obtained for this population presented a significant bias. As a good example we 
can consider the inference obtained with the Nei´s statistic for genetic diversity, the 
observed heterozygosity (Ho) was compared to the expected heterozygosity (He) which was 
obtained as the pattern of distribution of all the alleles amplified if the population was in 
HW equilibrium. To eliminate this bias the Baeysian statistic method was adapted to the 
analysis of molecular data, promoting a revolution in the parameters that can be calculated 
using data obtained by the DNA-based markers. The Bayesian method is characterized by 
the use of the posterior probability to infer the likelihood of occurrence of a particular event. 
In this method all the assumptions, like HW equilibrium, are discarded and the obtained 
results with this method are compared with a chain (algorithms - Markov Chain of Monte 
Carlo MCMC and Metropolis Hastings) of results that come from the analyses of the same 
data. This method of chained analyses repeats itself in tandem until the obtained “chain” 
stabilizes and yields a result that come close to the real pattern of genetic variation present 
in natural populations. With this method some parameters like population bottlenecks, 
attribution of genotypes to specific populations, pattern of gene flow and migration, and 
attribution of individual paternity, allowing inferences on the population genetics based on 
DNA-based markers more complete and trustworthy. 

4.2 Consequences of habitat fragmentation to the genetic diversity of tree species 

Habitat fragmentation is one of the most important and well diffused consequences to the 
anthropic soil use dynamics (Brooks et al. 2002). It is characterized by the rupture of 
landscape unity that initially presented continuity, generating smaller parcels with different 
dynamics from the original habitat. Such parcels become disconnected from the original 
biological processes that occurred throughout the area (Dias et al., 2000), behaving like 
isolated “islands of biodiversity” surrounded by non forest areas (Debinsk and Holt, 2000). 
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Habitat fragmentation is one of the most important and well diffused consequences to the 
anthropic soil use dynamics (Brooks et al. 2002). It is characterized by the rupture of 
landscape unity that initially presented continuity, generating smaller parcels with different 
dynamics from the original habitat. Such parcels become disconnected from the original 
biological processes that occurred throughout the area (Dias et al., 2000), behaving like 
isolated “islands of biodiversity” surrounded by non forest areas (Debinsk and Holt, 2000). 
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For trees, degradation of primary habitat results from two main processes, fragmentation of 
forest into patches following clearance, and disturbance of habitat following extraction 
processes, such as selective logging. Tropical trees are thought to be particularly vulnerable 
to the effects of habitat degradation due to their demographic and reproductive 
characteristics (Lowe et al. 2005). Estimations made more than 10 years ago predicted that 
within fifty years, approximately, twenty-five percent of the vascular plant species would be 
extinct (Kala, 2000). This loss is still an ongoing process, which is not only linked to the loss 
of the number of individual plants of a species, but also to the loss of condition of the habitat 
in which they initially inhabited, as some species cannot persist in small fragments due to 
alteration in microclimatic conditions and to the intensification of the border effect in small 
fragments (Lovejoy, 1983). 

Tropical trees are predominantly outcrossed, present extensive genetic flow and keep high 
levels of genetic variability. They frequently experience low density as a consequence of 
habitat fragmentation, are highly dependent upon animal pollination and present mixed 
mating systems, so they generally exhibit more genetic diversity among populations than 
temperate species (Dick et al. 2008). 

For neotropical forest species, a reduction in habitat patch size or population density is 
usually equivalent to a reduction in population size (Lowe et al. 2005), or a genetic 
bottleneck. The genetic bottleneck leads to a very well known phenomenon in the 
evolutionary context of habitat disturbance, the genetic drift. Genetic drift can be defined as 
the sum of random changes in the frequencies of alleles within a population (Futuyma, 
2005). This process has as principal outcome the decrease in genetic variability, which can be 
detected as a drop in the proportion of polymorphic loci and in the number of alleles per 
locus.  

The reduced effective size of populations is also accompanied by the increase in endogamy 
levels. This can be a result of both the decline in pollen vectors and consequent raise of 
selfing in species with mixed mating systems, and the increased probability of crossing 
among relatives, given their close distribution and reduced potential mates. This can lead to 
a declined heterozigosity, augmented homozigosity and consequent fixation of alleles, 
independently of their effects over fitness.  

The consequences of genetic drift and endogamy are maximized by the isolation of the 
remaining fragments, resulting in an increased genetic diversity among them. The loss  
of genetic variability can affect population viability and limit evolutionary opportunities 
to the populations: they are expected to suffer increased disease and pest susceptibility, 
loss of incompatibility alleles, fixation of deleterious alleles and decline in fitness (Young 
et al, 1996). 

Lowe and coworkers, based in a computer simulation (Lowe et al. 2005), found that with 
even relatively low levels of gene flow between remnant populations, loss of diversity can 
be significantly mitigated by increasing effective population size. Changes in genetic 
diversity and differentiation following a decrease in population size take a number of 
generations to become apparent, which is not the case for inbreeding coefficient that 
increases immediately in the first generation following the occurrence of selfing. Long-lived, 
historically outcrossing species, such as neotropical trees, are expected to harbour a high 
genetic load, as deleterious recessive alleles will be masked at multiple heterozygous loci. 
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Also, although deleterious mutations are expected to be purged by selection over time in 
these species, mildly deleterious alleles can persist despite strong selection. 

Some morpho-physiological and life-history traits could confer differences in plants’ 
vulnerability to the effects of fragmentation. For example, species with long generation 
times will suffer weaker negative effects of fragmentation than the ones with short 
generation times. The same for species able to reproduce asexually, that will have an 
extended time between generations.  

Many naturally outcrossed tree species frequently present selfing as a clear result of 
fragmentation, since low density/fragmented populations tend to be more autogamous 
than high density populations. In the hypothetical scenario of anthropogenic fragmentation 
ceasing and landscapes remaining as they are today, the effects on genetic diversity of plants 
will still be much stronger in the future if mating patterns continue shifting towards selfing 
(Dick et al. 2008, Aguillar et al. 2008). 

Aguillar et al. (2008) showed that outcrossing species, such as neotropical trees, suffer 
greater losses of alleles and polymorphic loci than non-outcrossing species. For self-
incompatible species in particular, this may result in the loss of low frequency self-
incompatibility alleles (S) leading to mate limitation and further reduction of effective 
population size.  

Animal pollinated outcrossed species are also strongly negatively affected in terms of 
effective pollination service and seed production by habitat fragmentation. Considering that 
more than 98% of tropical trees species are animal pollinated (Bawa 1990), these species are 
exceptionally vulnerable to fragmentation as a consequence of both, ecological and genetic 
mechanisms. Not only pollination but also seed dispersion in tropical forests is much more 
dependent in animals than in wind: more than 70% of all tropical tree species are animal 
dispersed (Howe and Smallwood 1982). These species share multiple agents and are 
generally understory (Dick et al. 2008). 

For the majority of tropical trees, pollen flow transposes enormously the distances of the 
seeds flow. Pollen dispersion distances, although dependent on small animals in most cases, 
can be surprisingly as high as 500m and still higher, a few kilometers, in low 
density/fragmented populations (reviewed in Dick et al. 2008). Even if sufficient pollen 
reaches an isolated tree to fertilize all potential ovules, a reduction in diversity of the pollen 
cloud, due to fewer pollen donors, can reduce population fitness by allowing fertilizations 
from self, related, or maladapted parents. A reduction in seed set predicted from 
fragmentation may be due to one or a combination of a lack of pollination (e.g. from loss of 
pollinators), lack of compatible pollination (from increased self-pollination through 
restricted pollinator movement or a loss of incompatibility alleles owing to reduced 
population size), or inbreeding (Lowe et al. 2005). 

Removal of primary habitat also usually decreases the probability that migrant seeds will 
find suitable sites for establishment. Under such circumstances, pioneers or invasive weeds 
will be favoured and will increase in occurrence. If a species’ life history profile is 
characterized by frequent extinction and colonization events, the metapopulation is under 
threat of extinction if the two forces are not balanced. Even if site colonization does occur, 
founder bottlenecks can drastically reduce diversity (Lowe et al. 2005 and citations therein).  
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Species rarity can also determine its susceptibility to genetic erosion. Because common 
species have comparatively higher levels of genetic variability than naturally rare species, 
they are expected to lose more diversity due to recent fragmentation processes (Aguillar et 
al. 2008). Given the ubiquitous nature of anthropogenic habitat fragmentation in today’s 
landscapes, this is important and of interest to conservation biology as they situate common 
species in potential risk of genetic erosion, which is counterintuitive to current conservation 
principles that almost exclusively emphasize efforts on rare or threatened species. 

As discussed above, habitat fragmentation has the potential to erode genetic diversity of a 
species, and the magnitude of its effects is related to the state of several life-history traits. 
Among the several factors, deserve special attention the compatibility system, mating 
system, pollination vector, seed dispersal vector, vegetative growth capability, rarity, time 
elapsed in fragmentation conditions, (reviewed in Aguilar et al. 2008), and sucessional stage, 
as we a going to discuss below. 

5. Local adaptation in tree species 
An adaptation is a characteristic that enhances the survival or reproduction of organisms 
that bear it, relative to alternative character states, especially ancestral condition. The only 
way to an adaptation to evolve is by means of natural selection, so it can be also stated that 
adaptation is a characteristic that evolved by natural selection (Futuyma, 2005). 

Local adaptation is the set of patterns and processes observed across local populations of the 
same species connected, at least potentially, by dispersal and gene flow. It is generally the 
case when resident genotypes in a deme have on average a higher relative fitness in their 
local habitat than genotypes originated from other habitats (Kawecki and Ebert, 2004 and 
references therein).  

Local adaptation can be observed in a continuous population, in which sampling units are 
arbitrary, but is more commonly observed in fragmented populations, since they are 
discrete units of perennial populations in well delimited habitat patches (Kawecki and 
Ebert, 2004). Considering that the most existing neotropical tree populations have been 
fragmented by land use and urban occupation, local adaptation is a relevant area of study 
for neotropical tree species. Even though, most studies on local adaptation in plants are only 
available for herbaceous plants in temperate regions (Leimu and Fischer, 2008).  

We aim to gather information on local adaptation in plants that can be used to evaluate its 
strength and outcomes for neotropical tree populations, considering their present 
fragmented character. Our understanding of this topic is mainly based on the papers of 
Kawecki and Ebert (2004), Savolainen and colleagues (2007), and Leimu and Fischer (2008). 

The ability to adapt may be compromised in small populations because of reduced genetic 
diversity, caused by genetic bottlenecks or founder effects, which have as consequences an 
increase in genetic drift and inbreeding. In addition to reduced genetic variation and genetic 
drift, local adaptation can also be constrained by variation in natural selection. Temporal 
environmental variability may involve opposing selection pressures and thus constrain 
adaptation. In contrast, spatial heterogeneity of the habitats of plant origin favours selection 
for reduced dispersal and increases habitat fidelity, which may in turn favour the evolution 
of local adaptation (reviewed in Leimu and Fischer, 2008). 
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Reproductive traits have a role in determining the extent of local adaptation in natural 
populations. Gene flow, for example, can hinder local adaptation. This is true because 
protected polymorphism in a heterogeneous environment may be maintained even if 
dispersal results in complete mixing of the gene pool. In such a case demes will not 
differentiate genetically, i.e. there will be no local adaptation. Nevertheless, the existence of 
a pattern of local adaptation despite gene flow certifies to the strength of natural selection 
imposed by particular environmental factors (Kawecki and Ebert, 2004). Also, if local 
adaptation is constrained by lack of genetic variation, dispersal and gene flow between 
populations can enhance local adaptation by increasing genetic variation within populations 
and potential to respond to selection (Leimu and Fischer, 2008). 

Spatial environmental heterogeneity favours reduced dispersal and habitat fidelity, which 
make conditions for local adaptation more favourable. It should be noted that 
environmental heterogeneity favours the evolution of adaptive phenotypic plasticity. In the 
absence of costs of and constraints on plasticity, a genotype that in each habitat produces the 
locally optimal phenotype would become fixed in all demes. Adaptive phenotypic plasticity 
would thus lead to adaptive phenotypic differentiation, but without underlying genetic 
differentiation. The failure of the metapopulation to evolve such ideal plasticity is thus a 
pre-requisite for local adaptation (Kawecki and Ebert, 2004 and reference therein). 

Shortlived and self-compatible species tend to be more strongly differentiated at a smaller 
scale than long-lived and outcrossing species, and so the former are expected to show 
stronger adaptation to local conditions. Therefore, neotropical tree species, which are long-
lived, outcrossing and as a group includes several examples of self incompatibility, are 
expected to have weak local adaptation (Leimu and Fisher 2008). 

Leimu and Fischer (2008) conducted the first quantitative review on local adaptation in 
plants, assembling papers that reported comparisons of the performance of plants from local 
and foreign populations. Among these studies, local genotypes performed on average better 
than foreign genotypes at their site of origin. However, divergent selection favoured locally 
adapted plants only in less than half of the pair-wise site comparisons. This suggested to 
them that local adaptation is less widespread than commonly believed. In this study, they 
also found that local adaptation appeared to be independent of some plant life-history traits, 
the degree of spatial and temporal habitat heterogeneity, and of the geographic distance 
between study populations, but was strongly affected by population size. This clear role of 
population size for the evolution of local adaptation raises considerable doubt on the ability 
of small plant populations to cope with changing environments. Thus, in the context of 
fragmentation process in the Neotropic small fragments, featured by low genetic variability 
as a consequence of genetic drift and endogamy, might not be able to respond to different 
selective pressures of changing environments and develop local adaptation. 

6. Brazilian Atlantic forest fragments: Case studies of species from Tibagi 
River Basin 
6.1 The Tibagi project 

In this section of the chapter we intend to describe our experience in population genetic 
studies of neotropical trees remnants in Brazil. All species that we have studied have a high 
importance value index or IVI (the sum of relative dominance, relative frequency and 
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relative density) in the Tibagi River basin, Paraná, Brazil and, due to the rapid degradation 
of ecosystems associated with this river basin, its present occurrence was limited to highly 
impacted forest remnants. The Tibagi River Basin has a great importance in the economic 
and social development of one of the Brazilian states of greatest economic impact in the 
country, however, the degree of landscape devastation that has taken place since the 
beginning of the last century has been threatening the biodiversity of the ecosystem and 
even physical and chemical characteristics of its rivers. For these reasons, a group composed 
of around 51 researchers from the University of Londrina and other research centers, in 
partnership with COPAT (Consortium for Environmental Protection of the Tibagi River 
basin) and funded by Klabin S/A and Araucaria Foundation for the Support of Scientific 
and Technological Development of Paraná, developed the project "Aspects of Fauna and 
Flora of the Tibagi River basin" or Tibagi Project. The Tibagi Project produced a wealth of 
valuable information aimed at the recovery and conservation of the river basin as a whole. 
We limit ourselves here to present the knowledge gained about the influence of two factors 
on the genetic diversity of populations of neotropical tree species remnants: habitat 
fragmentation and local adaptation to seasonally flooded river banks. 

The Tibagi River basin is composed of 65 direct tributaries and hundreds of sub-tributaries 
in an area of approximately 25,000 Km2, covering 54 counties in the Paraná State, Brazil. Its 
landscape, belonging to the Atlantic Forest biome, presents important climate and soil 
variations in the north-south axis that allows it to be divided into Upper, Middle, and Lower 
Tibagi. On the Upper Tibagi, the predominant vegetation is steppe grassy-woody also 
known as general fields, with patches of Araucaria forest. In the Middle Tibagi, there is a 
transition zone between rain forest and mixed semideciduous forest with some patches of 
fields and scrubs. In the Lower Tibagi, before fragmentation, the dominant vegetation was 
the semi-deciduous forest, which formed a continuum with the dense rain forest of the 
Brazilian coast. With massive deforestation due to lumber extraction, urbanization and 
expansion of the agricultural front, only small forest fragments remain in this area adding 
up to only 2.4% of the original forest cover in the lower Tibagi and 12.7% in the Tibagi River 
basin as a whole (Ribeiro, 2009). 

The riparian forests are plant formations that surround bodies of water and for that reason, 
are deeply influenced by them. On the other hand, water quality and other physical 
characteristics of rivers are also heavily influenced by the presence and degree of 
conservation of the riparian forests. In river banks, where the vegetation is scarce or not 
present at all, events such as erosions can be up to 30 times more significant than in areas 
where the riparian vegetation is present. Moreover, it is estimated that 80-90% of sediments 
and pollutants generated in agricultural areas are filtered by riparian vegetation before 
reaching the bodies of water (Naiman & Decamps, 1997). From the ecological point of view, 
these forests work as ecological corridors, linking different ecosystems and thereby 
promoting gene flow, both by land, and across the river. These are environments in which 
the diversity is determined by the occurrence of flood events with consequent flooding of 
the river margins. These environments can be very heterogeneous when flooding events are 
short, sporadic and with little intensity; however, they can be slightly heterogeneous when 
these flooding events are constant or very prevalent and intense.  

Flooding is the main limiting factor that acts on the riparian forest, since it changes 
dramatically the physical and chemical characteristics of the soil, which is the main 
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substrate for plant growth. In flooded soil, the diffusion of gases is severely reduced, with a 
sharp drop in oxygen levels, reduction of gas exchanges, accumulation of toxins, changes in 
pH and nutrient availability (Drew 1992). When flooding extends to total or partial 
submergence of the plants, the negative effects on vegetation are even greater due to 
reduced availability of light and carbon dioxide (Crawford, 1993). Once flood period is over, 
the soil becomes compacted and a series of injuries from re-aeration process arises due to 
the accumulation of reactive oxygen species in plant tissues during the flooding period 
(Crawford, 1993). 

However, most of the riparian plant species survive the flooding stress through the 
development of morphologic, anatomic and physiological changes (collectively referred to 
as the low oxygen escape syndrome - LOES; Bailey-Serres & Voesenek, 2008) that re-
established, at least in part, minimum energy levels for plant survival. Other plant species 
survive with avoidance strategies, completing their life cycles between periods of 
flooding. There are also those species that have better relative growth rates in flooded soil. 
The ability to tolerate periods of flooding gives plants a competitive advantage over those 
that do not tolerate this stress, which is evidenced by the example of the tolerant species 
Cecropia pachystachya, Sebastiana commersoniana and species of the genus Inga, which are 
most often found in areas affected by periodic flooding than in other plant formations, 
where inter-specific competition limits its distribution. In general, local adaptation in 
challenging environments may either favour the reduction of genetic variation through 
natural selection or lead to the expression of phenotypic plasticity of identical genotypes 
(Stöcklin et al., 2009).  

In this light, it seems clear that the recovery strategies and/or conservation of genetic 
diversity of tree species of the riparian forests on the Tibagi River basin should consider: (i) 
knowledge about the history of fragmentation and its influence on the genetic structure of 
the affected populations, (ii) knowledge about the diversity of mechanisms of tolerance to 
flooding and their possible genetic determination, (iii) and the influence of local adaptation 
to flooding events on the distribution of genetic variation within and among populations. In 
order to answer these questions, many common species from Tibagi river basin were 
studied, regarding flood tolerance and occurrence of morphological, anatomical and 
physiological changes in response to it. For eight of these species, we used DNA-based 
molecular markers (RAPD, AFLP and SSR) to obtain estimates of population genetic 
parameters such as polymorphic loci, total genetic diversity and genetic differentiation 
within and among populations. The eight sampled species have high importance value 
index (IVI) in Tibagi River basin (five are among the ten species with highest IVI by region) 
and cross-pollination system, but vary in regard to gender distribution and dispersal 
mechanisms for pollen and seeds (Table 1).  

In Tibagi River basin, the analysis of the pluviometrical events from 1932 to 1990 showed 
that there were ten significant flood events in the region in this period, while the 
fragmentation of the vegetation was more pronounced between 1920 and 1960 (Medri et al., 
2002). Considering that the first study published by the group comprised a minimum of 76 
years between the collection of plant material and the first pronounced flooding event 
registered in the region and 83 years in relation to the beginning of the fragmentation 
process; in the meantime, the considered species advanced at least three generations (Table 
1). It was expected at first that: (i) the genetic diversity of populations of degraded areas 
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might have been reduced compared to preserved areas, (ii) the pioneer species have been 
less affected by the effects of fragmentation than the species of late successional stages, (iii) 
there has been significant genetic differentiation between fragments and (iv) local 
adaptation to flooding has caused genetic structure, probably by reducing the diversity in 
populations that regularly experience stress. 
 

 

1 Pi: Pioneer; Si: Secundária inicial; St: Secundária tardia; Cl: Clímax. 
2 Ou: Outcrossing; Vp: Vegetatively propagated; Mo: Monoecious; Mo-Si: Monoecious, Self     
  incompatible; Di: Dioecious; He: Hermaphrodite; Un: unknown. 
3 Bi: Biotic; Ab: Abiotic. 
4 In press.  

Table 1. Biological features and genetic parameters of the tree species studied in the Tibagi 
Project initiative. Information on biological traits was obtained in the literature and by 
personal communications of experts. When more than two populations of a given species 
were studied, the Fst values are represented as an average of those populations. Ss: 
Sucessional stages; Ra: Reprodutive age, in years; MS (SD): Mating system (Sex 
distribution); Pd: Polen dispersal; Sd: Seed dispersal; Long: Longevity, in years; Mm: 
Molecular marker; Np: Number of populations; Pp: Percentage of polymorphic loci; Ht: 
heterozigosity or genic diversity, when either codominant or dominant markers are 
respectively applied; Ref: references.  

6.2 Local adaptation of tree species to flooding  

In the Amazonian floodplain forests there are some regions where the water column reaches 
up to 7m with submersion of trees for long periods, and regions where this stress is less 
intense. Comparing the different areas of flooding, it is possible to observe a significant 
variation in the occupation pattern of these areas ranging from monospecific to over 150 
species ha-1 (Wittmann et al., 2007 and references therein). It is clear that the stress intensity 
and duration of flooding periods determine the diversity of species occupying these areas. 
In the Tibagi River basin, the most critical flooding period is the three wettest summer 
months (December-January-February), with areas that may remain flooded for a few days to 
several months depending on the intensity of the phenomenon. Torezan & Silveira (2002), 
conducted several phytosociological studies in forest fragments along the Tibagi River Basin 
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comparing areas under different intensities of occasional floodings. It was observed that the 
higher intensity, duration and size of the flooded area, the lower species richness was found. 
In a fragment with 100% of flooded area, there were 42 species/ha, while in fragments 
located in non-flooded areas, or with an insignificant area subject to flooding, the number of 
tree species was often greater than 100/ha, reaching up to 127 in one single area. Thus, we 
consider as a starting point the hypothesis that the stress of flooding, typically observed in 
the region, should determine the occupancy of the periodically flooded banks, favoring the 
establishment of species tolerant to this stress.  

Several studies with species that are found in the Tibagi River basin were conducted in a 
greenhouse to answer this hypothesis. Plant species not found in the wetlands and the 
species most often found in the wetlands have been challenged in artificial flooding 
treatments with different intensities and durations. Briefly, the results showed that some 
tree species naturally distributed in this river basin but that do not occur in flooded areas, 
did not tolerate the stress of artificial flooding; also, there was a great variation in the 
response of the species from wetlands. In addition to this information, the provenance trials, 
conducted to compare the performance of populations of the same species from areas 
periodically flooded and non flooded, showed that for the studied species, Luehea divaricata 
and Parapiptadenia rigida, the plants that originated from populations naturally flooded were 
more efficient in responding to waterlooging stress (De Carvalho et al., 2008) or tolerated 
higher levels of stress, which was not tolerated by the plants of the other provenance (Silva 
et al., 2010). In a similar study with the tree species Aegiphila sellowiana, Medri et al. (2011) 
used plants regenerated from seeds collected in four regions that presented occasional 
flooding, showing a variation in the response of individual tolerance to waterlogging. In this 
experiment, 46.7% of the plants died, while the remaining individuals developed morpho-
anatomical alterations common to tolerant species, supporting up to 80 days flooding 
(Medri et al., 2011).  

When these results were obtained (2000 - 2002) we believed that there should be a genetic 
background related to flood tolerance, but the variation in responses observed between the 
tolerant species pointed to the existence of a large number of genes and/or a strong effect of 
genotype-environment interaction in determining the tolerance. With these in mind, we 
used Random Amplified Polymorphic DNA (RAPD) to see if there was a reduction in 
genetic variation in populations tolerant to flooding, and whether it was possible to detect 
variation between populations that respond differently to the stress. In our experiments of 
performance comparison, the percentage of polymorphism observed in situ among adults of 
Luehea divaricata and Parapiptadenia rigida was greater (approximately 6%) in the areas 
subjected to periodic flooding than in the highest regions, which is never affected by stress. 
The studied populations of L. divaricata and P. rigida, showed genetic differentiation of 10.48 
% for the first species and of 6.00% for P. rigida (while about 90% of the observed variation 
was attributed to the variation found within populations). These results suggested that 
perhaps the expected reduction in genetic diversity of riparian communities has been 
masked by the balance between different evolutionary forces that could be occurring in situ. 
Considering the proximity of the sampled areas and the fact that both are crossbreeding 
species, there certainly is gene flow between the flooded and non flooded populations, 
which in turn must ensure the re-establishment of genetic diversity in each generation. 
Possibly, the lower inter-specific competition and greater light availability on the river 
banks may represent, for the pioneer species studied, a more important factor than natural 
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selection caused by flooding, enabling the maintenance of higher levels of diversity in 
wetlands.  

We needed a model that would allow us to access the isolated effect of flooding on the 
genetic diversity of populations of plants tolerant and intolerant to stress. In this 
experimental model we use the tree species A. sellowiana, which displays a gradation of 
responses to flooding, ranging from death to survival periods of up to 80 days of stress. 
When comparing plants of A. sellowiana which survived the stress of artificial flooding 
(tolerant), with plants which died (intolerant), the genetic differentiation around 6% was 
detected between the two groups and it was not possible to detect important variation in the 
percentage of polymorphism between both of them (Medri et al., 2011). Given these results, 
it became clear that the vast phenotypic variation between tolerant and intolerant plants of 
A. sellowiana can be, at least in part, related to the genetic patterns observed when using the 
DNA-based marker RAPD. A similar situation was found by Bekessy et al. (2003) who used 
RAPD markers to study genetic variation in populations of the South American tree 
Araucaria araucana. Even though we have yet to acquire the knowledge of which genes 
determine the stress tolerance of flooding on tree species it is possible that this character is 
directly influenced by many genes as suggested by Sairam et al. (2008) in their review 
entitled “Physiology and biochemistry of waterlogging tolerance in plants”. 

Interestingly, considering the results obtained by the group, especially with the local 
adaptation experiment, carried out ex situ with A. sellowiana, it becomes clear that the genetic 
diversity within and between populations cannot be considered the only factor in the election 
of sources for the recovery of degraded riparian forests. In short, the RAPD markers used in 
these studies allowed us to detect consistent results for the three species studied since more 
than 94% of genetic variation detected can be attributed to variation found within populations, 
following the pattern usually observed for pioneer species, with preferably cross-fertilization. 
In the absence of knowledge on the mechanisms of inter-specific diversity of tropical trees on 
response to flooding, we may conclude, erroneously, based only on estimates of distribution of 
the genetic diversity, that both the populations that occupy the margins of the flooded rivers 
and those never flooded could be used as seed sources for the recovery of degraded riparian 
areas. However, the difference in performance between plants, as measured by morphological 
parameters, indicate that populations locally adapted to the stress would provide a better 
material for the recovery of degraded riparian areas. 

