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Preface

Genetic diversity is the raw material that helps plant species face a wide range of daily glob‐
al changes. It also represents the number of alternations in the genetic makeup of popula‐
tions and species that take place under various evolutionary mechanisms. Evaluation of the
genetic diversity and population structure of plant germplasm enhances breeding and man‐
agement practices to develop improved varieties. Various genetic tools have been success‐
fully used to study the genetic diversity of plant species, including morphological,
cytological, biochemical, and molecular markers. This book discusses the fundamental ad‐
vances related to assessment, utilization, and conservation of genetic diversity in plant
germplasm. The book also discusses approaches related to environmental stresses. More‐
over, it sheds new light on the current research trends and future research directions related
to plant genetic diversity studies. This book will provoke the interest of various readers, re‐
searchers, and scientists, who will find this information useful for the advancement of their
plant genetic diversity research work.

The book includes six chapters. The first introductory chapter “Assessment and Conserva‐
tion of Genetic Diversity in Plant Species” presents an introduction to plant genetic diversity
and the markers used in its characterization. The second chapter “Morphological, Biochemi‐
cal, and Molecular Characterization of Orange Fleshed Sweet Potato (Ipomoea batatas [L.]
Lam) Germplasms” evaluates the genetic diversity of sweet potato germplasm based on dif‐
ferent morphological, biochemical, and molecular markers. The third chapter “Bean Ge‐
nome Diversity Reveals the Genomic Consequences of Speciation, Adaptation, and
Domestication” reviews whether genomic islands of speciation are repeatedly more prone to
harbor within-species differentiation due to genomic features, such as suppressed recombi‐
nation, smaller effective population size, and increased drift, across repeated hierarchically
nested levels of divergence. The fourth chapter “Induced Mutation: Creating Genetic Diver‐
sity in Plants” discusses the approaches related to induced mutations and genetic diversity
creation in plants. The fifth chapter “Water and Ecosystem Cycles Mediated by Plant Genet‐
ic Resources for Food and Agriculture” overviews the water and ecosystem cycles mediated
by the ecosystem functions of naturally occurring plant communities and discusses possibil‐
ities for the transformation of agriculture into sustainable modality with primary impor‐
tance given to the recovery of water cycles. The sixth chapter “Genetic Variability of
Mountain Pine (Pinus hartwegii Lindl) in the Protection of Flora and Fauna Area Nevado de
Toluca” studies the genetic diversity of mountain pine under the attack of bark beetles and
dwarf mistletoes, to generate information that could be used to improve strategies of conser‐
vation of these forests.

    
              

            
  

           
           

          
           

          

              
             

           
 

 
           

 
          
         

 
          
          
           

            
 

 
    

           
             

              
              

     



    
              

            
  

           
           

          
           

          

              
             

           
 

 
           

 
          
         

 
          
          
           

            
 

 
    

           
             

              
              

     

Preface 

Genetic diversity is the raw material that helps plant species face a wide range of daily glob‐
al changes. It also represents the number of alternations in the genetic makeup of popula‐
tions and species that take place under various evolutionary mechanisms. Evaluation of the 
genetic diversity and population structure of plant germplasm enhances breeding and man‐
agement practices to develop improved varieties. Various genetic tools have been success‐
fully used to study the genetic diversity of plant species, including morphological, 
cytological, biochemical, and molecular markers. This book discusses the fundamental ad‐
vances related to assessment, utilization, and conservation of genetic diversity in plant 
germplasm. The book also discusses approaches related to environmental stresses. More‐
over, it sheds new light on the current research trends and future research directions related 
to plant genetic diversity studies. This book will provoke the interest of various readers, re‐
searchers, and scientists, who will find this information useful for the advancement of their 
plant genetic diversity research work. 

The book includes six chapters. The first introductory chapter “Assessment and Conserva‐
tion of Genetic Diversity in Plant Species” presents an introduction to plant genetic diversity 
and the markers used in its characterization. The second chapter “Morphological, Biochemi‐
cal, and Molecular Characterization of Orange Fleshed Sweet Potato (Ipomoea batatas [L.] 
Lam) Germplasms” evaluates the genetic diversity of sweet potato germplasm based on dif‐
ferent morphological, biochemical, and molecular markers. The third chapter “Bean Ge‐
nome Diversity Reveals the Genomic Consequences of Speciation, Adaptation, and 
Domestication” reviews whether genomic islands of speciation are repeatedly more prone to 
harbor within-species differentiation due to genomic features, such as suppressed recombi‐
nation, smaller effective population size, and increased drift, across repeated hierarchically 
nested levels of divergence. The fourth chapter “Induced Mutation: Creating Genetic Diver‐
sity in Plants” discusses the approaches related to induced mutations and genetic diversity 
creation in plants. The fifth chapter “Water and Ecosystem Cycles Mediated by Plant Genet‐
ic Resources for Food and Agriculture” overviews the water and ecosystem cycles mediated 
by the ecosystem functions of naturally occurring plant communities and discusses possibil‐
ities for the transformation of agriculture into sustainable modality with primary impor‐
tance given to the recovery of water cycles. The sixth chapter “Genetic Variability of 
Mountain Pine (Pinus hartwegii Lindl) in the Protection of Flora and Fauna Area Nevado de 
Toluca” studies the genetic diversity of mountain pine under the attack of bark beetles and 
dwarf mistletoes, to generate information that could be used to improve strategies of conser‐
vation of these forests. 
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Chapter 1 

Introductory Chapter: Assessment and Conservation of 
Genetic Diversity in Plant Species 

Mohamed A. El-Esawi 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/intechopen.86060 

1. Genetic diversity and its assessment

Genetic diversity is the raw material that helps plant species face a wide range of daily 
global changes [1, 2]. It also represents the number of alternations in the genetic makeup 
of populations and species, which take place under various evolutionary mechanisms 
such as genetic drift that involves random matings of individuals within the same popu-
lation, changing their allele frequencies, and founder effect that causes individuals with
new genetic information leading to a new population developed from a larger one [1–3]. 
Genetic composition of individuals varies from one population to another due to sys-
tematic differences that emerge among individuals from different places promoting their
survival and reproduction. Genetic diversity becomes more potent and quick when gene 
flow among populations is little such as restricted dispersal of seeds or pollens [2, 3]. Plant 
breeders are able to develop large amount of new productive crops that are of improved 
tolerance to a variety of diseases and pests as well as its enhanced ability to stand against 
a changing world. This depends on the volume and range of genetic variation among indi-
viduals within the same species, which allows for designing sampling programs [2, 4–6]. 
Accordingly, geneticists have focused on evaluating genetic differences within populations
using morphological, cytological, biochemical, and molecular markers to identify the char-
acteristics of domestication, propagation, and breeding techniques as well as conservation 
of plant genetic materials [2]. This work addresses various approaches related to genetic 
diversity in plants. 

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

http://creativecommons.org/licenses/by/3.0
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2. Biochemical markers 

2.1. Storage proteins 

One important output of post-transcription and translation processes is the protein, which 
represents the genetic DNA as well as the structural and enzymatic material of an organ-
ism’s cells [2]. Genetic divergence is found to have impacts on proteins. For example, seed 
proteins that are of essential roles in species are tolerant to environmental occurrences. Recent 
approaches have employed several technologies to identify the characteristics of various plant 
cultivars and genotypes [2]. One quickly and precisely technology utilized for such purpose is 
electrophoresis. The genetic divergence was assessed within Lathyrus sativus through accurate 
electrophoretic analysis of its seed storage proteins [2, 7], suggesting its fundamental role in 
evaluating the relationship between taxonomy and genetics at and below the species level [2]. 

2.2. Isozyme markers 

Isozymes, also called isoenzymes, are proteins exhibiting same catalytic and quantitative 
function as the enzyme but, meanwhile, they differ in their molecular forms [2]. Various 
alleles within a single locus are encoded by structural genes to give the allozyme, an allelic 
variant of the enzyme. Biological analysis of isozymes reveals significant importance, includ-
ing the assessment of genetic divergence as well as phylogenetic and taxonomic relationships 
[2]. It also helps to investigate population genetics and developmental biology as well as to 
conserve the genetic resources of plants [8, 9]. 

3. Molecular markers 

Molecular markers such as restricted fragment length polymorphism (RFLP), random ampli-
fied polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), microsat-
ellites (SSRs), and single-nucleotide polymorphisms (SNPs) are considered as effective and 
efficient tools for evaluating the genetic divergence within and among plant species [10]. 

3.1. Restriction fragment length polymorphism (RFLP) 

RFLP is a dominant marker that involves breakages of DNA bonds at specific nucleotides by 
the action of enzymes called restriction endonucleases [8, 10], followed by size fractionation 
of digested fragments by electrophoresis technique, suggesting for these markers a key role in 
setting up genetic mapping as well as evaluating genetic diversity and phylogenetic relation-
ships. RFLP markers could be a possible option to identify the characteristics of individuals, 
to estimate segregational analysis of progenitors as well as to evaluate genetic variation and 
phylogenetic relationships in the germplasms of lettuce plants, but these techniques proven to 
be expensive, technically complicated, and away from optimal performance [10]. Therefore, 
research is needed to develop low cost and more efficient molecular genetic technologies to 
inhibit or even limit the technical obstacles related to RFLP technique and to study the proper-
ties of genetic difference within plants [10]. 
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3.2. Random amplified polymorphic DNA (RAPD)

RAPD, a PCR-based technique or (AP-PCR), involves the use of arbitrary short primers [8, 10] 
in a PCR reaction to amplify random sequences from DNA template. RAPD has proven to be 
a multipurpose technique utilized for constructing genetic map [11, 12], utilization in breed-
ing approaches [13], identification of resistant genes and hybrid origin [14], and for assess-
ing plant genetic variance by characterizing differences between populations of the similar 
germplasm resources [11, 12]. 

3.3. Amplified fragment length polymorphism (AFLP)

AFLP is a highly reproducible marker that utilizes PCR technique to amplify DNA fragments 
[8, 10]. It is a DNA fingerprinting-based technique that includes digestion of DNA into small frag-
ments with the help of restriction enzymes. These fragments are ligated by adaptors complemen-
tary to their restriction sites followed by selective amplification of the newly formed subset by
PCR technique [10]. Autoradiographic and fluorescence technologies are then utilized to visual-
ize the amplified fragments on polyacrylamide gels. AFLP is proven its successful participation in
identifying the characteristics of genetic diversity and relationships of plant species [8, 10, 15–20]. 

3.4. Microsatellites (SSRs) 

Microsatellites are repetitive sequences of nitrogen bases within DNA. These repeats may 
be mono-, di-, tri-, tetra-, or penta-nucleotides found in eukaryotic nuclear genome [8, 10]. 
Microsatellites are genetically different. Therefore, they are employed in estimating genetic 
divergence and recognizing the relationships between plant genotypes [10, 21]. 

In conclusion, morphological, cytological, biochemical, and molecular markers proved useful 
in assessing genetic diversity levels in different plant species [22–30]. 
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Abstract

The sweet potato is considered as an excellent source of β-carotene and anthocyanins and 
has a considerable value in the functional food market. In this report, 21 sweet potato 
(Ipomoea batatas [L.] Lam) germplasms were evaluated for genetic diversity using morpho-
logical and biochemical and molecular markers. Ten morphological traits were studied, 
and the mean squares due to germplasm were highly significant for storage root number 
per plant, individual root weight, storage root (fresh) per plant, storage root (dry) per 
plant, storage root yield, and storage root length. UPGMA cluster analysis based on mor-
phological traits separated the germplasm into three groups. The similarity coefficient 
ranged from 0.00 to 0.50 with an average of 0.176. Biochemical analysis, viz. total phenol 
and antioxidant, was performed to find out superior genotype at biochemical level under 
given conditions. Maximum total phenol was observed in the genotype “V-12” (1.39 mg), 
whereas maximum total antioxidant was observed in “Samrat” (0.30 mg). RAPD analy-
sis was carried out, and out of 15 RAPD primers, 10 primers produced 96 reproducible 
and polymorphic bands. UPGMA cluster analysis based on RAPD data also separated 
the genotypes into three clusters. The results of the present study can be used for sweet 
potato crop improvement through molecular breeding and marker-assisted selection for 
desired traits in future.

Keywords: sweet potato, morphological marker, biochemical, RAPD, UPGMA
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has a considerable value in the functional food market. In this report, 21 sweet potato 
(Ipomoea batatas [L.] Lam) germplasms were evaluated for genetic diversity using morpho-
logical and biochemical and molecular markers. Ten morphological traits were studied, 
and the mean squares due to germplasm were highly significant for storage root number 
per plant, individual root weight, storage root (fresh) per plant, storage root (dry) per 
plant, storage root yield, and storage root length. UPGMA cluster analysis based on mor-
phological traits separated the germplasm into three groups. The similarity coefficient 
ranged from 0.00 to 0.50 with an average of 0.176. Biochemical analysis, viz. total phenol 
and antioxidant, was performed to find out superior genotype at biochemical level under 
given conditions. Maximum total phenol was observed in the genotype “V-12” (1.39 mg), 
whereas maximum total antioxidant was observed in “Samrat” (0.30 mg). RAPD analy-
sis was carried out, and out of 15 RAPD primers, 10 primers produced 96 reproducible 
and polymorphic bands. UPGMA cluster analysis based on RAPD data also separated 
the genotypes into three clusters. The results of the present study can be used for sweet 
potato crop improvement through molecular breeding and marker-assisted selection for 
desired traits in future. 
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8 Genetic Diversity in Plant Species – Characterization and Conservation 

1. Introduction 

The sweet potato (Ipomoea batatas [L.] Lam) is a dicotyledonous plant that belongs to the 
family Convolvulaceae and plays a critical role in food security after potato and cassava. 
Its large, starchy, sweet-tasting, tuberous roots are most important root crop worldwide [1]. 
The young leaves and shoots are sometimes eaten as greens. The sweet potato is native to 
the tropical regions in America, and its cultivation area covers around 135,000 hectares with 
an estimated annual production of 1,639,000 MT in India [2]. The roots are used as a source 
of carbohydrate and dietary fiber. Dietary fiber has the potential to reduce the incidence of 
a variety of diseases in man, including colon cancer, diabetes, heart diseases, and digestive 
disturbances [3]. Orange, white, and creamy flesh sweet potato is most commonly grown and 
eaten. In orange- and yellow-fleshed sweet potato, color is due to the presence of carotenoids 
of which β-carotene is most abundant. To increase the yield and quality of the sweet potato, 
it is important to study on molecular and biochemical variation in sweet potato genotypes, 
but unfortunately, negligible work has been done on sweet potato in spite of fact that lot of 
variability exists in sweet potato for physiological and biochemical characters, which can be 
utilized for improving tuber yield coupled with high nutritive value [4]. 

Food fortification, dietary diversification, and vitamin A supplementation are the recom-
mended strategies to control vitamin A deficiency. Physiological and biochemical factors
determine the storage quality of any crop. As the tuber forms major proportion of total dry 
weight of plant, productivity is largely governed by the process of tuberization and photosyn-
thetic efficiency of the leaf canopy in support of the storage root sink. Both the processes are
being controlled by environmental factors [5]. The flesh color of the root varies from various
shades of white, cream, yellow to dark-orange depending upon the carotenoid content. In 
the orange-fleshed sweet potato, the major carotenoid present is β-carotene. Carotenoids have 
been linked with the enhancement of immune system and decreased risk of degenerative dis-
eases such as cardiovascular problems, age-related macular degeneration, and cataract forma-
tion [6]. Interest in carotenoids has increased due to their possible health benefits as carotenoids
are often associated with health preventive effort and reduced risk of aged related macular
degeneration, anticancerogenic activity, antioxidant capacity, antiulcer activity, and also 
reduced risk of cardiovascular disorders [7]. Both sweet potato roots and tops are nutritious 
foods, which could be used to advantage in combating nutritional deficiencies in parts of the
developing world if means could be found to overcome resistance to their increased consump-
tion. The roots are used primarily as human food and are eaten boiled, steamed, fried, or baked. 
Raw leaves and tuber tips are also excellent sources of ascorbic acid and some of the vitamin B, 
especially riboflavin that is deficient in many Asian diets. However, high percentages of water
soluble vitamin are lost on cooking [8]. Recent studies associated with the consumption of carot-
enoid-rich food showed the decrease of the incidence of certain cancers in human beings [9]. 

Assessment of genetic diversity at the molecular level is more meaningful than at the phe-
notypic level as the later involves data on morphological traits, which are environmental 
dependent. Different molecular marker systems have been successfully employed to assess 
the genomic stability of regenerated plants regardless of the presence or absence of obvi-
ous phenotypic alterations earlier. Molecular markers have been proved to be valuable tools 
in the characterization and evaluation of genetic diversity within and between species and 
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population. It has been deserved that different markers might reveal different classes of 
variation [10, 11]. RAPD markers offer many advantages such as higher frequency of poly-
morphism, rapidity [12], technical simplicity, requirement of a few nanograms of DNA, 
no requirement of prior information of any DNA sequence, and feasibility of automation 
[13]. Hence, the present study is the attempt to determine genetic diversity among sweet 
potato (Ipomoea batatas [L.] Lam) genotypes using morphological, biochemical, and molecular 
markers. 

2. Materials and methods

2.1. Plant material 

Morphological and Molecular Characterization of twenty one diverse germplasms of sweet 
potato (Ipomoea batatas) were reported in this research. The experimental materials comprised 
of 21 diverse germplasms of sweet potato were sown in randomized block design replicated 
thrice. Each entry was planted in 3 × 2.4 m2, keeping row to row and plant to plant distance 
of 60 and 30 cm, respectively. The recommended packages of practices were followed to raise 
a healthy crop. 

