”

& -w
! —

-

23

-,

-

\@ j
. -~
. <

‘%'ﬁ\y '

% e
>
Te

IntechOpen

Genetic Diversity

Recent Advances and Applications

Edited by Mahmut Caliskan and Sevcan Aydin







Genetic Diversity - Recent

Advances and Applications

Edited by Mahmut Caliskan
and Sevcan Aydin

Published in London, United Kingdom




Genetic Diversity - Recent Advances and Applications
http:/dx.doi.org/10.5772/intechopen.100913
Edited by Mahmut Caliskan and Sevcan Aydin

Contributors

Mounawer Badri, Ndiko Ludidi, A.S. Anter, Ranjana Bhaskar, E. Agnita Sharon, Nalan Tavsanli, Mahmut
Caligskan, Ahmet Arihan Erézden, Sevcan Aydin, Maria Dzunkové, Shler Akram Fage Mahmood, Nerbéwendé
Sawadogo, Mahamadi Mahamadi Ouédraogo, Lardia Ali Bougma, Norbert Yaméogo, Wendmanegda
Hermann Tondé, Josiane Tiendrébéogo, Sévérin Tuina, Gapili Naoura, Mahamadou Sawadogo, Muhammad
Tahseen

© The Editor(s) and the Author(s) 2023

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED .
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.
@)y |

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

Notice

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

First published in London, United Kingdom, 2023 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

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

Genetic Diversity - Recent Advances and Applications
Edited by Mahmut Caliskan and Sevcan Aydin

p.cm.

Print ISBN 978-1-80356-944-4

Online ISBN 978-1-80356-945-1

eBook (PDF) ISBN 978-1-80356-946-8



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

64(D®+ 172,000+ 190M+

ailable International authors and editor Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

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

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

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

1






Meet the editors

Mahmut Caligkan is a Professor of Biotechnology at Istanbul
University in Turkey. He received his BSc from Middle East
Technical University in Turkey, and his Ph.D. from the Depart-
ment of Genetics at the University of Leeds in England. His
research interests primarily focus on plant molecular genetics,
microbial biotechnology, and the characterization and biotech-
nological use of halophilic archaeal strains. Currently, he serves
as the head of the Biotechnology Division at Istanbul University.

Sevcan Aydin is an Associate Professor of Biotechnology in

the Department of Biology, Istanbul University, Turkey. She
obtained a bachelor’s degree from Ege University, Turkey, and
a Ph.D. in Biotechnology from Istanbul Technical University,
Turkey. Her main research areas include genetics, environmen-
tal biotechnology, and bioengineering.







Contents

Preface

Chapter1
Induced Mutation to Enhance Plant Biodiversity and Genetic Resources
for Intensification of Crop Production to Mitigate Climatic Changes

by A.S. Anter

Chapter2

Single-Cell Genomics for Uncovering Relationships between Bacteriophages
and Their Hosts

by Mdria DZunkovd

Chapter 3
Biodiversity of the Genus Medicago from Africa
by Mounawer Badri and Ndiko Ludidi

Chapter 4

Genetic Assessment of Silver Carp Populations in River Chenab (Pakistan)
as Revealed by SSR Markers

by Muhammad Tahseen

Chapter5

Assessment of Genetic Variability of Three Types of Sorghum Cultivated
in Burkina Faso Using Morphoagronomic Quantitative Traits and Brix

by Nerbéwendé Sawadogo, Mahamadi Hamed Ouédraogo,

Lardia Ali Bougma, Norbert Yaméogo,

Wendmanegda Hermann Tondé, Josiane Tiendrébéogo, Sévérin Tuina,
Gapili Naoura and Mahamadou Sawadogo

Chapter 6
Molecular Genetic Approaches in Wildlife Conservation
by Ranjana Bhaskar and E. Agnita Sharon

Chapter?7
Genetic Variability of Entamoeba histolytica Strains
by Shler Akram Faqe Mahwmood

XI

19

35

49

83

99

115



Chapter 8 131

The Diversity of Gut Bacteria and Psychological Disorders
by Sevcan Aydin, Nalan Tavsanli, Ahmet Arihan Erizden

and Mahmut Caliskan

XII



Preface

Thus far, we know all life forms in the universe exist at or near the surface of
planet Earth. The life forms on Earth connected through shared history are DNA-
based life. Since even distantly related life forms are surprisingly similar geneti-
cally and share the same regulatory genes, it would be counterproductive not to
take advantage of the full range of variation produced by this great experiment
conducted over billions of years. Genetic diversity is the fundamental source of
biodiversity and is required for populations to evolve and cope with environmen-
tal changes, new diseases, and pest epidemics. Genetic diversity also provides the
opportunity for tracing the history of populations, species, and their ancestors.
Therefore, the assessment of genetic diversity in species and among popula-
tions is important for the conservation of genetic resources. Genetic diversity
determination can be based on morphological, biochemical, and molecular types
of data. However, molecular markers (RFLP, RAPD, mtDNA, RFLP, SNP, etc.)
are superior to both morphological and biochemical markers because they are
relatively simple to detect, abundant throughout the genome, completely inde-
pendent of environmental conditions, and can be detected at virtually any stage
of development.

This book provides a glimpse into the dynamic process of genetic diversity by
presenting the thoughts of scientists engaged in developing new tools and ideas
to reveal genetic diversity, often from very different perspectives. It consists of
eight chapters, each focusing on a certain aspect of the genetic diversity of living
forms. They give the reader a general idea of where the current research efforts
are heading, both within genetic diversity research itself and in interdisciplinary
approaches.