6.3 Effects of fragmentation in natural populations from Tibagi River Basin  

In several years of studies observing the effects of fragmentation and local adaptation on the 
genetic diversity of the remaining tree populations of the Tibagi River Basin, eight species 
were evaluated mostly with dominant molecular markers (Table 1). The information 
gathered here reflect observations for post-fragmented populations, and the number of 
generations elapsed since the beginning of the fragmentation process is equal to one or two 
for centenary species, and no more than ten generations for the species with longevity from 
20 to 25 years.  

As seen among tropical species (Matallana et al., 2005), all species present higher frequencies 
of cross-fertilization and animals play an important role in pollination and/or seed 
dispersal. These characteristics can be readily related to the high levels of genetic diversity 
(or heterozygosity) observed in the sampled populations (Table 1). In addition, pollen and 
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seed dispersal by animals, often observed in tropical species, should provide high gene flow 
between nearby populations in a continuous gradient, while favouring the genetic 
differentiation over long distances (Givinish, 1999 and references there in). In such cases, the 
observed genetic distance between populations was positively correlated with their 
geographic distances. This hypothesis could be verified from the combined analysis of two 
studies conducted with P. rigida, where two nearby populations (Silva et al., 2010) and eight 
populations distributed over a long geographic scale (Souza et al., 2011) were evaluated. For 
nearby populations, the Fst value obtained was only 6.2%, whilst the average FST between 
the eight populations was 22.8%, and the correlation between genetic and geographic 
distance was positive and significant. Similarly, the observed values of FST between 
geographically close and distant populations of A. sellowiana ranged from 9.56% to 50.26%, 
respectively (Medri et al. 2011; Oliveira, 2010). For this species in particular, the genetic 
differentiation between distant populations may be even more pronounced than the one 
seen for P. rigida due to the occurrence of vegetative propagation.  

When the genetic diversity among populations is compared between the studied 
outcrossing species, one can see that there are significant variations among the observed 
values of FST (6% - 30%, Table 1), which is suggested to be related to successional stage that 
each species occupies. Fst values for the initial or secondary pioneer species vary between 
6% - 19% and the values for the late secondary or climax species vary between 21% - 30%. In 
both cases, genetic differentiation among populations assume moderate to high values, 
which is, in principle, expected to occur among tropical species. Tropical species are often 
pollinated by animals or have their seeds dispersed by them, often have mixed breeding 
system in which selfing rates can be changed depending on the environment and are 
represented by low-density populations (Dick et al. , 2008). These characteristics, together, 
make the tropical species more dependent on the quality of the ecosystem where they are 
inserted then the temperate species, and therefore more susceptible to the effects of 
fragmentation. Under the effect of fragmentation, tropical species suffer a reduction in the 
availability of pollinators and/or seed dispersers with the reduction in the number of 
individuals, experiencing a higher proportion of inbreed crosses and genetic drift, with a 
resulting increase in genetic differentiation between populations. 

It is suggested that the observed tendency of lower values of Fst between the pioneer species 
than among the secondary is a reflection of the life history of these species. The pioneer 
species represent the first successional stage of the forest, being able to invade areas not yet 
occupied, including harsh environments and forest edges. Thus, given the ecological role 
they play, the pioneers are heliophyte, experience rapid growth, lower inter-specific 
competition, increased investment in reproduction (r selection), a higher number of 
generations per unit time and aggregate distribution. Fragmentation, therefore, does not 
cause too negative effects on the pioneer species. In fact, while fragmentation reduces the 
number of individuals of the species of later successional stages and completely alters the 
environment they occupy, the pioneer species can be instead favored by this process. Also, 
the pioneer species from the fragments of the Tibagi River Basin have advanced several 
generations (10 -15 generations) since the beginning of the fragmentation process. So, after 
several cycles of cross-fertilization, gene flow between populations may have indeed come 
relatively high to overcome the effects of fragmentation, allowing lower levels of genetic 
differentiation among populations. 
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Unlike the pioneers, the late secondary and climax species tend to have less aggregated 
spatial distribution, to be ombrophilous and to occupy more specialized niches. These 
species spend their energy more in the inter-specific competition than in reproduction (k 
selection) and have slow growth and far fewer generations per unit time. The species of late 
successional stages, considered here, represent the first or second generation post-
fragmentation and thus are believed to reflect the immediate consequences of the 
fragmentation process. Interestingly, one of the secondary species studied, Aspidosperma 
polyneuron, was found in a continuous distribution, in a plateau followed by a high declivity 
(Damasceno et al., 2011), and the other, Maythenus aquifolium, was found in fragments 
separated by up to 30 km (Sayhun et al., 2010); however, the FST values observed in the two 
situations were similarly high, suggesting that part of the genetic differences found between 
the populations of these species also linked to adaptive characteristics (Sayun et al. 2010; 
Damasceno et al., 2011). 

Another important information that we could extract from the obtained results for the 
sampled populations in these regions of lower, middle and upper Tibagi (Ruas et al. 2011 In 
press; Ruas et al. 2011; Medri et al. 2011 In press; Oliveira et al, 2011) is that the intense 
fragmentation towards middle-lower Tibagi has provided a significant increase in 
inbreeding coefficient (FIS), loss of alleles and reduced genetic diversity compared to 
populations from the upper Tibagi (Table 1). These factors also influenced the genetic 
differentiation between populations of the upper Tibagi (where fragmentation is less 
evident) and the others. The only exception to this result was observed in A. sellowiana. 
When analyzing the species A. sellowiana with microsatellite markers we also observed the 
formation of two distinct groups of populations (Dendrogram using Nei´s genetic distance, 
1978), one comprised of populations from the middle Tibagi region and the other pertaining 
to lower Tibagi (Oliveira, 2011 submitted). Even though A. sellowiana is able to perform 
vegetative reproduction and also its propagules can reach as far as 10m distance from 
mother tree, we evidenced highly significant negative values of FIS indicating excess of 
heterozygosity in tree of the five populations. When considering the effect of recent genetic 
bottlenecks in these populations, the values obtained by the software bottleneck indicated 
that four of the five populations showed significant values of heterozygosity excess, when 
considering the Infinite Allele Model, and only one population presented significant levels 
of heterozygosity excess for all tree models (Infinite Allele Model, Two-phase Model and 
Stepwise Mutation Model). Migration rates calculated for these populations demonstrated 
that exchange of 30% of migrants between two populations from the middle Tibagi region. 
Such results demonstrate that some of these populations are suffering more than others, the 
impact of fragmentation and also founder effect and gene flow are playing a key role in the 
shaping of the genetic variability within these populations of A. sellowiana promoting a weak 
balance between the evolutionary forces of genetic drift and migration in this post 
fragmentation period landscape. 

Lately, this research group has been engaged in the development and inter-specific 
transference of microsatellite primers (SSR) for the species L. divaricata (Ruas et al., 2009), A. 
sellowiana (Ruas et al., 2010), P. rigida, A. polyneuron, C. xanthocarpa, C. gonocarpum and A. 
polyneuron. The use of SSR markers will allow more accurate estimates about the 
distribution of genetic variation and the effects of fragmentation and local adaptation 
between the species of the Tibagi River basin. Such is possible due to the codominant nature 
of these markers, allowing to access allelic information and thus to estimate the number of 
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alleles, heterozygosity, inbreeding and gene flow among natural populations. Although 
much work is yet to be done with these and other species of the Tibagi River basin, the 
present studies certainly represent a great step for the comprehension of the present 
availability of genetic resources and of its relation to the life history of species from forests 
fragments pertaining to the Tibagi River basin. 

7. Conclusion 
In summary, the knowledge we have accumulated so far on the genetic structure of the 
studied populations allows us to infer that the large genetic differentiation that has been 
maintained between natural populations, especially among those of late successional stages, 
makes it imperative to conserve all forest remnants. One of the strategies that we believe can 
be effective for the conservation and restoration of these ecosystems is the establishment of 
green corridors to restore communication of pollinators and dispersers between forest 
fragments of the Tibagi River basin. Moreover, the development of SSR markers for tropical 
tree species would first increase our knowledge on those species genome and help the 
investigation of the genetic determination and evolution of some important adaptations, 
such as flooding tolerance. Second, it would advance our understanding of the effects of 
habitat fragmentation over the riparian forests’ diversity. 
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1. Introduction 
Wheat quality is a complex feature determined by the level of various indices and 
dependent on a number of factors. It is defined by different interactions involving glutenin 
and gliadin composition and abiotic stresses. The efforts of the wheat breeders are directed 
towards combining a high level of the indices in the new varieties with a stable expression 
of these indices in different years and environments. 

The aim of this chapter is 1) to describe the glutenin and gliadin composition of Bulgarian 
winter bread wheat varieties, bred since the middle of 20th century; 2) to asses the quality 
indices of wheat varieties; to compare the differences between wheat quality groups as well 
as the different period of creating the varieties; 3) to determine the level of influence of 
various environmental factors on the quality indices of wheat; to follow the response of 
common winter wheat varieties to various combinations of growing conditions; to study the 
ability of the varieties to realize their genetic potential for quality under certain 
environments. 

2. Genetic diversity of Bulgarian winter wheat varieties in relation to glutenin 
and gliadin compositions 
Wheat storage proteins (gliadins and glutenins) are the main components of gluten which is 
the major determinant of end use quality. Glutenin proteins are divided into two groups: 
High and Low Molecular Weight Glutenin Subunits (HMW-GS and LMW-GS, respectively). 
HMW-GS are encoded by two type of genes (x and y) that are located on three loci (Glu-A1, 
Glu-B1 and Glu-D1) placed on the long arm of the group 1 chromosomes (Lawrence & 
Shepherd, 1981). LMW-GS are classically divided into B, C and D groups on the basis of 
molecular weight and isoelectric point (Jackson et al., 1983). They are coded by gene families 
located on the short arm of the group 1 chromosomes (Glu-A3, Glu-B3 and Glu-D3 loci). 
Gliadins are monomeric proteins and they are classified as -, β-, γ- and ω-gliadins. Most of 
the / β-gliadins are encoded at the Gli-2 loci, located on the short arms of chromosomes 
6A, 6B and 6D. Most of γ- and ω-gliadins are encoded at the Gli-1 loci, located on the short 
arms of chromosomes 1A, 1B and 1D (Masci et al., 2002). It has been reported a close linkage 
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between the Glu-3 loci encoding LMW-GS and the Gli-1 loci for gliadins (Sing and 
Shepherd, 1988).  

The bread making characteristics of wheat flour are closely related to the elasticity and 
extensibility of the gluten proteins. The seed storage proteins are associated with 
agriculturally significant traits and they are used in a legal protection of cultivars 
(Knoblochova & Galova, 2000). Many studies have been made in order to investigate the 
genetic diversity of the initial material (Atanasova et al., 2009b; Bradova, 2008; Bushehri et 
al., 2006; Li et al., 2005; Tabasum et al., 2011; Tohver, 2007; Tsenov et al., 2009).  

Bulgarian wheat varieties, especially those developed at Dobrudzha Agricultural Institute - 
General Toshevo (DAI), are known to have good and very good end-use quality (Atanasova 
et al., 2008; Panayotov et al., 2004, Todorov, 2006; Tsenov et al., 2010a). Their glutenin 
composition has been investigated to various degrees (Atanasova et al., 2009b; Todorov et 
al., 2006; Tsenov et al., 2009).  

In this review eighty-nine cultivars developed at Dobrudzha Agricultural Institute (DAI) – 
General Toshevo, Bulgaria, during 1962–2010, and nine cultivars of the Institute of Plant and 
Genetic Resources (IPGR) – Sadovo, Bulgaria were investigated. Some of these cultivars 
were heterogeneous and their biotypes were considered as separate varieties when 
determining the ratio of high- and low- molecular weight glutenin and gliadin subunits and 
spectra. The allelic frequency in loci Glu-1, Glu-3, and Gli-1 was studied and the genetic 
variability in each allele was calculated. The percent of observed spectra was determined by 
decades. 

In high-molecular weight glutenins, highest variability was registered in locus Glu-В1 (fig. 
1). Five alleles were identified – a, b, c, d, f, which expressed subunits 7, 7+8, 7+9, 6+8 and 
13+16, as well as one untypical fraction pair 6+9 which was observed in a biotype of cultivar 
Skitiya. Allele c had highest frequency (65.4%), followed by allele b (17.7%) and allele d 
(10.8%). Three alleles were identified in locus Glu-А1: a, b, c, expressing the respective 
subunits 1 (24.6%), 2* (41.5) and N (33.8%). In locus Glu-D1 allele a (subunit 2+12) had 
frequency 27.7%, and allele d (subunit 5+10) - 69.2%. Biotypes with the untypical fraction 
pair 5+12 were observed in cultivar Levent.  

In the low-molecular weight glutenins, locus Glu-В3 had highest variability, where 7 alleles 
were identified – b, d, f, g, h, i, j, followed by locus Glu-А3 with 5 alleles – b, c, d, e, f ; in locus 
Glu-D3 two alleles were identified – a and c. Allele Glu-А3c (69.2%) had highest frequency, 
followed by allele Glu-А3e (18.5%). The other alleles had frequency less than 10 %. Allele 
Glu-В3b had frequency 47.7%, followed by Glu-В3j (13.8%), Glu-В3f – 13.1%, Glu-В3h – 
10.0%. 

The gliadin fraction composition of the investigated wheat accessions was more variable 
than the fraction composition of the high- and low-molecular weight glutenins. In each of all 
three gliadins loci 9 alleles were observed. In locus Gli-А1 the frequency of alleles Gli-А1b 
(40.8%), Gli-А1m (18.5%) and Gli-А1a (17.7%) was highest. In locus Gli-B1 the alleles with 
highest frequency were: Gli-B1b (47.7%), Gli-B1l (13.8%), Gli-B1g (13.1%) and Gli-B1d 
(10.0%). In locus Gli-D1 the alleles with highest frequency were Gli-D1b (56.2%), Gli-D1j 
(13.1%) and Gli-D1a (11.5%). 
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Fig. 1. The allelic frequency in loci Glu-1, Glu-3, and Gli-1 

Twenty-four high-molecular weight, twenty-six low-molecular weight glutenin and fifty-
seven gliadins spectra were identified in the investigated wheat accessions. The most 
frequent high-molecular weight spectra were 2* 7+9 5+10 (22.14%), N 7+9 5+10 (14.5%),  
2* 7+9 2+12 (8.4%), 1 7+9 5+10 (8.4%) (table 1). Among the low-molecular weight glutenin 
spectra, the following had highest frequency: c b c (22.9%), e b c (12.2%), c f c (8.4%), c h c 
(6.9%), c j c (6.9%). In gliadins, most frequent were spectra b b b (12.2%), m b b (6.9%), m b j 
(6.1%).    
 

Loci Spectrum % 

Glu-1 

2* 7+9 5+10 22.14 
N 7+9 5+10 14.5 
2* 7+9 2+12 8.4 
1 7+9 5+10 8.4 

Glu-3 

c b c 22.90 
e b c 12.21 
c f c 8.40 
c h c 6.9 
c j c 6.9 

Gli-1 
b b b 12.2 
m b b 6.9 
m b j 6.1 

 

Table 1. The most frequent spectra in the Glu-1, Glu-3 and Gli-1 loci 

The highest frequency of Glu-1 spectra in the 70’s was for N 7+9 5+10 (19.4%), 2* 7+9 2+12 
(13.9%), 2* 7+9 5+10 (13.9%), N 7+9 2+12 (11.1%) (table 2). In the 80’s these were 2* 7+9 5+10 
(20.7%), 1 7+9 2+12 (10.3%), N 6+8 5+10 (10.3%), N 7+9 5+10 (10.3%). The most frequent in 
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the 90’s were the spectra 2* 7+9 5+10 (30.4%), N 7+9 5+10 (21.7%), 1 7+9 5+10 (17.4%), N 7+8 
5+10 (13.0%). In the new century widespread were: 2* 7+9 5+10 (25.6%), 2* 7+8 5+10 (14.0%), 
2* 7+9 2+12 (11.6%), 1 7+8 5+10 (9.3%), 1 7+9 5+10 (9.3%), N 7+9 5+10 (9.3%). The frequency 
of Glu-3 and Gli-1 spectra in the different decades is shown in the table. 

 

Decade  Glu-1 Glu-3 Gli-1 

70 

N 7+9 5+10 (19.4)* c b c (33.3) b b b (14.3) 
2* 7+9 2+12 (13.9) c i c (16.7) a b b (5.7) 
2* 7+9 5+10 (13.9) c h c (13.9) g b b (5.7) 
N 7+9 2+12 (11.1) c i a (11.1) o b d (5.7) 
1 7+9 5+12 (5.6) d b c (8.3) b d b (5.7) 
N 6+8 5+10 (5.6) c b a (2.8) b d j (5.7) 

  
  

80 
  
  
  

2* 7+9 5+10 (20.7) c f c (20.7) m b b (10.3) 
1 7+9 2+12 (10.3) e b c (17.2) m b j (6.9) 
N 6+8 5+10 (10.3) c h c (10.3) b e a (6.9) 
N 7+9 5+10 (10.3) c b c (6.9) b g f (6.9) 

1 7 2+12 (6.9) c f a ( 6.9) I g f (6.9) 
1 7+8 5+10 (6.9) c g a (6.9) f l b (6.9) 
1 7+9 5+10 (6.9) f j c (6.9) b b a (3.45) 

90 

2* 7+9 5+10 (30.4) c b c (21.7) b b b (13.0) 
N 7+9 5+10 (21.7) c j c (13.0) a e b (8.7) 
1 7+9 5+10 (17.4) c g a (8.7) m l b (8.7) 
N 7+8 5+10 (13.0) c g c (8.7) a b b (4.3) 
1 7+9 2+12 (8.7) c j a (8.7) f b b (4.3) 
N 7+9 2+12 (8.7) e j c (8.7) b b g (4.3) 

After 
2000  

2* 7+9 5+10 (25.6) c b c (25.6) b b b (16.3) 
2* 7+8 5+10 (14.0) e b c (23.3) m b b (13.95) 
2* 7+9 2+12 (11.6) c j c (11.6) m b j (9.3) 
1 7+8 5+10 (9.3) c b a (7.0) b l b (9.3) 
1 7+9 5+10 (9.3) c f c (7.0) g b b (4.7) 
N 7+9 5+10 (9.3) d b c (4.7) o b d (4.7) 
N 6+8 5+10 (4.7) f b c (4.7) b b h (4.7) 

* - number in the parentheses indicates the percentage of frequencies 

Table 2. Distribution of the most common spectra in decades 

In order to improve the quality of new varieties, a narrowing of the genetic diversity was 
observed especially after the mass penetration of the variety Bezostaya 1 in the breeding 
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programs after the 80’s. The direct usage as a parent in the hybridization or indirectly as a 
participant in the pedigree of other varieties, led to unification of the spectra of new 
varieties with that of Bezostaya 1. It is necessary to broaden the genetic basis by including 
alleles with good influence over the wheat quality. Such alleles are Glu-B1f (subunit 13+16), 
Glu-B1i (subunit 17+18), Glu-A3f, Glu-A3b.  

3. Progress in development of quality parameters of Bulgarian wheat 
varieties 
The breeding for wheat quality started in 1962 when the first contemporary wheat breeding 
program in the Dobrudzha Agricultural Institute was adopted. In the two breeding centers 
(DAI and IPGR) 26 high quality varieties were created till now which was 1/3 of the entire 
variety list. During 2006 and 2008 sixty nine varieties were tested for their quality 
parameters. The varieties belonged to different quality groups according to Bulgarian State 
Standard (BSS). Based on the level of indices sedimentation value, wet glutenin content and 
valorimeter, varieties from this investigation were divided in three groups (table 3). 
 

Level of indices Varieties 
Strong wheat 

sedim. > 47    
WGC > 23         
val. > 47 

Aglika, Albena, Antitsa, Bezostaya 1, Goritsa, Ideal, Iveta, Laska, 
Lazarka, Merilin, Milena, Miziya, Pobeda, Slavyanka 196, Zlatina 

Medium wheat 
sedim. 38 - 46  
WGC 18 - 23      
val. 40 - 47 

Bolyarka, Charodeika, Enola, Karina, Liliya, Neda, Sadovo 552, 
Vratsa, Yanitsa, Yunak 

Weak wheat 
sedim. < 38    
WGC < 18         
val. < 40  

Antonovka, Kaliakra 2, Karat, Kristi, Petya, Pliska, Prelom, Svilena, 
Todora, Yantar, Zlatitsa 

Table 3. Grouping of varieties according to the level of sedimentation (sedim.), wet glutenin 
content (WGC) and valorimeter (val.)  

Some of the strong wheat varieties, according to BSS, failed to enter the first group in this 
investigation. Such varieties were: Demetra - with lower WGC; Preslav – with lower WGC 
and valorimeter; Dona – with lower sedimentation and WGC and Ludogorka and Momchil 
with lower levels for all three indices. A tendency in breeding of high quality varieties with 
low wet gluten content, even in comparison to medium and low-quality varieties, has been 
reported by Atanasova et al. (2010), Panayotov & Rachinsky (2002). One of the reasons for 
this is the use of Russian and Ukrainian sources in the breeding programs for wheat quality 
improvement. These sources have high quality of gluten but in lower amounts.   

Wheat varieties, belonging to second group by BSS, in this investigation showed level of 
indices for the first group. With higher level of all three indices were varieties Bozhana and 
Stoyana. With higher sedimentation and valorimeter were Slaveya and Venka 1. Varieties 
Galateya, Prostor, Zagore had higher WGC and valorimeter value. Some varieties from third  
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Fig. 2. Changes of quality indices by decades for the entire group (a) and for the quality 
group (b) of wheat varieties 

group by BSS, also, showed higher level of some of the indices. For example varieties 
Trakiya and Ogosta had higher level of valorimeter value. Variety Pryaspa had higher WGC 
and varieties Charodeika and N 100-10 had higher level of the two indices. Similar 
discrepancies in the level of indices were observed in other investigations (Atanasova et al., 
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group by BSS, also, showed higher level of some of the indices. For example varieties 
Trakiya and Ogosta had higher level of valorimeter value. Variety Pryaspa had higher WGC 
and varieties Charodeika and N 100-10 had higher level of the two indices. Similar 
discrepancies in the level of indices were observed in other investigations (Atanasova et al., 
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2009a; Atanasova et al., 2010). This demonstrates the complex nature of the wheat quality, 
which is affected not only by genotype but by environments as well.   
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As a result of breeding a progress was determined in almost all the indices defining end-use 
quality in wheat. The breeding periods were divided into decades as follows: 1962-1972; 
1973-1983; 1984-1994; 1995-2005 and after 2005. The average values of the whole group of 
sixty-nine wheat varieties and that of the high-quality group were compared. The most 
strongly modification was observed for the indices: dough stability, where the enlargement 
was 24% for the entire group and 60% for the quality group; sedimentation value – 26%for 
whole group and 44% for quality group (figure 2). For the indices valorimeter and loaf 
volume a high level had been reached which changed very slowly through the years. The 
group of quality wheat varieties had greater progress compared to the all varieties 
regardless of the quality index and its behavior. It was valid even to the indices for which 
the breeding progress was not statistically proven.   

4. Evaluation of genotype, environment and their interaction for quality 
parameters of Bulgarian varieties 
The complex nature of wheat quality is determined by the level of various indices and 
dependent on a number of factors. One of the problems of breeding for quality is not only 
achieving a high level of the indices in the new varieties, but also achieving a stable 
expression of these indices in different years and environments (Atanasova et al., 2008; 
Johansson et al., 2001; Williams et al., 2008). It is valuable for breeding to determine the 
nature and direction of the effects of different genetic and environmental factors on the 
specific quality indices (Hristov et al., 2010; Panozzo & Eagles, 2000; Tsenov et al., 2004), and 
to study the performance of the varieties under changeable growing conditions. This would 
allow predicting to some degree their response to certain combinations of environmental 
factors (Atanasova et al., 2010; Drezner et al., 2006; Yong et al., 2004). The variation of the 
quality indices when growing each individual variety under different environments is 
always helpful both for the distribution of the new varieties and for their improvement in 
breeding programs (Gomez-Becera et al., 2010). The data on the variation of winter wheat 
quality is contradictable with regard to the level of genotype effect (Gomez-Beccera et al., 
2010; Williams et al., 2008). In breeding there is always the question whether the high 
quality of a given variety under favorable environments is a prerequisite for the realization 
of its high-quality potential under unfavorable environments, too, or is it and impediment 
for its stability (Hristov et al., 2010; Tsenov et al., 2004).  

Sixteen Bulgarian winter wheat varieties from first and second quality group according to 
BSS were tested at two locations: Dobrudzha Agricultural Institute – General Toshevo (DAI) 
and Institute of Agriculture and Seed Science, Obraztsov Chiflik, Rouse (OCH) during 2004– 
2007. The expression of 5 grain quality indices which give information about various quality 
aspects was analyzed: test weight (kg) (BSS 7971-2:2000), sedimentation value of flour (ml) 
(Pumpyanskii, 1971), wet gluten content in grain (%) (BSS 13375-88), valorimeric value 
(valorimeter, conditional units) (BSS 16759-88), and loaf volume, determined according to 
the methods adopted at the DAI laboratory.  

The effect of the location was highest on wet gluten content and valorimeric value (table 4). 
The traits test weight and loaf volume were affected most by the year conditions. The 
distribution of the varieties into groups according to their quality had highest influence on 
the expression of sedimentation. The independent influence of the genotype on the variation 
of most of the investigated indices was lowest. Atanasova et al. (2008) and Zhang et al. 
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(2005) have found out that the genotype had higher effect on the expression of 
sedimentation, while Drezner et al. (2006, 2007), Panozzo and Eagles (2000), Tsenov et al. 
(2004) have proved that the environment has greater effect on the quality indices of wheat. 
Among the various combinations between the factors, the interaction quality group x genotype 
had the highest effect on almost all investigated traits. The exception was wet gluten 
content, which was affected most by the interaction location x year. Hristov et al. (2010),  
Mladenov et al. (2001), Williams et al. (2008) have found out that in spite of the significant 
effect of the interaction genotype x environment on the expression of the quality parameters of 
wheat, this effect was less significant than the independent influences of the genotype and 
the location.  
 

Source of variation TW SDS WGC Val Lvol 

Main effects      
A: Location 161.1*** 1250.0*** 170.4*** 1058.0*** 43512.5*** 
B: Year 205.5*** 876.6*** 91.6*** 173.0*** 72179.4*** 
C: Group 76.3*** 2032.0*** 7.9 ns 666.1*** 39903.1*** 
D: Genotype 11.2*** 28.9** 22.2*** 48.7** 3868.2*** 

Interactions      
A x B 4.7*** 94.6*** 76.1*** 8.4ns 703.6ns 

A x C 7.3*** 101.5*** 17.3** 63.3** 2032.0ns 

A x D 1.1* 4.0ns 1.5 ns 13.5ns 942.4ns 

B x C  0.3ns 15.6ns 13.0** 26.4* 3650.5*** 
B x D 0.4ns 21.5** 5.3ns 9.0ns 2273.9*** 
C x D 17.4*** 172.7*** 13.2** 157.4*** 11036.6*** 

*P<0.1; **P<0.05; ***P<0.01; ns-not significant 

Table 4. Analysis of variance for mean squares of 16 wheat varieties  

The growing conditions at DAI were more favorable for expressing genetic potential of 
wheat varieties as it is revealed by mean values of the indices (table 5). It is logical to expect 
higher values for the indices of the varieties from the first quality group. The results from 
the variance analysis were once again confirmed; the values for wet gluten content were not 
significant and there were no considerable differences between the two quality groups. 