2.2. Morphological analysis 

The genotypes were evaluated in randomized block design with three replications. 
Observations on various morphological characters like storage root number per plant, 
individual root weight (g), storage root (fresh) per plant, storage root dry yield per plant 
(g), storage root yield per plot (kg), and storage root length (cm) were recorded from 
five selected plants from each replication, which were averaged and subjected to statisti-
cal analysis of all the characters. To test the variation among various genotypes of sweet 
potato, analysis of variance was carried [14]. Mean value of all the seven morphological 
characters for each plot of all the three replications was used for simple matching using 
UPGMA algorithm [15]. Principal component analysis (PCA) was used to depict nonhier-
archical relationships among the genotypes. Eigen values and eigenvectors were calculated 
by the Eigen program using a correlation matrix as input (calculated using standardized 
morphological data), and a 2D plot was used to generate the two-dimensional PCA plot 
from NTSYS-pc 2.2 [16]. 

2.3. Biochemical analysis 

2.3.1. Total carotenoids (mg 100 g−1 fresh weight) 

Flesh was cut into small pieces longitudinally and mixed with 80% aqueous acetone for 
2 hours at 50°C using an orbital shaker. Then it was filtered through Whatman paper. Filtrate 
was kept at −20°C prior to analysis. Five ml of sample extract was mixed with 5 ml distill 
water and 1 ml of mix (hexane/acetone/methanol) (50/25/25 v/v). Sample was kept at centri-
fuge at 3000 rpm for 10 min. The absorbance of upper layer was measured at 450 nm. Total 
carotenoids of the sample were calculated as μg 100 g−1 [17]: 

http://dx.doi.org/10.5772/intechopen.82597
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A × Volume of the extract Total carotenoids (µg 100 g‐1) = Ax × Sample weight 

where A = absorbance and Ax = absorbance coefficient (2505).

2.3.2. Total antioxidant (mg 100 g−1 fresh weight) 

Five gram tuber was extracted with 20 ml of 60% methanol (0.1% HCl) and kept overnight. 
Then it was centrifuged at 10,000 rpm for 15 min at 10°C. The supernatant was taken for anal-
ysis. Hundred μl of methanolic extract was mixed with 3 ml of solution (1.2 M sulfuric acid, 
46 mM sodium phosphate, and 8 mM ammonium molybdate) and was incubated for 90 min 
at 95°C in water bath. It was then allowed to cool down at room temperature. Reading of plant 
sample was read using spectrophotometer at a wavelength of 695 nm, and ascorbic acid was 
taken as standard. Standard curve was plotted with the absorbance readings of standard and 
plant sample, which gave value of total antioxidant in mg 100 g−1 [17]. 

2.3.3. Total phenol (mg 100 g−1 fresh weight) 

Phenolic compounds are well-known phytochemicals found in all plants. They consist of sim-
ple phenols, benzoic and cinnamic acid, coumarins, tannins, lignins, lignans, and flavonoids.
The total phenolics in sweet potato extracts were estimated by Folin-Ciocalteu colorimetric 
method. One gm of powdered sample was added in 80% ethanol followed by centrifugation at 
10,000 rpm for 20 min, this step was repeated twice. Supernatant was taken and evaporated for 
dryness. The residue was dissolved in 5 ml of distilled water. Diluted sample extract (1 ml) was 
added 3.0 ml of 20-fold diluted Folin-Ciocalteu reagent and 2 ml of 20% (w/v) Na2CO3. The mix-
ture was incubated in a water bath at 50°C for 1 min and allowed to cool. The absorbance was 
measured at 650 nm and used to calculate total phenolics content using a standard curve [17]. 

2.4. Molecular analysis 

The genomic DNA was extracted from young leaves (3-week-old plantlets) using CTAB method 
[18] with slight modifications. Totally, 20 RAPD primers were used for PCR amplification out
of which 15 primers produced polymorphic, consistent, and reproducible banding pattern. In
brief, reproducible and clear banding patterns were obtained in a reaction mixture of 20 μl con-
taining 1X reaction buffer, 1 unit of Taq DNA polymerase, 200 μM each of dNTPs mix, 20 pmol 
of primer, and 50 ng of template DNA. PCR amplification in the thermocycler (programmable
thermal cycler from BIORAD™ International) was programmed for an initial denaturation step 
of 5 min at 94°C, followed by 40 cycles of denaturation (94°C, 1 min), annealing (37°C, 1 min), 
and extension (72°C, 1 min) followed by a final extension of 72°C for 5 min and a hold tem-
perature of 4°C. The amplified products were electrophoresed on 1.5% agarose (Sigma chemi-
cals Co. Ltd. India) gels in TAE buffer at 50 volts for 3 hours. The electrophoresed gels were
visualized under UV transilluminator and photographed using gel documentation system [19]; 
100 bp ladder and 1 Kb DNA ladder were used as standard (Bangalore, Genei, India). 

2.5. Data analysis 

The amplicons obtained from different RAPD markers were scored based on the presence (taken
as 1) or absence (taken as 0) of bands for each primer. Accordingly, a rectangular binary matrix is 
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obtained, and statistical analysis was performed using the NTSYS-pc version 2.02e [16]. The pair-
wise association coefficient was calculated from qualitative data using Jaccard’s similarity coef-
ficient (by means of SIMQUAL procedure of NTSYS-pc), and the cluster analysis was performed
(by means of SAHN procedure of NTSYSpc) via unweighted pair group method with arithmetic
averages (UPGMA) to develop a dendrogram [15]. A two-dimensional and three-dimensional 
principal component analysis (PCA) was constructed to provide another means of testing the 
relationship among the cultivars using the Eigen program (NYSTS-pc). The effective number
of alles, Nei’s genetic diversity/expected number of heterozygosity, and Shannon’s Information
index were computed using Popgene software. A two-dimensional and three-dimensional 
principal component analysis (PCA) was constructed to provide another means of testing the 
relationship among the cultivars using the Eigen program NTSYS-pc version 2.02 [15]. 

2.6. Association between genetic, morphological, and biochemical diversity 

The cophenetic correlation was calculated to find the degree of association between the original
similarity matrix and the tree matrix in morphological, molecular, and biochemical analyses. 
Using the Mantel test [20], a comparison between all the methods was performed for the 
accessions for which both data sets were available by calculating the correlation between 
the three data sets in NTSYS-pc. Using the same software, PCA was also carried out to iden-
tify any genetic association among the genotypes. 

3. Results and discussions 

3.1. Morphological analysis 

Morphological characterization is regarded as the first step in description and classification of 
any germplasm. A sound knowledge of various morphological traits in the breeding material 
helps classification, identification, naming, and documentation of the entries in a crop. These 
hasten the process of utilization of genetic material for crop improvement programs. The data 
of morphological characters were subjected to analysis of variance (ANOVA) for randomized 
block design (RBD). The mean square values due to genotypes were found significant for all 
the traits, thereby indicating substantial amount of variability among the genotypes (Table 1). 
The mean squares due to replication were found significant for all the characters, namely, stor-
age root number per plant, individual root weight (g), storage root fresh root per plant, storage 
root dry yield per plant (g), storage root yield per plot (kg), storage root length (cm), which 
had high value of variance indicating that the diversity existed, which can contribute to 
improvement of the crop. The mean performances of different Ipomoea batatas L. genotypes 
for different characters are presented in Table 1. 

The genotypes Gauri and 187017 showed maximum root number per plant, that is, 7 and C-71, 
SI-60, SV-71, and SREE VARDHINI, that is, 2 with general mean of 3.86. The perusal of mean table
revealed that the test germplasm V-11 was found to be the lowest in root weight (35 g), whereas 
C-71(1100 g) was the highest among the test germplasm, the germplasm C-71 exhibited highest 
values of storage root fresh yield per plant (2200 g), while minimum in V-10 (160 g). There was sig-
nificant difference in yield for all the germplasm with an average value of 433.71 g. The germplasm

http://dx.doi.org/10.5772/intechopen.82597
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SN Genotype Storage root Individual Storage root Storage root Storage root Storage root 
number/plant root wt (g) fresh yield/ dry yield/ yield/plot length (cm) 

plant (g) plant (g) (kg) 

1 Gauri 7.00 60.00 420.00 134.40 3.36 20.00 

2 ST-10 5.00 65.00 325.00 113.75 2.84 22.00 

3 V-10 4.00 40.00 160.00 56.00 1.40 16.00 

4 SP-2 4.00 55.00 220.00 77.00 1.92 25.00 

5 V-11 5.00 35.00 175.00 51.25 1.28 17.00 

6 C-71 2.00 1100.00 2200.00 540.00 13.50 33.33 

7 Kamla 4.00 120.00 480.00 129.60 3.24 10.00 
Sundari 

8 Sree Nandini 3.00 150.00 450.00 157.50 3.93 25.00 

9 SP-1 3.00 75.00 225.00 78.75 1.95 26.00 

10 CIPSWA-2 3.00 80.00 240.00 84.00 2.10 27.00 

11 SI-60 2.00 100.00 200.00 70.00 1.75 25.00 

12 SV-71 2.00 110.00 220.00 77.00 1.92 23.00 

13 440127 3.00 91.67 285.00 99.75 2.50 28.00 

14 V-7 3.00 60.00 180.00 63.00 1.57 19.00 

15 Khangudu 5.00 144.00 720.00 129.60 3.25 20.00 

16 Pol-19-8-2 4.00 124.00 496.00 173.60 4.34 26.00 

17 MPUAT-6 4.00 103.00 412.00 144.20 3.60 28.00 

18 Varsha 4.00 50.00 200.00 54.00 1.35 8.00 

19 ST-14 5.00 110.00 550.00 184.33 4.60 12.00 

20 Sree Vardhini 2.00 125.00 250.00 85.00 2.12 17.00 

21 187017 7.00 100.00 700.00 199.50 4.99 13.00 

GM 3.86 137.98 433.71 128.68 3.21 20.97 

SE 0.25 7.92 18.04 2.69 0.16 1.12 

CD5 0.71 22.64 51.55 7.67 0.46 3.20 

CD1 0.96 30.31 69.02 10.27 0.61 4.29 

CV 11.21 9.94 7.20 3.61 8.66 9.25 

Table 1. Mean values of morphological characteristics observed for sweet potato. 

V-11 had minimum (51.25 g) among the test germplasm, while C-71 had maximum (540 g) for 
dry yield per plant. Storage root yield per plot was maximum in the germplasm C-71 (13.50 kg), 
whereas V-11 had the minimum value of root yield/plot (1.28 kg). The highest storage root length 
(cm) was observed in germplasm C-71 (33.33 cm), while the minimum was VARSHA (8 cm).
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SN Characters Replication Genotype Error 

d.f. [2] [20] [40] 

1 Storage root number/plant 0.5119 6.3857** 0.1869 

2 Individual root weight (g) 318.7778 149072.5125** 188.2 

3 Storage root fresh yield/plant (g) 3105.1904 577303.5500** 976 

4 Storage root dry yield/plant (g) 53.9544 32674.7156** 21.63 

5 Storage root yield/plot (kg) 0.0237 20.4307** 0.07747 

6 Storage root length (cm) 4.0635 133.0635** 3.763 

*, **, significant at 5% and 1% level of significance, respectively.

Table 2. Analysis of variance (ANOVA) for morphological traits of experimental data. 

The analysis of variance was done for six characters studied, and their mean square values 
are presented in Table 2. The mean squares and mean squares due to replication were also 
found to be highly significant for all the characters. The overall analysis of ANOVA indicated 
the presence of high genetic variability in the experimental material, which can be further 
exploited for sweet potato improvement. Elameen et al. (2011) studied the phenotypic diver-
sity of morphological plant and root descriptor traits in 105 sweet potato germplasms using 
27 phenotypic characters using ANOVA. The analysis of variance (ANOVA) revealed highly 
significant variation among the accessions for 21 out of the 27 characters studied [21]. 

Comparative analysis of seven morphological characters revealed low level of variation. 
Pairwise similarity among the genotypes of Ipomoea batatas L. ranged from 0.01 to 0.50 with 
an average of 0.176 based on morphometric data. A dendrogram generated from morpho-
metric data grouped all 21 genotypes into three major clusters (Figure 1). The first cluster 
involved seven germplasms, namely, Gauri, V-7, Sree Nandini, SP-1, CIPSWA-2, 440127, and 
187017-1 at similarity coefficient of 0.01. This cluster was further divided into two subclusters 
A and B. Subcluster A included six germplasms: Gauri, V-7, Sree Nandini, SP-1, CIPSWA-2, 
and 440127 at similarity coefficient of 0.08. Subcluster B comprises only one germplasm, viz., 
187017-1 at similarity level of 0.03, which was most distinct from all other germplasms. The 
second cluster comprised four germplasms, namely, ST-10, V-11, Khangadu, and ST-14 at 
similarity value of 0.161. The third cluster was the biggest that included 10 germplasms, 
namely V-10, Kamla Sundari, POL-19-8-2, MPUAT-6, Varsha, SP-2, SV-71, SI-60, C-71, and 
Sree Vardhini at similarity value of 0.04. This cluster was further divided into two subclusters 
C and D. Subcluster C included five germplasms: V-10, Kamla Sundari, POL-19-8-2, MPUAT-
6, and Varsha at similarity coefficient of 0.161. Subcluster D was further divided into D1 and 
D2. Subcluster D1 included SP-2, SV-71, and SI-60 at similarity coefficient of 0.11. SP-2 and 
SV-71 found to be morphologically quite similar at similarity value of 0.50. Subcluster D2 
comprised germplasms C-71 and Sree Vardhini. 

Yada et al. (2010) assessed morphological characterization of 1256 Ugandan sweet potato 
germplasms and grouped the 1256 accessions into 20 major clusters, with the number of 

http://dx.doi.org/10.5772/intechopen.82597
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Figure 1. Dendrogram generated for 21 Ipomoea batatas L. germplasm using UPGMA cluster analysis based on morphological 
characters. 

accessions per cluster ranging from 15 to 166 [22]. Similarly, Norman et al. (2014) also evalu-
ated the diversity within sweet potato germplasm using factor and cluster analyses and 
revealed eight clusters at distance coefficient of 0.80 [23]. 

The two-dimensional plot generated from PCA showed three groups that were found to be 
similar to the clustering pattern of the UPGMA dendrogram. In the 2D plot, genotype 187017 
was found distinct as like UPGMA dendrogram. Genotype C-71 was found along with Sree 
Vardhini in UPGMA dendrogram, whereas it was most distinct in 2D plot and made separate 
group (Figure 2). The analysis gave five principal components (PCs), out of which the first 
four principal components contributed 99.81% of the total variability. 

The first three principal components accounted for 99.12% of the total variability, in which 
the highest variation was contributed by the first component (68.48%), followed by second 
(22.07%) and third components (8.56%). The first PC was influenced by the characteristics of 
the storage root yield/plot (kg), storage root dry yield/plant (g), storage root number/plant, 
storage root fresh yield/plant (g), and storage root length (cm). In the second PC, the traits 
contributing to the total variability were storage root length (cm), storage root number/plant, 
individual root weight (g), storage root yield/plot (kg), and storage root dry yield/plant (g). 
Third PC was influenced by the characteristics of the storage root number/plant, storage root 
fresh yield/plant (g), and storage root length (cm). In the fourth PC, the traits contributing to 
the total variability were the storage root number/plant, individual root wt (g), storage root 
yield/plot (kg), and storage root dry yield/plant (g) (Table 3). 

The results presented in the present investigation are in support with the earlier studies. 
Moulin et al. (2012) characterized of 46 sweet potato landraces using morphological descriptors 
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Figure 2. 2D plot generated for 21 Ipomoea batatas L. genotypes using UPGMA cluster analysis based on morphological 
characters. 

PC-1 PC-2 PC-3 PC-4 

Storage root number/plant 0.611 0.1762 0.1481 0.3114 

Individual root wt (g) −0.3443 0.0796 −0.0025 0.009 

Storage root fresh yield/plant (g) 0.0484 −0.0704 0.0235 −0.0048 

Storage root dry yield/plant (g) 0.1317 0.0496 −0.0955 0.0034 

Storage root yield/plot (kg) 0.1316 0.0487 −0.0949 0.0032 

Storage root length (cm) 0.323 0.5878 0.103 −0.0388 

Table 3. Detail of principal components based on morphological traits. 

and reported that the morphological characterization was efficient to detect genetic variability 
among accessions [24]. Amoatey et al. (2016) also reported the significant genetic variability 
among the 20 accessions of sweet potato studied based on the agromorphological characters, 
and the hierarchical cluster analysis grouped these accessions into two clusters at a genetic 
similarity index of 61.60% [25]. 

3.2. Biochemical analysis of tubers 

3.2.1. Total carotenoid (mg 100 g−1 fresh weight) 

The data presented in Table 4 indicated that germplasm studied has significant differences 
for total carotenoids. The range for total carotenoids was 0.76–9.24 mg 100 g−1 fresh weight. 
The mean for total carotenoids was 4.84 mg 100 g−1 fresh weight. The maximum total carot-
enoids were recorded in tubers of “ST-14” (9.24 mg 100 g−1 fresh weight), while minimum was 
recorded in “SREE NANDNINI” (0.76 mg 100 g−1 fresh weight). 

https://0.76�9.24
http://dx.doi.org/10.5772/intechopen.82597
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S.No. Germplasm Total carotenoids mg 100 g−1 Total Antioxidant mg 100 g−1 Total Phenols mg 100 g−1 

fresh weight fresh weight fresh weight 

1 Gauri 6.6 0.21 1.28 

2 ST-10 1.01 0.28 1.07 

3 V-10 1.02 0.18 1.32 

4 SP-2 5.4 0.21 1.03 

5 V-11 1.12 0.23 1.18 

6 C-71 7.91 0.23 1.19 

7 Kamla Sundari 6.46 0.2 1.25 

8 Sree Nandini 0.76 0.26 1.38 

9 SP-1 6.15 0.16 1.18 

10 CIPSWA-2 6.91 0.23 0.94 

11 SI-60 7.16 0.19 1.36 

12 SV-71 1.17 0.19 1.3 

13 440127 5.45 0.23 1.34 

14 V-7 2.6 0.2 1.35 

15 Khangudu 4.55 0.21 0.98 

16 Pol-19-8-2 7.95 0.23 1.37 

17 MPUAT-6 1.1 0.23 1.21 

18 Varsha 4.45 0.17 1.08 

19 ST-14 9.24 0.25 1.05 

20 Sree Vardhini 0.87 0.19 1.16 

21 187017 6.3 0.19 1.03 

Table 4. Total carotenoids, total antioxidants, and total phenols in sweet potato tubers. 