It is difficult in breeding for wheat quality to develop varieties with high quality indices, 
which remain stable under various growing conditions (Atanasova et al., 2008; Johansson et 
al., 2001; Williams et al., 2008). According to Finlay & Wilkinson (1963), Sudaric et al. (2006) 
genotypes with coefficient of regression (bi) under 0.7 were considered unresponsive to 
changeable environments; with bi between 0.7 and 1.3 had average stability; and >1.3 were 
considered responsive to good environments. Most of the varieties involved in this 
investigation have moderate stability for all the indices with some exceptions (table 6). There 
wasn’t any regularity in manifestation of the stability. For some traits varieties showed 
stable reaction as bi was near 1.0. For other traits varieties were specifically adapted to 
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growing in unfavorable environments as bi was below 0.7. For example variety Enola was 
with stable reaction for test weight, sedimentation value, WGC (bi was 1.01, 1.15, 1.08, 
respectively) and with bi=0.598 for loaf volume.  
 

Factors TW SDS WGC Val Lvol 

Location 

DAI 81,2b 39,4b 21,6b 43,7b 673,8b 

OCH 78,9a 33,1a 19,3a 38a 636,9a 

Year 

2004 81,5c 36,5b 20,0a 42,4b 641,1a 

2005 76,5a 43,4c 22,4b 41,8b 725,6b 

2006 80,2b 31,3a 18,4a 41,7b 633,1a 

2007 82,2c 33,8ab 21,0ab 37,4a 621,7a 

Group of quality 

I-group 80,8b 40,2b 20,7a 43,1b 673,0b 

II-group 79,3a 32,3a 20,2a 38,5a 637,7a 

Numbers with different letters differ significantly 

Table 5. Mean values of the investigated traits according to different factors of variation 

The valorimeric value is an index which determines gluten quality and which correlates 
strongly with end-use quality. Most of the investigated varieties possess moderate 
stability (bi from 0.7 to 1.3) with regard to this trait. Varieties Milena and Aglika (bi = 1.00 
and bi = 1.25, respectively) from first quality group were an evidence that high values of 
the traits can be observed in stable genotypes, too (Hristov et al., 2010; Mladenov et al., 
2001; Sudaric et al., 2006) and that stability is not necessarily related to low mean values, 
as previously stated (Becker and Leon, 1988). The ecovalence values of the individual 
varieties for this trait were very high, which brings forth the strong effect of the 
environment. The variation expressed through the ecovalence was much lower in the 
wheat varieties from the second group in comparison to the varieties from the first group 
(56.8 and 99.6, respectively) (table 6).  

A number of researchers have found out that the varieties with lower quality potential are 
considerably more stable, especially under stress (Atanasova et al., 2010; Tsenov et al., 2004). 
The values of the regression coefficient of the separate groups are quite indicative in this 
respect. The regression coefficient in the first group was above 1.0. This means that that the 
varieties from this group realized their quality potential under conditions more favorable 
for its formation. Therefore the Wi values of variety Zlatina, which is a quality variety, were 
several times higher than the mean values for this group. On the other hand, varieties like 
Aglika, Milena and Preslav demonstrated considerably lower variation of their quality 
indices in comparison to the other varieties from the group. It can be suggested that such 
stability is due to the fact that the absolute values of the indices in this case were low. These 
data once again prove that when comparing the response of the varieties to the environment 
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growing in unfavorable environments as bi was below 0.7. For example variety Enola was 
with stable reaction for test weight, sedimentation value, WGC (bi was 1.01, 1.15, 1.08, 
respectively) and with bi=0.598 for loaf volume.  
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with regard to their quality, conclusions should be made very carefully. The results for the 
individual varieties and their indices are not unidirectional and therefore when selecting a 
variety for mass production it is necessary to consider the purpose for its cultivation, the 
potential of the given variety and its ability to realize this potential with stability and 
adequacy.  

 

Variety 
Test weight Sedimentation Wet gluten 

content 
Valorimetric 

value Loaf volume 

bi Wi bi Wi bi Wi bi Wi bi Wi 
Igroup 
Pobeda 1.09 2.75 0.84 8.48 1.174 21.2 1.552 121.2 1.300 7.04 
Albena 0.92 1.85 1.29 15.4 0.854 12.2 1.020 59.67 0.650 9.67 
Preslav 1.05 2.73 1.43 8.01 1.226 9.37 0.648 26.26 1.015 10.59 
Milena 1.07 1.54 0.91 10.7 1.219 36.5 1.000 21.33 0.834 4.56 
Aglika 1.26 6.24 1.01 18.2 1.022 10.5 1.251 89.42 1.166 12.45 
Progres 1.40 9.48 1.28 6.39 0.656 36.7 0.700 42.86 1.283 9.32 
Zlatina 1.10 2.40 1.11 10.2 0.800 23.1 1.855 274.2 1.350 12.36 
Demetra 0.95 3.16 1.62 22.3 1.709 40.4 0.754 162 0.987 2.46 
Average 1.104 3.77 1.186 12.46 1.080 23.72 1.100 99.62 1.073 8.56 
II group 
Sadovo 1 1.3 5.24 1.21 5.52 1.154 14.5 1.331 133.1 1.303 5.45 
Enola 1.01 3.53 1.15 16.3 1.078 82.6 0.963 86.11 0.598 11.00 
Pliska 1.13 2.24 1.20 11.5 0.645 47.0 0.814 14.58 1.019 4.22 
Pryaspa 1.07 3.00 0.88 5.33 1.229 14.3 0.912 23.51 0.905 10.67 
Yantar 0.4 25.8 0.65 6.46 0.860 15.4 0.658 41.83 0.909 2.72 
Kristi 0.61 8.35 0.75 5.86 0.900 25.6 0.736 70.67 0.789 8.09 
Prelom 0.85 3.05 0.85 9.18 0.671 19.3 0.648 28.39 0.960 11.77 
Boryana 1.19 3.52 0.69 2.88 0.803 86.6 1.158 56.17 1.198 8.69 
Average 0.944 6.84 0.923 7.88 0.920 38.16 0.900 56.79 0.960 7.83 

Table 6. Stability parameters of varieties from different quality groups 

When compare the mean values of varieties with their stability it can be seen that for the 
conditions of DAI varieties Demetra, Zlatina, Aglika differ from the total group with higher 
levels of the indices (figure 3). For the other location (OCH) these varieties were Demetra, 
Enola, Aglika. The most poorly performing variety for the two locations was Prelom.  

Projection to the ordinate of the two-dimensional matrix genotype x character, regardless of 
the direction, determines the stability of the varieties (Yan et al., 2007). For the conditions of 
DAI as most stable and exceeding the mean level were varieties Aglika, Sadovo 1, Preslav, 
Demetra. Varieties Milena and Preslav had most stable reaction at OCH location as they had 
almost null projection to the ordinate. Under the same conditions with high variability stand 
out varieties Enola and Pliska. 
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Fig. 3. Comparison between mean values of the varieties and their stability for investigated 
indices for conditions of DAI (up) and OCH (down) 

Another investigation was carried out during 2001-2003 with 10 varieties with different 
quality in two typical for grain production in Bulgaria regions – Dobrudzha Agricultural 
Institute (DAI) in North-East Bulgaria and Chirpan in South Bulgaria. Data presentation by 
Principal Component Analysis (PCA) allows more comprehensive explanation of the 
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variation of quality indices of studied varieties in the two locations (Stoeva et al., 2006). 
There was a similar component structure of the factors which mainly influence the variation 
of the quality over locations. About 65% of the total variation of the two-dimensional matrix 
variety x character for each location is for first and second PC. The biggest part is for PC1 
(table 7). 

 

Indices DAI Chirpan 
РС1 РС2 РС1 РС2 

Test weight, kg 0.647 -0.385 0.587 0.395 
Vitreousness, % 0.603 -0.459 0.358 0.845 
Endosperm hardiness, % 0.835* -0.258 0.674 0.678 
Wet gluten content, % 0.493 0.421 0.325 -0.361 
Sedimentation value, ml 0.910** 0.206 0.916** -2,362 
Dough stability, min 0.805* 1,841 0.971** -2,149 
Valorimeric value,  0.922** 2,983 0.990** -2,017 
Bread loaf, ml 0.778* 0.181 0.742* -0.505 

Table 7. Correlation between quality indices, PC1 and PC2 over locations 

Indices endosperm hardiness, sedimentation value, dough stability, valorimeter and bread 
loaf were determinative for the quality of the studied varieties in DAI as the levels of the 
PC1 were positive and higher than 0.700. For the other location (Chirpan) these were 
sedimentation value, dough stability, valorimeter and bread loaf.  

Varieties from this investigation had different reaction to the environment in the two 
locations. Varieties with lower quality such as Pryaspa, Karat, Todora showed low 
variability connected with not linear reaction to the environments as their PC1 and PC2 
were negative (table 8). High quality varieties Aglika, MIlena, Galateya showed high 
stability in the two locations irrespective of the direction in the changing environments. The 
different sing in the reaction of varieties show that some of them react specifically to the 
environments. For example in poor environments some varieties managed to save higher 
levels of indices and vice versa.  

 

Variety DAI Chirpan 
РС1 РС2 РС1 РС2 

Yantar 0.334 0.684 0.452 0.731 
Pryaspa -0.166 -0.490 -0.121 -0.395 
Milena 0.722 0.764 0.801 0.884 
Aglika 2.001 -0.103 1.120 0.030 
Galateya 0.922 -0.386 0.793 -0.268 
Albena -0.507 0.957 -0.317 0.784 
Enola -0.080 1.130 0.009 0.922 
Karat -0.406 -0.814 -0.566 -0.753 
Kristal -1.668 0.388 -1.284 0.299 
Todora -0.493 -2.131 -0.569 -1.977 

Table 8. Values of principal components of varieties 
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Wheat growing depends on environments although the right technologies and new varieties 
can manage to lower this dependence. That’s why it is valuable to select varieties which give 
high quality in different environments. 

5. Breeding of wheat quality in Bulgaria – Steps, drawbacks, prospects  
Breeding of new varieties with good quality has always been on the attention of the breeding 
programs in Bulgaria (Boyadjieva et al., 1999; Panayotov et al., 1994; Rachinski, 1966; Stoeva & 
Ivanova, 2009). Combining high yield and quality in wheat is a challenge for the contemporary 
breeding as it is connected with many obstacles with different nature (Baenziger et al., 2001; 
Dencic et al., 2007; Eagles et al., 2002; Trethowan et al., 2001). Analysis of wheat quality begins 
with studying the initial material (Tsenov et al., 2010c). When foreign samples are received 
they are study for three years for a set of quality indices. Those with high levels are included in 
hybridization programs especially if they show high yield potential, stress tolerance, disease 
resistance. The basic foreign parent components for hybridization are from breeding centers 
with traditions and excellent achievements in breeding for wheat quality (table 9).  

The quality of Bulgarian wheat varieties is based on the widespread use of variety Bezostaya 
1 and other Russian and Ukraine sources (Panayotov & Kostov, 2007; Todorov et al., 1998; 
Tsenov et al., 2010b). During the last years samples with different origin are widely used as 
they possess high level of productivity combined with high end-used quality. The quality 
analysis during the breeding process is made according the scheme described in the table 10.  

The beginning of quality analysis of the breeding lines is in the screening nursery. The main 
tests in this unit are sedimentation value of the flour and grain protein content. Quality index 
of each line and quality standard varieties is calculated by these two parameters. These indices 
are defined as they possess high and positive correlation with the main parameters, connected 
with the strength of flour and dough (Bona et al., 2003, Dacheva & Boydjieva, 2002).  

 

Country Grain 
properties 

Dough 
properties 

Gluten 
properties 

Bread 
making 

End-use 
quality 

Bulgaria * * * * * 
Romania *  *  * 
Serbia *    * 
Turkey *  *  * 
Odessa, Ukraine * * * * * 
Harkov, Ukraine * *  *  
Mironovka, Ukraine  *  * * 
Ktrasnodar, Russia * * *  * 
Nebraska, USA * *  *  
Oklahoma, USA * *  *  
Texas, USA * *  *  
Australia  *  *  
Canada  *  *  
Argentina *  *  * 

Table 9. Origin of the initial breeding material for wheat quality 
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Quality traits Screening 
Nursery (SN) 

Preliminary 
Yield Trail (PYT) 

Competitive Yield 
Trails (CYT) 

Sedimentation value + + + 
Grain Protein Content + + + 
Quality index* + + + 
Test weight  + + 
Farinograph characteristics   + 
End-use quality   + 
Bread making characteristics   + 
SDS-PAGE   + 

* Quality index=Sedimentation/Protein content 

Table 10. Quality indices, used for breeding in the separate trial units 

In the next trial units (PYT, CYT) the analysis extend and cover almost all aspects of quality 
of grain, flour, dough and bread. Along with this an analysis is made to determine the allelic 
diversity of the lines. At least three year data from CYT, which is the last level of screening 
of breeding materials, are needed in order to be able to assign each line in the following 
quality group: A – strong wheat; B – medium and C – wheat with soft endosperm (figure 4).  

In the yield trails of Executive Agency of Variety Testing, Field Inspection and Seed Control  
(EAVTFIS) the candidate-varieties are also testing in these three groups at least 2 or 3 years. 
Each group has specific standards for comparison.  

 
Fig. 4. Bread-making quality groups 

The evaluation and selection for quality is associated with many difficulties from different 
nature. They can be determined as follows: 

1. There is a wide genetic variation for each index caused by three genomic structure of 
the crop. 

2. Environments have an enormous share in wheat quality formation and embarrassed the 
genetic expression of the varieties (Dencic et al., 2011, Tayyar, 2010). 

3. Wheat quality is reduced in the presence of biotic and abiotic stress (Atanasova et al., 
2010).  

4. The inheritance of quality indices is complicated and polygenic (Tsenov, 1994, Tsenov 
et al., 1995, Tsenov & Stoeva, 1997). 
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5. Samples with high combining ability for quality are limited. 
6. Complex genetics suggests a special selection procedure (Tsenov & Stoeva, 1998). 
7. The selection in the early hybrid populations is not effective because of fading forming 

process and restricted amount of grain for analysis. 
8. There is a lack of breeding indices for parallel selection for quality and yield potential 

and other parameters.  

6. Conclusions  
As a result of a nearly half a century breeding in Dobrudzha Agricultural Institute 26 
varieties from the first quality group are created. This is nearly one third of the entire variety 
list. The massive usage of variety Bezostaya 1 in the breeding programs direct or indirect 
narrowed the genetic diversity of the materials and to some extent unified their glutenin 
and gliadin spectra. The efforts to include foreign initial materials in hybridization, with 
alleles with good influence over the wheat quality, will probably be rewarded in the near 
future. 

A breeding progress is determined for almost all the indices, defining end-use quality in 
wheat. The group of high quality wheat varieties has greater progress compared to all 
varieties irrespective of the indices.  

Different factors influence on the wheat quality and on the expression of different indices. 
The knowledge of the nature and direction of the effect of these factors is valuable for 
predicting to some extend the performance of wheat varieties in certain growing conditions. 
Most of the Bulgarian varieties show moderate stability at different environments. But the 
results for the individual varieties and their indices are not unidirectional and therefore 
when selecting a variety for mass production it is necessary to consider the purpose for its 
cultivation, the potential of the given variety and its ability to realize this potential with 
stability and adequacy.  
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1. Introduction 
Germplasm collections have provided original materials for plant breeding program and 
crop improvement. Because of their genetic diversity and possible occurrence of particular 
desirable genes, germplasm collections are useful targets for plant breeders as well as other 
biologists. Recently, many of germplasm are being lost worldwide due to habitat 
destruction, invasion of foreign species, and reliance on fewer high yielding strains. 
Therefore, maintaining germplasm of agricultural crops is very important. Normally, a 
germplasm collection will be utilized based on its characters of immediate perceived value 
or its potential variation. Furthermore, it can also be used to better understand the 
properties and performances of the plants, particularly at the genomic level. Nowadays, 
countries all over the world have set up facilities for conservation, characterization and 
utilization of germplasm collections of various crops either directly or indirectly. 

Rubber tree (Hevea brasiliensis Willd. ex A. de Juss. Müell. Arg) which produces natural 
rubber is a tall deciduous perennial tree belonging to the Euphorbiaceae family. Hevea 
brasiliensis is a native of the Amazon basin and was introduced to countries in the tropical 
belts of Asia and Africa during late 19th century. It can be termed as one of the most far 
reaching and successful introductions in plant history, resulting in plantations with about 
10.6 million hectares in the world for providing the industry with natural rubber of 9.62 
million tonnes in the year 2009 (IRSG, 2009). Approximately 78% of the cultivation has taken 
place in Southeast Asia, 15% in other Asia countries, 5% in Africa, and 2% in Latin America 
(IRSG, 2009). The main producing countries were Thailand, Indonesia, Malaysia, India and 
Vietnam (IRSG, 2010). As the fifth natural rubber producer in the world, Vietnam produced 
723,700 tonnes that shared about 7.5% of the world’s natural rubber production and total 
area under rubber trees were 674,200 hectares that shared 6.1% of the world’s rubber area 
(Hoa, 2010). In Vietnam, areas under rubber trees are mainly in the South-eastern region 
(65.2%), followed by the Highlands (23.4%), central coastal area (9.7%) and the new areas 
developed in the North-western region (1.6%) (Hoa, 2010).  

Hevea brasiliensis was introduced into Vietnam in 1897 from Bogor (Indonesia) by Alexandre 
Yersin. Since then, rubber tree has been considered as one of the most important crops and 
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widely cultivated throughout the country, particularly in the Southeast and Highlands 
regions of Vietnam.  Currently, about 3,500 accessions of Hevea brasiliensis have been 
collected and conserved in Vietnam. The majority of this germplasm were derived from the 
IRRDB’81 germplasm collected in the Amazonian habitats of the genus. This collection has 
been considered as the key factor contributing to the improvement of rubber tree through 
breeding programs. The characterization and evaluation of the germplasm are considered to 
be important aspects of Hevea germplasm conservation. Without proper characterization 
and evaluation, valuable genetic variation in the collections cannot be used for rubber 
improvement effectively. Understanding the genetic diversity of different genetic resources 
of H. brasiliensis would be important in `order to optimize their management and to utilize 
Hevea germplasm in breeding programs. 

2. Hevea genetic resources 
The genus Hevea is basically composed of 10 species: H. brasiliensis, H. guianensis, H. 
benthamiana, H. pauciflora, H. spruceana, H. microphylla, H. rigidifolia, H. nitida, H. camporum, 
and H. camargoana (Schultes, 1990). According to Clement-Demange et al. (2000), it is 
generally considered that there is no biological barrier between them, and some species 
proved to be inter-crossable by hand-pollination; therefore, the Hevea species can be 
considered as a species complex. H. paludosa has been identified in Brazil by Ule in 1905 as 
the eleventh species (Gonçalves et al., 1990; Priyadarshan and Gonçaalves, 2002). A 
review on the elaborate description of taxonomical and botanical aspects of Hevea has 
been reported by Schultes (1977, 1987, 1990) and Wycherley (1992). As its natural habitat, 
Hevea species have presented in Brazil, Bolivia, Peru, Ecuador, Colombia, Venezuela, 
Surinam and French Guiana as shown in Figure 1. These Hevea species have 2n = 36 
chromosomes, with the possible exception of one triploid clone of H. guianensis (2n = 54) 
and the possible existence of one genotype of H. pauciflora with 2n = 18 (Baldwin, 1947; 
Majumder, 1964), and H. brasiliensis behaves as an amphidiploid (Ramaer, 1935; Ong, 
1975; Wycherley, 1976). 

It is known that all high-yielding cultivars of rubber tree (Hevea brasiliensis Muell. Arg.) in 
the world originated from breeding programs initially developed in Southeast Asia with a 
very narrow genetic base. Historically, the introduction of the rubber trees into Asia began 
with the transfer of 70,000 seeds to England by Henry Wickham in 1876  (Wycherly, 1968). 
During the years of 1876-1877, a total of 2,397 Hevea seedlings were sent to several Asian 
countries such as Sri Lanka (1,919 seedlings), Bogor (Java) (18 seedlings) and Singapore (22 
seedlings) (Wycherly, 1968; Dean, 1987; Baulkwill, 1989). Because of the centrally 
geographical position of Singapore in Asia and the influences of the British to the 
development of the rubber industry during these years, the collection of 22 seedlings 
planted in the Singaporean botanical garden became the main source of the rubber trees 
which was distributed to and planted in Asian countries later. Since this introduction, the 
rubber tree has become an important perennial crop as the major source of commercial 
rubber in the world (Fig. 2) and this collection was mentioned as Wickham collection (W). 
Since the current Hevea varieties all came from such a single population, it is necessary to 
enlarge the genetic basis for Hevea breeding program. 

In order to enlarge the genetic basis for Hevea, a large collection of H. brasiliensis accessions 
from various areas in Colombia was gathered by Schultes after 1945 and then duplicated in 
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Ivory Coast (Nicolas, 1985). In addition, a collecting survey in the Madre de Dios basin in 
Peru was organized in 1948 by the Peruvian Ministry of Agriculture (Rands and Polhamus, 
1955); the resulting seedlings were multiplied by grafting, and then introduced and studied 
in Liberia, Guatemala and Brazil under the name of MDF accessions (Bos and McIndoe, 
1965). Moreover, another collecting expedition was carried out in the Brazilian states of Acre 
and Rondonia by both the Brazilian Agricultural Research Corporation (EMBRAPA) and 
French Institute for Rubber Research (IRCA) in 1974 (Hallé and Combe, 1974; Seguin et al., 
2003); 42 resulting wild elite-tapped trees were collected and propagated by grafting under 
the name as EMBRAPA/IRCA accessions. Remarkably, in 1981, the International Rubber 
Research and Development Board (IRRDB) conducted an expedition covering three western 
states of Brazil, namely Acre (AC), Rondonia (RO), and Mato Grosso (MT), in 16 different 
districts and in 60 different locations overall to collect wild Hevea germplasm (refered as 
IRRDB’81 collection). As a result, a total of 63,768 seeds, 1,413 meters of budwood from 
194 high yielding trees and 1,160 seedlings were collected (Tan, 1987; Simmonds, 1989; 
Onokpise, 2004). Of these, 12.5% and 37.5% of the seeds were sent to Malaysia and Ivory 
Coast, respectively, and the remaining 50% of the collections were maintained in Brazil 
(Clément-Demange et al., 2007). The genotypes issued from budwood collection were also 
then brought to Malaysia and Ivory Coast. The collection planted in Malaysia and Ivory 
Coast has then been distributed to all IRRDB members as clones since 1984. 

 
Fig. 1. Geographical origin of Hevea (adapted from George (2000)) 
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Fig. 2. Distribution of rubber tree (H. brasiliensis) in the world where this species has been 
planted (adapted from Orwa et al. (2009)). Native range: Bolivia, Brazil, Colombia, Peru and 
Venezuela; Exotic range: Brunei, Cambodia, China, Ethiopia, India, Indonesia, Laos, Liberia, 
Malaysia, Myanmar, Philippines, Singapore, Sri Lanka, Thailand, Uganda, Vietnam, 
Guatemala, Cameroon, Ivory Coast, Ghana, Gabon, Guinea, Liberia, Nigeria, Congo, 
Bangladesh, Papua New Guinea, and Mexico. 

3. Long-term conservation of Hevea germplasm 
In  situ  and ex situ conservations are  the  two major  strategies used  in  the  conservation  of 
plant genetic  resources. In situ conservation, the conservation of diversity  in  its natural 
habitat,  involves  the  designation, management  and monitoring of the population at the  
location where  it  is currently found and within the community to which  it belongs 
whereas  ex situ  conservation, collection of which the biodiversity is preserved outside its 
natural habitat,  involves  the  sampling,  transfer  and  storage of a population of a certain 
species away from the original location (Maxted et al., 1997). Because of a number of 
advantages, the ex situ method has been used to primarily conserve numerous plant genetic 
resources. In this method, plant diversity is safely preserved and concentrated in a small 
number of controlled places under consistent environmental conditions and is readily 
accessible to breeders.  

An alternative solution to rubber tree in situ genetic conservation is the management of 
existing ex situ collections (Le Guen et al., 2009). Because of the ease of vegetative 
propagation by grafting, many ex situ collections of Hevea were established in various rubber 
producing countries. In Vietnam, the ex situ conservation of Hevea germplasm was 
established in 1985. This germplasm included the collection of local Hevea accessions, the 
introduction of Hevea clones from other countries. The majority of this germplasm collection 
was derived from the IRRDB’81 collection expedition in the Amazon forests of Brazil which 
is the primary center of diversity of the crop and the source of wild rubber trees. This 
germplasm was introduced into Vietnam in the form of budwood in 1984. All of the 
materials were sent to Lai Khe experimental station of the Rubber Research Institute of 
Vietnam (RRIV) in Binh Duong province, which is located in the traditional rubber growing 
belt. On receipt of the budwood, each accession was first multiplied by bud grafting and 



 
Genetic Diversity in Plants 

 

436 

 
Fig. 2. Distribution of rubber tree (H. brasiliensis) in the world where this species has been 
planted (adapted from Orwa et al. (2009)). Native range: Bolivia, Brazil, Colombia, Peru and 
Venezuela; Exotic range: Brunei, Cambodia, China, Ethiopia, India, Indonesia, Laos, Liberia, 
Malaysia, Myanmar, Philippines, Singapore, Sri Lanka, Thailand, Uganda, Vietnam, 
Guatemala, Cameroon, Ivory Coast, Ghana, Gabon, Guinea, Liberia, Nigeria, Congo, 
Bangladesh, Papua New Guinea, and Mexico. 

3. Long-term conservation of Hevea germplasm 
In  situ  and ex situ conservations are  the  two major  strategies used  in  the  conservation  of 
plant genetic  resources. In situ conservation, the conservation of diversity  in  its natural 
habitat,  involves  the  designation, management  and monitoring of the population at the  
location where  it  is currently found and within the community to which  it belongs 
whereas  ex situ  conservation, collection of which the biodiversity is preserved outside its 
natural habitat,  involves  the  sampling,  transfer  and  storage of a population of a certain 
species away from the original location (Maxted et al., 1997). Because of a number of 
advantages, the ex situ method has been used to primarily conserve numerous plant genetic 
resources. In this method, plant diversity is safely preserved and concentrated in a small 
number of controlled places under consistent environmental conditions and is readily 
accessible to breeders.  

An alternative solution to rubber tree in situ genetic conservation is the management of 
existing ex situ collections (Le Guen et al., 2009). Because of the ease of vegetative 
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producing countries. In Vietnam, the ex situ conservation of Hevea germplasm was 
established in 1985. This germplasm included the collection of local Hevea accessions, the 
introduction of Hevea clones from other countries. The majority of this germplasm collection 
was derived from the IRRDB’81 collection expedition in the Amazon forests of Brazil which 
is the primary center of diversity of the crop and the source of wild rubber trees. This 
germplasm was introduced into Vietnam in the form of budwood in 1984. All of the 
materials were sent to Lai Khe experimental station of the Rubber Research Institute of 
Vietnam (RRIV) in Binh Duong province, which is located in the traditional rubber growing 
belt. On receipt of the budwood, each accession was first multiplied by bud grafting and 
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then planted in the field genebank for conservation in the form of source-bush garden (Fig. 
3). This source-bush garden was laid out in randomized complete block design, in which 
each accession was represented in two replications of five trees with a planting distance of 
1.5 m x 1.2 m. The genetic resources of Hevea germplasm conserved in Vietnam were 
showed in Table 1. The source-bush garden is cut back every year to maintain the 
conservation and also to generate budwood for various evaluation trials. Several 
preliminary field evaluation trials for most of Hevea germplasm accessions have been being 
established in several representative locations to evaluate their agronomical and 
morphological characteristics. 

 
Fig. 3. The source-bush garden for ex situ conservation of Hevea germplasm in Vietnam 
 

Genetic sources  Number of accessions 
South America  3082 
   Acre (AC) 959 
   Mato Grosso (MT) 901 
   Rodonia (RO) 1116 
   Others 106 
Africa 38 
   Ivory Coast 38 
Asia 422 
   Vietnam 338 
   Malaysia 55 
   Indonesia 7 
   Sri Lanka 16 
   China 5 
   Cambodia 1 
Total 3542 

Table 1. The genetic resources of Hevea germplasm conserved in Vietnam 
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4. Characterization and evaluation of Hevea germplasm 
In order to use the germplasm in breeding programs, it must be characterised and 
evaluated. There is often a delay between collection of germplasm and its evaluation, 
particularly for rubber trees because of the time required for them to reach maturity. 
Evaluation is useful if it considers the traits wanted by plant breeders. We are fortunate that 
our program of germplasm acquisition and evaluation is very closely linked to our program 
of Hevea breeding with the same people usually involving in both. Preliminary evaluation 
can help indicate those accessions that need more detailed evaluation, but those that appear 
not to be of immediate values should not be simply discarded. 

4.1 Agronomical characteristics 

Standard characterization and evaluation of germplasm collection may be routinely 
performed using different methods including traditional practices such as the use of 
descriptive lists of morphological characters. They may also involve evaluation of the 
agronomical performances under various environmental conditions. Understanding the 
nature and the magnitude of variability of important traits existing among plant genetic 
materials is vital for the effective utilization of such materials for breeding purposes. In 
rubber tree, high latex yield is always the exclusive objective of breeding programs. To this 
ultimate objective, many different factors are associated. For instance, the main components 
of productivity are the growth of the trunk determined during the immature period before 
the beginning of tapping, the resistance to various diseases and the tolerance to stress factors 
such as high altitude, low temperature, wind damage and moisture deficit.  

In Vietnam, a part of Hevea germplasm, especially IRRDB’81 collection, has been 
agronomically evaluated in various clonal trials including arboreta and small scale clonal 
trials at different locations. In the view of latex production, IRRDB’81 collection exhibited 
very poor performance with an average latex yield of around 16% of the level of the 
currently developed Wickham clones after 5 years of tapping. This result was similar to that 
of other studies conducted on IRRDB’81 collections in Malaysia, Indonesia, Ivory Coast and 
China (Ramli et al., 2004; Aidi et al., 2002; Clément-Demange et al., 2002; Hu et al., 2002).    
Outstandingly, in the first three years of tapping, some IRRDB’81 accessions such as 
AC56/276, AC62/54, MT8/27, MT/I/2 and RO62/26 produced 30.0 – 45.0 
gram/tree/tapping, or 102.7 – 153.8% of the production of the control clone (GT1). These 
accessions have been being used as parents in Hevea breeding programs. Considering 
geographical origins, accessions derived from Mato Grosso seemed to be better yielder than 
those from Acre and Rondonia. This might indicate their better adaptability to the 
experimental areas where the climate featured by a distinct dry spell of six months is similar 
to that of the original region which is known to have a dry spell of three to four months 
annually (Chevallier, 1988). A large number of IRRDB’81 accessions showed very good 
growth performance with girth at opening ranging from 59.9 – 74.0 cm, or 124.8 – 133.5% of 
that of the control clone. Remarkably, some IRRDB’81 accessions such as MT29/68, 
RO24/58 and RO32/104 had significantly higher girth than the control when planted in the 
highland area which was considered as a non-traditional rubber region in Vietnam. The 
superiority of these accessions will be of considerable value in advanced breeding programs.   

Recently, IRRDB’81 collection has been considered as an important source for timber 
selection and rubber wood production. The average wood volume of the IRRDB’81 
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collection conserved in Vietnam was initially recorded, yielding 1.48 m3/tree at the age of 21 
years, 43.4% higher than the Wickham population. Among these, several accessions 
appeared to be the best with clear bole volume ranging from 1.55 to 2.07 m3/tree, which 
could be considered as suitable clones for timber production purposes. Similarly, several 
high timber yield accessions of the IRRDB’81 collection in Indonesia and Malaysia were also 
reported. At the age of 13 years, a total of 28 accessions in Indonesia and 20 accessions in 
Malaysia were selected for timber yield with clear bole volume at a range of 0.90 to 2.56 
m3/tree (Aidi et al., 2002) and 1.0 to 1.6 m3/tree (Ramli et al., 2004), respectively. 

It is known that unlike other clonally multiplied species, Hevea is not affected by viral 
diseases (Simmonds, 1989). Other diseases which are considered as economic importance 
are Gloeosporium leaf disease (Colletotrichum gloeosporioides Pen. Sacc.), pink disease 
(Corticium salmonicolor Berk. & Br.), powdery mildew (Oidium heveae Stein.), Corynespora leaf 
fall (Corynespora cassiicola Berk. & Curt. Wei.), Phytophthora leaf fall (Phytophthora sp.) and 
SALB (South American Leaf Blight - Microcyclus ulei P. Henn von Arx.). Among these 
diseases, Corynespora leaf fall and SALB are the most important in rubber plantations. 
Wycherly (1969) noted that the clonal and location specificity was evident towards 
resistance to these diseases. Differences in the level of resistance to important diseases have 
been observed in IRRDB’81 collections from different countries. In India, a large number of 
IRRDB’81 accessions were showed to be resistant to powdery mildew (140 accessions) and 
Corynespora leaf fall (70 accessions) (Varghese et al., 2002). Similarly, a total of 21 accessions 
in IRRDB’81 collection are resistant to powdery mildew in bush-wood garden in China 
(Huang et al., 2002). The resistance to SALB was observed on 298 accessions from ex situ 
germplasm collection planted in both French Guyana and Brazil, of which the accessions 
from Acre and Rondonia were the most resistant (Le Guen et al., 2002). In Vietnam, it 
seemed that Wickham and IRRDB’81 accessions showed no significant difference in 
susceptibility to pink disease, powdery mildew and Gloeosporium leaf diseases (Lam et al., 
2002). In general, evaluations of IRRDB’81 collection for biotic and abiotic stresses are in 
progress in major rubber growing countries. 

4.2 Genetic diversity based on biochemical and molecular markers 

In conventional plant breeding, many morphological traits have been used as markers for 
genetic analyses and cultivar identification, but specific genetic information on Mendelian 
traits are rare in Hevea. In contrast to traditional practices, genetic characterization refers to 
the description of the attributes that follow Mendelian inheritance or involve specific DNA 
sequences. In this way, biochemical assays, which detect differences between isozymes, or 
molecular markers were applied to determine the genetic diversity of the germplasm. In 
addition, the development of molecular and biochemical markers help researchers not only 
to identify genotypes, but also to assess and exploit the genetic variability (Whitkus et al., 
1994). Insights into the relative genetic diversity among Hevea collections would be useful in 
Hevea breeding as well as ex situ conservation of Hevea genetic resources. The commercial 
value associated with identifying useful traits, especially yield and growth, would create a 
direct value in genebanks, ensuring long-term preservation of a collection. Moreover, Hevea 
germplasm characterization using molecular and biochemical markers will contribute to the 
knowledge of genetic relationships not only among wild accessions but also between 
accessions of wild and cultivated gene pool, and hence help to facilitate the breeding 
programs. In Vietnam, significant progress has been made in evaluation and 
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characterization of Hevea germplasm by applying genetic markers. Among several efficient 
methods to reveal the genetic variability within and among plant populations, the most 
widely applied methods are isozyme electrophoresis and random amplified DNA 
polymorphism (RAPD). Both markers are useful to analyze genetic diversity of Hevea 
germpasm, and to select good Hevea clones for future breeding or cultivation purposes. 

4.2.1 Isozymes marker 

As first described by Hunter and Markert (1957), isozymes were defined as the different 
molecular forms in which proteins may exist with the same enzymatic specificity (Buth, 
1984). This means that different variants on the same enzymes have identical or similar 
functions and are present in the same individual. Isozyme had played a minor role in 
research on plant biochemistry until genetic polymorphism for isozymes within the same 
population was discovered in 1966 (Stebbins, 1989; Wendel, 1989). In the 1980s, analysis of 
isozymes was developed at CIRAD (French Agricultural Research Centre for International 
Development) with 13 polymorphic isozymic systems to formulate a diagnostic kit 
associated with a clonal identification database. This kit has proved to be able to 
differentiate a large set of cultivated clones (Leconte et al., 1994). Since then, isozymes have 
been used as genetic markers for identification of rubber tree cultivars, genetic diversity 
analysis, controlling progenies issued from hand pollination and reproductive biology 
(Chevallier, 1988; Leconte et al., 1994; Paiva et al., 1994; Sunderasan et al., 1994). The first 
study on using isozyme markers for a precise understanding of the genetic diversity of the 
wild Hevea germplasm was carried out using ten isozyme markers on a set of 263 accessions 
from the IRRDB’81 collection (Chevallier, 1988). 

Isozyme markers were firstly used in Vietnam to identify and confirm rubber clones in 
budwood gardens. Moreover, it was also used in Hevea breeding for hybrid genealogical 
legitimacy and genetic diversity research of Hevea germplasm. A total of 12 isozyme systems 
were used in studying genetic diversity of the IRRDB’81 Hevea germplasm in Vietnam. 
Banding patterns of representative IRRDB’81 accessions generated by isozyme 
electrophoresis are shown in Figure 4.  

The study was performed on both IRRDB’81 collection and Wickham population with 117 
accessions from 15 districts of the states of Acre, Rondonia and Mato Grosso of Brazil and 24 
Wickham’s clones (Fig. 5 and Table 2). The quantity of accessions sampled for each district 
was more or less proportional to the quantity of accessions currently conserved for the 
district. The result of isozymatic analysis showed that a total of 60 alleles were detected 
(Table 2). Out of them, 60 alleles were detected in IRRDB’81 accessions and 26 alleles in 
Wickham population. The result showed that the alleles detected in Wickham population 
were also detected in the IRRDB’81 collection, many new alleles were found in the IRRDB’81 
collection only, thus underlining the genetic enrichment provided by the wild Hevea 
collections. Among IRRDB’81 collection, Acre accessions had the largest number of 
polymorphic alleles (51/60 alleles), followed by the Rodonia (45/60 alleles) and Mato 
Grosso accessions (45/60 alleles). This result revealed that Mato Grosso was obviously less 
polymorphic than Rondonia because Mato Grosso and Rondonia groups had the same 
number of detected polymorphic alleles but the volume of samples of the Mato Grosso 
groups was bigger than that of the Rondonia groups. The result also showed the significant 
polymorphic differences among the districts. The number of alleles detected in the districts 
Brasileia, Taurauca of Acre and district Cartriquacu of Mato Grosso was high in spite of the 
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small volume of the samples whereas the number of alleles detected in districts Itanba and 
Aracatuba of Mato Grosso was quite low. 

 
Fig. 4. Banding patterns of representative Hevea accessions generated by isozyme 
electrophoresis. Twelve isozyme systems used in studying genetic diversity of the IRRDB’81 
Hevea germplasm had very different banding patterns. MDH, malate dehydrogenase; PGI, 
phospho glucose isomerase; AAP, alanyl amino peptidase; LAP, leucine amino peptidase; 
EST, esterase; DIA, diaphorase; ADH, alcohol dehydrogenase; ICD, isocitrate 
dehydrogenase; PGD, phosphogluconase dehydrogenase; PGM, phosphoglucomutase; 
GOT, glutamate oxaloacetate transaminase; SKD, shikimate acid 

The study affirmed that the genetic base of Hevea germplasm in Vietnam, especially 
IRRDB’81 collection, was prosperous and diversified. Because of the high genetic variability 
level, this collection would contribute effectively to the long term progress of Hevea breeding 
and selection program in the country. In contrast, the Wickham population showed a low 
level of genetic variability, which is the consequence of the oriented selection through many 
years in a narrow geographical origin. 

The result of cluster analysis based on isozymes database revealed the noticeable 
relationship between genetic clusters (Fig. 6). According to the genetic distance between the 
accessions, Acre accessions and Rondonia accessions were close to each other, meanwhile 
the genetic distance between Acre or Rondonia accessions were far from Mato Grosso 
accessions, except that the accessions from Vila Bella district of Mato Grosso (MT/VB) were 
close to those of Rondonia. Among IRRDB’81 accessions, Mato Grosso population was 
relatively close to Wickham collection based on isozyme analysis. In general, the genetic 
distance between the accessions conformed to the geographical origins of Hevea. However, 
several accessions of Arce and Rondonia were not separated distinctly using isozyme 
electrophoresis although they were distributed widely according to the geographical 
origins. 
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Fig. 5. Geographical origins of Hevea IRRDB'81 collection 

 

 
Fig. 6. Dendrogram based on Nei’s genetic distance between IRRDB’81 collection and 
Wickham population. 
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Fig. 6. Dendrogram based on Nei’s genetic distance between IRRDB’81 collection and 
Wickham population. 
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Genetic 
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IRRDB’81 117 4 5 5 7 7 5 2 5 3 6 4 7 60 
Acre 58 4 5 3 6 6 5 2 4 3 6 3 4 51 
  Assis-brasil 2 1 2 2 3 2 1 2 2 2 2 1 3 23 
  Brasileia 9 3 3 2 3 4 3 2 4 3 5 2 3 37 
  Feijo 15 3 3 2 4 3 4 2 4 3 4 2 4 38 
  Sena Madureira 21 2 5 2 4 4 3 2 4 3 6 3 4 42 
  Tarauaca 8 3 3 2 3 2 2 2 3 2 4 1 3 30 
  Xapuri 3 1 2 1 3 2 2 2 1 3 4 3 2 26 
Mato Grosso 32 3 5 1 6 5 4 2 4 3 4 3 5 45 
  Aracatuba 9 2 4 1 3 3 3 2 3 3 1 2 1 28 
  Cartriquacu 7 2 5 1 5 5 4 2 3 3 3 3 1 37 
  Itanba 13 2 3 1 4 3 2 2 3 2 2 3 2 29 
  Vila Bela 3 1 3 1 1 3 1 1 2 2 3 1 4 23 
Rondonia 27 3 5 4 4 4 2 2 4 2 5 3 7 45 
  Ariquemes 5 1 2 3 2 3 2 2 2 2 5 2 4 30 
  Calama 18 2 5 1 3 4 2 2 4 2 5 3 6 39 
  Jaru 2 1 1 1 1 2 1 2 2 2 2 1 3 19 
  Ouro Preto 1 1 1 2 1 2 1 1 2 1 2 1 2 17 
  Pimenta Bueno 1 2 2 1 1 2 1 1 1 2 2 1 2 18 
WICKHAM 24 2 3 1 3 3 1 2 4 3 1 2 1 26 
TOTAL 141 4 5 5 7 7 5 2 5 3 6 4 7 60 

* MDH, malate dehydrogenase; PGI, phospho glucose isomerase; AAP, alanyl amino peptidase; LAP, 
leucine amino peptidase; EST, esterase; DIA, diaphorase; ADH, alcohol dehydrogenase; ICD, isocitrate 
dehydrogenase; PGD, phosphogluconase dehydrogenase; PGM, phosphoglucomutase; GOT, glutamate 
oxaloacetate transaminase; SKD, shikimate acid 

Table 2. Genetic variability of Hevea germpalsm based on isozymes 

The results of isozymes analysis indicated that the Hevea germplasm conserved in Vietnam 
is very diversed. This characterisation would help to utilize the new genetic resources more 
effectively in Hevea breeding programs. The combination of morphological characterization 
and isozyme markers could help breeders to constitute a core collection of Hevea IRRDB’81 
germplasm to ensure the conservation of the genetic variability. In addition, maintaining the 
genetic variability in Hevea germplasm would help to reduce gene erosion. Moreover, 
isozyme markers could be used as an assistant tool to orient a long term plan to advance 
heterosis to improve Wickham materials based on the recombination between Wickham 
clones and IRRDB’81 accessions. However, isozyme-based analysis is limited by the rather 
small number of marker loci available and a general lack of polymorphism for these loci. In 
addition, the analysis has to be carried out near the field sites owing to the fragility of the 
isozymes to varied temperatures or otherwise the samples need to be freeze-dried and 
transported to the laboratory. In spite of such limitations, isozyme was still a helpful marker 
to evaluate the genetic variability of the Hevea germplasm in Vietnam.  
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4.2.2 RAPD marker 

The random amplified polymorphic DNA (RAPD) technique, first described by Williams et 
al. (1990), despite some limitations, has provided a useful approach for evaluating 
population’s genetic differentiation, particularly in species that are poorly genetically 
known (Silva and Russo, 2000; Nybom, 2004). Recently, a large number of studies have 
pointed out that DNA-based markers, such as RAPD, were superior to isozymes in 
detecting genetic diversity (Garkava et al., 2000; Matos et al., 2001; Ochiai et al., 2001; 
Sharma et al., 2008). It is known that isozymes represent allelic expression of the same locus, 
while DNA fragments produced by RAPD are independent genetic markers (Ochiai et al., 
2001) with a lower proportion of non-neutral markers than formerly (Bartish et al., 2000). 
Hence, isozyme and RAPD analyses often give discordant patterns, suggesting the 
importance of using multiple molecular marker systems in studies of population structure 
(Wendel and Doyle, 1998; Bartish et al., 2000; Lebot et al., 2003). RAPD marker was also 
used to evaluate the levels of gene flow between species (Arnold et al., 1991) and detection 
of gene introgression in various plant species (Waugh et al., 1992; Orozco-Castillo et al., 
1994; Gomez et al., 1996). In rubber tree, RAPD has become a useful maker for investigating 
genetic diversity within and between Hevea populations, especially the IRRDB’81 collection 
(Varghese et al., 1997; Venkatachalam et al., 2002; Lam et al., 2009). Moreover, this marker 
was also used to identify a dwarf genome-specific marker (Venkatachalam et al., 2004) or 
certain homology to proline-specific permease gene (Venkatachalam et al., 2006) in rubber 
tree. The accumulated data on Hevea RAPD analysis from different accessions give 
information on genetic relations and Hevea origin, and provide the initial basis for clonal 
distinction and germplasm evaluation of agronomical interest. Therefore, the data can also 
be used in Hevea improvement programs. 

In Vietnam, RAPD was firstly used to study genetic diversity of Hevea germplasm (Lam et al., 
2009). The study was performed on IRRDB’81 collection with 59 accessions from 13 districts of 
the states of Acre, Rondonia and Mato Grosso of Brazil (Fig. 5). Using 6 oligonucleotide 
primers, the percentage of polymorphic loci calculated for individual districts ranged from 
15.38% in Assis-Brasil district to 70.77% in Sena Madureira district of Acre, which totally had 
10 and 46 polymorphic banding patterns, respectively (Table 3, Fig. 7). Although the sample 
sizes might have certain effects on the extent of the polymorphism of various districts, in the 
cases of Assis-Brasil of Acre, Ariquemes of Rondonia, and Vila Bela of Mato Grosso, they were 
quite different in the extent of polymorphism with the same sample sizes. In addition, the 
Jiparana district of Rondonia was very polymorphic regardless of its small sample size.  

 
Fig. 7. DNA fingerprints of representative IRRDB’81 accessions generated by primer A18 
(left) and OPB-12 (right) 
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10 and 46 polymorphic banding patterns, respectively (Table 3, Fig. 7). Although the sample 
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Fig. 7. DNA fingerprints of representative IRRDB’81 accessions generated by primer A18 
(left) and OPB-12 (right) 
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State/District No. of 
accessions 

No. of 
total/polymorphic 

band patterns 

Observed 
number 

of alleles 
Mean 

heterozygosity 
Shannon 

index 
Genetic 

distance* 

Acre 25      
   Assis-brasil 2 41/10 1.154 0.064 0.093 0.139 
   Brasileia 4 52/37 1.569 0.223 0.328 0.299 
   Feijo 6 56/42 1.646 0.240 0.355 0.282 
   Sena Madureira 9 58/46 1.708 0.246 0.368 0.256 
   Tarauaca 4 56/32 1.492 0.196 0.287 0.225 
Mato Grosso 21      
   Aracatuba 6 51/38 1.585 0.227 0.333 0.264 
  Cartriquacu 5 51/38 1.585 0.222 0.328 0.306 
   Itanba 8 56/42 1.646 0.231 0.344 0.264 
   Vila Bela 2 46/21 1.323 0.134 0.195 0.296 
Rondonia 13      
   Ariquemes 2 45/16 1.246 0.102 0.149 0.216 
   Calama 4 53/36 1.554 0.217 0.319 0.290 
   Jaru 4 51/39 1.600 0.239 0.348 0.323 
   Jiparana 3 54/44 1.677 0.264 0.389 0.469 
Total/Mean 59 65/62 1.522 0.200 0.295 0.279 

* Genetic distance is mean genetic distance among accessions in individual district 

Table 3. Patterns of genetic diversity of Hevea IRRDB’81 collection based on RAPD analysis 

In general, the IRRBD’81 collection conserved in Vietnam showed the high level of genetic 
diversity detected by RAPD. In fact, the mean values of heterozygosity or Nei’s genetic 
diversity (Nei, 1978) within individual districts varied from 0.064 to 0.264 over 65 loci with 
the average of 0.2 across the districts (Table 3). This parameter differed substantially among 
13 districts studied. The Jiparana district of Rondonia showed the highest estimated 
heterozygosity over 62 polymorphic loci, whereas the Assis-Brasil district of Acre showed 
the lowest one. In spite of high standard errors of mean heterozygosities, probably due to 
the small sample sizes, recorded in Assis-Brasil (Acre), Ariquemes (Rondonia), and Vila Bela 
(Mato Grosso) populations, the remarkable variations of mean heterozygosity clearly 
showed differences in genetic variability among 13 districts. The average degree of diversity 
within individual districts using Shannon’s diversity index (Shannon and Weaver, 1949) 
was 0.296 and ranged from 0.093 for the Assis-Brasil district of Acre to 0.389 for the Jiparana 
district of Rondonia (Table 3). Shannon index was correlated strongly with the percentage of 
polymorphic loci in a district. In fact, the districts with high Shannon’s diversity index also 
exhibited the high percentages of polymorphic loci (Table 3). Similar to mean 
heterozygosity, differences in values of Shannon’s diversity index also showed genetic 
differentiation among the districts. The largest average genetic distance among accessions 
within the districts was detected in the Jiparana district of Rondonia and the smallest was 
found in the Assis-Brasil district of Acre, of which the average genetic distance values were 
0.469 and 0.139, respectively (Table 3). According to previous studies, high genetic diversity 
is usual in IRRDB’81 accessions (Chevallier, 1988; Besse et al., 1994; Lekawipat et al., 2003). 
All the accessions had unique RAPD genotypes. Nei’s genetic distance values between pairs 
of districts ranged from 0.046 for Catriquacu and Itanba of Mato Grosso to 0.304 for 
Tarauaca of Acre and Aracatuba of Mato Grosso (Table 4). The dendrogram constructed by 
UPGMA cluster analysis showed that Hevea IRRDB’81 collection of 13 different districts 
were in five clusters with Ariquemes of Rondonia quite different from the others (Fig. 8). 
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Among the districts of Mato Grosso, Vila Bela was in the same cluster with the districts from 
Rondonia (Jaru and Jiparana), meanwhile other districts (Itanba, Catriquacu and Aracatuba) 
were grouped into one cluster. This showed that Vila Bela was quite different from other 
districts of Mato Grosso, which was also noted by other researchers using RFLP markers 
(Besse et al., 1994). The distribution of those districts in genetic cluster analysis seemed to 
conform to geographical origins of Hevea IRRDB’81 collection, except Calama district of 
Rondonia.  

 
District AC/AB AC/B AC/F AC/S AC/T MT/A MT/C MT/IT MT/VB RO/A RO/C RO/J RO/JP 
AC/AB  0.147 0.201 0.146 0.160 0.297 0.244 0.236 0.202 0.286 0.188 0.236 0.266 
AC/B 0.147  0.106 0.107 0.155 0.190 0.135 0.161 0.216 0.275 0.135 0.160 0.164 
AC/F 0.201 0.106  0.105 0.145 0.125 0.115 0.129 0.213 0.230 0.107 0.144 0.150 
AC/S 0.146 0.107 0.105  0.190 0.153 0.151 0.146 0.158 0.239 0.103 0.164 0.169 
AC/T 0.160 0.155 0.145 0.190  0.304 0.227 0.234 0.193 0.236 0.230 0.205 0.212 
MT/A 0.297 0.190 0.125 0.153 0.304  0.094 0.086 0.296 0.295 0.171 0.191 0.183 
MT/C 0.244 0.135 0.115 0.151 0.227 0.094  0.046 0.202 0.286 0.125 0.145 0.141 
MT/IT 0.236 0.161 0.129 0.146 0.234 0.086 0.046  0.189 0.289 0.147 0.145 0.147 
MT/VB 0.202 0.216 0.213 0.158 0.193 0.296 0.202 0.189  0.233 0.123 0.146 0.149 
RO/A 0.286 0.275 0.230 0.239 0.236 0.295 0.286 0.289 0.233  0.222 0.189 0.205 
RO/C 0.188 0.135 0.107 0.103 0.230 0.171 0.125 0.147 0.123 0.222  0.137 0.172 
RO/J 0.236 0.160 0.144 0.164 0.205 0.191 0.145 0.145 0.146 0.189 0.137  0.097 
RO/JP 0.266 0.164 0.150 0.169 0.212 0.183 0.141 0.147 0.149 0.205 0.172 0.097  

Table 4. Nei’s genetic distance among 13 districts of Hevea IRRDB'81 collection 

 

 
Fig. 8. Dendrogram of UPGMA cluster analysis based on Nei’s genetic distance 
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Analysis of molecular variance (AMOVA) for 59 accessions of 13 districts revealed that the 
interpopulation (interdistrict) variation accounted for only 14.1% of the total genetic 
variance while intrapopulation (within district) variation accounted for 85.9% (Table 6). The 
results indicated that the majority of genetic diversity was within district variation (85.9%). 
The results suggests that there might be a certain gene flow among the districts, possibly 
owing to the species’ outcrossing as a mode of reproduction and dispersion of seeds by a 
network of rivers in Amazon basin. However, it should be treated with caution due to small 
samples brought into the study. 
 