Liu et al. (2008) reported that the orange-fleshed sweet potato had higher total carotenoids 
content than yellow-fleshed [26]. Eluagu et al. (2010) reported that utilizing orange-fleshed 
sweet potato in their raw (unbalanced) form retains nutrient more than in their processed 
form and total carotenoids in the 10 orange-fleshed clones ranged between 10.32 and 13.99 mg 
100 g−1 of fresh weight [27]. 

3.2.2. Total antioxidant (mg 100 g−1 fresh weight) 

The data presented in Table 4 indicated that germplasm showed significant differences for
total antioxidants. The mean value for total antioxidants was 0.08 mg 100 g−1 fresh weight, 
and it ranged from 0.16 to 0.28 mg 100 g−1 fresh weight. The maximum total antioxidants 
were observed in “ST-10” (0.28 mg 100 g−1 fresh weight) followed by “Sree Nandini” 
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(0.26 mg 100 g−1 fresh weight) and “ST-14” (0.25 mg 100 g−1 fresh weight). The minimum 
total antioxidants were observed in “SP-1” (0.16 mg 100 g−1 fresh weight). Padda and Picha 
(2007) quantified the antioxidant activity and phenolic content of sweet potato roots and
leaves of different sizes and ages [28]. Khurnpoon and Rungnoi (2012) also estimated the 
total phenol content and antioxidant activities of 36 sweet potato (Ipomoea batatas) cultivars 
with distinctive flesh color (white, yellow, orange, and purple) grown in Thailand [29]. 

3.2.3. Total phenol (mg 100 g−1 fresh weight) 

The data presented in Table 4 indicated that germplasm showed significant differences for 
total phenols. The mean value for total phenols was 1.19 mg 100 g−1 fresh weight, and it 
ranged from 0.94 to 1.38 mg 100 g−1 fresh weight. The maximum total phenols were observed 
in “SREE NANDNI” (1.38 mg 100 g−1 fresh weight) followed by “POL-19-8-2” (1.37 mg 
100 g−1 fresh weight) and “SI-60” (1.36 mg 100 g−1 fresh weight). The minimum phenols were 
observed in “CIPSWA-2” (0.94 mg 100 g−1 fresh weight). Vyas et al. (2014) evaluated total 
phenolic content (TPC) of four successive extracts of various parts of Nyctanthes arbortris-
tis Linn. TPC revealed that all extracts act as radical scavengers possibly due to presence of 
polyphenolic compounds and concluded that Nyctanthes arbortristis Linn. exhibited strong 
antioxidant activity and could serve as potential therapeutic plant for various diseases [30]. 

3.3. Molecular analysis 

Out of 15, 10 RAPD primers showed variable degree of amplification and generated total 96 
bands, which were polymorphic (Figure 3; Table 5). Only those fragments that were consis-
tently amplified were considered for analysis. Table 5 combines the comparative information 
about total number of fragments with base pair obtained by all the primers in all sweet potato 
genotypes. The advent of the RAPD provided a competent method to detect DNA polymor-
phism and generate a large number of molecular markers for genomic applications [31]. 

RAPD markers are easy and rapid and have the advantage of no prior knowledge of genome 
sequence. RAPD technique can be used in laboratories with limited resources but requires 
optimization for reproducible results for each species under research. Once the reaction con-
ditions have been optimized, the technique is consistent and instructive. Silva et al. (2014) 
studied genetic diversity using RAPD markers. Marker showed that the collection had a high 
level of polymorphism. By UPGMA, they separated three groups of genotypes and identified 
two reconstructed populations by structure software [32]. 

A dendrogram was constructed using similarity matrix values determined from RAPD data 
for 21 sweet potato genotypes using UPGMA of NTSYS-pc software (Rholf, 2000). The simi-
larity coefficient for different genotypes was in the range of 0.65–0.83. The average similarity 
across all the genotypes was found to be 0.74. A dendrogram generated from molecular data 
grouped all 21 genotypes into five major clusters (Figure 4). 

The first cluster includes four genotypes, namely, Gauri, CIPSWA-2, Sree Vardhini, and Sree 
Nandini in which Sree Nandini was most distinct with all the remaining genotypes with 
similarity value of 0.66. Second cluster comprises only two genotypes like Kamla Sundari and 

https://0.65�0.83
http://dx.doi.org/10.5772/intechopen.82597
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Figure 3. RAPD profiles of Ipomoea batatas L. DNA samples obtained from different germplasms using primer (A) OPE-
04 and (B) OPE-03. 

187017 with similarity value of 0.74. Third cluster comprises two genotypes, namely, SV-71 
and Pol-19-8-2 with a similarity value of 0.73. The fourth cluster includes six genotypes, viz., 
V-11, SP-2, MPUAT-6, SP-1, ST-10, and V-7. The V-11 genotype was the most diverse from 
other genotypes in this group with similarity value of 0.73. The fifth cluster was the biggest 
one and comprised eight genotypes, namely, C-71, 440127, Varsha, Mahangudu, V-10, SI-60, 
and ST-14. Within this cluster, C-71 and 440127 genotypes were the most similar to each other 
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S.No Primers Total number of Total number of polymorphic Polymorphism % (b/a*100) 
code bands (a) bands (b) 

1 OPE-03 10 10 100 

2 OPE-04 12 12 100 

3 OPA-07 10 10 100 

4 OPA-11 8 8 100 

5 OPM-03 10 10 100 

6 OPM-06 11 11 100 

7 OPA-05 7 7 100 

8 OPA-09 11 11 100 

9 OPP-10 10 10 100 

10 OPD-05 7 7 100 

Total 96 96 100 

Table 5. Polymorphism information of RAPD primers analyzed. 

Figure 4. Dendrogram generated for 21 Ipomoea batatas L. germplasm using UPGMA cluster analysis based on RAPD 
marker. 

with similarity value of 0.83 (Figure 3). Wang et al. (2009) assessed genetic distance and clus-
ter analysis in 30 sweet potatoes based on the 26 RAPD primers and showed that the genetic 
distance among the 30 sweet potato varieties ranged from 0.0390 to 0.4306 with an average of 

http://dx.doi.org/10.5772/intechopen.82597
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Figure 5. 2D plot generated for 21 Ipomoea batatas L. germplasms using UPGMA cluster analysis based on RAPD marker. 

0.3086 [33]. The dendrogram based on RAPD markers indicated that the sweet potato variet-
ies coming from the same regions or having the same parents were clustered into the same 
groups. 

The two-dimensional plot generated from PCA showed four groups that were found to be 
similar to the clustering pattern of the UPGMA dendrogram (Figure 5). In the 2D plot, geno-
type Sree Nandini was found most distinct, whereas it was present along with Sree Vardhini 
in UPGMA dendrogram. 

The analysis gave 19 principal components (PCs), out of which the first 10 principal com-
ponents contributed 72.42% of the total variability. The first three principal components 
accounted for 30.14% of the total variability, in which the highest variation was contributed by 
the first component (12.30%), followed by the second (9.52%) and third components (8.31%). 
Similar clustering pattern was detected by Moulin et al. (2012) using eight RAPD primers. 
That results revealed that these eight primers with 44 sweet potato accessions generated a 
total of 93 scorable fragments, 88 of which (94.6%) are polymorphic [34]. Genetic relationship 
among sweet potato genotypes was also visualized by performing PCA based on RAPD data. 
The results of PCA were comparable to the cluster analysis with minor differences. Genotypes 
grouped within the same cluster in the dendrogram were also occupying the same position in 
two-dimensional and three-dimensional scaling based on molecular data. 
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3.4. Association between molecular and morphological diversity 

Cluster analysis was performed for both morphological and molecular data using the 
unweighted pair group method using arithmetic mean (UPGMA) algorithm, from which 
dendrograms depicting the similarity among germplasm were drawn and plotted using 
NTSYS-pc. The correlation was calculated to find the degree of association between the origi-
nal similarity matrix in both morphological and molecular analyses. Using the Mantel test, a 
comparison between both methods was performed for the genotypes and showed moderate 
level of correlation between molecular and morphological data, i.e., r = 0.21279. This finding 
is agreed with that of Elameen et al. (2011) who studied the phenotypic diversity of morpho-
logical plant and root descriptor traits in 105 sweet potato germplasms using 27 phenotypic 
characters. Cluster analysis was conducted using the unweighted pair group method with 
arithmetic mean (UPGMA) [21]. 

3.5. Cumulative data analysis of morphology, biochemical, and molecular markers 

Pairwise similarity among the genotypes ranged from 0.58 to 0.77 with an average of 0.67 
based on combined morphometric, biochemical, and molecular markers data. The highest 
similarity (77%) was observed between C-71 and 440127 genotypes, whereas the lowest was 
observed between Sree Nandini and 187017-1 with a similarity value of 0.50. A dendrogram 

Figure 6. Dendrogram generated for 21 Ipomoea batatas L. germplasms using UPGMA cluster analysis based on cumulative 
morphological, biochemical, and molecular data. 

http://dx.doi.org/10.5772/intechopen.82597
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based on combined morphometric, biochemical, and molecular marker data clustered all 21 
genotypes into four major clusters (Figure 6). 

The first cluster was the biggest one and comprised 13 genotypes, namely, C-71, 440127, 
Varsha, Mahangudu, V-11, V10, SI-60, SP-2, MPUAT-6, ST-14, SP-1, ST-10, and V-7. Within 
this cluster, C-71 and 440127 were the most similar morphologically, biochemically, and 
genetically, showing a similarity value of 0.77. In this group, V-11 was distinct from the other 
genotypes, with a similarity value of 0.65. The second cluster comprised four genotypes: 
187017-1, Kamla Sundari, SV-71, and Pol-19-8-2. Third cluster comprised three genotypes, 
namely, Gauri, CIPSWA-2, and Sree Vardhini. Within this cluster, Gauri and CIPSWA-2 were 
most similar to each other with a similarity value of 0.70. Fourth cluster was smallest one and 
comprised only one genotype, namely, Sree Nandini, which was highly distinct from other 
genotypes with a similarity coefficient of 0.58. Based on Mantel Z-statistics (Mantel, 1967), the 
correlation coefficient (r) was estimated as 0.14. This value was considered a good fit of the 
UPGMA cluster pattern to the cumulative morphological, biochemical, and molecular data.

The 2D plot generated from the PCA of the combined morphological, biochemical, and molecu-
lar data (Figure 7) also supported the clustering pattern of the UPGMA dendrogram. In the 2D
plot, genotype SP-1 was grouped in cluster III, whereas in UPGMA clustering, it was grouped 
in cluster I. However, in 2D plot, Sree Nandini genotype grouped with Gauri, CIPSWA-2, and
Sree Vardhini genotypes, whereas it was in separate clusters in UPGMA pattern.

Figure 7. 2D plot generated for 21 Ipomoea batatas L. germplasms using UPGMA cluster analysis based on cumulative 
morphological, biochemical, and molecular data. 
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The analysis gave 19 PCs, out of which the first 10 PCs contributed 72.34% of the total vari-
ability of the analyzed genotypes. The first five PCs accounted for 44.88% of the total vari-
ability; the first three accounted for 30.01% of the variance, in which maximum variability was 
contributed by the first component (11.40%), followed by the second (9.63%) and third (8.96%) 
components. Kaur et al. (2016) reported the UPGMA dendrogram based on the combined 
morphological and molecular markers in which the 23 mungbean genotypes were divided 
into three main clusters, showing a close genetic relationship, which might be due to their 
close genetic bases [35]. 

4. Conclusion

Findings of the present study revealed that 21 sweet potato germplasms were moder-
ate to high diversity based on molecular, biochemical, and morphological assessment 
approaches. The results obtained will serve as a guide for the basis of genotype manage-
ment and crop improvement programs. Designing effective breeding programs is largely
dependent on understanding the genetic diversity of the relevant germplasms. Here, we
reported our detailed analysis of representative sweet potato accessions cultivated using 
morphological, biochemical, and molecular markers. Our results demonstrated signifi-
cant genetic diversity in the orange flashed sweet potato germplasm collection. Although
sweet potato is highly heterozygous, the limited scope of parent selection in breeding also 
affected the genetic diversity of advanced varieties of sweet potato. To create new hybrid
varieties with new alleles and increased genetic diversity, sweet potato accessions with a 
wide genetic background that includes introduced varieties should be used in breeding 
programs. 

From the discovery of first molecular marker, there was a continuous development in the 
molecular markers technology from RFLP to SNPs and a diversity of array-technology-based 
markers. Advancements in the nanopore-based sequencing technologies have led to develop-
ment of low-cost sequencing with high throughput. In spite of the presence of these highly 
advanced molecular marker tools and techniques, the outcomes of such technologies are yet 
to come due to inaccurate phenotyping. Application of molecular marker technologies also 
lies in the areas of plant biology like systematics, population genetics, evolutionary biology 
and conservation genetics, genomics, identification of the wild progenitors of domestic spe-
cies, and the establishment of geographic patterns of genetic diversity. The success of molecu-
lar marker technology for bringing crop improvement depends on the positive interaction 
between plant breeders and biotechnologists. 
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Abstract 

Here we review whether genomic islands of speciation are repeatedly more prone to harbor 
within-species differentiation due to genomic features, such as suppressed recombination,
smaller effective population size, and increased drift, across repeated hierarchically nested
levels of divergence. Our discussion focuses on two species of Phaseolus beans with strong 
genepool and population substructure and multiple independent domestications each. We
overview regions of species-associated divergence, as well as divergence recovered in within-
species between-genepool comparisons and in within-genepool wild-cultivated comparisons.
We discuss whether regions with overall high relative differentiation coincide with sections of
low SNP density and with between-species pericentric inversions, since these convergences
would suggest that shared variants are being recurrently fixed at replicated comparisons,
and in a similar manner across different hierarchically nested levels of divergence, likely as
the result of genomic features that make certain regions more prone to accumulate islands of
speciation as well as within-species divergence. We conclude that neighboring signatures of
speciation, adaptation, and domestication in Phaseolus beans seem to be influenced by ubiqui-
tous genomic constrains, which may continue shaping, fortuitously, genomic differentiation
at various other scales of divergence. This pattern also suggests that genomic regions impor-
tant for adaptation may frequently be sheltered from recombination.

Keywords: genomic islands of speciation, genomic signatures of selection, adaptation, 
domestication syndrome, convergent evolution, gene flow, genomics constrains, 
GBS-derived SNP markers
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1. Introduction: A strategy to discern among confounding causes of 
genomic divergence 

Genomic signatures associated with species, genepools, and ecotypes’ divergence can result
from causes other than reduced gene flow, for example, random genetic drift and selection [1]. 
Moreover, the origin of the outlier variants from novel or standing genetic variation leads to dis-
tinctively different patterns of genomic divergence [2–4]. One approach that can help to distinguish
these underlying causes of divergence is carrying out a replicated sampling of contrasting popula-
tions [5, 6]. If genetic drift rather than selection is responsible for the divergence, it is unlikely that
signals of differentiation reappear consistently across replicates [5]. On the other hand, if selection
acted on the same genetic variants at the replicated contrasting pairs, genomic regions with com-
paratively high divergence between individuals from contrasting populations should be identical
at each of the replicated populations. Parallel selection on shared genetic variation should there-
fore lead to low divergence within populations and across replicates, in the exact genomic regions
where equivalent variants are selected at each contrasting population [6]. Discerning among gene 
flow, genetic drift and selection as the cause of parallel genomic divergence are possible as long as
there is some degree of replication considered in the sampling of contrasting populations.

The genomic landscape of divergence can also be influenced by differences in ancestral varia-
tion and recombination in the genome [7, 8]. Lineage sorting may be enhanced relative to 
background levels by a reduction in the effective population size (Ne) due to processes other 
than gene flow, like low recombination [8–10]. Since differentiation is further speeded up in 
low-recombining regions because of linked selection [11–13], the imprint caused by genomic 
features on the differentiation landscape should be ubiquitous across different levels of diver-
gence. Therefore, besides a replicated sampling of contrasting populations, a hierarchical 
nested sampling across various scales of divergence is advisable in order to examine whether 
genomic islands of divergence may display differentiation due to suppressed recombination, 
smaller effective population size, and increased drift.

In order to discern among confounding causes of genomic divergence in a system with strong 
population structure and subjected to domestication, we suggest conducting the following 
analyses by taking advantage of a replicated hierarchical nested sampling across various 
scales of divergence: 

A. Analyze whether FST outliers between species coincide with high FST values at within-spe-
cies comparisons. This pattern is expected if genomic islands of speciation are repeatedly 
more prone to harbor within-species divergence as a result of limited recombination [8]. 