Source of variation df SS CV %Total 
Among districts 12 198.6 1.57 14.1 
Within districts 46 439.6 9.56 85.9 

Significant at P=0.001 

Table 5. Summary of the AMOVA analysis 

The IRRDB’81 Hevea germplasm in Vietnam exhibited large genetic variability by RAPD 
markers. The intradistrict source accounted for most of the genetic variation of the 
germplasm. Based on the genetic distance analysis, the collection could be classified into five 
groups which could help in planning crosses based on genetic distance in the hope of 
looking for heterosis and maintaining the abundant genetic diversity. The RAPD markers 
could also help in checking the genetic variability of the Hevea breeding program. Moreover, 
in association with the agronomical characteristics, morphological traits and isozymes 
analysis, RAPD markers are now suitable tools for genetic diversity studies of Hevea 
germplasm and can be useful for accumulation and management of genetic-breeding 
resources of Hevea brasiliensis. 

5. Utilization of Hevea germplasm in Vietnam 
One of the major objectives of conservation of Hevea genetic resources is to make genetic 
diversity available for immediate or future use. The widest possible range of the genetic 
diversity has to be conserved in order to meet future, as yet unknown, needs. Hevea 
germplasm conservation program in Vietnam is expected to promote and facilitate the use 
of conserved materials through the maintenance of healthy and readily accessible and 
adequately characterised/evaluated materials, and proper documentation of the relevant 
information. Evaluation data of the agronomic performances and the morphological 
characteristics gathered during cultivation of the accessionshave been being recorded 
continuously using a specifically constructed program (Fig. 9). Currently, a total of about 
3,500 Hevea accessions have been collected and ex situ conserved. This germplasm comprises 
of three main genetic resources: the Amazonian (A) (most of which belong to IRRDB’81 
collection collected in the Amazonian habitats of the genus), the Wickham (W), and the 
Wickham x Amazonian (WA) resources. The majority of this germplasm were derived from 
the IRRDB’81 collection with a total of 2,999 accessions, each of which is a clone derived 
from originally collected seedlings. Most of them have been evaluated for the agronomical 
and morphological characteristics. In the view of the limitations of the agronomical and 
morphological traits, isozyme and RAPD markers were used to analyze the genetic diversity 
and structure of the IRRDB’81 collection for more effective utilization of the germplasm in 
Hevea breeding programs in Vietnam. 
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Since the IRRDB’81 collection exhibited very poor profiles in agronomical characteristics, 
especially latex productivity, the chance for direct use of this collection for latex purposes 
seemed to be impractical although certain accessions could be planted for timber purposes. 
Regarding widening the genetic base for genetic improvement, several promising IRRDB’81 
accessions have been included in hand pollination program in RRIV since 1997. Based on the 
agronomical and morphological traits as well as the genetic diversity analysis, recently, 
many attempts have been made to enlarge the genetic base of Hevea breeding materials by 
polycrossing among different genetic resources. In this way, many crosses between maternal  

  
Fig. 9. Genebank documentation program in conservation of Hevea germplasm 

W and paternal A accessions have been preferably made and the progenies of which are 
in various phases of evaluation with the expectation that the W x A progenies could 
combine the good agronomical characteristics from parents while optimizing the genetic 
variability in this population. In fact, Amazonian accessions were crossed with Wickham 
high yielding and good set fruit clones such as PB260 and RRIC110, and progenies 
derived from these hand pollination crosses were disbudded into fields of early selection 
trials for evaluation of agronomical performances such as latex yield, growth and diseases 
incidence. In general, these progenies exhibited rather good in girth but very poor in latex 
productivity. Most of the progenies produced a very little or negligible amount of latex; 
this agreed closely with the previous finding in Ivory Coast for the progenies from W x A 
crosses (Clement-Demange et al, 1990). However, some progenies had the production of 
1.9 – 3.2 gram/tree/tapping or 106 – 132% of the production of the control clone (i.e. PB 
260), and a large number of the progenies showed very good in growth performance with 
girth at 34 months old after planting ranging from 15.6 – 21.2 cm, or 101 – 161% of that of 
the control clone. These progenies are being further tested in the small scale clonal trials 
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and would be included as parents in future breeding programs. This gives a way for the 
opportunity of genetic improvement in breeding programs, particularly in latex 
productivity of the Hevea IRRDB’81 collection. In diseases incidence, all of the progenies 
exhibited varying degrees of infection to powdery mildew. The progenies derived from 
different paternal accessions showed significant differences in susceptibility to powdery 
mildew. For instance, the progenies derived from AC6/23 and AC35/114 were more 
susceptible to powdery mildew than other progenies. In contrast, the progenies derived 
from RO44/268 and RO44/71 seemed to be lightly susceptible to powdery mildew in 
comparison to other progenies. This result has contributed to the development of clonal 
disease resistance by genetic recombination using IRRDB’81 collection as paternal clones 
in Hevea breeding programs. 

The results obtained so far can be considered as a basis to continue combining Wickham and 
IRRDB’81 genetic resources in breeding programs at RRIV. The W x A progeny population 
provides a valuable source for selecting multi-clones recommended for developing rubber 
cultivation in non-traditional regions in Vietnam.   

6. Problems and challenges 
6.1 Problems 

Because the genetic structure of natural H. brasiliensis populations is based upon both 
hydrographical network patterns and long-range isolation by distance, it is likely that the 
known genetic diversity represents only part of its true natural diversity (Le Guen et al., 
2009). In order to enlarge the genetic resources of H. brasiliensis, it is necessary to conduct 
additional expeditions in other areas that were not yet covered previously, such as 
Amazonian basin in Colombia, Peru and Bolivia, and the Brazilian states of Pará and 
Amazonas. Besides, since a very small part of the diversity of Hevea germplasm has been 
collected and conserved in Vietnam, a much greater diversity of the germplasm should be 
imported from other countries such as Brazil, Malaysia and Ivory Coast. Moreover, it is 
urgent need to duplicate the Hevea germplasm accessions, particularly the IRRDB’81 
collection, in all IRRDB country members to prevent the loss of accessions and to increase 
the genetic resources as raw materials in Hevea breeding programs. Additionally, molecular 
tools may contribute in ex situ conservation of Hevea germplasm to the sampling, 
management and development of “core” collections as well as the utilization of genetic 
diversity. However, the use of such molecular tools is limited in the rubber growing 
countries including Vietnam due to their cost.  

Rubber tree is traditionally propagated through bud grafting on unselected seedlings, which 
maintains intraclonal heterogeneity for vigour and productivity. Therefore, variation among 
a bud-grafted population is significant and can influence the growth and productivity 
levels. Therefore, a great improvement may be expected by using in vitro micropropagation. 
In vitro techniques have currently made a commercial impact in rubber, and their 
propagation systems can circumvent the influence of the stock-scion interactions in Hevea 
clones (Priyadarshan, 2007). Recently, there has been an increasing interest in the induction 
of somatic embryogenesis in rubber trees. However, successful somatic embryo formation 
and plant regeneration have been reported by a few researchers in different countries using 
limited genotypes of Hevea. In addition, the frequency of somatic embryo induction was 
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found to be very low and non-synchronous, its germination remains very difficult and thus 
Hevea embryogenic system needs further investigation. There has been no large scale 
commercial application of tissue culture techniques for mass propagation of clonal Hevea as 
yet, either by microcutting or by somatic embryogenesis. However, there is sufficient 
progress at the research level to suggest that tissue culture of Hevea can and should be 
further developed. 

6.2 Challenges 

At the scientific and technical levels, challenges are posed by genetic erosion, genetic 
vulnerability and utilization. Genetic erosion is defined as “the loss of genetic diversity, 
including the loss of individual genes, and the loss of particular combinations of genes (i.e. 
of gene-complexes) such as those manifested in locally adapted landraces” (FAO, 1997). 
There is no consensus on the optimal balance of in situ and ex situ conservation methods to 
combat genetic erosion (Fraleigh, 2006). A gradual erosion of the genetic variability of Hevea 
in all of natural rubber plantations was realized in the 1970s. This erosion occurred because 
most of Hevea clones in cultivation were derived from the few surviving seeds collected by 
Henry Wickham. Therefore, widening  the  genetic  base  of  Hevea  in production was  seen  
as  a  prerequisite  to  generate  new  clones  with  new  and  valuable  characteristics  with  
regard  to  productivity,  disease resistance,  and  tolerance  to many environmental 
conditions. 

Genetic vulnerability was described as “the condition that results when a widely planted 
crop is uniformly susceptible to a pest, pathogen or environmental hazard as a result of its 
genetic constitution, thereby creating a potential for widespread crop losses” (FAO, 1996). 
It is known that genetic vulnerability pertains to the level of the crop genetic diversity 
actually being used. Because of the very narrow genetic base in the commercially 
cultivated Hevea clones, the commercial rubber cultivation, due to their genetic 
vulnerability, is under a constant threat of attack by native as well as exotic diseases and 
insect pests. The changes in the weather parameters due to the increasing trend in climate 
change have further complicated the above issues. Climate change, which is clearly felt in 
the traditional rubber growing regions of Vietnam, may possibly alter the host-pathogen 
interactions. This will lead to the emergence of otherwise minor disease, and 
Corynespora leaf fall disease may represents this scenario. This pathogen is rapidly 
progressing into new areas, thus highlighting the need for stronger and advanced 
resistance breeding approaches. 

It is known that the potential uses and values of Hevea genetic resources need to be 
understood by characterizing, evaluating and documenting them. Methods still need to be 
developed to improve and facilitate productive utilization. Although biotechnological 
methods are now increasingly available to facilitate productive utilization of Hevea 
germplasm, not all countries have the capacity to use such new technologies.  

Another set of challenges is posed for taking action. For instance, how the necessary 
cooperation can be organized among countries and among disciplines, particularly in order 
to link the conservation and the use of Hevea genetic resources, and how the resources which 
need to address these issues can be mobilized. Besides, cryogenic preservation of 
endangered seedling trees is yet another important aspect to be looked into urgently. 
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7. Conclusions and prospects 
Vietnam has received a large share of the Hevea germplasm collection of the 1981 IRRDB 
expedition. A total of 2,999 wild accessions belonging to three states of Brazil viz.,  
Acre, Rondonia and Mato Grosso are being conserved. Systematic efforts are underway 
for conservation, characterization, utilization and documentation of these valuable genetic 
resources. In general, the genetic base of Hevea in Vietnam which is prosperous  
and diversified has been contributing effectively to the long term progress of Hevea 
breeding program in the country. As management of the germplasm is a herculean  
task, IRRDB’81 accessions have been evaluated in a phased manner. Studies in different 
sets of this germplasm have been carried out since 1985 onward to access the extent  
of variability present in the collection for various agronomical characteristics such as  
latex yield, girth, wood volume, diseases incidence, biotic and abiotic stresses, in order  
to exploit them in the improvement programs. A large number of IRRDB’81 accessions  
are now in various evaluation stages. The evaluated IRRDB’81 collection displayed 
unimproved characteristics of a wild population and was far inferior to the  
Wickham clones in agronomical performances, especially latex productivity. However, 
this germplasm had a much broader genetic variability which can help in broadening  
the narrow genetic base of cultivated rubber and also in developing location specific 
rubber clones for cultivation in the marginal and non-traditional rubber regions of  
the country. 

The genetic parameters obtained from isozyme and RAPD analyses indicated that the 
Hevea germplasm conserved in Vietnam exhibited large genetic diversity. The biochemical 
and molecular markers have also shown to be the effective techniques for breeders to 
manipulate the Hevea germplasm. These markers could be used to select the parents with 
far genetic distance aiming at enlarging the genetic variability in their progenies and 
could help in checking the genetic variability of the Hevea breeding program. 
Furthermore, information on the structure of genetic diversity could help establish global 
Hevea collections for long-term conservation with minimum maintenance activity, and 
help define working collections for medium-term targeted utilization and breeding 
purposes. 

The conventional solution to the conservation of Hevea genetic resources has been the 
establishment of ex situ genebanks. Ex situ conservation is the only effective method for the 
long-term conservation of Hevea germplasm. Ex situ conservation may also represent a last 
resort for many species and varieties including Hevea that would otherwise die out as their 
habitats are destroyed. Moreover, the management of existing ex situ Hevea collections is an 
alternative solution to rubber trees in situ genetic preservation (Le Guen et al., 2009). The 
main benefit of ex situ conservation is to provide breeders with ready access to a wide range 
of genetic materials with useful traits. Hevea germplasms have their own share of problems. 
Although only a small proportion of Hevea genetic resources are actually used by breeders, 
partly because of the inadequate characterization of the accessions, the costs of 
characterizing, evaluating and cataloguing genetic resource materials need to be carefully 
considered. Because of the severe limitations faced by large germplasm collection, 
establishing a core collection of this germplasm is necessary to facilitate a speedy and more 
efficient evaluation, and to get a collection which is conserved better and exploited more 
effectively. 
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1. Introduction 
The human species depends on plants. These constitute the basis for food, supply most of 
our needs (including clothes and shelter) and are used in industry for manufacturing fuels, 
medicines, fibres, rubber and other products. However, the number of plants that humans 
use for food is minimal, compared to the number of species existing in nature. Only 30 
crops, the most outstanding of which are rice, wheat and maize, provide 95% of the calories 
needed in the human diet (Jaramillo & Baena, 2002). However, agricultural biodiversity is in 
sharp decline due to the effects of modernisation, such as concentration on a few 
competitive species and changes in diets. Since the beginning of agriculture, the world’s 
farmers have developed roughly 10 000 plant species for use in food and fodder production. 
Today, only 150 crops feed most of the world’s population, and just 12 crops provide 80% of 
dietary energy from plants, with rice, wheat, maize and potato providing 60%. It is 
estimated that about three quarters of the genetic diversity found in agricultural crops have 
been lost over the past century, and this genetic erosion continues (EC, 2007). 

Humans need to add to their diet those crops of high yield and quality that can adapt to 
environmental conditions and resist pests and diseases. Advantage must be taken of native 
and exotic species, with nutritional or industrial potential, or new varieties must be 
developed. Improving crops, however, requires reserves of genetic materials whose 
conservation, management and use have barely begun to receive the attention that they 
deserve. Humans take advantage of plant genetic resources in as much as they are useful to 
us, which means that we must understand them, and know how to manage, maintain and 
use them rationally (Jaramillo & Baena, 2002). Information on genetic diversity and 
relationships within and among crop species and their wild relatives is essential for the 
efficient utilization of plant genetic resource collections for the efficient explanation of 
taxonomic relationships (Chan & Sun, 1997; Drzewiecki et al., 2003).  

Amaranthus L. is a genus from Amaranthaceae family probably originated in America. This 
genus contains approximately 70 species of worldwide distribution including pigweeds, 
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waterhemps, and grain amaranths (Sauer, 1967). The origin of various species of cultivated 
amaranths is not easy to trace because wild ancestors are pantropical cosmopolitan weeds 
(Espitia-Rangel, 1994). For human consumption there are cultivated grain amaranths – 
A.caudatus, A. cruentus and A. hypochondriacus and vegetable amaranths – mainly A.dubius, 
A.tricolor and A.cruentus. Grain amaranths are crop species of New World origin; A. caudatus 
from Andean Peru and Ecuador, A. cruentus and A. hypochondriacus from Mexico and 
Central America (Sauer, 1950; Drzewiecki, 2001). Nowadays, the grain amaranths are 
cultivated from the temperate to tropical zone and the vegetable amaranths mainly in the 
South Africa and South Asia (Jarošova et al., 1997). 

Amaranths are very promising crops. The main reasons could be content of protein, fat and 
active substances. The content of seed protein is in the range 13 – 18% with very good 
balanced amino acids. The lysine content is relatively high in the comparison with common 
cereals. The content of crude proteins in leaves is from 27 to 49% in d.m. what is more than 
in the leaves in the spinach (Segura-Nieto, 1994). Amaranths have comparable or higher 
amounts of essential amino acids as whole egg protein (Drzewiecki et al., 2003). The fat 
content is in the range 0.8-8.0%. The linoleic acid is the predominant fatty acid, with lesser 
amount of oleic and palmitic acids. The oil also contains squalene, precursor of cholesterol, 
which is used in the cosmetics and as a penetrant and lubricant (Becker, 1994). Many 
compounds and extracts from amaranths possessed anti-diabetic, anti-hyperlipidemic, 
spermatogenic and anti-cholesterolemic effects (Sangameswaran & Jayakar, 2008; Girija et 
al., 2011), antioxidant and antimicrobial activity (Alvarez-Jubete et al., 2010; Tironi&Anon, 
2010). Many consumers purchase amaranth because they want a wheat- and gluten-free 
product, like the nutritional profile of amaranth, or enjoy “exotic” foods in their diet 
(Brenner et al., 2000). Amaranth can be used also as a feed for pigs, hens, etc. (Pisarikova et 
al., 2005). From the cultivation point of view, amaranth is interesting for its heat and 
drought resistance and very low susceptibility to diseases and pests (Barba de la Rosa, 2009). 
Considering its agronomic importance, attention should be given to the cultivation, 
conservation, and sustainable utilization of this promising crop (Ray & Roy, 2009). 

Unfortunately, amaranths are also very harmful weeds spread in all over the world. Weedy 
Amaranthus species (pigweeds) have been and continue to be a major problem in agronomic 
production. The weed amaranth A. retroflexus is considered one of the world’s worst weeds. 
A major contributor to the noxious nature of these weedy species is their ability to efficiently 
adapt to the changes in agricultural management practices that are specifically designed to 
control and prevent colonization. For example, numerous populations of pigweeds have 
evolved herbicide resistance (Drzewiecki, 2001; Rayburn et al., 2005).  

In the Czech Republic the cultivation of amaranth was introduced in the early 1990s 
(Michalova 1999; Moudry et al. 1999) and the collection of amaranth genetic resources was 
established in 1993 in the Czech Gene Bank. Due to the very positive effects on the human 
health, we try to find out genotypes suitable for the Czech conditions with utilization in the 
Czech cuisine. On the Czech market, there is very popular food made from amaranth flour 
such as chips, cookies, and breakfast cereals, etc. However, all amaranth seeds are imported 
into the Czech Republic from other countries. The demand for vegetable amaranth is also 
increasing. Presently, in the Gene Bank, there are stored 103 evaluated accessions. In the 
working collection (in the different stages of evaluations), there are more than 30 accessions. 
Seed samples of amaranth are obtained from other gene banks, universities, private subjects 
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or from collecting missions from all over the world. It corresponds with international 
agreements and with The Czech National Programme on Conservation and Utilization of 
Plant Genetic Resources and Agro-biodiversity. For maintenance and utilization of plant 
genetic resources of amaranths, it is very important to know them from all sides. Genetic 
resources studies are oriented on evaluation of the most important biological characters, 
with respect to the effective utilization of genetic resources in breeding and agricultural 
practice. Good characterization and evaluation of genetic resources under conditions similar 
to those of their origin can provide breeders and users with valuable information on 
effective utilization of genetic resources for the breeding programmes and utilization. 
Characterization of genetic resources is focused mainly on morphological characters. The 
evaluation consists of data on plant growth and development, characteristics of plant stand, 
analysis of yield elements, etc. (Dotlačil et al., 2001). First steps of evaluations after seed 
samples receiving, are field evaluations. The phenological and morphological evaluation 
such as length of vegetation, plant height, length of inflorescence, colour of inflorescence, 
type of inflorescence, etc., is performed during vegetation. The length of vegetation is very 
important for amaranth cultivation in the Czech Republic, because many of the amaranths 
genotypes are sensitive to day-length. They remain in the vegetative period for a long time 
and create seeds after day-shortening (NRC, 1984). In the Czech Republic, they flower in the 
second half of September. Because the early frost, they cannot mature their seeds.  

For genetic improvement of Amaranthus, germplasm collections will play a key role as well. 
However, only limited information is available on intra- and inter-specific genetic diversity 
and relationships within Amaranthus germplasm collections (Chan & Sun, 1997). In spite of 
the fact that it has been the object of many studies, the genus Amaranthus is still poorly 
understood, being widely considered as a “difficult” genus. Currently, the taxonomic 
problems are far from being clarified especially because of the widespread nomenclatural 
disorder caused chiefly by repeated misapplication of names (Costea et al., 2001) which is 
shown in Table 1. Due to variation of morphological characters, accurate classification of 
amaranth genetic resources is not always possible (Transue et al., 1994).  

For preliminary identification of Amaranthus species, the useful tool can be the number, 
thickness, orientation and density of branches in inflorescences. The flowers are arranged in 
small and very contracted cymes, which are agglomerated, axillary and additionally 
arranged in racemose or spiciform terminal, large and complex synflorescences. Although 
extremely variable, there is usually a tendency towards a morphological “type” (Costea et 
al., 2001).  

The colour of the seeds is commonly dark-brown to blackish, or whitish-yellowish, 
sometimes with reddish nuances at the species cultivated as cereals. Many cultivars of A. 
caudatus have pink cotyledons visible through the seed coat. The colour may be uniform or 
not, in the last case usually with the marginal zone paler. Weedy species and species used as 
a vegetable have mostly black or dark seeds (Costea et al., 2001; Jarošová et al., 1997; Das, 
2011).  

Many species of the genus are greatly affected by environmental factors (nutritional 
elements, water availability, light conditions, injurious factors, etc. exhibiting a great 
morphological variability with little taxonomic significance (Costea et al., 2001). All the 
above mentioned characteristics are useful for the taxonomy of the genus but difficult to use 
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for the current identification of taxa (Costea et al., 2001). Also it is dependent on the 
cultivation in the field conditions. In the case of a gene bank, when seed samples are 
received, it is necessary to sow them in the field conditions for the morphological and 
phenological evaluations. But in the case of weedy species, it would be better to know, if the 
samples are not harmful weeds. We need to exclude weeds from our collection. 

Many different methods of identification have been used for evaluation of amaranth 
diversity. RAPD analysis was successful in the investigation of the relationships of four A. 
hypochondriacus varieties (Barba de la Rosa et al., 2009). AFLP markers were successfully 
used to determine species what demonstrated taxonomic ambiguity at the basic 
morphologic level (Costea et al., 2006). Other methods such as ITS, ISSR and isozyme profile 
were used to get exhaustive view of interrelationship and relative closeness among 
amaranth species (Das, 2011; Xu & Sun, 2001). Also other methods such as electrophoresis 
profiles of proteins have been successfully used to clarify the taxonomy of many families. 
There was published, that electrophoresis can also be used to characterize the seed protein 
profiles of species and cultivars, compare cultivars of different geographical origin, and 
provide taxonomically useful descriptors that are substantially free from environmental 
influence. This method is rapid, relatively cheap, largely unaffected by the growth 
environment and eliminate to grow plant to maturity (Juan et al., 2007; Jugran et al., 2010). 
Drzewiecki (2001) used SDS PAGE of urea-soluble proteins of amaranth seeds for 
distinguishing both – species and their cultivars. Samples of seven species were divided into 
three groups by protein patterns according to similarity. According to solubility, Osborne 
(1907) divided proteins into four classes: albumins soluble in water, globulins soluble in 
high salt concentration, prolamins soluble in aqueous alcohol and glutelins soluble in acid 
or alkaline solutions (Segura-Nieto et al., 1994). The division into four protein fractions 
brings the possibility to see the differences among seed samples more clearly. The first 
general characterization of the protein fraction spectra of amaranth species was 
performed by Gorinstein et al. (1991) and Drzewiecki et al. (2003). Finally, Dzunkova et al. 
(2011) set up the methodology for clear identification of the amaranth species using 
glutelin protein fraction. The washing off water, salt- and alcohol- soluble proteins in 
protein fraction separation process makes polymorphic peaks of amaranth glutelins to be 
distinguished very easily. 

SDS PAGE has been the traditional method for analysing glutenin subunit composition of 
wheat, but the procedure is slow, laborious and non-quantitative. The chip microfluidic 
technology, based on capillary electrophoresis, provides new opportunities in analysis of 
wheat HMW-GSs. This procedure is rapid, simple to operate, enabling automatic and 
immediate quantitative interpretation. Other advantages over traditional gel electrophoresis 
are lower sample and reagent volume requirements and a reduced exposure to hazardous 
chemicals (Bradova & Matejova, 2008).  

In this work, we focused on evaluation for precise determination of amaranth genetic 
resources in the Czech Gene Bank. One of our aims was to separate amaranth species 
according to protein patterns and to verify our hypothesis of different protein fraction 
pattern based on species and variety. We compared spectra of storage proteins and their 
fractions of wild weedy and cultivated species of amaranths and verified the suitability of 
this method for species identification in our collection. 
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Latin name Synonyms 
Amaranthus caudatus L.1 Amaranthus caudatus subsp. caudatus 

Amaranthus caudatus subsp. mantegazzianus 
Amaranthus caudatus subsp. 
caudatus1 
 

= Amaranthus alopecurus Hochst. ex A. Br. & 
Bouche  

 

= Amaranthus abyssinicus hort. ex L.H. Bailey. 
= Amaranthus caudatus subsp. saueri Jehlik  
= Amaranthus caudatus L.  
= Amaranthus maximus Mill.  
= Chenopodium millmi J.T. del Granado  
= Amaranthus caudatus var. alopecurus Moq. 

 

Amaranthus caudatus subsp. 
mantegazzianus1 
 

= Amaranthus edulis Spegazz.   
= Amaranthus mantegazzianus Passer.  

 

Amaranthus cruentus L. 1 = Amaranthus caudatusauct.   
= Amaranthus paniculatus L.   
= Amaranthus hybridus var. cruentus   
= Amaranthus sanguineus L.   
= Amaranthus hybridus 'paniculatus'.  
= Amaranthus speciosus  

 

Amaranthus retroflexus L. 1 = Amaranthus patulusauct.   
= Amaranthus delilei Richter & Loret  

 

Amaranthus hypochondriacus L. 1 = Amaranthus chlorostachys var. erythrostachys  
(Moq.) Aell.  

 

= Amaranthus leucospermus S. Wats.   
= Amaranthus leucocarpus S. Wats.   
= Amaranthus hybridus convar. erythrostachys 
(Moq.) Thell. ex Asch. & Graebn. 

 

= Amaranthus hybridus subsp. hypochondriacus (L.) 
Thell.  

 

= Amaranthus flavus L.   
= Amaranthus frumentacea Buch.-Ham.   
= Amaranthus chlorostachys var. leucocarpus (S. 
Wats.) Aell.  

 

= Amaranthus anardana Buch.-Ham.   
 

Amaranthus cannabinus ( L. ) 
J.D.Sauer2 

Acnida cannabina L. 

Amaranthus deflexus L. 2  
Amaranthus tuberculatus (Moq. ) 
J.D.Sauer2 

Acnida tuberculata Moq. 

1according to Mansfeld'sEncyclopedia of Agricultural and Horticultural Crops (Hanelt& IPGCPR, 2001) 
2according to IPNI (2011) 

Table 1. Synonyms of selected amaranth species 
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2. Materials and methods 
2.1 Plant material 

For the evaluation there were used 46 amaranth genotypes from Crop Research Institute in 
Prague, Czech Republic (CRI) and from USDA, ARS, NCRPIS Iowa State University. In 
these samples, there were 6 accessions of wild weed and 40 of the cultivated species. The 
acronyms used for the wild species were as follows: De - A. deflexus, Au - A. australis, Wr - A. 
wrightii, Tu - A. tuberculatus, Cn - A. cannabinus, Re - A. retroflexus. The cultivated samples 
were evaluated in the field conditions in 2008 and 2009 according to the list of descriptors 
for amaranths created for purposes of the Czech Gene Bank. The morphological and 
phenological characters are evaluated according to List of Descriptors for amaranth created 
in the Czech Gene Bank. Following traits were evaluated in the field conditions:  

 number of days from emergence to inflorescence observation,  
 number of days from emergence to flowering,  
 number of days from emergence to maturity.  

The first two traits were assessed when 50% of plants were in this stage. The numbers of day 
from emergence to inflorescence observation and the numbers of days from emergence to 
flowering are important characters due to fact, that certain amaranth genotypes are sensitive 
to day-length. Maturity was estimated when 75% of the grains were mature. Plant height 
was measured from the soil surface to the top of the main stem in cm. Length of 
inflorescence was measured from the downmost branch to the top of inflorescence of the 
main stem in cm. Weight of thousand seeds (WTS) was weight of thousand seeds in g. 

2.2 Total seed protein content and protein fractions content determination 

The measurements of total seed protein content and protein fraction content were 
performed by the Kjeldahl method (Czech state norm 56 0512-12) in Kjeltec automatic 
analyzer (Kjeltec 2300, Foss Tecator, Sweden) with the protein-nitrogen coefficient set to 
6.025. Protein fractions (albumins, globulins, prolamins and total glutelins) were extracted 
according to the protocol developed for the wheat protein fraction separation by Dvoracek 
(2006) with some modifications. For the determination of protein fractions content was used 
0.5 g of milled amaranth seeds. The protein fractions were extracted by adding 5 ml of 
solvent (distilled water for albumins, 0.5 M NaCl for globulins, cold 60% ethanol for 
prolamins), vortexing and centrifuging by 10 000 × g for 15 minutes (Universal 32R 
HettichCentrifugen, Germany). This procedure was repeated twice and the supernatants 
from each extraction were saved and poured together. In the case of prolamins, after first 
addition of solvent, tubes were vortexed and chilled to 4°C for 4 hours; after that the 
procedure was performed exactly as for albumins and globulins. The protein content of 
whole seed was also measured by milling 1g of amaranth seeds. For the boiling in the 
automatic digestion system (2015lift, 2020 digestor, Foss Tecator, Denmark) were used 10 ml 
from the obtained 15 ml of each fraction extract. Into the each 250 ml tube one catalyser 
tablet, 3.5 g of K2SO4 and CuSO4 mixture and 10 ml of H2SO4 were added. In one tube was a 
blank sample. Tubes were let to boil to the temperature of 420°C for about 1 h 40 min. After 
cooling for about 10 min, 75 ml of distilled water was added. The content of glutelin and the 
residual nitrogen fraction was calculated as the difference between the content of the total 
seed protein and three measured fractions. 
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2.3 Electrophoresis of the proteins 

2.3.1 Extraction of the total seed storage proteins 

Five different approaches to the extraction were tested for the development of the best 
extraction approach:  

1. single seed extracted in 18 µl of the extraction solution, 
2. bulk of 10 seeds extracted in 50 µl of the extraction solution, 
3. bulk of 10 seeds extracted in 100 µl of the extraction solution, 
4. bulk of 100 seeds extracted in 200 µl of the extraction solution, 
5. bulk of 100 seeds extracted in 400 µl of the extraction solution. 

Seed samples were crushed separately and mixed with extraction solution (consisted of 
0.0625 M Tris-HCl pH 8.8, 5% (w/v) 2- mercaptoethanol, 2% (w/v) SDS, 10% (w/v) 
glycerol, 0.01% (w/v) bromphenol blue) by  vortexing (MS2 Minishaker, IKA, Germany) 
several times in 1.5 ml tubes. Tubes were allowed to stand at 4 °C for three hours. After this 
extraction time, the tubes were centrifuged at 12 000 x g for 15 min (Universal 32R 
HettichCentrifugen, Germany). After the replacement of the samples to the new tubes, the 
samples were heated in a boiling water bath for 2 min. 

Ten seeds from each variety were selected randomly, crushed and put into 2 ml micro tube. 
The protein fractions were extracted by adding 100 µl of solvent (distilled water for 
albumins, 0.5 M NaCl for globulins, cold 60% ethanol for prolamins), vortexing and 
centrifuging by 10 000 × g for 15 minutes (Universal 32R HettichCentrifugen, Germany). 
This procedure was repeated twice but the supernatants of the second and third wash were 
always discarded. In the case of prolamins, after first addition of solvent, tubes were 
vortexed and chilled to 4°C for 4 hours; after that the procedure was performed as in the 
case of albumins and globulins. Tubes containing protein fractions extract and the seed 
pellets (glutelins) were freezed to -25°C. After the supernatant in the tubes became solid, the 
top of the tubes was perforated by a needle to form small holes what serve to prevent the 
loss of the sample by lyofilisation. The lyofilisation was performed by freeze dryer (Christ, 
Germany) during 24 h at -58°C and 0.018 mBar. The lyophilized solid samples were mixed 
with 100 µl extraction solution (consisted of 0.0625 M Tris-HCl pH 8.8, 5% (w/v) 2-
mercaptoethanol, 2% (w/v) SDS, 10% (w/v) glycerol, 0.01% (w/v) bromphenol blue) by 
vortexing several times in 1.5 ml tubes. Tubes were allowed to stand at 4 °C for three hours. 
After this extraction time, the tubes were centrifuged at 12000 x g for 15 min. The 
supernatants were put into new tubes and heated in boiling water for 2 min. 

2.3.2 Protein separation by SDS PAGE 

The amaranth protein extracts were separated in conditions of discontinuous electrophoresis 
(SDS-PAGE) according to Laemmli (1970) 4% stacking gel of pH 6.8, 10% separation gel of 
pH 8.8 on the polyacrylamide gels of the size 180 x 160 x 0.75 mm.  

On the gel was loaded: 

- 15 μl of the single seed sample, 
- 20 μl of the 10 seed bulk, 100 seed bulk and all the protein fraction samples, 
- 7 μl of the protein marker: SigmaMarker Wide Range (MW 6,500-200,000). 
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The electrophoresis was performed on 90 mA (45 mA / gel) and let to run for about 4 hours. 
The gels were stained with a solution of 0.1% (w/v) Coomasie Brilliant Blue (CBB) R250, 
50% (w/v) methanol, 10% acetic acid, 0.02% (w/v) bromphenol blue salt for 1 day and 
destained with a solution of 25% (w/v) denatured alcohol and 3.5% (w/v) acetic acid, what 
lasted also 1 day. Gels were preserved in solution: 45% (w/v) denatured alcohol, 3% (w/v) 
glycerol for 2 hours, then dried and stored into cellophane sheets. The whole procedure 
including the test of the different extraction concentrations, the protein fraction separation 
procedure and the electrophoresis was repeated for the control of the correct experiment 
performance. 

2.3.3 Chip electrophoresis 

All the extracted protein fraction samples were analyzed by chip capillary electrophoresis 
using commercial Experion Pro260 Analysis Kit for 10 Chips and the Experion automated 
electrophoresis system (Bio-Rad Laboratories, USA) for protein quantification according to 
the manufacturer’s instructions. Experion automated electrophoresis station performs 
automatically all the steps of the gel-based electrophoresis (samples separation, staining, 
destaining, imaging, band detections, and data analysis). 

2.4 Statistical analysis 

For the statistical evaluation of morphological traits, analysis of variance (ANOVA) and the 
Tukey HSD test were used (software -Statistica 7.0 CZ). In the case of protein fraction 
proportion in accessions with different seed colour, the basic statistics of R statistics 2.10.0 
software were used for calculation of mean x, standard deviation sx and p-values (adjusted 
by Holm correction, two sided Welch Two Sample t-test used). 

The SDS-PAGE spectra of total seed storage proteins and protein fractions were compared 
and confronted with the spectra of the chip capillary electrophoresis. The bands in the 
spectra were analyzed regarding the positions of the bands and also the relative intensity of 
the bands. The intensity of the bands was analyzed individually for each sample considering 
the intensity of the internal markers of the chip electrophoresis and the general intensity of 
all the bands in the sample. The intensity of the bands was expressed as the relative protein 
concentration measured by chip capillary electrophoresis what was the multiplication of 
numbers 0, 1, 2, 3 used in our statistics (0– no band, 1- light band, 2 – medium intensity 
band, 3 – dark band). The spectra expressed as the numerical values were analyzed by R 
statistics 2.10.0 software. The relationships between accessions were expressed by Pearson 
correlation using single linkage. The hierarchical clustering dendrogram was cut at the level 
of correlation 0.99 to show the well defined clusters. 

3. Results and Discussion 
3.1 Morphological and phenological evaluation 

Mean data of morphological and phenological evaluations of amaranth are shown in table 2 
and 3. From our long-term observations, genotypes with number of days from emergence to 
flowering higher than 100 days likely does not mature before early frost in autumn. The 
vegetation period in evaluated collection ranged from 92±0.00 to 163.00±0.00 days. Also 
height of plants in maturity and length of inflorescence is a very useful character. Both are  
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 From emergence to inflorescence 
observation (days) 

From emergence to 
flowering (days) 

From emergence to 
maturity (days) 

Genotype Mean±SD Mean±SD Mean±SD 
6 56.00±1.41abc 72.00±7.07bcdef 107.00±16.97ab 
11 51.50±7.78abc 67.00±4.24abcdef 120.50±7.78ab 
12 47.50±4.50abc 64.00±11.37abcdef 101.00±16.97ab 
21 46.50±3.54abc 64.00±8.49abcdef 108.50±24.75ab 
23 51.00±2.83abc 64.00±9.90abcdef 109.00±25.46ab 
24 46.00±0.00abc 64.00±9.90abcdef 102.00±25.46ab 
35 51.50±2.12abc 64.50±7.78abcdef 100.50±26.16ab 
43 64.00±0.00abc 86.00±0.00ef 122.00±0.00ab 
44 62.00±5.66abc 105.00±0.00abcdef 131.00±36.77ab 
45 44.00±0.00abc 63.00±0.00abcdef 145.00±0.00ab 
51 49.00±4.24abc 67.00±5.66abcdef 107.00±26.87ab 
62 45.00±1.41abc 64.50±9.19abcdef 126.00±0.00ab 
70 52.00±1.41abc 68.50±3.54abcdef 112.50±19.09ab 
71 45.50±4.50abc 65.00±4.24abcdef 111.50±17.68ab 
72 50.00±7.07abc 68.00±2.83abcdef 100.00±26.87ab 
73 41.00±0.00ab 56.50±0.71abcd 113.50±0.71ab 
75 52.00±2.83abc 75.00±0.00cdef 104.50±16.26ab 
76 47.50±0.71abc 61.00±4.24abcdef 114.50±3.54ab 
80 44.00±0.00abc 69.00±0.00bcdef 124.00±0.00ab 
92 75.00±7.07abc 98.00±0.00abcdef 163.00±0.00b 
95 34.50±19.09ab 51.00±7.07abcd 111.00±1.41ab 
96 36.50±12.02ab 60.50±10.61abcdef 106.00±16.97ab 
98 47.50±12.02abc 78.00±0.00def 121.00±0.00ab 
99 45.00±0.00abc 63.00±0.00abcdef 111.00±0.00ab 
101 42.50±0.71abc 55.50±3.54abcd 110.00±1.41ab 
104 43.50±7.78abc 54.00±4.24abcd 114.50±20.51ab 
107 45.00±0.00abc 65.00±0.00abcdef 111.00±0.00ab 
109 48.00±0.00abc 88.00±0.00f 101.50±14.85ab 
110 49.50±2.12abc 64.50±4.50abcdef 118.00±11.31ab 
111 52.50±2.12abc 63.00±1.41abcdef 116.50±9.19ab 
112 55.50±7.78abc 70.50±10.61bcdef 120.00±14.14ab 
120 51.50±0.71abc 70.00±0.00bcdef 116.00±22.63ab 
121 31.50±23.33ab 57.00±5.66abcd 92.00±0.00a 
123 41.50±14.85ab 53.00±15.56abcd 114.00±25.46ab 
124 47.50±3.54abc 60.00±2.83abcde 115.00±11.31ab 
125 49.5±0.71abc 58.00±0.00abcd 105.50±7.78ab 
132 35.00±0.00ab 47.00±1.41ab 97.00±15.56ab 
134 35.00±2.83ab 48.50±0.71abc 97.50±16.26ab 
136 27.50±19.09a 41.00±16.97a 103.00±22.62ab 
143 41.50±3.54ab 60.00±4.24abcde 98.50±17.68ab 
Year    
2008 45.44±11.67a 66.21±13.60a 115.68±15.42a 
2009 48.17±8.78a 63.83±13.06a 108.27±19.29b 

SD-standard deviation  
Analysis of variance (ANOVA) and the Tukey HSD test were used for statistical evaluation (software - 
Statistica 7.0 CZ). 
Different letters in the same row are statistically significant at p ˃ 0.05. 

Table 2. Phenological evaluation of amaranths 



 
Genetic Diversity in Plants 

 

466 

 

 Inflorescence length (cm) Plant height (cm) WTS (g) Colour of seed 
Genotype Mean±SD Mean±SD Mean±SD  
6 54.00±1.41de 137.50±3.54bcd 0.75±0.01cdefghijk pale 
11 56.50±0.71de 137.50±45.96bcd 0.69±0.08bcdefghij pale 
12 29.50±0.71bc 117.50±3.54abcd 0.68±0.04bcdefghij pale 
21 34.00±1.41bcd 90.00±7.07abc 0.58±0.03abcdefg pink 
23 44.50±0.71cde 127.50±3.54bcd 0.76±0.08cdefghijk black 
24 66.00±1.41e 152.50±3.54cd 0.75±0.07cdefghijk black 
35 30.50±0.71bc 167.50±3.54d 0.90±0.00ijk pale 
43 36.00±0.00bcd 150.00±0.00cd 0.74±0.04cdefghijk pale 
44 24.50±0.71a 147.50±3.54cd 0.74±0.00cdefghijk pale 
45 29.00±0.00bc 100.00±0.00abc 0.88±0.00hijk pale 
51 29.00±0.00bc 142.50±3.54bcd 0.85±0.00hijk pale 
62 37.50±0.71bcd 137.50±3.54bcd 0.66±0.06abcdefghi black 
70 45.50±0.71cde 102.50±3.54abcd 0.78±0.05efghijk pale 
71 52.50±0.71cde 132.50±3.54bcd 0.86±0.15hijk pale 
72 46.50±0.71cde 122.50±3.54bcd 0.93±0.10jk pale 
73 41.50±0.71cde 130.00±8.49bcd 0.71±0.01cdefghijk pale 
75 60.00±0.00e 132.50±3.54bcd 0.91±0.10ijk pale 
76 36.50±3.54bcd 109.00±4.24abcd 0.84±0.08ghijk pale 
80 47.00±0.00cde 125.00±0.00bcd 0.50±0.00abcd black 
92 51.00±1.41de 142.50±3.54bcd 0.84±0.00ghijk pale 
95 35.50±0.71bcd 92.50±3.54abc 0.63±0.11abcdefgh black 
96 34.00±1.41bcd 92.60±3.54abc 0.40±0.04a black 
98 43.50±0.71cde 152.50±3.54cd 0.96±0.00k pale 
99 44.00±0.00cde 110.00±0.00abcd 0.70±0.00bcdefghijk black 
101 38.00±0.00bcd 127.50±36.06bcd 0.5±0.02abc pink 
104 42.50±0.71cde 92.50±3.54abc 0.63±0.04abcdefgh black 
107 22.00±0.00a 53.00±0.00a 0.52±0.00abcde black 
109 34.50±0.71bcd 77.50±3.54ab 0.44±0.04ab black 
110 49.50±0.71cde 155.00±7.07cd 0.70±0.00bcdefghijk black 
111 52.00±1.41de 137.50±3.54bcd 0.52±0.11abcde black 
112 53.00±2.83de 127.50±3.54bcd 0.84±0.01ghijk pale 
120 51.50±2.12de 95.00±42.43abc 0.73±0.03cdefghijk pale 
121 36.50±2.12bcd 115.00±21.21abcd 0.54±0.17abcdef pale 
123 47.00±0.00cde 102.50±3.54abcd 0.80±0.00fghijk pale 
124 54.50±0.71de 137.50±3.54bcd 0.82±0.06ghijk pale 
125 51.50±0.71de 127.50±3.54bcd 0.75±0.14cdefghijk pale 
132 46.50±4.50cde 114.50±23.33abcd 0.77±0.01efghijk pale 
134 44.50±3.54cde 119.50±17.68bcd 0.81±0.08fghijk pale 
136 45.50±3.54cde 92.50±38.89abc 0.77±0.01defghijk pale 
143 39.50±2.12bcd 107.50±38.89abcd 0.79±0.02efghijk pale 
Year     
2008 42.71±9.90a 122.85±26.21a 0.72±0.15a  
2009 43.22±9.87a 119.02±26.36a 0.73±0.14a  

Different letters in the same row are statistically significant at p ˃ 0.05. 
SD-standard deviation  
Analysis of variance (ANOVA) and the Tukey HSD test were used for statistical evaluation (software - 
Statistica 7.0 CZ). 

Table 3. Morphological evaluation of amaranth 
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Table 3. Morphological evaluation of amaranth 
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important for mechanized harvest by combine harvester. Lower plants with mean 
inflorescence are better for grain production and mechanized harvest. From our collection it 
is for example accession ‘120’ with 95.00±42.43 cm height and 51.50±2.12 cm length of 
inflorescence. Taller genotypes are useful to develop varieties for feed utilization (Wu eta l., 
2000). On the other hand, plant height could be influenced by increasing of number of plant 
per m2 (Jarošová et al., 1997). The value of weight of thousand seeds (WTS) is shown in table 
3. In the relation with seed colour is clear, that the biggest WTS was observed in pale seeded 
samples. The seed size of the genera ranges from 0.37 to 1.21 g per 1000 seed weight 
according to Espitia-Rangel (1994). He noted that the low value corresponding to wild and 
weedy species and the high values to cultivated grain species. In our experiments the WTS 
ranged from 0.39 to 0.96 g. 

3.2 Protein content and content of protein fractions 

The results of the protein content analysis showed that the highest protein content (17.32 ± 
0.82%) had A. cruentusaccessions followed by A. caudatus (17.24±0.65%) and A. 
hypochondriacus (16.89±0.80%). It corresponds with other published data.  Segura-Nieto et al. 
(1994) published, that the range of protein content is following: A. cruentus 13.2 – 18.2%, A. 
hypochondriacus 17.9% and A. caudatus 17.6 – 18.4%. The range of the total protein content 
into our collection (12.43 – 17.33%) was similar to the results of other authors investigating 
various amaranth genotypes (Barba de la Rosa et al., 2009). The amaranth albumins, 
globulins and prolamins formed 9.2 – 14.65%, 9.78 – 13.81% and 1.76 – 3.3% of total seed 
protein, respectively (Table 4). The glutelins with the residual nitrogen were the most 
abundant. It was in accordance with the results of Bressani & Garcia-Vela (1990) and 
Bejosano & Corke (1999a). The very low content of prolamins (1.76 – 3.3%) confirmed the 
results of several authors (Gorinstein et al., 1991a; Bejosano & Corke, 1999a; Petr et al., 2003). 
However, another group of authors reported several times more prolamins (Correa et al., 
1986; Zheleznov et al., 1997; Vasco-Mendez & Paredes-Lopez, 1995). The differences 
between the results of these two groups of authors might be due to the different extraction 
methods (Fidantsi & Doxastakis, 2001). Significant differences between black, pale and pink 
coloured seeds in the content of albumins were detected. Content of albumins of the black 
seeded group (9.64 ± 0.40%) was significantly lower (p-value 4.10-3) than of the pale seeded 
group (13.21 ± 1.45%) and also lower than of the pink seeded group (11.39 ± 0.00; p-value 
2.10-2). Bresani & Garcia-Vela (1990) did not observed any differences in the protein fractions 
distribution among species or cultivars of the same species, independent of the fractionation 
sequence used. However, our results showed that the black seeded varieties had the lowest 
albumin content. No significant differences in other protein fractions were detected.  
 

 Seed colour 
black pale pink range 

WTS (g) 0.60 ± 0.12 0.79 ± 0.09 0.54 ± 0.04 0.39 - 0.96 
Protein content in % 15.69 ± 0.60 16.69 ± 0.78 16.04 ± 0.00 12.43 – 17.33 
Albumins 9.64 ± 0.40 13.21± 1.45 11.39 ± 0.00 9.2 – 14.65 
Globulins 10.92 ± 0.78 1 11.76 ± 1.72 10.75 ± 0.00 9.78 – 13.81 
Prolamins 2.37 ± 0.82 2.68 ± 0.44 2.00 ± 0.00 1.76 – 3.3 
Glutelins + residual nitrogen 77.07 ± 0.33 72.35 ± 2.67 75.86 ± 0.00 69.13 – 77.44 

Table 4. Total seed protein content and protein fraction content (in % of DW) of investigated 
accessions with respect the seed colour. 
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3.3 Methodical approach to protein extraction 

According to our results, the chip capillary electrophoresis could replace the standard SDS-
PAGE procedure, because it produced comparable results and what is more it could be 
performed routinely also in small laboratories thanks to its rapid performance. On the other 
hand, the chip capillary electrophoresis showed wider range of proteins spectra (up to 260 kDa). 

The test of different concentrations was used for selection of the best extraction approach for 
chip and SDS-PAGE electrophoresis. By the chip capillary electrophoresis, the bulked 
samples of 100 seeds in 400 μl of extraction buffer were also tested. The chip capillary 
electrophoresis showed the high sensitivity and therefore the high concentration of the 
protein in the main bands resulted in their illegility. The protocol of chip electrophoresis 
does not provide many possibilities to chase the loaded amount of the sample. The 
satisfactory results of the chip electrophoresis brought the use of the single seeds. 

For the SDS PAGE there were used single seed samples, bulked samples of 10 seeds extracted 
in 50 and 100 μl and bulked samples of 100 seeds extracted in 200 and 400 μl of extraction 
solution were used. The protein patterns of the samples extracted from the single seeds did not 
show the intensity required for the analysis of all the bands in the spectra (Figure 1). On the 
other hand, samples obtained by extraction of 10 seeds in 50 μl and 100 seeds extracted in 200 
μl of extraction solution did not show clearly separated bands, what resulted in their illegility. 
In comparison with the spectra of the less concentrated samples (single seeds, 10 seeds in 100 
μl of extraction solution), the main bands of the more concentrated samples were thick and 
joined together. The bands, which were in the less concentrated samples less intensive, were 
expressed so intensively that formed dark background what resulted in the impossibility of 
identification of the individual bands in the protein spectra. The protein spectra of the samples 
obtained by the extraction of 100 seeds in 400 μl were also over expressed, but the less 
intensive bands did not form the background, so the mayor bands were more easily identified, 
but several mayor bands joined together. 

As the best approach for the total seed storage protein extraction for classical SDS-PAGE we 
selected bulked samples of 10 seed extracted in 100 μl of extraction solution. The bulked 
samples of 10 seeds extracted in 100 μl to be the most suitable tools, because of their clear 
expression of protein patterns and moreover they can be used when samples with higher 
number of seeds are not available. This selected approach differed from methodology 
selected by Drzewiecki (2001) who used 50 μl or by Gorinstein et al. (2005) who used 62.5 μl 
of extraction solution for 10 seeds bulked samples. The need for using more extraction 
solution in our study might be to consequence of higher protein extraction as a result of the 
proper seed crushing performed in our study which was not mentioned in the methodology 
description of other authors (Drzewiecki, 2001; Gorinstein et al., 2005).  

When using total seed storage protein spectra for accessions identification by chip 
electrophoresis the single seed samples with several repetitions showed up as the best 
approach. These results were with accordance with Bradova & Matejova (2008) that 
compared whole seed storage proteins of wheat. 

3.4 Polymorphism of the glutelins 

The electrophoresis of the glutelin fraction is widely used for crop varieties identification. 
There were published several articles about wheat (Matejova&Bradova, 2008; Dutta et al., 
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2011), rice (Gorinstein et al., 2003), barley (Smith & Simpson, 1983), lupine (Vaz et al., 2004) 
etc. varieties identification based on glutelin patterns. Similarly amaranth glutelins showed 
polymorphism not only in position of bands but also in their intensity.  

  
 

1 - a single seed extracted in 18 μl, 
10a - bulk of 10 seeds extracted in 50 μl, 
10b - bulk of 10 seeds extracted in 100 μl, 
100b - bulk of 100 seeds extracted in 400 μl of the extraction solution. 
M - wide range protein marker (bands in kDa). 

Fig. 1. SDS – PAGE spectra of total seed storage proteins of sample obtained by different 
extraction approaches. 

In the cluster dendrogram (Figure2), there were clearly separated the grain and the wild 
monoecious and the wild dioecious accessions. All investigated amaranth species had in 
common three major bands of the MW 21 – 23 kDa, but remarkable differences in the rest 
of the spectra were the reason for the segregation into three main clusters. The glutelin 
spectra of the grain amaranth varieties were very similar to the total seed storage protein 
patterns, but the main polymorphic bands were better distinguished because of the 
washing off the first three fractions during fraction separation procedure which probably 
formed the “background” of the spectra. The principal polymorphism was detected in 
following band positions 38, 39, 54, 58, 60, 64 and 65 kDa with three intensity levels (1-3). 
The amaranth glutelins showed up as the most abundant protein fraction by SDS-PAGE 
analysis also in the study of Bejosano&Corke (1999). The division of the grain amaranth 
glutelins into three major groups reported also Gorinstein et al. (2004) and Barba de la 
Rosa et al. (2009). 

Figure 2 indicated three well defined clusters: grain species, monoecious wild species and 
dioecious wild species. The grain species A. cruentus, A. hypochondriacus, A. caudatus closely 
matched together with one sample A. mantegazzianus. There were clearly segregated clusters 
with the wild monoecious species (A.wrightii, A. delfexus and A. retroflexus) and the wild 
dioecous species (A. australis, A. cannabinus and A. tuberculatus). 
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A. caudatus group presentedwas two accessions ‘21’ and ‘101’ characterized by the dark 
band 60 kDa and the light band 39 kDa in their glutelin spectra. The A. cruentus cluster was 
clearly separated in the dendrogram of hierarchical distancing by the presence of the dark 
band of 58 kDa and of the light band in the position of 39 kDa. A. hypochondriacus accessions 
were characterized by the lack of any band in the position 58 kDa and by the presence of the 
dark band 54 kDa and the light band 38 kDa. The typical band (in the position 54 kDa) used 
for A. hypochondriacus recognition was qualified as characteristic for A. hypochondriacus by 
several authors (Drzewiecki, 2001; Marcone, 2002; Gorinstein et al., 2005), but its position 
was determined differently: as 55 kDa (Marcone, 2002) or 52 kDa (Drzewiecki, 2001) or in 
the case of protein fractions as 55 kDa, too (Thanapornpoonpong et al., 2008). The 
characteristic presence of the band 58 kDa in A. cruentus spectra and of the band 54 kDa in 
A. hypochondriacus spectra was confirmed by the results of Thanapornpoonpong et al. (2008).  