B. Assess whether the within-species between-genepool divergence FST profiles are simi-
lar among four available comparisons. This trend is expected if the same variants were 
selected as the result of similar selective pressures at multiple domestication events, but 
not if divergence outliers were due to population divergence, that is, genetic drift [5]. 

C. Assess whether the within-genepool wild-cultivated divergence FST profiles are similar
among the available comparisons. This coincidence is expected if the same variants are
selected as the result of parallel domestication but not if divergence is due to genetic drift [5]. 
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Finally, we suggest exploring if regions of high FST co-localized with regions of low FST in 
within-population comparisons. ΔDiv can be used to analyze the difference between these two 

values in each window. Peaks in the ΔDiv statistic point to genomic regions that diverged FST

as a result of parallel divergence from shared variation rather than due to novel variation 
evolving at each site [6]. 

2. Beans as a model system to study divergence across various scales 
of divergence in a replicated hierarchical nested framework 

Phaseolus beans, with their striking genepool structure and multiple domestications, constitute 
an excellent model system [14, 15] to the approach described in the previous section and to 
explore to what extent genomic features, besides reduced gene flow and divergent selection, 
may lead to genomic divergence between (i.e., speciation islands) and within (i.e., during the 
natural colonization of new habitats as well as part of the domestication syndromes) species [16]. 
Common and lima beans are the only bean species with multiple domestications among the 
five domesticated species of Phaseolus [14]. Wild common bean (P. vulgaris L.) diverged from 
its sister species in the tropical Andes [17] and colonized South and Central America from its 
original distribution in Central America, originating what nowadays is known as the Andean 
and Mesoamerican genepools. Independent domestications in each genepool gave rise to the 
Andean and Mesoamerican cultivars [18–20]. On the other hand, wild lima bean (P. lunatus L.) 
diverged from common bean, after which natural spread also led to a strong genepool struc-
ture, with two Andean and two Mesoamerican genepools. Further independent domestica-
tions happened in one Andean and one Mesoamerican genepools [21]. 

With this in mind, in this chapter we discuss how the recurrent phylogeographic splits and 
nested domestication events of common and lima beans help understand whether genomic 
islands of speciation in Phaseolus species are more prone to harbor within-species divergence 
due to reduced recombination and increased drift (Figure 1). We concretely focus our discus-
sion by asking the following questions:

1. Are between-species FST outliers recovered in within-species comparisons?

2. Is there any parallelism in the within-species divergence FST profiles?

3. Are low-recombining regions (i.e., centromeres) more prone to exhibit divergence across 
repeated and hierarchically nested scales of divergence?

If there were some parallelisms in the genetic adaptations to the Mesoamerican and Andean 
environments or in the genetic consequences of the domestication syndromes, then there 
would be matching signals of differentiation in the within-species between-genepool 
divergence FST profiles and in the within-genepool wild-cultivated divergence FST profiles, 
respectively. These patterns of repeatability would not be observed if between-genepool and 
wild-cultivated divergence outliers were due to genetic drift [5], if selection pressures were 
different [22] or if equivalent selective forces did not act on the same shared variation [6, 23]. 
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Figure 1. Schematic representation of a sampling across hierarchically nested sampling levels of divergence. 

Yet, genomic constrains, rather than true signals of convergent adaptation and domestication, 
could still be the reason for these parallelisms. If genomic features were indeed constraining 
divergence, then genomic islands of differentiation would coincide with low-recombining 
regions regardless the nature and the scale of divergence.

3. Evidence that genomic features constrain divergence across scales 

By looking at the genomic diversity patterns in common and lima beans [24–30], there is 
evidence that differentiation across repeated and hierarchically nested levels of divergence 
always co-occurs with regions of low SNP density (Figure 2). Increased lineage sorting, and 
consequently rapid differentiation, is a common phenomenon in low-recombining regions 
because of linked selection and a reduction in the effective population size [8–10]. Likewise, 
low-recombining regions also tend to exhibit a decline in diversity due to background selec-
tion and, to a lower extent, because of genetic hitchhiking [11]. This can be understood as 
evidence that regions with low SNP diversity are enriched for contiguous signatures of dif-
ferentiation between bean species, between genepools, and as part of the multiple domestica-
tion syndromes. These concurring signatures could be a by-product of genomic constrains 
inherent to low-recombining regions. 

One of the regions that repeatedly exhibit high differentiation across hierarchically nested 
levels of divergence in the presence of low SNP density is the centromeric section of chro-
mosome Pv11. The wild-cultivated divergence peak in this chromosome is shared by three 
domestication syndromes and is located beside the outlier peak detected for all within-species 
between-genepool comparisons, which in turn coincides with a major between-species peak. 
In this wide section of chromosome Pv11, there are indications that convergent divergence is 
consistently correlated with very low SNP density, as expected because of combined effects of 
linked and background selection in low-recombining regions [8–10, 22]. The observation that 
genomic constrains are biasing divergence across scales in this section of chromosome Pv11 
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Figure 2. Patterns of genome-wide diversity in common bean and lima beans based on 13,213 GBS-derived SNP markers. 
A sliding window analysis (window size = 1 × 107 bp, step size = 500 kb) was used to compute (A) SNP density, (B) 
nucleotide diversity as measured by π, and (C) Tajima’s D. Vertical translucent boxes highlight the 1 Mb flanking region 
of each FST-based outlier window midpoint when FST was computed as follows: (red boxes) between species (P. lunatus 
versus P. vulgaris), (gray boxes) between genepools (average of four within-species between-genepool comparisons), 
(green boxes) between domestication statuses for P. vulgaris (average of two within-genepool wild-cultivated 
comparisons), and (blue boxes) between domestication statuses for P. lunatus (average of three within-genepool wild-
cultivated comparisons). Results of all windowed analyses are plotted against window midpoints in millions of base 
pairs (Mb). Black and gray colors highlight different common bean (Pv) chromosomes. Gray arrows on the vertical axes 
indicate genome-wide averages. Horizontal gray lines with a central-filled gray dot at the top of the figure mark the 
centromeres [from 20] (figure modified from [16]). 

is reinforced by the fact that previous genomic scans did not attribute to this region a con-
sisted outstanding role during the domestication syndromes [20, 21] or in conferring adapta-
tion to different environments and latitudes across the Americas [31]. The only exception is 
the candidate gene influencing plant size (Phvul.011G213300) as part of the Mesoamerican 
domestication syndrome of common bean [20], but then this pattern has not been consistently 
reported for the other domestication events as to explain its steady repeatability across hier-
archically nested levels of divergence in windows with low SNP density. 

Other “hotspots” for spurious divergence due to genomic constrains may be the regions with 
low SNP density in chromosomes Pv8 and Pv10 that exhibit signatures of between-species 
divergence as well as repeated between-genepool and within-genepool wild-cultivated 
divergence (Figure 2). The region in chromosome Pv8 was previously reported to be highly 
divergent during the domestication of the Andean common bean, but then there were not 
candidate genes in this region associated with that domestication syndrome in particular 
[20], despite that the same region is known for being involved in plant and seed growth (i.e., 
Phvul.008G168000) during the Mesoamerican domestication of the same species. This para-
dox may then be a consequence of genomic constrains obscuring genuine anthropic selec-
tion and repeatedly forcing divergence in this region. Similarly, the wide divergent region 
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in chromosome Pv10, characterized by two outlier peaks split by a “high valley,” actually 
matches a pericentric inversion between species [32], exemplifying how genomic features 
inexorably condition differentiation across scales of divergence.

The observation that low-recombining regions are enriched for differentiation across repeated
and hierarchically nested levels of divergence in Phaseolus beans opposes the profiles of the
genome-wide selection scans carried out in common bean. While low-recombining regions are
more prone to exhibit signatures of divergence, regions toward the arms of the chromosomes
with high SNP density more often harbor adaptive variation [31]. This trend follows expecta-
tions because low-recombining regions are more liable to display divergence because of linked
selection [11, 33, 34], whereas recombination hotspots usually exhibit higher SNP density and
are enriched with functional genes [11, 35]—an already well-described relationship for common 
bean [36, 37]. Also, adaptive divergent selection usually homogenizes haplotypes within the
same niche and fixes polymorphisms in different populations, so that few haplotypes with high
frequency remain. This selective process leads to high values of nucleotide diversity and Tajima’s
D and low values of the Watterson’s theta (θ) estimator [38], a tendency that was corroborated in
wild common bean when looking for adaptive variants [31] but that was lacking in the present
study while retrieving the genomic landscape of divergence between species, genepools, and
domestication statuses.

4. Signatures of shared within-species parallel divergence 

There is some evidence of some parallelisms in the genetic adaptations to the Mesoamerican and
Andean environments in common and lima beans (Figure 2). The landscape of genomic adapta-
tion has remained largely unexplored in Phaseolus beans. Among the few other studies address-
ing this question, a panel of wild common bean sampled across the Andean and Mesoamerican
ranges revealed that regardless the strength of the bottlenecks [39], the signatures of divergent
adaptation are widespread along the genome and coincided with regions of elevated SNP den-
sity [31], frequent recombination, and high gene content [36]. However, these surveys have not
explicitly addressed the colonization of the Andes by linages coming from Central America and
the corresponding change in selection pressures associated with different altitudes, latitudes,
and microenvironments. Topographically complex mountainous systems, such as the Andes,
harbor an impressive heterogeneity of climates at a small scale [40–43]. The ridges and valleys
constitute physical barriers that limit dispersal and cause local variation in rainfall, resulting in
genetic isolation and variation in habitats. Both processes have likely speeded up the evolution
of high species diversity in this region [44–48]. Yet, the relative effects of geographic isolation
[49–51], environmental variation at a small scale [52–58], and their potential interactions across
genepools remain poorly understood in wild beans. Therefore, characterizing the genomic
consequences associated with the colonization of heterogeneous environments may ultimately
disclose further cases of genetic parallelism in the adaptation of beans.

The genomic consequences of multiple domestication events are also moderately recurrent as
revealed by our survey. From the twelve regions putatively differentiated as the result of the
domestication syndrome, only five (42%) appear in more than one comparison but none appears
in all. Two peaks in chromosome Pv3 and Pv10 are repeated across three different comparisons
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of all five profiles of the domestication syndromes. At least the region in chromosome Pv3 has
been reported to be involved in the vernalization pathway (i.e., Phvul.003G033400) as part of 
the Mesoamerican domestication of common bean [20]. Two other divergence peaks in chro-
mosomes Pv8 and Pv11 are consistent across all three genomic profiles of the Mesoamerican
domestication syndrome. The region in chromosome Pv8 is known for being related with the
encoding of the nitrate reductase (i.e., Phvul.008G168000), a critical element for plant and seed
growth, during the Mesoamerican domestication of common bean [20]. Also as part of this 
domestication event, the region in chromosome Pv8 is associated with increased plant size
through the ubiquitin ligase degradation pathway (i.e., Phvul.011G213300) that controls flower
and stem size [20]. More loosely, a peak at chromosome Pv2 in the Mesoamerican common
bean domestication FST profile is recovered in the profiles of all three lima bean domestica-
tions. This region has been linked with the domestication syndrome of lima bean since it is
involved in the regulation of seed germination (i.e., Phvul.002G033500) and leaf size (i.e.,
Phvul.002G041800) and is enriched by inflated linkage disequilibrium scores [21]. Although
scattered, some of these few regions may reveal true parallelisms in the domestication syn-
dromes, whereas others may still be constrained by genomic features.

Also striking is the rarity of regions putatively involved in domestication and shared by 
several domestication events. This trend, mostly expected for quantitative traits with complex 
genetic architectures [59–61], had already been noticed for the common bean [20]—potentially 
applying for lima bean as well [21], and so does not necessarily speak for a prevalent role of 
drift. Since divergence in the lack of repeatability is a liable result of lineage sorting, caution 
must be undertaken while interpreting these signals. Singularities may result from different 
adaptive pressures across the Americas unique to each species, distinctive adaptation to the 
Mesoamerican microenvironments, dissimilar selection as part of each domestication event 
[22], equivalent selective forces acting on different genetic variants [6, 23], or genetic drift [5]. 
Discerning among these causes requires further genotyping in an extended panel specifi-
cally addressing each comparison. At least for the divergence peak at chromosome Pv7 in the 
wild-cultivated Mesoamerican common bean comparison, other drivers besides the domes-
tication itself are an unlikely reason for divergence because a wide region in chromosome 
Pv7 region is known for being associated with increased seed weight (i.e., Phvul.007G094299-
Phvul.007G.99700) during the Mesoamerican domestication of common bean [20], as well as 
with flowering regulation (i.e., Phvul.007G096500 and Phvul.007065600) as part of the domes-
tication of lima bean [21] and both common bean genepools [20]. 

5. Take-home message 

Genomic islands of speciation are not necessarily more prone to harbor within-species diver-
gence, yet subjacent genomic constrains could still be shaping parallel divergence at broader
genomic scales. With that in mind, we first discussed how genomic features and linked selec-
tion could enhance convergent differentiation in low-recombining regions. Later, we reviewed
cases of moderate repeatability in the genomic consequences of multiple adaptation and domes-
tication events. This chapter emphasizes that differentiation across repeated and hierarchically
nested levels of divergence co-occurs with regions of low SNP density, and these concurring
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signatures may be a by-product of genomic constrains inherent to low-recombining regions.
We advise a more systematic use of repeated and hierarchically nested samplings in order to
improve our understanding of the underlying causes of the genomic landscape of divergence.
Because certain regions are more prone to accumulate islands of divergence as the result of
genomic constrains, we advocate that studies of genomic divergence should consider more
systematically a dual-purpose sampling, such as the one we described in the first section. In the
first place, using replicated populations under presumably similar selection pressures helps
accounting for lineage sorting and characterizing the nature of the selected variants, i.e., novel
versus standing [6]. Second, a hierarchically nested sampling across various levels of diver-
gence allows for further assessments on the processes, which like genomic constrains, may
give rise to parallel divergence patterns [2–4, 62]. Finally, some of these examinations must
be verified with genomic features and estimates of the recombination rate [63–65]. We foresee
that as the evidence of pervasive genomic constrains shaping genomic differentiation across
species and at countless scales of divergence accumulates, replicated samplings of contrasting
populations in a hierarchically nested framework of divergence will become indispensable.

In the long run, we are looking forward to see more coherent and systematic samplings of rep-
licated contrasting populations across hierarchically nested levels of divergence in of genomic
divergence has always been challenging, but the field is now moving forward toward a more
cohesive framework. New ways [66, 67] to characterize obscuring genomic features promise
aiding our understanding on how the genomic landscape of divergence is shaped.

Among the five domesticated species in the Phaseolus genus, common and lima beans are
the only ones exhibiting range expansions toward South American and multiple domestica-
tions [14]. However, exploring the landscape of divergence in other domesticated Phaseolus 
species is equally insightful because of their overlapping distribution ranges, nested phylo-
genetic relationships, and divergent adaptations. For instance, year (P. dumosus) and runner
(P. coccineus) beans are Mesoamerican and well adapted to humid habitats, which makes
them a potential source of resistance to biotic stresses. On the other hand, tepary bean (P. 
acutifolius) is also Mesoamerican but is well known for growing in desert and semiarid
environments, which makes it a likely source of tolerance to abiotic stresses. These species
also possess well-established genomic resources [68] that could speed up newer genome-
wide comparisons. Phaseolus species that never underwent domestication are also abun-
dant (ca. 70) and could enrich our understanding of genomic divergence in this intricate
complex. Considering the Phaseolus species complex as a whole will ultimately reinforce
beans as a model for understanding speciation, adaptation, and crop evolution [14, 15, 
69–72]. 
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Abstract 

Genetic diversity is the variation occurred in genetic information, which depends on 
frequency and diversity of alleles among individuals within a population or a species. 
This phenomenon, which is also a part of the evolution process, allows the organisms to 
adapt to changing conditions and to survive. Populations with high allelic variability are 
more easily adaptable to changing environmental conditions. However, nowadays, con-
stant use of populations with certain characters in the plant breeding and the uniformity 
of consumer demands are among one of the causes of genetic erosion. Loss of genetic 
diversity within a species can lead to loss of useful properties for human beings. If stress 
conditions such as disease or drought occur, the ability of a population to survive by 
adapting to this new condition is dependent on the presence of individuals carrying gene 
alleles that need to adapt to these conditions. 

Keywords: gamma rays, genetic diversity, induced mutation, plant 

1. Introduction 

The first information on the importance of genetic diversity begins with Darwin, which 
emphasizes the importance of variations in the process of adaptation to natural habitat. In the 
process of surviving species that can adapt to changing environmental conditions and the 
disappearance of others, the factors that caused them were researched and the definition of 
alleles was first used by Mendel, who is considered the father of heredity. Alleles do not only 
create the source of similarities and differences between progenies, but also makes it possible 
for species with high genetic diversity to continue their evolutionary process by adapting to 
different conditions. A biochemical approach to genetic diversity was presented by the intro-
duction of isoenzyme techniques in the mid-1960s. In the following years, the discovery of the 
structure of DNA and its DNA-based examination of diversity has enabled scientists to reach 
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accurate information about genetic diversity, gene flow, and the origins of species. According 
to the “Neutral Theory of Molecular Evolution” first introduced by Motoo Kimura in 1968, 
many of the evolutionary changes arise from the genetic drift of the neutral mutant alleles. 
Greater than 100 bp insertion/deletion is rapidly removed by natural selection that has caused 
a great change and damage to the DNA. According to the neutral hypothesis, mutations that 
occur with smaller changes are harmless mutations. They are protected in the evolutionary 
process by contributing to the formation of genetic diversity. Most of the polymorphisms are 
kept in a population by mutation and random genetic drift [1–7]. 

The genetic difference between individual of a species is the basis for evolution and adapta-
tion. If all of the individuals were genetically identical, species could not be survived under 
changing environmental conditions such as drought and salinity. It is known that there is a 
positive correlation between fertility and viability with population size and genetic variation. 
For this reason, regardless of whether the existing genetic diversity is beneficial, it should be 
considered that it poses a potential against rapidly changing environmental conditions [8, 9]. 
Loss of genetic diversity will adversely affect the ability to deal with environmental change in 
the evolutionary process. It is anticipated that, particularly small and isolated populations will 
be more affected by this loss [4]. Although loss of genetic diversity has been thought to be a 
threat to rare species for a long time, it has also been found to be effective on widespread 
species with large populations [4, 10, 11]. Furthermore, the fertility and viability rate of 
populations with reduced genetic variability and loss of valuable alleles, especially as a result 
of self-destruction, is diminishing. Random genetic drift changes the frequency of alleles 
between generations. The frequency of some of the alleles may decrease while the other allele 
may become more common. Naturally occurring mutations also support this process. The 
genetic variation among individuals is the basis for the evolutionary change of species, 
populations, and progeny. Evolutionary change requires modifications of genes or gene com-
binations. The functions of the existing alleles are altered by mutation or recombination. 
Appropriate mutations can help the organism better use the current environment. Alleles that 
are previously neutral or have little effect on the reproduction success of individuals may 
suddenly become important. Obtaining useful genetic variations through natural mutations is 
a very slow process. In the future, it is impossible to predict which alleles will be necessary for 
a survival. For this reason, populations and species with high genetic variation are more likely 
to have alleles that may be necessary for adaptation to changing conditions. Generally, natural 
populations have the variation to be expressed in the case of the change of selection pressure. 
The basis of plant breeding is also based on this genetic variation. By artificially altering the 
selection pressure, some alleles come forward and populations gain new features. Since there 
is a positive correlation between population size and genetic diversity [12], decreasing popu-
lation size or limiting gene flow between subpopulations may cause a reduction in genetic 
diversity [13]. Genetic drift with a positive role in the evolutionary process [3], inbreeding, 
mating between close relative individuals, reduction of viability and fertility of individuals in 
the population may cause effects such as the reduction of heterozygote, allelic losses, and some 
alleles become fixed in the population. As a result, genetic variation will be lost in populations 
[9, 12, 14]. Many populations are so small that genetic drift, a random process, has an impor-
tant influence on the number of alleles that will be transferred to future generations. The useful 
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alleles transferred from previous generations may be lost as a result of genetic drift [1]. Two 
main consequences of genetic drift; (a) different alleles frequencies between generations are 
irregular and (b) the genetic diversity of the populations is lost. At the beginning, rare alleles 
will disappear and the mean heterozygote will decrease over time. While genetic diversity 
within populations decrease, genetic differences between populations may increase or 
decrease depending on whether the random genetic drift in different populations in the same 
or opposite direction. This loss will continue until the gene pool is stabilized for an allele or 
until a balance is established between loss of genetic variation and genetic variation through 
mutations. The loss of both rare alleles and heterozygotes, which cause the decrease in genetic 
diversity in the population, will decrease in an inverse proportion to the effective population 
size (Ne). The population size (Ne), which helps to determine the demographic structure of the 
population, makes it possible to predict the change in genetic diversity. Population size is an 
important factor that increases the genetic diversity of individuals’ intra-species and 
between taxa. Besides genetic diversity of non-endangered species is higher than endanger 
species [6, 15–17]. Only a small amount of gene flow may be sufficient to prevent the loss of 
genetic diversity in a population. Especially, the accumulation of mutations with small delete-
rious effects in the alleles may reduce the viability and fertility of the populations. These 
mutations never reach high frequencies in large populations of sexual reproduction. The 
selection pressure prevents these harmful alleles to become widespread. However, in isolated 
small populations, the frequency of these harmful alleles may increase and be fixed by chance, 
if genetic drift may be stronger than natural selection. When a harmful mutation is stabilized 
in the genetic construct, it causes the population size to decrease and other harmful mutations 
to be fixed [18]. While the destructive effect of detrimental mutations affect large populations, 
thousands of years later, can be seen in minutes in small populations. This event, known as 
mutation meltdown, reduces the size of the population depending on the accumulation of 
detrimental mutations. The mutation meltdown, is a genetic problem, especially for small 
populations of endangered species, occur depending on mutation characteristics, demographic 
characteristics of the mutation and population, and the relationship between mutations and 
their adaptation [19, 20]. Species or populations suffering from the genetic bottleneck disap-
pear over time. Adaptation can sometimes be a rapid process involving a single gene. In cases 
when the positive selection is strong, the best allele is fixed in the relevant locus and the 
adaptation process is terminated unless a better allele is generated by mutation or a new allele 
is introduced into the population by gene flow. This does not occur in polygenic characters. 
Genetic drift has a significant impact on the protection of genetic diversity and the amount of 
genetic variation among populations. Genetic drift as well as mutations, selection, and gene flow 
are factors contributing to genetic diversity. Sometimes, however, subspecies can occur as a result 
of gene flow, and which can adversely affect fertility or cause outbreeding depression [9, 21]. 

2. Natural mutagenesis 

When damage occurs in DNA due to a physical, chemical, or biological agent, molecular 
systems recognize and repair this damage. When this mechanism is unsuccessful, mutation 
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occurs in the organism [22]. Mutagenesis, a consequence of errors in DNA repair, is a 
mutation-producing process. Hereditary changes that occur naturally and suddenly, which 
are not caused by recombination and segregation, are called mutations [23]. Mutations that 
lead to the formation of new individuals, species, and genera are considered as the most 
important factors of evolution since they can be transferred to future generations [24]. Muta-
tions that occur in somatic cells are not transferred to future generations, but they are impor-
tant for vegetative produced species. Mutation-derived individuals are called “mutants” [23]. 
Natural mutants formed in the evolutionary process are one of the most important factors 
contributing to the formation of species. The rate of spontaneous mutations in higher plants is 
quite low (10˜5 –10˜8) [25]. Mutations occur more frequently in some regions of the genome. 
For example, in almost all organisms, the mutation rate in GC regions is higher than in AT 
regions [26]. While deleterious or neutral mutations that form a part of the mutations that 
occur in the natural process may disappear in the evolutionary process, the protected mutants 
may have desirable agricultural characteristics or easily adapt to changing environmental 
conditions [25]. The first document relating to mutant selection belongs to the year 300 BC. 
The description of various wild and cultivated mutants was made by Linnaeus in the second 
half of the 1700s [23]. Although hereditary variations have been observed and used for thou-
sands of years, the mechanism of heredity was first revealed by Mendel [27]. Johanssen’s 
research on seed index of common beans in 1913 can be considered as the first to prove the 
presence of natural mutations with small effects. In 1924, Baur emphasized that the accumula-
tion of these small mutations in the genome over the years had an impact on the evolution 
process [28]. Mutation term was first used by de Vries at the beginning of the 1900s. The first 
evidence of mutation breeding work, which will gain a new perspective on plant breeding, 
was obtained in 1927 in Datura stramonium by radium ray application [20]. The process that 
begins with human being’s awareness of natural mutation has led to the development of many 
new varieties with induced mutation. 

Mutations can occur in spontaneously or under different influences of various mutagens. For this 
reason, there are various classifications made by different researchers [2, 29–33]. Yüce et al. [34] 
classified mutations into two main categories as genomic and plasmon mutations. Genome 
mutations; (1) “gene mutations” resulting from genetic changes, (2) “Chromosomal mutations” 
formed by chromosome aberrations or chromosomal changes, (3) “Ploidy mutations” resulting 
from genome and chromosome number changes, (4) Mutations created by transposition ele-
ments, and (5) Mutations resulting from somaclonal and gametoclonal variations were classified 
as five subgroups. Mutations occurring in the genetic material of mitochondria and plastids in 
the cytoplasm are classified as “plasmon mutations” in a single heading [34]. 

Gene mutations are structural gene changes in DNA that occur through different mechanisms 
such as deletion, insertion, and substitution. Intercalar substances, ultraviolet rays, alkylating 
compounds, and free radicals cause gene mutations [33, 34]. 

Chromosome mutations are genetic changes that are generally caused by deletion, duplication, 
inversion, and translocation mechanisms and are larger than gene mutations [33, 34]. 

Ploidy mutations are divided into two main groups as polyploidy and aneuploidy. The 
smallest ploidy level is the haploid in the gametes, containing n chromosomes. Eukaryotes 
contain diploid (2n) chromosomes in cell nuclei. Cells that contain more than two genomes in 
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the nucleus are called polyploids. Polyploidy are very common in plant kingdom and are 
naturally seen in important cultivated plants such as wheat, cotton, potato, banana, and coffee. 
These species, which contain more than two alleles in terms of genetic structure, display a 
richer genetic variability. Aneuploidy is the number of chromosome changes that occur as an 
increase or decrease in the number of chromosomes. In this case, individuals with fewer or 
more chromosomes than normal chromosomes are formed [34, 35]. 

Transposon elements are the mobile genetic elements found in the genome and cause mutation 
due to their ability to displace within the genome [36, 37]. 

Somaclonal and gametoclonal variants, another source of mutations, are genotypic or pheno-
typic differentiations in somatic or gametic cells, which are formed by hormones used in tissue 
culture media [34, 38, 39]. 

Spontaneous mutations caused by disruptions in the functioning of molecular mechanism in 
the cell, the main source of genetic diversity [40]. In every generation, 10˜5 –10˜6 mutation rate 
per gamet cell occurs. This ratio can vary between genes and even by regions within the genes 
[41]. Although mutations occur infrequently, when considered as a whole genome, it plays an 
important role in the change of genetic diversity. Because mutations occur at randomly, and it 
cannot know which one of the gene copies will mutate in diploid or polyploid organisms [22]. 

Spontaneous mutations have been the basis for the beginning of agriculture and for human-
kind to pass on a settled life. Self-changing hereditary features have made the dormancy 
period reduced in species such as peas, wheat, and barley. In addition, the loss of bitterness 
was formed in almond, linden, watermelon, potato, eggplant, cabbage, and various hazelnut 
species. All these developments have made these products suitable for human consumption. 
Another spontaneous mutation was the formation of parthenocarpy in grape and banana 
(Table 1). Naturally occurring mutations have led humans to work on induced mutations [42]. 

Table 1. Useful properties acquired by spontaneous mutations in evolutionary processes in plants (Table was directly 
taken from Mba [42]). 
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3. Induced mutation 

When it considered the changing environmental conditions and population growth, it is 
necessary to increase agricultural products approximately 70% in near future [43]. However, 
breeding trials for the development of desirable agricultural characteristics cause genetic 
bottleneck. Genetic resource erosion in plants will also lead to the loss of useful genes that 
would potentially create for breeding studies [44]. Induced mutations may help regain lost 
traits due to reasons, such as stress factors in the evolutionary process. These genotypes, 
exempted by the ethical and legal limitations faced of genetically modified products, can be 
identified by advanced molecular techniques. Thus, the variation of the mutants with the new 
phenotypes revealed can provide a different perspective for plant breeding studies [45]. Mba 
et al. [46], referring to the importance of landrace and wild varieties as important genetic 
resources in breeding strategies, proposed that artificial mutation of putative parental mate-
rials in order to create new alleles controlling the desired characters for the twenty-first century 
“smart” crop varieties [42]. 

There is a 125-year history of studies on induced mutation. It was determined that X-ray, 
alpha, beta, and gamma rays are the source of radiation, with different studies in 1895–1900. 
In 1897–1908, the first studies were carried out to investigate the effects of radiation on plants 
in 1901 and 1911, it is proved that mutation was induced by chemicals at the first time. In 1904 
and 1905, Hugo de Vries suggested that radiation promoted artificial mutation. In 1910, 
Thomas Hunt Morgan did his first mutation experiments with Drosophila melanogaster. In 
1927, Muller proved precisely that the X-rays induced mutation. In 1928, Lewis John Stadler 
successfully induced mutation in corn and barley using X-rays. In the years 1934–1938, 
Tollenar improved the first commercial variety of tobacco called “Chlorina,” and this variety 
was released in Indonesia [28]. After these initial developments, the curiosity and research of 
the scientists against the induced mutation have continued. 

Today, there are 3222 commercial mutant varieties according to the IAEA data. The countries 
where the most mutant species are released are China (810), Japan (481), and India (330). 
According to this data, the highest mutant cultivation rate is in Asia continent [47]. When the 
products are examined, the percentage of mutant varieties by mutation breeding are consti-
tuted of 49.5% cereal, 21.9% ornamental plants and flowers, 15% legume, 2.4% fruit nuts, 2.4% 
vegetable crops, 2.3% fiber crop, 2.1% oil crops, 1.2% forage crops, 0.6% root-tuber crops, 0.4% 
herbs, 0.2% medicinal plants, and 2% other crops [48]. 

Mutations can be induced by biological, chemical, or physical factors as well as spontaneous 
[40]. In breeding studies, physical and chemical mutagens are generally preferred, but muta-
tions also can be generated by biological agents such as viruses and bacteria. While X-rays, γ-
rays, fast neutrons, ultraviolet (UV) rays, beta particles, alpha particles, protons, and ion 
beams are used as physical mutagens, as chemical mutagens; alkylating agents, azide, hydrox-
ylamine, antibiotics, nitroso compounds, acridines, and base analogs are used for mutagenesis 
[32, 47]. However, “insertional mutagenesis” and “site-directed mutagenesis” methods, which 
give more precise results in parallel with progress in genome and sequencing studies, are 
predicted to be used more widely in future mutation breeding studies [49, 50]. Mutant plants 
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were mostly developed using physical mutagens. Physical mutagens are preferred to chemical 
mutagens for reasons such as ease of use, low cost, and nontoxicity. In particular, gamma and 
X-rays are the most commonly used mutagens. About 64% of the mutant plants obtained with 
the physical mutagens were improved using gamma rays [51–53]. 

Different plant parts such as seed, meristem, callus, and anther can be used in induced 
mutation studies. Mutation studies begin with the initial phase, called M0, where different 
plant materials are used. Each generation of the mutation continues in the form of M1, M2, 
M3,…. When a seed is used as the starting material, homohistont generation is obtained at the 
M2 stage, while the number of cycles may increase in mutagenesis using vegetative tissues. 
Screening and selection starts with the first homohistont generations. Once these stages are 
completed, experiments are carried out to release the mutants obtained, or they can be used as 
parents in breeding programs [23]. 

4. Use of induced mutations in the enrichment of plant genetic resources 

Induced mutation studies were initially conducted only in field conditions. Tissue culture 
studies, began with cell culture at the beginning of the twentieth century, have become wide-
spread parallel to the development of technology and have enabled the rapid and disease free 
reproduction of many plant species. In vitro mutation may be preferred for tolerance selection, 
especially for stress and diseases, because of the shortening of the selection period, being 
economical and the need for small areas in the mutation studies. Generally, plants are trans-
ferred to field conditions after the selection made in step M1V3 in vitro and in this way provides 
the researcher time and labor savings. 

In vitro and in vivo conditions, different plant explants and different doses of the mutagen to be 
administered have used to create variations in plant species. High dose applications will 
increase mutation frequency in induced mutation studies to create genetic diversity in plants. 
In this case, however, the percentage of survival of the plants will either be too low or the plant 
will die [54, 55]. For this reason, appropriate dose determination is required for each mutagen 
and plant species. Appropriate dose determinations are made on the basis of M1 plants 
survival rate and vegetative growth, primarily shoot height [56]. A sample graph, appropriate 
doses calculated according to survival rate of some common bean cultivars by gamma irradi-
ation are given in Figure 1 [57]. 

Numerous studies have been carried out for enriching genetic variation by plant-induced 
mutation and using this variation to the benefit of humankind (Figure 2). Some of these studies 
were conducted in order to create polymorphism by removing genetic bottleneck. In this way, 
new hybrid groups can be formed. Genetic diversity is also important for breeding programs 
and the sustainable use of genetic resources [58]. Genetic variation obtained from induced 
mutation has contributed to modern plant breeding. Studies conducted by mutation breeding 
can be summarized under the titles of biotic and abiotic stress tolerance, improving plant 
nutritional properties, and increasing polymorphism. Barakat and El-Sammak [59] in Gypsoph-
ila paniculata L., Kaul et al. [60] and Barakat et al. [61] in chrysanthemum obtained mutant 
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Figure 1. Stages of mutation breeding (Figure was directly taken from Jankowicz-Cieslak et al. [27]). 