Some of the accessions possessed extra light band of 65 kDa and were aggregated close to 
the A. hypochondriacus cluster. Their similarity to the other A. hypochondriacus varieties was 
expressed by very high correlation 0.987.  

The dark band of 54 kDa, the dark band of 64 kDa and the light band in the position 65 kDa 
showed up in the glutelin spectra of the accession ‘134’. The accession ‘80’ had the same 
glutelin spectra, but its band of 54 kDa was of medium intensity. These two varieties might 
be the hybrids of A. hypochondriacus and other unknown species which could have dark 
band of 64 kDa and light band of 39 kDa or they might be A. hypochondriacus varieties with 
some special properties that were not considered in our study. The accessions ‘132’ with the 
dark band of 60 kDa typical for A. caudatus accessions was also present in the spectra and 
therefore the correlation between these accessions and the A. caudatus accessions was as 
high as 0.911. These accessions also showed the light band of 38 kDa and the medium 
intensity band of 54 kDa (typical marker for A. hypochondriacus spectra).  

The dioecious wild species A. australis, A. cannabinus and A. tuberculatus formed a totally 
distinct cluster. They possessed several major dark bands of lower molecular weight 32 - 50 
kDa. From this group, A. cannabinus and A. australis were the most similar, their correlation 
was 0.675. The monoecious wild species (A. wrightii, A. deflexus and A. retroflexus) and the 
dioecious wild species had in common one light band in the position of 65 kDa. The major 
dark bands of the monoecious wild species were of MW 29 - 66 kDa. The spectra of the 
monoecious wild species had some similarities with the spectra of the grain species. The grain 
species spectra were characterized by the two bands of MW 31 and 33 kDa while in the spectra 
of A. retroflexus these bands were just “shifted up” to MW 32 and 34 kDa. Protein fractions 
spectra of the wild species had not been published yet by other researchers. The results 
indicated the high correlation of the spectra of A. retroflexus and A. wrightii what confirmed the 
similarity observed by the first morphological descriptions made by Watson (1877). 

Accessions possessing several bands of different intensities in the polymorphic area were 
qualified as the hybrid accessions. The accession ‘99’ had in its spectra several bands in the 
polymorphic area: the dark band of 54 kDa, light band of 58 kDa, medium intensity band in 
the position of 60 kDa and the light band of 65 kDa. Its similarity with A. hypochondriacus 
was expressed as correlation 0.901 and to the accession ‘95’. The accession ‘95’ differed from 
the accession ‘99’ just in the intensity of the bands of 58 kDa and 60 kDa (correlation 0.971). 
Varieties ‘62’ and ‘110’ were designated as hybrid varieties. They had the both bands of 54 
kDa (marker for A. cruentus) and 58 kDa (marker for A. hypochondriacus) of medium 



 
Genetic Diversity in Plants 

 

470 

A. caudatus group presentedwas two accessions ‘21’ and ‘101’ characterized by the dark 
band 60 kDa and the light band 39 kDa in their glutelin spectra. The A. cruentus cluster was 
clearly separated in the dendrogram of hierarchical distancing by the presence of the dark 
band of 58 kDa and of the light band in the position of 39 kDa. A. hypochondriacus accessions 
were characterized by the lack of any band in the position 58 kDa and by the presence of the 
dark band 54 kDa and the light band 38 kDa. The typical band (in the position 54 kDa) used 
for A. hypochondriacus recognition was qualified as characteristic for A. hypochondriacus by 
several authors (Drzewiecki, 2001; Marcone, 2002; Gorinstein et al., 2005), but its position 
was determined differently: as 55 kDa (Marcone, 2002) or 52 kDa (Drzewiecki, 2001) or in 
the case of protein fractions as 55 kDa, too (Thanapornpoonpong et al., 2008). The 
characteristic presence of the band 58 kDa in A. cruentus spectra and of the band 54 kDa in 
A. hypochondriacus spectra was confirmed by the results of Thanapornpoonpong et al. (2008).  

Some of the accessions possessed extra light band of 65 kDa and were aggregated close to 
the A. hypochondriacus cluster. Their similarity to the other A. hypochondriacus varieties was 
expressed by very high correlation 0.987.  

The dark band of 54 kDa, the dark band of 64 kDa and the light band in the position 65 kDa 
showed up in the glutelin spectra of the accession ‘134’. The accession ‘80’ had the same 
glutelin spectra, but its band of 54 kDa was of medium intensity. These two varieties might 
be the hybrids of A. hypochondriacus and other unknown species which could have dark 
band of 64 kDa and light band of 39 kDa or they might be A. hypochondriacus varieties with 
some special properties that were not considered in our study. The accessions ‘132’ with the 
dark band of 60 kDa typical for A. caudatus accessions was also present in the spectra and 
therefore the correlation between these accessions and the A. caudatus accessions was as 
high as 0.911. These accessions also showed the light band of 38 kDa and the medium 
intensity band of 54 kDa (typical marker for A. hypochondriacus spectra).  

The dioecious wild species A. australis, A. cannabinus and A. tuberculatus formed a totally 
distinct cluster. They possessed several major dark bands of lower molecular weight 32 - 50 
kDa. From this group, A. cannabinus and A. australis were the most similar, their correlation 
was 0.675. The monoecious wild species (A. wrightii, A. deflexus and A. retroflexus) and the 
dioecious wild species had in common one light band in the position of 65 kDa. The major 
dark bands of the monoecious wild species were of MW 29 - 66 kDa. The spectra of the 
monoecious wild species had some similarities with the spectra of the grain species. The grain 
species spectra were characterized by the two bands of MW 31 and 33 kDa while in the spectra 
of A. retroflexus these bands were just “shifted up” to MW 32 and 34 kDa. Protein fractions 
spectra of the wild species had not been published yet by other researchers. The results 
indicated the high correlation of the spectra of A. retroflexus and A. wrightii what confirmed the 
similarity observed by the first morphological descriptions made by Watson (1877). 

Accessions possessing several bands of different intensities in the polymorphic area were 
qualified as the hybrid accessions. The accession ‘99’ had in its spectra several bands in the 
polymorphic area: the dark band of 54 kDa, light band of 58 kDa, medium intensity band in 
the position of 60 kDa and the light band of 65 kDa. Its similarity with A. hypochondriacus 
was expressed as correlation 0.901 and to the accession ‘95’. The accession ‘95’ differed from 
the accession ‘99’ just in the intensity of the bands of 58 kDa and 60 kDa (correlation 0.971). 
Varieties ‘62’ and ‘110’ were designated as hybrid varieties. They had the both bands of 54 
kDa (marker for A. cruentus) and 58 kDa (marker for A. hypochondriacus) of medium 

 
Characterisation of the Amaranth Genetic Resources in the Czech Gene Bank 

 

471 

intensity. Moreover, they possessed the light band of 39 kDa. The presence of the light band 
39 kDa (typical marker for A. cruentus) was the reason for their higher correlation with A. 
cruentus group (0.920) than with A. hypochondriacus group (0.892). The variety ‘111’ was 
exceptional. Moreover, it had higher correlation with A. hypochondriacus varieties (0.960). 

 
Fig. 2. Relations among amaranth samples expressed by Pearson correlation in dendrogram 
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4. Conclusion 
Amaranth is mostly named as a crop of the future. Due to very good contents of protein, oil 
and many components with positive effects to humans, it is one of the promising crops. In the 
Czech Republic, there was interest of amaranth growing in the fields and the consumption of 
amaranth products is increasing as well. Most of grain raw material is imported to the Czech 
Republic from other countries, but there is increasing demand of Czech amaranth production. 
For amaranth cultivation it is necessary to know, what species could be grown. Because 
amaranth is not native in Europe, we have to receive seeds from other sides. In Czech 
legislation act about invasive weeds exists. Several amaranth species are included in this Act. 
In order to avoid cultivation of weedy amaranths, it is necessary to know the characteristics of 
the cultivated species and do not confuse them. Due to vegetable and weedy amaranth have 
black seed colour, it is impossible to use this trait as a marker. Amaranth glutelins were the 
best tool for the amaranth species identification, because they showed high polymorphism not 
only in position of bands but also in their intensity. The method used here was based on the 
data concerning the relative intensity and the position of the bands in the glutelin spectra 
obtained by the chip capillary electrophoresis what resulted in the exact similarity calculation 
of the protein fraction spectra and thus in the segregation of the cultivated grain species, the 
monoecious wild species and the dioecious wild species into three separate clusters. Each of 
the grain amaranth species was characterized by one dark band in the polymorphic region (54 
– 65 kDa), while the hybrids possessed more bands of different relative intensity. The study 
brought several new contributions to the amaranth genetic research and is a very useful tool 
for species identification before cultivation in the field conditions. Unfortunately, this method 
is not so sensitive for individual amaranth genotype identification. We work on it in our 
current tasks. 
 

 

Fig. 3. A. caudatus (Standley, 1949) 

 

 
Fig. 4. A. hypochondriacus (NRC, 1984) 
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Fig. 5. A. cruentus (Bojian et al., 2003)  

 

 
 

 

Fig. 6. A. cannabinus (Standley, 1949) 

 
 
 

 
Fig. 7. A. australis (Standley, 1949) 

 

 
 
 

 
Fig. 8. A. retroflexus (Standley, 1949) 
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Fig. 9. A. tuberculatus (Standley, 1949) 
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Agronomic and Biotechnological Strategies 
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1. Introduction 
Garlic is an apomyctic diploid species (2n=2x=16) with vegetative reproduction that belongs 
to the Allium genus (Alliaceae), which includes onion (Allium cepa), leek (A. ampeloprasum) 
and shallot (A. ascalonicum) (Mc-Collum, 1987; Figliuolo et al., 2001; Ipek et al., 2003; 2005). 
The importance of garlic was recognized by humans at bronze era about 5000 years ago, and 
since these early times, has been used as food, condiment and medicine by Asians and 
Mediterranean (Ipek et al., 2005). World production of garlic is ranked 14th among 
vegetables with a total of 14.5 million ton (Trejo, 2006). In Mexico, its consumption is about 
400 g per capita (Chávez, 2008), and the national production is considered low as compared 
to other countries such as China (80 % world production), India, Korea and the rest of the 
world (20 %) (FAOSTAT, 2011). Still, Mexico has a place as exporter of garlic produced 
mainly from the states: Zacatecas, Guanajuato, Aguascalientes, Baja California, Puebla and 
Sonora (Trejo, 2006). The areas in Mexico during winter 2008, dedicated to garlic were 5,085 
ha with a total yield of 49,968 ton (SIAP, 2011).  

Among other problems, Mexican garlic has a limited spectrum of high yielding cultivars for 
different environments and, at the same time, have good market qualities. Keeping in mind 
that kind of problems, this chapter was mainly focused on agriculture and biotechnology 
research done at four institutions. The first two sections include morphological, 
physiological and cytogenetic characterizations of the most common cultivars and related 
germplasm; the third section describes some advances on garlic micropropagation. The last 
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section describes our strategy for obtaining garlic genotypes with higher yield capability 
and better bulb quality characteristics according to the market demand. 

2. Origin and distribution 
Garlic is native to India (Central Asia), where was considered a spice with mystical 
implications due to its medicinal attributes. Egyptian hieroglyphs and Roman texts refer to 
garlic as a source for health and strength required for physical work. During the Middle 
Ages was used to prevent cholera. Nowadays, it is known for its antiseptic, diuretic, 
vermifuge and vasodilator activities. It also stimulates bile and stomach secretions, and acts 
against atherosclerosis and thrombosis.  

Spaniard conquerors carried with them garlic; first to Cuba and, later, to the rest of the 
American colonies. Early reports of garlic fields in Mexico appeared at the beginning of the 
twentieth century, and fifty years later, the central region of Mexico (Bajío) was the main 
area for garlic production. The time of harvest in that region made possible to start 
exporting surplus, since at that time of the year the world production is low.  

Garlic species are widely distributed on boreal areas having temperate climates and 
mountainous areas from tropical regions. Most of the species diversity is found from 
Mediterranean countries to Central Asia. USA is considered as diversification center for 
Allium (Lagunes, 2009). 

3. Plant description 
Garlic (Allium sativum L.) is propagated asexually, but shows a high morphological diversity 
among cultivars. These cultivars have a range of adaptation to different environments 
(Paredes et al., 2008). Like onion, garlic plants have thin tape-shaped leaves about 30 cm long. 
Roots reach a 50 cm depth or little more. Heads or bulbs are white-skinned, divided into 
sections called cloves. Each head could have from 6 to 12 cloves, which are covered with a 
white or reddish papery layer or “skin”. Bulbs are consumed fresh, totally or partially dried, 
and pickled. Although the bulb consumption is more common, tender shoots sometimes are a 
delicatessen for sophisticated cuisine. These shoots may be prepared like asparagus. 

Each clove is capable to develop a new plant, since they have an apical shoot bud that can 
elongate even though if they are not sown. This shoot is apparent after three months after 
the harvest, depending on the genotype and conservation conditions. Flowers are white, 
and the stem of some species also produce small bulbils. These stems produce a strong odor 
from two compounds: alliin and diallylsulfide.  

4. Mexican genotypes 

The origin of present-day genotypes in Mexico was a group of cultivars: ‘Perla’, ‘California’, 
‘Chileno’ and ‘Taiwan’, which were introduced from USA and China. A short description of 
each is included: 

‘Perla’. Late cultivar (240 d), with creamy-colored bulbs; 10 to 16 cloves per bulb covered 
with about seven outer layers. Plant height is 40-45 cm tall, having a pale-green open 



 
Genetic Diversity in Plants 

 

480 

section describes our strategy for obtaining garlic genotypes with higher yield capability 
and better bulb quality characteristics according to the market demand. 

2. Origin and distribution 
Garlic is native to India (Central Asia), where was considered a spice with mystical 
implications due to its medicinal attributes. Egyptian hieroglyphs and Roman texts refer to 
garlic as a source for health and strength required for physical work. During the Middle 
Ages was used to prevent cholera. Nowadays, it is known for its antiseptic, diuretic, 
vermifuge and vasodilator activities. It also stimulates bile and stomach secretions, and acts 
against atherosclerosis and thrombosis.  

Spaniard conquerors carried with them garlic; first to Cuba and, later, to the rest of the 
American colonies. Early reports of garlic fields in Mexico appeared at the beginning of the 
twentieth century, and fifty years later, the central region of Mexico (Bajío) was the main 
area for garlic production. The time of harvest in that region made possible to start 
exporting surplus, since at that time of the year the world production is low.  

Garlic species are widely distributed on boreal areas having temperate climates and 
mountainous areas from tropical regions. Most of the species diversity is found from 
Mediterranean countries to Central Asia. USA is considered as diversification center for 
Allium (Lagunes, 2009). 

3. Plant description 
Garlic (Allium sativum L.) is propagated asexually, but shows a high morphological diversity 
among cultivars. These cultivars have a range of adaptation to different environments 
(Paredes et al., 2008). Like onion, garlic plants have thin tape-shaped leaves about 30 cm long. 
Roots reach a 50 cm depth or little more. Heads or bulbs are white-skinned, divided into 
sections called cloves. Each head could have from 6 to 12 cloves, which are covered with a 
white or reddish papery layer or “skin”. Bulbs are consumed fresh, totally or partially dried, 
and pickled. Although the bulb consumption is more common, tender shoots sometimes are a 
delicatessen for sophisticated cuisine. These shoots may be prepared like asparagus. 

Each clove is capable to develop a new plant, since they have an apical shoot bud that can 
elongate even though if they are not sown. This shoot is apparent after three months after 
the harvest, depending on the genotype and conservation conditions. Flowers are white, 
and the stem of some species also produce small bulbils. These stems produce a strong odor 
from two compounds: alliin and diallylsulfide.  

4. Mexican genotypes 

The origin of present-day genotypes in Mexico was a group of cultivars: ‘Perla’, ‘California’, 
‘Chileno’ and ‘Taiwan’, which were introduced from USA and China. A short description of 
each is included: 

‘Perla’. Late cultivar (240 d), with creamy-colored bulbs; 10 to 16 cloves per bulb covered 
with about seven outer layers. Plant height is 40-45 cm tall, having a pale-green open 

 
Agronomic and Biotechnological Strategies for Breeding Cultivated Garlic in Mexico 

 

481 

canopy. Experimental yields from this genotype usually range from 16 to 18 ton/ha. 
Physiological disorders are common, such as brush-like plant growth with excessive 
number of thinner leaves; the more severe this problem, the more the plant opens its canopy 
of leaves with reduced sheath. Bulbs of brush-like plants lose their covering layers, 
producing naked cloves. This disorder is high temperature-dependent, having the highest 
temperature influence on March and April; therefore, it varies in severity from year to year. 
Experimental observation indicates that some other factors alone or combined may be 
related to the induction of brush-like plants such as: early planting, excessive nitrogen 
fertilization, and planting density. This disorder worsens when these factors appear 
combined. 

‘California’. Late cultivar (260 d); recently introduced to Aguascalientes (Mexico). Bulbs are 
white, containing 18-26 cloves. Experimental yields range from 18 to 20 ton/ha. Plants are 50 
cm tall on the average; leaves are pale-green with open canopy. 
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5.2 Days to harvest and yield 
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Fig. 1. Garlic genotypes from the germplasm bank at Instituto Nacional de Investigaciones 
Forestales, Agrícolas y Pecuarias - Campo Experimental Pabellón Aguascalientes (INIFAP-
CAEPAB).  

weight varieties (i.e., ‘California’) showed more than 75% greater bulb weight than lowest 
bulb weight varieties (i.e., ‘Pata de Perro’). ‘Perla’ cultivars (‘C-3-1/25’ and ‘C-37-1/8’) had a 
better tolerance to environmental conditions (Fig. 1), their bulbs had fewer cloves (10-12) 
(Table 1), and their bulb and clove weights were favorably compared with those of 
commercial varieties (i.e., ‘Chino’ and ‘Coreano’: Table 1). ‘Sonora’, ‘Positas’, ‘Hermosillo’, 
‘Español’, ‘Pepita’, ‘Massone’, ‘Nicaragua’, ‘Nacajuca’ and ‘Chileno’ cultivars showed very 
similar patterns in morphological characteristics and yields (Table 1). Correlation between 
bulb length and clove weight against bulb weight showed an R2 = 0.9668, while clove weight 
against bulb weight had an R² = 0.635 (both highly significant, p <0.01); in agreement with 
results of Heredia & Delgadillo (2002), these varieties which showed greater bulb weights 
also showed greater clove weights. 
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Genotype Bulb length Bulb weight Clove Plant length Clove weight 

 (cm) (g) number/bulb (cm) (g) 

California 20/1 23.1 ± 1.8 112.3 ± 22.8 17.4 ± 4.6 71.1 ± 2.9 8.1 ± 2.7 

Coreano 20.4 ± 0.7 82.3 ± 8.0 12.9 ± 3.5 67.6 ± 4.9 9.9 ± 2.0 

Perla C-3 - 1/25 20.5 ± 0.7 79.2 ± 7.8 10.9 ± 1.3 74.3 ± 3.4 12.4 ± 1.1 

Perla C-37 - 1/8 21.1 ± 0.6 84.3 ± 8.1 11.9 ± 1.9 73.9 ± 3.4 12.8 ± 3.7 

Chino 18.7 ± 0.9 62.5 ± 6.7 12.2 ± 1.4 49.2 ± 3.8 7.2 ± 1.1 

Ixmiquilpan 18.7 ± 1.6 60.8 ± 10.4 21.8 ± 1.3 72.9 ± 2.4 3.7 ± 1.1 

Durango 19.9 ± 1.0 71.9 ± 7.7 19.9 ± 3.3 75.7 ± 3.6 4.8 ± 1.0 

Criollo Ags. 17.4 ± 1.1 49.7 ± 8.3 14.5 ± 1.4 63.9 ± 2.9 5.3 ± 2.6 

Cortazar 18.4 ± 0.7 57.4 ± 5.8 20.7 ± 2.3 64.7 ± 2.9 3.3 ± 0.5 

Sonora 14.9 ± 0.7 36.4 ± 5.2 16.9 ± 3.5 47.7 ± 5.4 2.5 ± 0.8 

Guatemala 14.8 ± 1.3 33.8 ± 8.8 14.8 ± 2.5 62.0 ± 5.4 3.0 ± 0.7 

Positas 14.3 ± 0.7 34.6 ± 4.9 14.7 ± 3.5 51.5 ± 3.2 3.7 ± 0.9 

Hermosillo 13.9 ± 1.3 31.9 ± 6.7 12.6 ± 3.7 60.1 ± 6.6 2.8 ± 0.8 

Español 13.6 ± 1.4 24.6 ± 5.7 7.5 ± 0.9 59.9 ± 2.4 4.2 ± 1.0 

Pepita 14.0 ± 0.6 32.9 ± 4.2 20.0 ± 4.0 48.3 ± 5.6 2.5 ± 0.6 

Massone 13.2 ± 0.6 30.2 ± 3.6 15.0 ± 2.1 48.1 ± 4.6 2.9 ± 0.8 

Nicaragua 14.1 ± 0.9 29.6 ± 6.6 13.0 ± 2.7 51.5 ± 3.2 2.7 ± 0.8 

Nacajuca 14.4 ± 1.1 31.9 ± 6.7 18.4 ± 3.7 54.7 ± 7.0 2.9 ± 0.8 

Chileno 14.2 ± 1.2 32.4 ± 5.8 17.6 ± 5.7 49.2 ± 3.8 2.8 ± 0.5 

Napuri 13.5 ± 1.3 31.3 ± 7.1 14.8 ± 4.9 47.0 ± 2.9 3.0 ± 0.7 

Pata de Perro 13.3 ± 0.7 27.7 ± 4.4 8.4 ± 1.2 55.0 ± 3.6 3.4 ± 1.3 

Table 1. Size and weight of garlic varieties cultivated in Aguascalientes (Central-North 
Region of Mexico). Data are presented according to standard descriptors for garlic (IPGRI, 
2001). Each value shows the mean ± SE. 

5.3 Postharvest photosynthesis and respiratory activity of stored cloves 

In order to understand some physiological events of stored garlic, analyses of six genotypes 
under storage were focused on the respiratory process and photosynthesis. To accomplish 
that goal, photosynthetic activity of stored cloves during 0, 30, 60 and 90 d were measured 
on three cloves selected at random from the container of each genotype. Measurements 
included: evaporation rate mM/s/m2/s (E), stomatal conductance mM/m2/s (G), net 
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photosynthesis assimilation µM/m2/s (A) and CO2 internal concentration ppm (CI). From 
these measurements, it was found that for some genotypes like ‘C-CN-9/2’ 
evapotranspiration was the highest at 30 d, as opposed to ‘Criollo Aguascalientes’ and 
‘Chino Jaspeado’ with the lowest value at 90 d. Stomatal conductance was high ‘C-CN-
9/25’, mainly after 90 d. Most genotypes showed negative photosynthesis rate, and internal 
CO2 showed no clear tendency within genotypes. Weight remained stable during the first 60 
d, but after that period, it decreased about 1/3 of the initial values. The bulbs behavior at the 
final of postharvest period is show in the Fig. 2.  

 
Fig. 2. View of stored garlic at 90 d. Sprouted heads are from short-shelf life cultivars. Heads 
with low number of sprouting bulbs are from ‘Perla’ (bottom left corner).  

6. Isolation and culture of garlic protoplasts  
Garlic genotypes derived from ‘Perla’ (C-37-1/8, C-3-1/25 and C-CN-95/2), ‘Chino’, 
‘Coreano’ and ‘Criollo Aguascalientes’ were used for protoplast preparation. Cloves of these 
genotypes were peeled and disinfected (briefly: cloves were soaked in 70% ethanol 1 min 
and 20% commercial bleach 20 min, after three rinses with sterile distilled water the cloves 
were soaked again in 70% ethanol 1 min and rinsed again with sterile distilled water). 
Surface-sterilized cloves were cut into pieces 0.5 to 1.0 cm long, and were inoculated 
aseptically on MS (Murashige & Skoog, 1962) medium pH 5.8 containing  0.15 mg L-1 2,4-D 
(Dichlorophenoxy acetic acid), 5.0 mg L-1 BA (Benzyl adenine), 50 g L-1 glucose and 3.5 g L-1 
Phytagel. Incubation conditions were 28 ±2 °C, with a light intensity of 59 Em2s. 

Protoplasts were isolated from leaves and callus using a modification of the method from 
Spangenberg (1997). Briefly: 1 g of tissue was placed in petri dish together with 5 ml of 
enzyme mixture (2% Onozuka R-10, 1% macerozyme, 0.5% pectinase, 0.5% mannitol and 
0.9% CaCl2); dishes were incubated on orbital shaker at 5 rpm, about 4-6 h (Novák et al., 
1983). Callus tissues were best for protoplast isolation within the range 106-108 counts/ml 
(Fig. 3). Protoplasts were isolated from the debris and inoculated on semi-solid MS medium. 
Unfortunately, whole plant regeneration remained elusive. 
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Genotype  

Clove weight 

(g) 

Evaporation 
rate 

(mM/s/m2/s) 

Stomatal 
conductance 
(mM/m2/s) 

Net 
photosynthesis 

assimilation 
(µM/m2/s) 

CI 

(ppm) 

days Mean SD Mean SD Mean SD Mean SD Mean SD 

‘C-CN-9/2’ 

0 65.30 8.21 69 21 45 15.5 -2.1 0.5 267 49.5 

30 64.6 9.7 0.3 0 14 1 -1.6 2.9 327 16.9 

60 64.0 8.3 0.5 0.7 40 59 -5.6 7.1 1332 1938.2 

90 19.4 30.4 7.6 0.8 6618.3 2929.3 -1.6 0.4 192.7 6 

‘C-3-1/25’ 

0 68.50 7.27 0.5 0 23.7 4 -2.5 1.1 306.3 56.9 

30 61.1 4.4 0.3 0.1 13.3 3.8 0.3 3.7 247.7 223.1 

60 67.2 7.0 0.4 0.1 28.3 3.2 -3.8 1.3 372.7 66 

90 15.6 31.8 1.6 1.3 122.7 138.5 -3.5 1.3 313.7 120.5 

‘C-37-1/8’ 

0 66.35 17.22 1.3 0.6 75.7 27.1 -1.6 0.6 288.7 15.2 

30 63.2 4.3 0.2 0.2 8.7 7.6 -14.4 17.2 3849 5328 

60 65.1 16.4 41 23.4 27.7 1.5 -4.7 3.4 356 289.2 

90 21.8 28.7 4.6 3.6 1064.7 1210 7.5 15.5 295 119.8 

‘Chino 
Jaspeado’ 

0 89.93 12.51 0.3 0.1 20.7 10.8 -3 0.5 492.7 309.5 

30 92.3 15.7 0.6 0.3 30.3 13.5 -2.9 1.3 346.3 46.2 

60 88.5 12.0 1.1 0.2 78.3 14.6 4.4 7.9 156.3 50.3 

90 28.6 42.2 0.1 0.1 6.3 5.5 -1 2.7 0 0 

‘Coreano 
Jaspeado’ 

0 94.38 11.73 0.2 0.1 18.3 10.5 -1 2.1 333.3 140.8 

30 92.2 8.7 0.4 0.2 16.7 7.1 -0.2 2.6 233.7 212.7 

60 93.1 11.4 2.1 1.1 152.3 96 -8.3 2.6 311.3 131.5 

90 25.1 45.0 4.1 5.4 3371 5740 -3.8 6.1 315 103.6 

‘Criollo 
Aguascalientes

’ 

0 48.83 7.77 0.4 0.1 23.7 5.7 -1.5 0.3 309.3 68.2 

30 51.0 7.2 0.2 0.2 7.7 6.7 -2.3 2.5 3678.7 5477.2 

60 48.0 7.5 0.4 0.2 26 12.5 -8.2 9.3 471.7 40.1 

90 15.9 23.0 0.1 0 5.3 2.9 -9.6 4.1 1899.3 1388.7 

 

Table 2. Photosynthetic and respiration rate of cloves from six garlic genotypes after 90 d 
storage. 
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Fig. 3. Protoplast isolation from P-C-3 1/25 genotype: A,B) Bulb (‘Perla’ type), C) In vitro 
callus culture and D) Protoplasts at 40x magnification. 