Figure 2. LD50 values of two common bean cultivars (figure was directly taken from Ulukapi and Ozmen [57]). 

plants and they identified mutants’ genetic similarity with molecular markers (from 0.59 to 
0.97, 0.06 to 0.79, and 0.43 to 0.95, respectively). About 83% polymorphism was detected in the 
chrysanthemum as a result of gamma-induced mutation. It has been reported that the 30 Gy 
gamma dose is the most effective dose for in vitro genetic variation [62]. Wu et al. [63] have 
developed resistance at varying frequencies to blast, bacterial blight, and tungoric disease 
using both chemical (diepoxybutane and ethylmethanesulfonate) and physical (fast neutron 
and gamma ray) mutagens in rice. The semidwarf rice mutant “Calrose 76” released in 
California and the short height mutant rice called “Basmati 370” in Pakistan were improved 
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[64]. EMS is the most preferred chemical mutagen. It causes a single nucleotide polymorphism 
(SNP). In this way, even a single change in the genomic coding sequences will change the 
expression of the gene, causing changes in transcription and translation products [65]. Till et al. 
[66] developed two mutant rice populations using ethyl methanesulphonate (EMS) and a 
combination of sodium azide plus methyl-nitrosourea (Az-MNU). The investigators have 
screened target genes and identified 30 nucleotides changes in Az-MNU population and 27 
nucleotides in the EMS population. In a study using EMS as a chemical mutagen, four 
populations with different mutation densities were developed on soybean. The results are 
described by Targeting Induced Local Lesions IN Genomes (TILLING) [64]. Minoia et al. [68] 
obtained a new mutant collection at domestication by EMS. All of the genome scans identified 
66 nucleotide substitutions and reported two different mutation intensities. In Barley, two 
gene-induced mutations were generated using EMS and the results were confirmed by 
sequence analysis [69]. In another study conducted at barley, 63 androgenic doubled-haploid 
mutants were obtained by sodium azide application during anther formation in vitro [70]. In 
the study by Kim et al. [71], homologous mutant lines were developed resistant to 5-
methyltryptophan (5MT) in rice. In a similar study in rice, mutants which were resistant to 5-
methyltryptophan (5MT) were also developed, and the amount of both protein and nine free 
essential amino acids increased significantly from the original variety [72]. In another study on 
rice, a new mutant genotype with high tocopherol content was obtained in in vitro mutagen-
esis with gamma irradiation. Mutant individuals were found to have higher seed viability than 
the control group and seedling growth was faster in the early growth phase [73]. Induced 
mutation treatment resulted in acidity and drought tolerance in lentil and rice [74–76]. Again, 
in a study of rice, salt tolerant varieties were obtained by mutation induction [77]. As seen in all 
of these studies, many mutagenesis applications have been made in order to improve plant 
characteristics and to create genetic diversity, and successful results have been achieved. Some 
methods are used to detect the regions of mutation and density. Methods such as 
conformation-sensitive capillary electrophoresis (CSCE), single-strand conformation polymor-
phism (SSCP), and denaturing high performance liquid chromatography (dHPLC) are used to 
determine variations in plant genes. In addition to these methods, TILLING and High-
resolution melting (HRM) are used to determine the induced polymorphism [25, 65, 67]. 

5. Conclusion 

Mutations naturally occurring in the evolutionary process led to the formation of new genotypes. 
Mutations that occur in nature spontaneously have been modeled for humankind in order to 
increase the genetic diversity, which is narrowed as a result of natural selection and classical 
breeding studies. Thus, induced mutation studies have begun. Mutation induction studies, 
which provide new alleles to the genome by different methods, contribute to the increase of 
genetic diversity. The increase in genetic variation will increase the chance of survival of species 
in changing biotic and abiotic conditions. Genetic diversity is not only important for the continu-
ity of species, but also improves the quality criteria of plants, which are raw materials of many 
industrial products such as food, pharmaceutical, textiles, etc., in these sectors. 
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Abstract

Plant genetic resources for food and agriculture play essential roles in sustainable devel-
opment and the conservation of global biodiversity. Especially, water cycle and related
material circulation are deeply influenced by the loss of plant species diversity and exter-
nal inputs through agricultural practices. This chapter overviews the water and ecosystem
cycles mediated by the ecosystem functions of naturally occurring plant communities and
discusses possibilities for the transformation of agriculture into sustainable modality with
the primary importance on the recovery of water cycle. The transformation requires an
intensive utilization of plant genetic resources in various ways compatible with a multi-
scale integrated model of water and material cycles based on the processes of ecological
succession and evolution. This foresight sheds light on the new importance and utility of
plant genetic resources for food and agriculture, in the face of climate uncertainty and in
repairing disrupted water and ecosystem cycles.

Keywords: water cycle, material cycles, biodiversity, ecosystem functions, plant genetic
resources, ecological optimum, agriculture

1. Introduction

An abundant water cycle supports the ecosystem in the world we live in. Without water filling
the earth’s surface and flowing back to it, life would not have reached dry land and flourished.
Water is the most important substrate for life. The underground water permeating the soil,
the rivers flowing through the earth’s surface, the lakes creating lush landscapes, and other
components of the dynamic water cycle are all supported by the activities within the eco-
system. This chapter looks at the interactive relationship between the water cycle and the
ecosystem.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.79781

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 5 

Water and Ecosystem Cycles Mediated by Plant Genetic 
Resources for Food and Agriculture 

Masatoshi Funabashi 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/intechopen.79781 

Abstract 

Plant genetic resources for food and agriculture play essential roles in sustainable devel-
opment and the conservation of global biodiversity. Especially, water cycle and related 
material circulation are deeply influenced by the loss of plant species diversity and exter-
nal inputs through agricultural practices. This chapter overviews the water and ecosystem 
cycles mediated by the ecosystem functions of naturally occurring plant communities and 
discusses possibilities for the transformation of agriculture into sustainable modality with 
the primary importance on the recovery of water cycle. The transformation requires an 
intensive utilization of plant genetic resources in various ways compatible with a multi-
scale integrated model of water and material cycles based on the processes of ecological 
succession and evolution. This foresight sheds light on the new importance and utility of 
plant genetic resources for food and agriculture, in the face of climate uncertainty and in 
repairing disrupted water and ecosystem cycles. 

Keywords: water cycle, material cycles, biodiversity, ecosystem functions, plant genetic 
resources, ecological optimum, agriculture 

1. Introduction 

An abundant water cycle supports the ecosystem in the world we live in. Without water filling 
the earth’s surface and flowing back to it, life would not have reached dry land and flourished. 
Water is the most important substrate for life. The underground water permeating the soil, 
the rivers flowing through the earth’s surface, the lakes creating lush landscapes, and other 
components of the dynamic water cycle are all supported by the activities within the eco-
system. This chapter looks at the interactive relationship between the water cycle and the 
ecosystem. 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.5772/intechopen.79781


58 Genetic Diversity in Plant Species – Characterization and Conservation 

From the total amount of water cycled across the entire earth, only 0.8% can be used for daily 
life, such as the underground water and the water in rivers and lakes. About 97% of the earth’s 
water is seawater, and from the remaining 3% freshwater component, 2% is in the form of ice 
in glaciers in the polar regions. The water that we actually see in our daily life other than on sea 
is only a portion of the 0.01% water flowing on the ground, out of the 0.8% useable water [1]. 

This may be a very small number, but this 0.8% component of the water cycle supports the 
biodiversity on land. Our daily life, and industries such as manufacturing, agriculture, forestry, 
marine products, and livestock, is established from the various ecosystem services, including 
domestic water, derived from this component. Water flows in a form that we can use for daily 
life due to the power of the ecosystem, at the base of which are the plants. 

Studying the impacts of agriculture by considering agricultural lands as artificially built 
ecosystems provides useful insights on the ecosystem and the water cycle. Conventional 
agricultural practices may be considered as a kind of disruption experiment on the water cycle 
that is mediated through the ecosystem. In addition, the kind of ecosystem that is created by 
agriculture is an important consideration in thinking about the future of the water cycle, which 
supports our daily life. 

2. Soil functions, water retention, and water purification capacities 
afforded by the ecosystem 

Let us look at how the ecosystem creates a water cycle that supplies water for our daily life. 
Plants, the primary producers of the ecosystem, play a central role in creating the water cycle 
for the miniscule 0.8% surface water component. Part of the rainwater supplied to the earth’s 
surface by rainfall goes back to the atmosphere through evaporation and transpiration, and the 
rest repeatedly penetrates and flows out between the surface and the ground as it flows to the 
rivers. Within this process, plants—through photosynthesis—create the organic matter that 
becomes the source of energy for the entire terrestrial ecosystem. Other components of the 
ecosystem food chain, such as animals and fungi that degrade organic matter, are heterotrophs 
that depend on the organic matter produced by plants. Photosynthesis is the origin of all the 
processes on the earth’s ecosystem. Thus, plants can be considered as the source of all organic 
matter on earth, including food and fossil fuel. Photosynthesis, by causing the formation of 
surface soil, serves as the driving force for the different cycling patterns of useable water, such 
as underground water, rivers, and lakes. 

The electrical properties of surface soil provide clues for understanding the development of 
surface soil functions. Land, which was originally composed of rocks and minerals, is broken 
down into various sizes of gravel and eventually into fine clay through long years of erosion 
and weathering. In particular, since fine pieces of clay carry surface charges, they adsorb the 
ions needed for plant growth into the ground surface. In the same way that a piece of paper 
adheres to a sheet of plastic after producing static electricity by rubbing the surface of the plastic 
sheet, the ions contained in the rainwater are adsorbed by the clay and remain on the ground 
surface. The growth of plants on the ground and the resulting activities of microorganisms 
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produce various organic substances, which further strengthen the electrical properties of the 
soil, thereby increasing its water retention capacity and the adsorptive power of microele-
ments. Adsorption and retention of all sorts of substances by the earth’s surface enhance the 
function of purifying the underground water permeating through the ground. As such, the 
electrical properties of the soil surface provide the key for the synergistic interaction between 
the production of organic matter and water retention and purification capacities of the soil. 

Generally, the topsoil’s water retention and purification functions increase proportionally with 
the diversity of vegetation. This is the reason for the preservation of virgin forests, which are 
composed of different tree species, as watersheds. Therefore, even under the same climatic 
conditions, the water cycle components available to living things vary greatly depending on 
the ecosystem formed on the ground surface layer. Even though the surface water component is 
only 0.8% of the water cycle for the entire earth, the circulation of this component has a 
significant impact on the habitat of terrestrial organisms. Imagine what would happen if there 
was no vegetation on earth, and there was no formation of soil due to photosynthesis. There 
would be no underground water, rivers, or lakes that would provide a ready supply of water for 
life. Rainwater would flow straight into the ocean, land would simply release rocks into the sea 
by erosion, and this world would be nothing but either raging streams of water or dried valleys. 

3. Merits and demerits of agriculture: decline of usable water cycle 
components 

We need to reevaluate agriculture in consideration of the general role of the ecosystem in soil 
formation. Usual agricultural practices involve the tillage of land to enhance water retention. 
This results in a sure but short-term increase of water retention in tilled agricultural lands, 
sometimes to a level similar to that of forest areas [2]. However, unless tillage is regularly and 
continuously done, the water retention capacity will not be sustained; that is, without contin-
uous tillage, a hard crust will be formed on the surface to repel rainfall, and the capacity to 
retain water will eventually be lost. Also, since tillage disturbs the soil ecosystem, it will also 
eventually destroy the capacity of the topsoil to purify water. In reality, agricultural fertilizers 
are the biggest pollutants being released to rivers. There are reports of cases wherein, 
depending on crop species, more than 90% of the nitrogen, phosphate, and potassium—the 
major components of fertilizers—are not absorbed but become runoff, in agricultural practices 
that entail tillage and use of fertilizers. This percentage is not for only some farms, but 
represents the national average in Japan [3]. 

The emphasis on temporary water retention in conventional agricultural practices clearly does 
not take into consideration the environmental impact on the ground surface water cycle. 
Addressing this issue means having to deal with the complexity of the water cycle. First of 
all, underground water contamination caused by agriculture, unlike industrial and domestic 
effluent, does not have exact discharge locations, making it difficult to identify testing and 
sampling points. Also, due to the complex dynamics of underground water penetration, 
identifying clear causal relationships is not easy, preventing the analysis of the interplay of 
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different farms and timings of fertilization that lead to contamination. If the contamination has 
accumulated along the river basin, the effects to distant areas, including the marine ecosystem, 
must also be considered. The complexity of the water cycle widens the extent of the impact, 
thereby obscuring the location of responsibility for contamination. 

The most typical example I witnessed in the field is the runoff of red clay in sugarcane fields in 
Ishigaki Island. With subsidy from the government, farmers grow sugarcane by tilling land in 
summer when rainfall is heaviest on 1700 of the 22,900 hectares of the total island area [4]. 
From an airplane, you can clearly see the red clay flowing in all direction throughout the island 
and the coral reefs turning reddish brown in color during rain. Fertilizer-containing red clay 
causes significant changes to the environment of organisms living in the coral reefs, which are 
said to be responsible for 80% of the biodiversity of marine ecosystems. Recently, there has 
been an abnormal proliferation of crown-of-thorns starfish around Ishigaki Island, causing 
damage to the corals. Remains of dead crown-of-thorns starfish are washed up on the beaches, 
making some areas dangerous to walk barefoot because of their poisonous spines. 

Long-time residents of Ishigaki Island claim that they have not seen such occurrences in the 
past few decades. Although crown-of-thorns starfish is important in creating the diversity of 
corals, eutrophication due to fertilizer runoff has caused its abnormal proliferation [5]. 

Thus, although it is clear that agriculture is affecting the environment, it is difficult to make 
comparisons to identify exact causal relationships and determine the extent of the effects. The 
selection of factors that must be quantified in order to understand the phenomenon also depends 
on the purpose and the scale of investigation. Understanding the effect of the coral reef on the 
ecosystem would require investigating an extensive range of factors that include the fluctuations 
in marine biodiversity. Likewise, finding correlations between climatic and agricultural factors 
and isolating individual effects would entail very complicated processes. Therefore, prior to 
quantifying the complex dynamics of the problem, it would be more effective to qualitatively 
identify upstream factors and remove them from the targeted systems. 

Many years ago, environmental contamination from pesticides, rather than from fertilizers, 
was the more urgent concern. Pesticides, which have direct toxic effects, more easily became 
subject to environmental and ethical discussions. At present, most of the pesticides used are 
highly degradable and do not leave residues in the environment. Even pesticides with low 
toxicity, however, when used in the long term or in combination, lead to indirect as well as 
direct effects on the ecosystem—effects that cannot be determined in advance. Likewise, even 
though fertilizers are in themselves not toxic, they diminish useable water resources once they 
enter the water cycle, leading to reduction in biodiversity of the water ecosystem, loss in 
income from fisheries, and damage to the water-related living environment. Also, when using 
organic fertilizers from livestock farms, there is a need to consider the risk of releasing antibi-
otics and other chemicals used for animals into the water ecosystem. 

Therefore, before the contamination spreads throughout the complex components of the water 
cycle, the basic surface soil functions must be preserved, and fundamental measures must be 
implemented in agriculture to prevent the creation of contaminants in the first place. An 
example of these measures is the incorporation of cover cropping (planting of grasses and 
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legumes in between cropping to prevent soil erosion, enhance the landscape, or suppress the 
growth of weeds) as part of conventional agriculture practices. Also, since chemical fertilizers 
and pesticides rely on petroleum resources and rare metals, they cannot be supplied sustain-
ably. Therefore, as long as we do not make use of the natural water retention and purification 
capacities of the water cycle, which are underpinned by healthy ecosystem functions, the cost 
for investing on artificial measures would be too high. 

The use of genetically modified crops, which have continued to improve in recent years, is 
gaining wide attention as a means to increase yield while decreasing inputs and environmental 
burden. This is an effort to shift from the control of environmental factors through the input of 
material resources to the manipulation of genetic functions. The basic framework of agricul-
tural methods, however, still entails the destruction of soil functions through tillage. In other 
words, the priority lies in optimizing agricultural productivity under the conventional frame-
work, without consideration of the water cycle functions of the earth’s surface afforded by the 
ecosystem. As such, there are at most only around ten types of environmentally related genes 
incorporated in genetic modification of crops. This is in stark contrast to the innumerable 
number of genes that are related to the wide range of ecosystem functions supporting the 
water cycle and that are expressed by all organisms involved in the formation of surface soil. 

It is therefore more important to figure out how to allocate vegetation that supports the core of 
the water cycle, which involves a numerous number of genes, rather than create a crop that 
incorporates around ten new genes, in thinking about agriculture that contributes rather than 
undermines the water cycle. The diversity of the countless genes expressed by plants, animals, 
and microorganisms in response to the environment is the foundation that supports the water 
cycle at the genetic level. The interspecific transfer of genes to the surrounding ecosystem 
through genetically modified crops, however, can have a negative effect on this diversity, and 
its actual risks are still unknown. In the same way that vigorously introduced species some-
times impair the diversity of indigenous organisms, there is also a risk of diminishing the 
genetic diversity of endemic species through hybridization with genetically modified crops 
endowed with dominant functions. 

We need to give careful thought on whether it is worth the risk of adversely affecting the 
diversity of the immensely abundant genetic resources underpinning the water cycle for the 
sake of optimizing single-crop farming, which is based on the destruction of soil functions. 
Moreover, even if we can provide proof of whether the transfer of genes from genetically 
modified crops to the surrounding ecosystem has occurred in the past or not, it is in principle 
impossible to guarantee that it would not happen in the future. 

4. Embankments and flood control 

River embankments are an important consideration in thinking about the water cycle of rivers, 
which are important in agriculture. Rivers overflow by nature, and the riverbanks naturally 
formed from the flooding, as well as the fertile floodplains around the riverbanks, is in fact 
ecological structures that naturally create the river’s water cycle. The vegetation on the 
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floodplains is what sustains the underground water and functions to store the excess water 
during flooding, other than being an important source of biodiversity. The fertile floodplains 
near the rivers are suitable for agriculture and building cities. Due to the resulting advanced 
economic growth along the rivers, concrete embankments were built along the banks of rivers 
all throughout Japan to develop the alluvial plains along them. Meanwhile, the growth of the 
cedars and cypresses that were planted on the mountains in different areas in Japan after 
World War II has led to the decline of forest floor vegetation, making the mountains more 
prone to landslides. This has in turn led to the overbuilding of concrete embankments even for 
the small upstream rivers of mountains. 

Cemented riverbanks at a glance seem to protect us from flooding of rivers, but they in fact 
undermine the diverse water cycle and ecosystem functions of rivers. The water retention 
capacity and the many other benefits brought about by rivers to the surrounding ecosystem 
were lost as a result of cementing the passage of water to contain the rivers. Without embank-
ments, the water in rivers freely flows to and from the nearby underground water sources 
while being filtered through the diverse soil environment. The purification process is compat-
ible with the principle of septic tanks used for the domestic effluent such as from toilets, etc., 
which are based on physical filtration and adsorption and degradation of organic matter by 
both aerobic and anaerobic microorganisms. The more diverse the soil environment is, the 
higher is its capacity to purify water passing through it. The river basin water is purified as it 
passes through diverse soil types of different physical environments and microbial flora while 
at the same time enhancing their water-purifying functions. 

Cemented riverbanks intercept the free flow of underground water and undermine the inher-
ent purifying function of riverbanks. The Miya River flowing through Ise, Mie Prefecture, is 
one of the few Class 1 rivers in Japan. According to people living near the river’s estuary, 
before the concrete riverbanks were built, there was no sewage system, there was a large 
population of residents, and there were some kitchen scraps and garbage floating around. 
The water, however, was clear, and people were able to dive into the river and catch fish. 
Presently, however, the population of residents near the estuary has declined, and while a 
sewage system has been put in place, sludge has built up on the bottom of the water channel 
and has created a stench. Since disposal of domestic and industrial effluent is restricted, the 
water quality problem is believed to be caused by fertilizer runoff from the upstream farms 
and by the loss of purifying capacity of the cemented riverbanks. Also, the decline in the 
population of eel, which has recently been classified as an endangered species, is believed to 
be caused, other than by overfishing, by the loss of their habitat due to the building of concrete 
riverbanks across Japan [6]. 

Thus, impediments to the natural water cycle result in various trade-offs in ecosystem func-
tions, leading to risks of forfeiting the aggregate benefits afforded by rivers. Since rivers 
change their courses within the floodplain in response to the water cycle, restricting the flow 
of rivers at the convenience of human society would only be good for several decades. When 
we consider the movement of rivers over a hundred-year span, it is possible that the cost of 
floods that cannot be prevented by the concrete riverbanks and the ecosystem functions lost by 
building them would exceed the benefits of building concrete embankments. Even the cities 
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and farmlands damaged by the tsunami during the Great East Japan Earthquake were alluvial 
plains close to the sea level (some were reclaimed areas built lower than the sea level), which 
basically serve as buffers of the effects of changes in the water cycle. 

The Netherlands, Germany, Austria, and other countries have implemented flood control mea-
sures that take ecosystem functions into consideration through renaturalization of rivers by 
removing the embankments and restoring the floodplains. Conventional flood control by build-
ing concrete riverbanks has led to the worsening of environmental deterioration and loss of 
biological resources. Through citizen’s movements and policy decisions, consensus is building 
toward solving these problems by allowing the water cycle of rivers to take its natural course [7]. 

Large dams built across the USA are approaching the end of their lifespans, and it has been 
pointed out that they have in fact not fully performed their intended functions in generating 
power, irrigation, and flood control. Rather, they have adversely affected water quality and the 
renewal of resources, reduced the underground water in the river basins, and restricted the 
movement and habitat of wildlife. Because of this, around 850 dams have been demolished in 
the last 20 years [8]. The dams built around the world are able to hold up to 15% of the total 
water flowing in all the rivers on earth—an indication of the magnitude of the effect of artificial 
water reservoirs on the water cycle on the surface of the earth [9]. 

The renaturalization of rivers is based on the recognition of the environmental deterioration 
caused by man’s efforts to control rivers by artificial means. The concept of renaturalization 
also includes the extreme approach of completely letting nature take its course by disengaging 
from all human activity, such as agriculture, in the floodplains. Many aspects of the relation-
ship between ecosystem functions and the water cycle in floodplains still remain unexplained. 
As the renaturalization of rivers continues to progress, it is therefore necessary to reassess its 
benefits and shift to a new form of industrial activities that maximize those benefits. 

5. Agriculture that promotes the ecosystem functions related to the water 
cycle 

Thus far, we have looked at examples of the major effects of both the natural cycling and 
artificial cycling of water on the ecosystem. The artificial water cycle created by dams and 
embankments was originally intended to enhance the production of drinking water, energy, 
and food needed by humans. Since they were built without regard for the effects on the 
ecosystem and on the natural water cycle, however, they have led to various ills as well. The 
renaturalization of rivers is a movement to return to the original course of nature upon the 
realization that the adverse impacts of development are far larger than its benefits. But, is there 
an example in which the artificial modification of the water cycle has positively enhanced both 
agricultural productivity and biodiversity? 

There is a vast expanse of paddy fields around San Francisco in the USA. The area used to be 
dry like a desert, but a dam was built to collect water from melted snow from the Sierra 
Nevada mountains and irrigate the fields, enabling regulation of the water levels to the 
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millimeter level and the cultivation of rice. Applying different concentrations of fertilizers 
depending on the previous year’s harvest enables minimizing fertilizer runoff, and the perco-
lation is blocked by the underlying bedrock. Even though rice paddies are man-made 
marshlands, they provide a habitat for ducks and various waterfowls and marsh animals. 
Thus, along with harvesting and other agricultural practices, local volunteers also conduct 
wildlife conservation activities to protect the young birds and other animals. It is therefore 
possible to enhance an aspect of biodiversity along with agricultural productivity, even within 
an artificially created water cycle. Globally Important Agricultural Heritage Systems (GIAHS) 
represent examples of agriculture that balances productivity and conservation in different 
countries around the world, wherein moderate disturbance by humans enhances the biodiver-
sity of the environment, such as Satoyama farming (traditional farming in Japan at mountain 
skirts near the villages) [10, 11]. 

Would it possible, therefore, to more widely practice agriculture that is based on the relation-
ship between biodiversity and the cycling of water and other resources within the ecosystem? 
Thus far, agriculture focused too much on continuous production of a particular type of crop, 
which required a different supply pathway from the natural system for the cycling of materials 
in the ecosystem, and could not be produced sustainably without the input of external 
resources. This is very similar to the destruction of floodplains of rivers contained by concrete 
embankments. The damage from continuous cropping, which is a normal agricultural practice, 
can be avoided by allowing the succession of vegetation in a natural ecosystem, which is 
premised on the mixture of a variety of species. In the same way that the natural ecosystem 
functions of rivers can be restored by enabling flooding to take place, would it be possible to 
restore the autonomous functions of ecological succession in agriculture? 

Let us try to think of an agricultural production system based on the process of topsoil 
formation, the starting point of which is photosynthesis. This production system should 
effectively utilize the water cycle, which is nurtured by the process of topsoil formation. Going 
back to how the cycling of materials has evolved, we see that each material cycles between the 
various layers comprising the ecosystem. At the beginning, after exposure to rainfall and 
sunlight, the rocks and minerals were eroded and dissolved into soil solution, where microor-
ganisms started to deposit organic matter, leading to the growth of plants on the first layer 
of soil formed. Eventually, animals arrived to take up a higher position in the food chain 
(Figure 1). The current composition of the atmosphere is a result of the total effects of the 
earth’s ecosystem, which has been modified by the evolution of living organisms. Being 
formed from the lower layers beneath them, the higher layers are more complex, so that the 
layers can be arranged vertically based on their complexity. We will refer to this arrangement 
as “axial hierarchy.” Figure 2 illustrates how the cycling of materials between each evolution 
layer takes place. The succession of the ecosystem and the soil forms a network that is 
intricately entwined with the cycle of materials. By assigning a qualitative complexity score to 
the soil and ecosystem succession based on the stage of emergence and evolution, and averag-
ing the scores of the layers related to each material cycle, we can arrange them based on the 
characteristics of emergence and evolution. The resulting order shows a close correlation 
between the evolution of the ecosystem and the cycling of materials in accordance with the 
acquired characteristics: In Figure 2 right, the lowest complexity score of material cycle that is 
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Figure 1. Axial hierarchy of emergence and evolution of land ecosystems. 

Figure 2. Axial hierarchy of material cycles of land ecosystems. Prepared based on the Figure 18-2 in Ref. [21] by adding 
the animal layer and leguminous nitrogen fixation. Water movement between animals and transpiration of water from 
animals were excluded from the relative amount of water. 
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most involved in the initial process of land ecosystem evolution is the cycle of water, which 
provides the environment for the emergence of life. Then, on the upper layer followed by the 
cycle of phosphorus, which is responsible for cell membrane formation, followed by the cycle 
of minerals, which mediate the signal transduction systems needed for the independent activ-
ities of the cell, followed by fixation of nitrogen, by which Archaebacteria carry out nutrient 
transformation. And, at the top with the highest complexity score of land ecosystem, is the 
fixation of carbon, which is carried out through photosynthesis, which is in turn responsible 
for the vegetation covering the entire surface of the earth and for creating the topsoil. Thus, the 
cycling of materials depicts the evolutionary history entwined within the ecological succession 
process. 

In terms of ecosystem management, if a certain element in the hierarchy is lacking, then a 
problem occurs. Traditional agriculture tries to solve the problem by supplying the lacking 
element. However, if the level supplied by the natural cycle is lower than the artificially 
supplied level, then the system cannot be sustained unless the input is continually made. 
Conversely, to realize a sustainable culture systems, we need to think about how to change 
the ecosystem to enable a natural remediation of the material cycle without supplying the 
lacking element. By fixing the ecosystem layer where the cycle of the lacking element is mostly 
occurring, it is possible to enhance the cycle of that element within the natural cycle. 

For example, to enhance the water cycle, you can plant vegetation with high biomass on fine-
textured soil to increase the accumulation of organic substances on the topsoil and improve 
water retention. This increases the volume of water retained by the topsoil for the same amount 
of rainfall. Also, since the purifying function of the topsoil is dependent on the thickness of the 
topsoil formed by the vegetation, the capacity to decompose organic substances in the topsoil 
also increases. Likewise, to increase the amount of phosphorus, minerals, and other microele-
ments, you can plant tree species and vegetation that attract insects and small animals carrying 
those elements to the field and collect them from surrounding ecosystems. These microelements, 
other than being supplied through weathering of minerals and through rainfall, are dispersed 
and retained on land through the activity of fish-eating birds and other animals that collect them 
from sediments originating from the oceans. Meanwhile, nitrogen, carbon, and other important 
components of organic matter are accumulated through photosynthetic activities by plants and 
through the activities of symbiotic microorganisms; therefore, succession of vegetation can be 
allowed to proceed until the necessary soil formation level is reached. 

These measures, however, cannot be expected to immediately satisfy the recommended rates 
of fertilizer application for single cropping of particular varieties selected by modern agricul-
ture. In contrast, they can enhance the biodiversity of microelements and phytochemicals that 
are important for exhibiting the ecosystem’s functions. It is therefore possible to sustain 
productivity based on the ecological optimum under mixed growth conditions, which is the 
basis for primary productivity in natural ecosystems [12]. 

In order to increase productivity in a highly diverse plant community, there is a need to find 
the right set of useful plants that grow under the niche of that community rather than practice 
continuous cultivation of a specific crop. This is the same as improving the cycling of materials 
by changing their relationships rather than by input of lacking elements. It is possible to 
balance productivity with the natural ability of the ecosystem to adapt to environmental 
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changes by designing vegetation to enable productivity in a diverse community, in accordance 
with the cycle of materials and the environment established in the field. Agricultural crops are 
basically introduced species, wherein despite having more than 30,000 species of agriculturally 
useful plants, there are only around 120 species actually being cultivated for agriculture. About 
90% of all food is derived from only 30 species of plants [13]. Enhancing the water cycle and 
other ecosystem functions based on biodiversity requires the development and cultivation of 
underutilized or neglected plant resources in accordance with the ecological succession stage. 
Synecological farming, or synecoculture, is such an approach to agriculture that emphasizes 
the management of ecological relationships. 

In synecoculture, an extremely wide variety of useful plants are densely cultivated together 
based on the ecological optimum. This results in a condition wherein the water retention 
capacity and permeability of the topsoil enhance the water-buffering capacity of the soil while 
supporting the growth of aboveground vegetation and at the same time enhancing the biodi-
versity and activity of soil microorganisms [14]. Field experiments conducted in Burkina Faso, 
sub-Saharan Africa, showed that synecoculture was more efficient in the consumption of water 
relative to productivity compared to other cultivation methods [15]. These examples indicate 
that the intensive introduction of diverse genetic resources from useful plants into an agricul-
ture based on the ecological optimum is very effective in improving ecosystem functions, such 
as the cycle of water and materials. 

6. Target areas for implementing agriculture that is adaptive to fluctuations 
in the water cycle 

In particular, which places would benefit from an agriculture that emphasizes uninhibited 
ecological dynamics and the conservation of the water cycle? Governments, NPOs, and scien-
tists from more than 110 countries have submitted an international report stating that agricul-
ture based on large-scale monocropping is not sustainable from the standpoint of environmental 
burden and fair distribution of food [16]. Also, those who are at higher social risk against the 
effects of climatic changes are not the developed nations with advanced large-scale agricultural 
systems, but the small and developing countries in the tropical and subtropical regions [17]. In 
particular, the increasing expanse of flood-stricken areas in Southeast Asia is at a high risk of 
being unable to cope with dramatic changes in the water cycle if conventional agriculture is 
continued, pointing to the urgent need for developing agriculture that leverages the inherent 
water-buffering capacity of the ecosystem. In China, 200 million small-scale farms are pursuing 
modernization with support from the government. There is a need, however, to implement 
measures to improve food production based on the ecological optimum rather than through 
conventional agricultural practices, both from the standpoint of environmental burden and the 
available materials and resources in the future [18]. In India, where the Green Revolution has 
since steadily increased food production and enabled overcoming hunger, restoring the biodi-
versity and ecosystem services (particularly pollination and purification of water and air) that 
were lost as a result of the agricultural activities must be addressed [14]. Moreover, African 
countries undergoing rapid development in recent years must develop self-sustaining agricul-
ture practices based on the characteristics of the ecosystem in each region, in order to combat 
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desertification in arid areas, correct the disparity in wealth, and stabilize their society [15, 19]. 
To arrest the deforestation of the few remaining tropical rainforests in Indonesia, the Amazon in 
South America, the Congo Basin, and other susceptible areas, we need to nurture the capacity of 
local communities to use forest resources sustainably based on the ecological optimum of useful 
plant resources. We also need to create regulations that favor local economic development and 
involve stakeholders from a wide range of sectors. These regions will benefit from the rapidly 
increasing uptake of mobile terminals and other IT devices through the development of data-
bases and tools for understanding relationships with the water cycle and biodiversity primarily 
pertaining to useful plant resources. These databases and tools will serve as effective infrastruc-
tures for underpinning next-generation ecosystem management and food productivity [20]. 

7. Conclusion 

This chapter reviewed the relationship between biodiversity and ecosystem cycles in plant 
communities with a particular focus on water cycle. A wider introduction of plant genetic 
resources for food and agriculture into the establishment of novel agricultural practices that 
make use of ecologically optimum formation of mixed communities is needed to overcome 
sustainability burdens, cope with the climate change, and recover globally disrupted water and 
material cycles. Guidelines for the resolution through ecosystem management are explained 
along with the “axial hierarchy,” as a structure traversing ecosystem cycles closely related to the 
emergence and evolution of land ecosystems. 
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Abstract 

Mountain pine (Pinus hartwegii Lindl) is one of the most abundant conifers in the Protec-
tion of Flora and Fauna Area Nevado de Toluca in central Mexico; this natural protected 
area is threatened by urbanization; this has been manifested in forest health; there has 
been an increase in forest parasites like bark beetles and dwarf mistletoes, making neces-
sary improve forest management and conservation, hence our objective was to study the 
genetic diversity of mountain pine under the attack of parasites and to generate informa-
tion that could be used to improve strategies of conservation of these forests. We classified 
sampled trees into four categories according to the type of parasite present in a tree (bark 
beetle: BB; dwarf mistletoe: DM; bark beetle and dwarf mistletoe: BM and non-attacked 
trees or healthy trees: HT). Genetic diversity was low in comparison with other pine 
species, but we observed an interesting issue: trees attacked by bark beetle and dwarf 
mistletoe had higher levels of heterozygosis: Henc = 0.1924 and Henc = 0.1993, respectively. 
These results suggest that trees with bark beetle and dwarf mistletoes may have higher 
genetic variability and are a highly valuable genetic resource for mountain pine. 
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1. Introduction 

Forests of the Trans-Mexican Volcanic Belt (TMVB) physiographic region are among the most 
threatened areas in Mexico. The TMVB region encloses a large number of natural protected 
areas (NPA), the Protection of Flora and Fauna Area Nevado de Toluca (PFFANT) is one of 
them. The closeness of this NPA to large cities entails environmental pressures that includes 
the presence of human settlements, illegal logging, introduction of exotic species and the 
growing incidence of forest parasites like bark beetles and dwarf mistletoes [1–3]. 

PFFANT is formed by conifer forests, with the genera Pinus and Abies being the most repre-
sentative of this zone [4, 5]. Pinus hartwegii Lindl. is forming large forest stands and is the pine 
species which grows at the highest altitudes in the PFFANT [6], unfortunately is affected by 
dwarf mistletoes (Arceuthobium spp.) and bark beetles (Dendroctonus spp.). The incidence of 
these parasites is growing, probably because of climate change and deforestation [1, 7–9]. 

México ranks fourth in terms of deforestation, with approximately 670,000 ha/year causing 
losses in genetic diversity and changes in locally adapted populations for example giving place 
to an increase of parasites populations [10–13]. Results of forest health diagnoses have 
suggested that bark beetles are a group of parasites that have affected large extension of forests 
in Mexico (40.5%), followed by parasitic plants (38.7%), both of them leaving negative conse-
quences in the forest, like high mortality rates of trees affected [11, 14, 15]. 