7. Karyotyping Mexican garlic genotypes 
Karyotypes of C-CN-95/2, C-37 1/8, C-3 1/25 (all these ‘Perla’ type genotype), ‘Chino’, 
‘Coreano’ y ‘Criollo’ were obtained from root tips. Cloves of these genotypes were placed 
inside petri dishes containing wet cotton wool in order to induce roots 1-2 cm long. Roots 
were removed and soaked with 0.05% w/v colchicine and placed in the darkness for 3:30 h 
at 25°C. These roots were fixed with Farmer´s solution (ethanol and glacial acetic acid, 3:1 
v/v); then, they were hydrolyzed with 1N HCl at 60 C for 10 min. Feulgen stain was 
applied to fixed roots before maceration with an enzymatic solution (2% pectinase, 5% 
celulase and citrate buffer pH 4.5) for 30 to 60 min. Roots tips were placed on microscope 
glass slides with a drop of 2% propionic orcein, and sandwiched with a cover glass. The 
slides were heated for few seconds with an alcohol burner with a very soft press so that 
single cells could be freed from the tissue. Then the cover glasses were gently tapped with a 
pencil in order to squeeze single cells for releasing and spreading the chromosomes. 
Observation of microphotography 100x25” allowed the following counts and 
measurements: chromosome number, short arms (p), long arms (q) total length, relative size 
of the chromosome and arm relationship (García, 1990). All of these observations were 
useful to classify each garlic genotype according to karyotype nomenclature and formule 
from Levan et al., (1964).  

According to the observations, all of the genotypes tested have a chromosome number 
2n=8x=16 (Fig. 4) in agreement with other reports (Battaglia, 1963; Verma & Mital, 1978; 
Koul et al., 1979). The karyotype characteristics found for centromer position were as 
follows: ‘P-CN-95/2’ (1M+4m+3sm), ‘P-37-1/8’ (1M+6m+1st), ‘P-C-3-1/25’ (7m+1sm), 
‘Chino’ (1M+3m+3sm+1st), ‘Coreano’ (6m+2sm) and ‘Criollo’ (5m+3sm); Code: M or 
m=metacentric, sm= submetacentric and st=subtelocentric (Table 3). The nuclear content (2C 
value), which is considered one of the highest among the cultivated plants (Ipek et al., 2005), 
is 32.7 pg. Additionally, garlic has a high karyotype variability that may be attributed to 
repetitive ADN (Kirk et al., 1970). 

8. Genetic profile of Mexican garlic 
Genetic markers are efficient tools for genetic analysis of populations and individuals. 
According to this concept, molecular characterization of garlic around the world has been 
performed either through RAPDs (Bradley & Collins, 1996; Eom & Lee, 1999; Shasany et al.,  
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Fig. 4. Chromosomes from somatic cells (n=8x=16) from garlic genotypes: ‘C-CN-95/2’, ‘C-
37- 1/8’, C-3 1/25, ‘Chino’, ‘Coreano’ and ‘Criollo’. 

2000; Peiwen et al., 2001; Ipek et al., 2003; Paredes et al., 2008; Pardo et al., 2009) or through 
AFLP (Rosales & Molina, 2007). Our version of this kind of analysis with 20 Mexican 
genotypes was as follows: Twenty garlic genotypes were subjected to RAPDs in order to 
construct a distance tree using clustering with the Unweighted Pair Group Method with 
Erithmetic Mean (UPGMA). DNA was extracted according to Doyle and Doyle (1990); DNA 
samples were run on agarose gel 0.8% and DNA concentration was measured with a 
spectrometer (model GBC Cintra 10e UV-visible). RAPD reactions were performed in a 25 
ml volume, consisting of 10x buffer solution [10 mM Tris-HCl buffer (pH 8.0), 50 mM KCl2], 
2.5 mM MgCl2, 2.5 units of Taq DNA polymerase (Promega), 100 µM dNTP, 50 ng genomic 
DNA and 0.4 µM OPB series (OPB-8, OPB-9, OPB-10, OPB-11, OPB-15 and OPB 17) primer 
(Operon Technologies, Alameda, CA, USA). A total of 20 µl of mineral oil was placed over 
the reaction mixture. Amplifications were carried out in a DNA thermocycler (Model 
FPR0G02Y Techne Progene, England), under the following conditions: an initial 
denaturalization step of 2 min at 94 °C, followed by 35 cycles of 1 min at 94 °C, 1 min at  
35 °C, and 2 min at 72 °C, with a final extension step of 7 min at 72 °C. Amplification 
products were analyzed by electrophoresis in a 1.2% agarose gel. It was run at 100 V for 4 h, 
and detected by staining the gel with ethidium bromide (10 ng/100 ml of agarose solution in 
TBE). All visible and unambiguous fragments amplified by the chosen primers were entered 
under the heading of total visible fragments. Fragment data were entered on a spreadsheet 
to form a binary matrix, where (1) represented fragment presence and (0) fragment absence 
for each fragment accession combination. Cluster analysis was conducted by converting the 
data matrix into a similarity matrix using a simple matching coefficient. This coefficient was 
calculated by dividing the number of matches (0-0 and 1-1) by the total number of 
comparisons (Nei & Li, 1979). A cluster analysis was then conducted using the unweighted 
pair group method, with arithmetical averages (UPGMA) process using the S–Professional 
Plus 2000 program. The results obtained were compared with others studies realized by 
different authors, and were discusses as following: Six decamer OPB primers showing  
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Chrom. no. LBL LBC LT LR r N Chrom. 
no. LBL LBC LT LR r N 

‘P-CN-95/2’ Chino’ 

1 6.75 2.5 9.25 0.12 2.7 sm 1 6.75 4 10.75 0.13 1.7 sm 

2 6.5 2.5 9 0.11 2.6 sm 2 6.5 6.25 12.75 0.16 1.04 m 

3 6 6 12 0.15 1 M 3 6.5 2 8.5 0.10 3.25 st 

4 6 5.5 11.5 0.15 1.09 m 4 6 6 12 0.15 1 M 

5 6 5 11 0.14 1.2 m 5 6 5.5 11.5 0.14 1.09 m 

6 5.5 4 9.5 0.12 1.3 m 6 5.5 4.75 10.25 0.13 1.2 m 

7 5 4.5 9.5 0.12 1.1 m 7 5.5 3.5 9 0.11 1.6 sm 

8 4.5 2.5 7 0.09 1.8 sm 8 4.5 2.5 7 0.08 1.8 sm 

   Formula: 1M+4m+3sm   Formula: 1M+3m+3sm+1st 

‘P-37-1/8’ ‘Coreano’ 

1 6.75 2 8.75 0.14 3.4 st 1 7 5.5 12.5 0.15 1.2 m 

2 5 4.5 9.5 0.15 1.1 m 2 7.5 4 11.5 0.14 1.8 sm 

3 5 4 9 0.14 1.2 m 3 7 2.5 9.5 0.11 2.8 sm 

4 4 4 8 0.13 1 M 4 6.5 6 12.5 0.15 1.08 m 

5 4.5 2.75 7.25 0.12 1.6 m 5 6.5 5 11.5 0.14 1.3 m 

6 4 3.25 7.25 0.12 1.6 m 6 5 4.5 9.5 0.11 1.1 m 

7 4 3 7 0.11 1.3 m 7 5 4.5 9.5 0.11 1.1 m 

8 3.5 2.25 5.75 0.09 1.5 m 8 4.5 3 7.5 0.09 1.5 m 

   Formula: 1M+6m+1st    Formula: 6m+2sm 

‘P-C-3-1/25’ ‘Criollo’ 

1 6.75 4 10.7 0.14 1.7 m 1 7 5.5 12.5 0.15 1.2 m 

2 6.5 5.5 12 0.15 1.2 m 2 7.5 4 11.5 0.13 1.8 sm 

3 6 5 11 0.14 1.2 m 3 6.5 6 12.5 0.15 1.0 m 

4 5.75 5.5 11.25 0.15 1.04 m 4 6.5 6 12.5 0.15 1.0 m 

5 5.75 2.75 8.5 0.11 2.0 sm 5 6.5 4.5 11 0.13 1.4 m 

6 5 4 9 0.12 1.3 m 6 6.5 2.5 9 0.10 2.6 sm 

7 5 3.5 8.5 0.11 1.4 m 7 5.5 3.25 8.75 0.10 1.7 sm 

8 4 2.5 6.5 0.08 1.6 m 8 4.5 3.5 8 0.09 1.3 m 

   Formula: 7m+1sm    Formula: 5m+3sm 

Table 3. Chromosome morphological description from Mexican garlic genotypes. LBL=Long 
arm, LBC=Short arm, LT=Total length, LR=Relative length, r=Arm relationship and 
N=Centromere nomenclature. 
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Chrom. no. LBL LBC LT LR r N Chrom. 
no. LBL LBC LT LR r N 

‘P-CN-95/2’ Chino’ 

1 6.75 2.5 9.25 0.12 2.7 sm 1 6.75 4 10.75 0.13 1.7 sm 

2 6.5 2.5 9 0.11 2.6 sm 2 6.5 6.25 12.75 0.16 1.04 m 

3 6 6 12 0.15 1 M 3 6.5 2 8.5 0.10 3.25 st 

4 6 5.5 11.5 0.15 1.09 m 4 6 6 12 0.15 1 M 

5 6 5 11 0.14 1.2 m 5 6 5.5 11.5 0.14 1.09 m 

6 5.5 4 9.5 0.12 1.3 m 6 5.5 4.75 10.25 0.13 1.2 m 

7 5 4.5 9.5 0.12 1.1 m 7 5.5 3.5 9 0.11 1.6 sm 

8 4.5 2.5 7 0.09 1.8 sm 8 4.5 2.5 7 0.08 1.8 sm 

   Formula: 1M+4m+3sm   Formula: 1M+3m+3sm+1st 

‘P-37-1/8’ ‘Coreano’ 

1 6.75 2 8.75 0.14 3.4 st 1 7 5.5 12.5 0.15 1.2 m 

2 5 4.5 9.5 0.15 1.1 m 2 7.5 4 11.5 0.14 1.8 sm 

3 5 4 9 0.14 1.2 m 3 7 2.5 9.5 0.11 2.8 sm 

4 4 4 8 0.13 1 M 4 6.5 6 12.5 0.15 1.08 m 

5 4.5 2.75 7.25 0.12 1.6 m 5 6.5 5 11.5 0.14 1.3 m 

6 4 3.25 7.25 0.12 1.6 m 6 5 4.5 9.5 0.11 1.1 m 

7 4 3 7 0.11 1.3 m 7 5 4.5 9.5 0.11 1.1 m 

8 3.5 2.25 5.75 0.09 1.5 m 8 4.5 3 7.5 0.09 1.5 m 

   Formula: 1M+6m+1st    Formula: 6m+2sm 

‘P-C-3-1/25’ ‘Criollo’ 

1 6.75 4 10.7 0.14 1.7 m 1 7 5.5 12.5 0.15 1.2 m 

2 6.5 5.5 12 0.15 1.2 m 2 7.5 4 11.5 0.13 1.8 sm 

3 6 5 11 0.14 1.2 m 3 6.5 6 12.5 0.15 1.0 m 

4 5.75 5.5 11.25 0.15 1.04 m 4 6.5 6 12.5 0.15 1.0 m 

5 5.75 2.75 8.5 0.11 2.0 sm 5 6.5 4.5 11 0.13 1.4 m 

6 5 4 9 0.12 1.3 m 6 6.5 2.5 9 0.10 2.6 sm 

7 5 3.5 8.5 0.11 1.4 m 7 5.5 3.25 8.75 0.10 1.7 sm 

8 4 2.5 6.5 0.08 1.6 m 8 4.5 3.5 8 0.09 1.3 m 

   Formula: 7m+1sm    Formula: 5m+3sm 

Table 3. Chromosome morphological description from Mexican garlic genotypes. LBL=Long 
arm, LBC=Short arm, LT=Total length, LR=Relative length, r=Arm relationship and 
N=Centromere nomenclature. 
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distinct polymorphic fingerprint were selected to reveal the genetic variation among the 
garlic samples. In almost all varieties, it was possible to identify around 10 bands.  
A dendrogram was generated from the binary matrix of measured data (Fig. 5), and two 
groups were identified. The first group was formed by eight varieties (‘Durango’, 
‘Nicaragua’, ‘Cortazar’, ‘Hermosillo’, ‘Massone’, ‘Pepita’, ‘Sonora’ and ‘Napuri’) that are 
characterized by a lower production (smaller clove weight and/or greater number of cloves: 
Fig. 6), required more days to dormancy (6 months) and need fewer days (150) to harvest 
(data not shown). The second group was constituted by white, colored and marbled  
garlic (‘Coreano’, ‘Positas’, and ‘Perla’ cultivars, ‘Criollo Aguascalientes’, ‘Español’, 
‘Chileno’, ‘Ixmiquilpan’, ‘California’, ‘Chino’, ‘Pata de Perro’ and ‘Guatemala’). These are 
characterized by better bulb and clove weights, lower clove numbers/bulb, fewer days to 
dormancy (5-6 months), and between 180-210 days to harvest. In general, garlic varieties 
were clustered according to yield level, clove and bulb weights, number of cloves/bulb and 
dormancy period (Table 1). These results agree with those of García et al., (2003) using the 
AFLP technique. The most productive variety (‘California’) has the inconvenient of having a 
larger number of cloves/bulb and requires lower temperatures to achieve complete bulb 
formation. Dissimilarity among the two groups was 0.33. The lowest dissimilarity (0.0) 
corresponded to the most related varieties (‘Sonora’-‘Napuri’, ‘Criollo Aguascalientes’-
‘Español’, ‘California’-‘Chino’ and ‘Pata de Perro’-‘Guatemala’). The highest dissimilarity 
(0.70) was between the variety ‘Cortazar’ and the varieties ‘Ixmiquilpan’, ‘Pata de Perro’, 
and ‘Guatemala’. (Choi et al., 2003) reported a dissimilarity of 0.4 between two large groups 
from a total of 75 garlic varieties using the “M” or affinity coefficient. Using the Jaccard 
coefficient, Ipek et al., (2003) obtained a lowest dissimilarity of 0.0 and a highest dissimilarity 
of 0.75 between two large groups of garlic. These results are similar to those of Al-Zaim et  

 
Fig. 5. RAPD from Mexican genotypes. Lanes: 1: C-3-1/25, 2: C-37-1/8, 3: ‘Coreano’, 4: 
‘California’, 5: ‘Chino’, 6: ‘Criollo Aguascalientes’, 7: ‘Español’, 8: ‘Cortazar’, 9: ‘Positas’, 10: 
‘Pepita’, 11: ‘Massone’, 11: ‘Durango’, 13: ‘Chileno’, 14: ‘Hermosillo’, 15: ‘Sonora’, 16: 
‘Nápuri’, 17: ‘Nicaragua’, 18: ‘Ixmiquilpan’, 19: ‘Pata de perro’, 20: ‘Guatemala’, (+): positive 
control, (-): negative control and M: Molecular weight marker. 
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al., (1997). Evaluating diversity and genetic relationships among the progenitor A. 
longicuspis and 27 garlic varieties collected from different regions of the world, these authors 
found a dissimilarity of 0 between two samples, and a highest dissimilarity of 0.82 between 
two large groups. Through the RAPD technique used in this work, the two ‘Perla’ cultivars 
were grouped with the best production varieties, where the two selections presented a 
dissimilarity of 0.1. However, the ‘Perla’ C-3-1/25 cultivar showed a band of 2100 bp, and 
could thus be identified as a possible molecular marker. Our results allowed to identify 
highly related garlic varieties (‘Sonora’-‘Napuri’, ‘Criollo Aguascalientes’-‘Español’, 
‘California’-‘Chileno’ and ‘Pata de Perro’-‘Guatemala’), and separate them from varieties 
that are characterized by a lower yield (i.e., ‘Pata de Perro’ and ‘Napuri’), and from mixed 
garlic that has been generated from introduced commercial varieties (‘Criollo  

 
Fig. 6. Dendrogram obtained by the RAPD technique and general description according to 
physiological, morphological and genetic characteristics in garlic (Allium sativum L.) 
varieties cultivated in the Central Region of Mexico. Arms or branches of the dendrogram: 1. 
‘Perla’ C-3-1/25, 2. ‘Perla’ C-37-1/8, 3. ‘Coreano’, 4. ‘California’, 5. ‘Chino’, 6. ‘Criollo 
Aguascalientes’, 7. ‘Español’, 8. ‘Cortazar’, 9. ‘Positas’, 10. ‘Pepita’, 11. ‘Massone’, 12. 
‘Durango’, 13. ‘Chileno’, 14. ‘Hermosillo’, 15. ‘Sonora’, 16. ‘Napuri’, 17. ‘Nicaragua’, 18. 
‘Ixmiquilpan’, 19. ‘Pata de Perro’ 20. ‘Guatemala’. 
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Aguascalientes’); these have lost their potential yield because they have not been subjected to 
an appropriate selection process. Because we do not know the source of most garlic varieties 
and cultivars used in this work, we cannot establish relationships among their origins. 

9. In vitro propagation  
Most Mexican garlic cultivars are somewhat susceptible to pests and diseases. Furthermore, 
garlic is a seedless plant that could carry diseases to the next generation through vegetative 
propagation. “Seed cloves” per hectare range from 200,000 to 250,000 for typical plant density; 
therefore, totally clean vegetative material may be too difficult to be generated. The solution 
for this kind of problems is considered under biotechnological view such as in vitro culture so 
that we can obtain homogeneous healthy plants. In vitro bulbils after four years may produce, 
depending on the cultivar, from 1,400 to 10,700 bulbils ready to be used as “seed” (Burba, 
1993). A recent report mentioned plants produced from cloves cultivated in vitro with 1 mg L-1 
TDZ-1 (Thidiazuron), 1 mg L-1 GA3 (Gibberelic acid) and coconut milk (Lagunes, 2009). In vitro 
garlic plants were also obtained on MS supplemented with 2.0 mg L-1 2iP (2-isopentenyl 
adenine), 0.1 mg L-1 NAA (Naphthalene acetic acid) and 30 g L-1 sucrose (Mujica et al., 2008). 
Basal plate from cloves has the highest callus production as compared to leaves, stem 
segments, pedicels and aerial bulbils (Rabinowitch & Brewster, 1990). Another report 
mentioned that callus formation from ‘Rojo de Cuenca’ was the best on media having BA and 
NAA; furthermore, high BA concentration promoted adventitious shoot formation, but did 
not show influence on callus formation (Barandiaran et al., 1999). Callus was also obtained 
from leaves exposed to 0.3 a 0.5 mg L-1 2,4-D (Fereol et al., 2002). 

Our own results showed that explants about 5 mm2 of clove sections were enough to 
regenerate in vitro whole plants from ‘C-3-1/8’ and ‘C-37-1/25’, ‘Chino’ and ‘Coreano’ garlic 
genotypes. The first step began with explants for root production, that were placed into MS 
medium supplemented with combinations of 0.15 mg L-1 2,4-D, 5 mg L-1 adenine, 1.4 mg L-1 
4-amino-3,5,6-trichloropicolinic acid (Pichloram) and 1 mg L-1 6-(γ,γ-dimetilamino) purine 
(2iP) (Table 4). MS medium also contained 30-50 g sucrose and 3.5 g L-1 Phytagel. Cloves 
were soaked in 70% ethanol 1min; after that, were transferred to 20% commercial bleach for 
20 min. Then, cloves were rinsed thrice with dH2O, placed back to 70% ethanol 1 min and 
rinsed again. Incubation conditions were: 28 ±2 °C and 16/8 h photoperiod. Adventitious 
roots were used to produce protocorms and protocorm-like bodies. These protocorms were 
cultured for 30 weeks on MS supplemented with 1 mg L-1 IAA and 5 mg L-1 adenine.  

9.1 Protocorm formation  

Protocorms 0.5-1 cm merged from root tips after 8 weeks on MS supplemented with 1.5 mg L-1 
2,4-D and 5 mg L-1 adenine (Table 4). Then they were placed into basal MS during 3 weeks, 
before protocorms were inoculated into four regeneration media at 18 ±4 °C and 16/8 h 
photoperiod during six weeks (Capote et al., 2000; Robledo-Paz et al., 2000;  Quintana-Sierra et 
al., 2005). Protocorm and protocorm-like structures were both light and dark-green colored, 
compact and easily detachable (Fig. 7a, b and c), somehow similar to organogenic callus from 
A. cepa (Van der Valk et al., 1992; Zheng et al., 1998). ‘Chino’ and ‘Coreano’ protocorms were 
even more easily detached, dark-green colored as compared to ‘Perla’ derived genotypes; 
Novák et al., (1986) also found differential pigmentation among genotypes. Media 
supplemented with Pi (1.4 Mg/L-1) and 2iP (1 Mg/L-1) only promoted long roots. 
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9.2 Microbulbil formation  

The treatment supplemented with 2,4-D showed the highest number of protocorm 
formation (Table 4);  when the treatment included IAA and adenine, ‘Chino’ and ‘Coreano’ 
doubled to genotypes ‘C-3-1/8’  ‘C-37-1/25’. Other treatments induced root formation. This 
different varietal response was found by Capote et al., (2000) and Quintana-Sierra et al., 
(2005) for Allium cepa and would be related to differences in sensibility to growth regulators 
(Fehér et al., 2003). Microbulbils placed, during three weeks, on basal MS (no regulators) 
increased their size (Fig. 7d), but after 30 weeks they developed into bulbils 1 cm diameter 
(Fig. 7e and 7f) and finally grew into whole plants. 
 

 
Table 4. Effect of growth regulators on protocorm and microbulbil formation of four garlic 
12 genotypes. IAA: Indole acetic acid, NAA: Naphthalene acetic acid, Kin: Kinetin,  
2,4-D: 2,4-13 Dichlorophenoxyacetic acid, Pic: Pichloram, 2iP: 2-isopentenyl adenine. 
 

 
 

Fig. 7. In vitro regeneration of garlic plants (A. sativum L.). A) Protocorms regenerated from 
root tips, B) ‘Chino’ protocorms, C) ‘Perla’ protocorms, D) Microbulbil, E) and F) ‘Chino’ 
whole plant. 
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10. Individual selection for breeding Mexican garlic cultivars 
Garlic in some cases may produce inflorescences but infertile seed; hence, crosses are not 
possible. Sometimes, bulbs o bulbils develop onto inflorescences (Brewster, 1994). Individual 
selection on best plants (yield or quality) has been used for breeding (Heredia and Heredia, 
2000; González, 2006; Con, 1997). The CAEPAB group worked with individual selection from 
‘Perla’ clones and ‘Chileno’ having heads with fewer cloves than the average for the original 
cultivar taking into account also: head size, vigor (hardiness) and plant healthiness. This initial 
work led to obtain two garlic cultivars: ‘San Marqueño’ from line ‘C-37-1/8’ (Macías et al., 
2009) and ‘Diamante’ from line ‘CAL-RN-11-1-1-2-4’ derived from an Aguascalientes-
Zacatecas collection (Macías & Maciel, 2003). In brief methodology for garlic breeding: 

1. Bulb collection of promissory plants from the fields of outstanding growers of 
Aguascalientes and Zacatecas (May 1999). 

2. Bulbs were planted in the experimental fields at CAEPAB, in order to check all of the 
collected material under the same growing conditions. 

3. Evaluation and selection of garlic plants during 6-8 years (Table 6). 
4. Storage of best clones at the germplasm bank (CAEPAB).  
5. “Seed” production, enough to be transferred to growers for commercial validation. 
6. After validation, best genotypes, having consistent yield results through time, are 

released to farmers. 

Clones obtained through this kind of breeding are grown by farmers from Aguascalientes 
and Zacatecas (Macías et al., 2009). Nowadays, ‘San Marqueño’ and ‘Diamante’ garlic are 
demanded in Europe because of their high quality that makes them suitable to be exported 
(Fig. 8). These clones have their optimal conditions at 2000 meters over the sea level, on 
loamy soils, well drained, without salinity or pedregosity. Lab test are encouraged to check 
for soil pathogens that may reduce yield.  
 

Evaluation San Marqueño Diamante 
Year Yield (kg/ha)           SD Yield (kg/ha)           SD 

1 16,072 1,975 18,285 3,470 
2 19,296 3,115 21,785 3,828 
3 16,148 2,778 22,254 4,144 
4 15,689 2,537 22,323 3,188 
5 17,735 3,510 20,321 3,999 
6 17,064 2,571 20,731 3,304 
7   16,405 3,383 
8   24,043 4,336 

Table 6. Evaluation of ‘San Marqueño’ and ‘Diamante’ garlic cultivars. 

 
Fig. 8. Garlic cultivars from the Mexican breeding program (CAEPAB): A) ‘San Marqueño’ 
(‘Perla type’), B) ‘Diamante’ (‘California’ type) and C) Packaging box for exportation.  
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11. Conclusion 
Horticulturists around the world look for answers from experimental stations to problems 
such as low yields, pests, diseases and quality defects. Similarly, garlic growers from Central 
Mexico have been in contact with institutions such as CAEPAB, PRODUCE-Ags and ITEL, 
in order to agree on agronomic and biotechnological research that may be applied to their 
fields. Original garlic genotypes from these growers and some other introduced to Mexico 
were the source for new cultivars and promissory genotypes developed by CAEPAB. Some 
of these that were analyzed showed a good correlation between bulb sizes and clove weight 
against bulb weight. It was also found that Mexican genotypes have a wide variety of on 
clove size and number that reflects a good genetic pool for breeding through individual 
selection for this seedless plant. Some other characteristics are qualitative that may have 
positive impact for worldwide market demands. For example, it was found for late cultivars 
the longest storage life. 

Garlic biotechnology was also directed to characterize of Mexican cultivars. Molecular and 
cytogenetic characterizations for these cultivars may help to identify and to register, 
unambiguously, cultivated varieties. Molecular analysis such as AFLP´s or RAPDs is 
required in order to establish genetic uniqueness or relatedness. So far, only RAPDs have 
been performed but this kind of work is not concluded yet. Another biotechnological 
application is to produce in vitro pathogen-free vegetative material for massive propagation 
that may be released to growers. Protocorm and protocorm-like bodies were produced in 
vitro before they grew into bulbils and whole plant. Nevertheless, massive propagation of 
garlic has not been achieved as desired. Therefore, garlic biotechnology is going at slow 
pace. Finally, breeding through individual selection allowed releasing cultivars appropriate 
for national and international demands. 
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