Bark beetles grow under the cortex and induce weakening of the tree, the construction of 
galleries and the inoculation of a staining fungi which is carried by female beetle results death 
[14]. In the PFFANT, Dendroctonus adjunctus is affecting P. hartwegii [6, 14]. Dwarf mistletoes 
are obligate heterotrophic plants that acquire all their water and nutrients from their host and 
can significantly inhibit its growth causing permanent deformation of the stem and crown. 
This parasite weakens trees in such a way that they become more susceptible to attack by 
insects, particularly bark beetles. In the PFFANT, P. hartwegii is the host of Arceuthobium 
vaginatum and A. globosum [6, 8, 15]. Bark beetles and dwarf mistletoes epidemics can lead to 
shifts in forest, forest successional trajectories and susceptibility to future disturbances [16–18]. 

Forest trees are key drivers of terrestrial biodiversity because they function as a carbon sink, 
preserve the water quality and regulate climate [19, 20]; genetic variability studies are crucial 
to understand the basic biology of these organisms and to obtain insights on evolution, 
disease resistance and conservation genetics [21–23]. In conifer species for example, gene 
flow is mediated by three types of genomes with contrasting inheritance: nuclear (bipa-
rental), mitochondrial (maternal) and chloroplast (paternal) this particularity opens avenues 
to the study of conifer DNA polymorphism, the study of genetic variability with these three 
types of markers allow making inferences on the distribution of genetic resources and habitat 
connectivity [24]. 

In this study, nuclear DNA (ncDNA), mitochondrial DNA (mtDNA) and chloroplast DNA 
(cpDNA) were used to assess the genetic variability and population structure of P. hartwegii 
populations affected by bark beetles and dwarf mistletoes, expecting that genetic variability 
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will be low in the parasitized populations. We want to contribute to the conservation of 
mountain pine populations of the PFFANT generating information which helps in the identi-
fication of populations genetically valuable. 

2. Materials and methods 

2.1. Study zone 

Sampling was carried out in the Protection of Flora and Fauna Area Nevado de Toluca, which 
forms part of the Trans-Mexican Volcanic Belt physiographic region. The geographical coordi-
nates of the study zone are 18� 510 3100 and 19� 190 0300 N and 99� 380 5400 and 100� 090 5800 W; it is 
a priority region for conservation due to its diversity of ecosystems in which pine-fir forests 
and high mountain prairie dominate [1, 25]. 

2.2. Plant material 

We sampled a total of 180 individuals of P. hartwegii. A distance of 50 m was between each tree 
sampled. Samples were classified into four groups (categories): trees with signs of attack by bark 
beetles (BB), trees with signs of attack by dwarf mistletoe (DM), trees with signs of attack of both 
parasites (BM), and trees with no signals of any parasite, which were considered as healthy trees 
(HT). Each sample consisted of young needle tissue. Immediately after collecting the needles, 
they were placed on ice for transport to a laboratory where they were maintained at �70�C. 

2.3. DNA isolation 

Cetyltrimethylammonium bromide (CTAB) method was implemented with a few modifica-
tions [26]. Needle tissue was ground to a fine powder with a chilled mortar and pestle, making 
two washes, the first with 100% ethanol (v/v) and the second with 75% ethanol (v/v). DNA was 
re-suspended in 70 μL TE and stored at �20�C until it was used. 

2.4. PCR amplification reactions 

PCRs were performed in a reaction volume of 10 μL, containing: ammonium buffer 15 mM, 
MgCl2 25 mM, dNTP mix 10 mM, primer 20 μM, DNA 10 ng/μL and 0.5 U of Taq polymerase 
(Sigma). To amplify nuclear (ncDNA), we used anchored microsatellites (ASSR) which proved to 
be genetically stables and heritable: ASSR-15 and ASSR-29 [27] and one operon: UBC 254 [28], 
one cytochrome oxidase sequence: cox3in, was used to amplify mitochondrial (mtDNA) [30] and 
one highly polymorphic microsatellite: 10FF/RR, to amplify chloroplast (cpDNA) [31] (Table 1). 

Amplifications were performed in a Master Cycler Gradient (Eppendorf) Thermal Cycler in all 
40 cycles. For ncDNA primers: 1 min of denaturation at 94�C, 1 min of annealing at 48�C and 
1 min of extension at 72�C. For mtDNA primers: 1 min of denaturation at 94�C, 1 min of 
annealing at 48–55�C and 1 min of extension at 72�C. For cpDNA: 1 min of denaturation at 
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Primer name Marker type Sequence (50 ! 30) 

UBC-254 Nuclear operon [28] 50-CGCCCCCATT-30 

ASSR-15 Nuclear anchored microsatellite [29] 50-(CT)7GCA-30 

ASSR-29 Nuclear anchored microsatellite [29] 50-(CT)7GTA-30 

ASSR-20 Nuclear anchored microsatellite [29] 50-(CT)7ATG-30 

COX3in Mitochondrial cytochrome oxidase III gene sequence [30] 50-GTA GAT CCA AGT CCA TGG CCT-30 

50-GCA GCT GCT TCA AAG CC-30 

10 FF/RR Chloroplast microsatellite [31] 50-CAGAAGCCCAAGCTTATGGC, 
50-CGGATTGATCCTAACCATAC 

Table 1. Description of markers used for the study of genetic variability of Pinus hartwegii. 

94�C, 1 min of annealing at 58–60�C and 1 min of extension at 72�C; all samples with all 
primers were given a 7 min of pre-amplification denaturation at 94�C and a 5 min of post-
amplification at 72�C. 

2.5. Electrophoresis in agarose gel 

The amplification products were separated by electrophoresis in agarose gel (1.5%) at constant 
voltage (100 V and 90 mA). Gels were visualized by UV transilluminator (UVP) with ethidium 
bromide (10 mg/mL). 

2.6. Scoring of bands and data analysis 

DNA patterns were inferred according to dominant nature of markers used, so each amplified 
product was scored for all genotypes for its presence or absence, we made a binary matrix in 
which band presence was assigned a value of one (1) and the absence of a band a value of zero (0). 
Co-migrating bands were assumed as the same locus and the same band when scoring. 

We used PopGene 32 [32], Genealex 6.5 [33] and TFPGA [34] to obtain genetic diversity 
parameters: mean number of alleles per locus (A), mean number of observed alleles (na), 
effective number of alleles (ne), Nei’s genetic diversity indices (He); as long as we sampled 
parasitized trees we used Graphpad Prima 7.0 to perform a chi square test and detect if there 
were differences in heterozygosis according to the categories considered in sampling. The 
number of polymorphic alleles (LP), percentage of polymorphic alleles (%LP), population 
structure fixation indices (GST), indicators of heterozygosis (HT: total genetic diversity of the 
locus, HS: genetic diversity within populations), gene flow (Nm) and Nei’s genetic distance (D) 
between the four categories we obtained BB, DM, BM, and HT [35]. 

3. Results 

We obtained electrophoretic patterns with high reproducibility and clear band resolution. 
UBC-254: 11 bands, ASSR-15: 7 bands, ASSR-29: 11 bands, Cox3in: 8 bands and 10FF/RR: 7 
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bands, combined in 139 band patterns, ranging from 200 to 2000 bp; additionally there were 
bands only present in HT trees. 

3.1. Genetic variability 

The number of alleles per locus (na) and the number effective alleles (ne) ranged from 1.3 to 2.0 
indicating that the number of alleles transferred from one generation to the next is low; these 
low values of na and ne consequently act on heterozygosis (Nei’s genetic diversity: He), which 
also was low compared with other Pinus species (Table 2). 

Among categories (BB, DM, BM and HT) we observed, in some cases, a tendency of BB, DM 
and BM to present higher values of He, for example with ncDNA BB and DM categories 
showed He values 0.1924 and 0.1993, respectably, higher than in HT trees which was 0.1831, 
with cpDNA DM trees presented high He compared with HT (Table 2). According to Chi 
square tests, the distribution of He showed statistically significant differences between the BB, 
DM, BM and HT categories (Table 3). 

3.2. Population structure 

Estimated population structure based on GST (fixation index) was very low probably due to 
high levels of gene flow (Table 4). The rates of gene flow (Nm) derived from GST were very 

Marker Χ2 P 

ASSR-15 1.0614 0.0001 

ASSR-29 1.8906 0.0001 

UBC254 0.8028 0.0001 

10FF/RR 0.8732 0.0001 

COX3IN 0.5732 0.0001 

Table 3. Comparison of genetic variability between groups (BB, DM, BM and HT) in Pinus hartwegii. 

ncDNA mtDNA cpDNA 

Mean SD MAX MIN Mean SD MAX MIN Mean SD MAX MIN 

GST 0.0321 39.8316 0.1404 0.0006 0.0170 0.0065 0.0230 0.0049 0.0475 0.0312 0.0961 0.0096 

Nm 15.0849 10.8853 55.5996 3.0604 28.9288 14.9747 59.5707 21.2152 10.0279 17.0230 51.3333 4.7046 

HT 0.1946 0.0203 0.4906 0.0302 0.0713 0.0122 0.3294 0.0064 0.0832 0.0064 0.2076 0.0064 

HS 0.1884 0.0194 0.4850 0.0120 0.0700 0.0116 0.3218 0.0063 0.0792 0.0058 0.1955 0.0063 

Table 4. Summary of Pinus hartwegii population differentiation (GST), genic flow (Nm), total genetic diversity of the locus 
(HT), average genetic diversity (HS), for nuclear (ncDNA), mitochondrial (ncDNA) and chloroplast DNA markers 
(cpDNA). 
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HT BB DM DM 

ncDNA HT __ 

BB 0.006 __ 

DM 0.014 0.007 __ 

BM 0.012 0.004 0.007 __ 

mtDNA HT __ 

BB 0.002 __ 

DM 0.010 0.001 __ 

BM 0.004 0.001 0.003 __ 

cpDNA HT __ 

BB 0.014 __ 

DM 0.003 0.013 __ 

BM 0.005 0.006 0.001 __ 

Table 5. Matrix for genetic distance values for bark beetle attacked tree (BB), dwarf mistletoe attacked tree (DM), bark 
beetle and dwarf mistletoe attacked tree (BM) and healthy tree (HT) in Pinus hartwegii samples, evaluated with nuclear 
(ncDNA), mitochondrial (mtDNA) and chloroplast (cpDNA) markers. 

high with all markers, averaging 15.1 migrants per generation (Table 4). Based on these results 
(low-population differentiation/high gene flow), we assume that inbreeding rates are low. 

Genetic distances ranged from 0.003 between DM/BM with mtDNA and DNA cp markers to 
0.014 between HT/DM and HT/BB with ncDNA and cpDNA markers; for all markers parasit-
ized trees had the highest genetic distances between nonattacked trees (HT) and attacked trees 
(BB, DM and BM) (Table 5). 

4. Discussion 

We found low levels of genetic variability in mountain pine, but also that parasitized trees in 
some cases had highest levels of heterozygosity; this is not rare if we take into account that 
plants are subject to various abiotic and biotic stresses, especially those long-lived species like 
conifers; thus, slow-growing plants will invest heavily in defenses against parasites because of 
high cost of replacing tissue [9, 36]; substantial variation in susceptibility, damage and resis-
tance are well documented in natural plant populations [21, 37–39]. 

4.1. Genetic variability 

Levels of heterozygosis in mountain pine were in general low, but in spite of this with ncDNA, 
we observed a tendency of parasitized trees (BB and DM) to have more genetic variability and 
this is relevant because in a population stressed by an increment of parasites, high genetic 
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diversity individuals will have more chances to adapt themselves to changes in their environ-
ment and attack by parasites and pathogens. 

Some theories propose that dwarf mistletoes performance is regulated by physiological 
(genetic) condition of the host and that infections are greater in sites with high stress, also 
long-term contact and evolutionary history between specific plant and parasites are expected 
to increase plant defenses, tree species have been co-evolving with mistletoes for 25 million 
years, so high genetic variability of parasitized organisms is an insight of co-evolution system 
[16, 40, 41]. The genetics of host resistance due to a co-evolutionary linkage has been reported 
in some pine species, such as P. edulis, P. lawsonii, P. montezumae and Fagus sylvatica with their 
associated bark beetles [9, 42], and for P. ponderosa and Douglas-fir (Pseudotsuga menziesii) to 
dwarf mistletoes [37, 40, 43, 44]. 

In PFFANT, pine forests are under high abiotic stress like the presence of human settlements 
and logging which in turn could be causing biotic stress situations like incrementing incidence 
of parasites (e.g., because of the loss of trees, bark beetles move to sites where there were no 
infections and the infection spreads in trees which are predicted to have low defenses). The 
location of populations parasitized and with high genetic variability is a valuable data to be 
taken into account for conservation science. 

P. hartwegii form dense forest stands in the PFFANT, and their associated parasites are also 
present with a patchy distribution. They are not present in all populations, indeed there are 
healthy trees in populations highly parasitized (also called “scape trees”) it could suggest that 
the parasites of mountain pine select their host based on genetic cues. There is a hypothesis 
called “gene by gene coevolution” which pose that host-parasite relationship had been kept 
polymorphisms in plants, these has been recognized in the existence of two cases: host-
specificity, and variation in host preference [40, 45], we suggest that in view of the levels of He 
in parasitized trees, it is possible that a gene-by-gene coevolution case is present in the 
interaction of mountain pine with its parasites, although there is a need for more studies to 
probe it. It appears that we are facing a coevolution dynamics, where trees with higher genetic 
diversity are attacked due to its genes; parasites track specific host genotypes under natural 
conditions [46–48] not only to phenotypic characteristics. In other words, plant genetic diver-
sity affects enemies and mutualists [49]. 

4.2. Population structure 

Organelle genomes provide information about the relative capacity of dispersal of males and 
females; mtDNA is maternally inherited, and cpDNA is paternally inherited in pines, this 
shapes gene flow and genetic diversity within and among populations in a particular way 
[22, 50, 51], we found low levels of GST, in comparison with some other pine species at 
organelle genomes [24] and registered high levels of gene flow, these data could suggest that 
mountain pine subpopulations studied at PFFANT are poorly differentiated which in turn 
could mean that the population as a whole must be managed and conserved as genetically 
unique; also we registered the highest with mtDNA on this we can infer that P. hartwegii’s most 
important means of gene flow seems to be the seed (Table 4), but it is also probably due to the 
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reforestation plans performed at PFFANT by government institutions, which in most of the 
cases is performed with pines from off-site seed carrying foreign DNA. 

High levels of deforestation have been reported at PFFANT, mainly due to illegal logging 
leading to forest fragmentation, which in turn has devastating effects on forest trees, taking 
off the best conformed trees, which reduce levels of gene flow and allele diversity, promoting 
inbreeding and genetic drift [52]. Since conifers are wind pollinated and long lived organisms, 
effects of inbreeding and or genetic drift are not drastic yet (in view of our results) and the 
levels of genetic variability reported here may only reflect standing genetic variation, when a 
population passes through selective pressures it adapts mainly from standing genetic variation 
[53, 54]. 

Genetic distances differed according to marker type; there has been reported high polymorphism 
in Dendroctonus ponderosa related to geographic region [55]. Our results may be explained 
by differences in land use in which trees were sampled, which could impose different selection 
pressures in parasites and hosts in response to biogeographic discontinuities [42, 56]. We obser-
ved, for example that dwarf mistletoe infections response to altitude, at least Arceuthobium 
vaginatum and A. globossum (parasites of P. hartwegii) disappear above 3600 masl (personal 
observation at FFPANT). The lowest genetic distances we found were between DM and BB trees 
with the tree markers (Table 4), and these trees are genetically similar and have high levels of 
polymorphism, the differences between HT trees and DM, BB trees may consist in those which 
parasitized trees possess and make parasites choose them [40, 45], while markers we used are 
not specifically related with defense and resistance pathways in plants, we report a reliable 
difference which can serve as a first insight to conduce more studies on genetic resistance of 
conifers to bark beetles and dwarf mistletoes. 

4.3. Conservation implications 

The presence of probably immune trees (HT) and resistant trees (BM) must be taken into 
account to conserve mountain pine forests of the FFPANT, specially confronting an increase 
of infected areas by bark beetles and dwarf mistletoes; BM are trees whose seeds could be used 
in reforestation programs, especially in areas where infections are growing, and HT seeds 
could be used to create barriers which impede the spread of outbreaks. 

Pinus forests of the FFPANT are home and a potential distribution area of many species of 
plants and animals some of which also have high levels of genetic variability which in turn 
makes FFPANT an important place to conservation of species [4, 57–60]. These forests provide 
water to urban areas, hence the importance of preserving this natural area should not be 
dismissed; there is an urgent need to protect these forests, as long as forest fragmentation is 
increasing. 

It has been reported that there are differences in susceptibility to parasites attack among tree 
species and even among individuals within a species; when different species interact, selective 
changes may occur as a result of the interaction; models of host–parasite interactions support 
the idea that variation in host resistance is, at least partially, genetic and assume the presence of 
genetic variation [23, 46, 48]. In conifers, some theories have been proposed to explain this 
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variability, including variations in terpene or phenolic content [61], differences in constitutive 
defenses [62, 63] and differences in growing conditions [64, 65]. Population genetics theory 
predicts that under many selective regimes, fitness will increase the number of heterozygous 
loci [23]; many authors have reported that genetic variability of trees affected by parasites, in 
terms of heterozygosity, they report that heterozygous individuals were resistant and suggest 
that heterozygosity and plant resistance are positively correlated [61, 66–69]. 

More studies are needed in order to reaffirm the results reported here, may be with other kinds 
of molecular markers, and to continue the improvement of management and preservation of 
the FFPANT. Forests worldwide need to be protected in face of an imminent climate change. 
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