Chapter 1 describes the value of genetic diversity in terms of crop protection. Plant
mutagenesis, which increases the variation in crop plants that have been inbred for
centuries, coupled with high-resolution genotypic or phenotypic screening meth-
ods allows breeders to select for traits that were very difficult to breed. Therefore,
directed mutations are one of the main tools to enhance genetic diversity in popula-
tions. The chapter describes the role of mutation breeding for the intensification of
crop production and the economic gain of new mutant varieties.

Chapter 2 reports on the relationship between viruses and their relative hosts. Single-
cell genomics has significantly accelerated mammalian and prokaryote studies related
to human health, revisions of the tree of life, and biotechnology, as well as enhanced
our understanding of the roles that microbes play in ecosystems. The chapter covers
methods for linking bacteriophages with their hosts, assessing host—phage relation-
ships from single-cell genomics data, viral tagging, resolving phage-host relation-
ships in complex communities, such as the human gut, and novelty of the viruses
recovered by single-cell genomics.



Chapter 3 addresses the status of the genus Medicago in Africa in terms of genetic
diversity, phenotypic and molecular genetic variation, symbiotic host specificity,
fungi-plant interactions, adaptation to abiotic and biotic constraints, and fodder
quality. It is well known that genetic diversity is of fundamental importance in the
continuity of species, as it provides the necessary adaptation to the prevailing biotic
and abiotic environmental stresses.

Chapter 4 analyzes the patterns of genetic variability in silver carp populations by
employing simple sequence repeat (SSR) molecular markers at five different sites
in River Chenab, Pakistan. Eventually, natural populations include a considerable
genetic variability that provides genomic flexibility that can be used as a raw mate-
rial for adaptation. Alternatively, low genetic diversity has been associated with the
inability to cope with changing environmental circumstances and various stresses.
The current study based on the assessment of SSR molecular markers reveals loss of
genetic diversity of silver carp in River Chenab.

Chapter 5 provides some details about the status of sorghum agriculture in Burkina
Faso in terms of genotypic and phenotypic variation. Sweet grain sorghum is charac-
terized by a robust, low-sugar stem, longer leaf sheaths, a broad panicle, and lighter
grains. The chapter reveals that sweet sorghums are more genetically similar to grain
sorghums.

Chapter 6 describes the various molecular markers that are being utilized to study
wildlife conservation. It notes that the variation of DNA sequences allows for differ-
entiating genetically differentiated populations, understanding inbred populations,
and determining the actual number of males and females contributing to successive
generations. Basic data on the genetic and cytogenetics of any species is necessary for
wildlife management programs. Applying molecular markers approaches will help
solve problems in the management of wild populations and help in identifying the
subsequent gene pools.

Chapter 7 describes several powerful molecular techniques and available genetic
biomarkers, such as chitinase, SREHP polymorphisms, SNPs, STRs, retrotranspo-
sons, and microarrays. It is revealed that such tools can aid in determining the role of
Entamoeba histolytica genetics in the outcome of infection and can be used for popu-
lation-based studies as well as to develop an improved evolutionary and phylogenetic
framework for the parasite.

Finally, Chapter 8 evaluates the interaction between microbiota diversity and
diseases such as depression, anxiety, and stress-related disorders. It is concluded
that gut microbiota offers a strong potential target for mental health treatments
in the future.

This book is a useful resource for students, researchers, and experts in conserva-

tion biology, genetic diversity, and evolutionary biology. The recent development
of global warming and climate change studies provides some unique opportunities

XIvV



to realize the vital role that biodiversity plays in sustaining life on Earth. Let us all
wish much success to all projects and initiatives dealing with the conservation of
life diversity.

Dr. Mahmut Caliskan
Professor,

Biology Department,
Istanbul University,
Istanbul, Turkey

Dr. Sevcan Aydin
Associate Professor,
Biology Department,
Istanbul University,
Istanbul, Turkey
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Chapter1

Induced Mutation to Enhance Plant
Biodiversity and Genetic Resources
for Intensification of Crop
Production to Mitigate Climatic
Changes

A.S. Anter

Abstract

Plant genetic diversity is a valuable resource for the production of food and other
agricultural products. However, the loss of genetic resources is accelerating at an
astonishing rate, especially in light of climate change. Induced mutation is one of
the means to generate genetic variation in plants contributing to global food secu-
rity. Mutation breeding has been widely used to create new genetic variations and
identify important regulatory genes in order to create varieties with higher yields,
more stable yields, and greater tolerance to climate change. Mutation breeding has
been to upgrade the well-adapted plant varieties by altering one or two major traits.
Mutagenesis can occur in any gene and are unpredictable, we also have a strong
possibility of discovering novel traits. For example, tolerance for salt in sesame and
orobanche in faba beans. Mutation breeding is a well-known method that allows plant
breeders to work with farmers to create varieties of rice, barley, sesame, and other
crops that are high-yielding and more resistant to disease, resulting in the intensifica-
tion of crop production. This chapter will discuss the role of mutation breeding to
intensify crop production to mitigate climate change.

Keywords: DNA changes, field crops mutagenesis, plant biodiversity, climatic changes

1. Introduction

New semi-dwarf, disease-resistant, and high-yielding cultivars have been created as
aresult of the green revolution [1]. This innovative agricultural technique raised annual
yields, which increased the amount of food produced by vital crops [2]. On the other
hand, commercial crops have a very small genetic base, making them vulnerable to
environmental dangers. Up to 75% of agricultural genetic variety has already been lost,
and another 15-37% are in danger of going extinct [3]. Out of the 200,000 plant species,
humanity has historically used roughly 3000 for food production. Only 15-20 of these
are now used to produce food [4]. Therefore, addressing this issue poses a significant
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challenge for breeders, and creating plans to boost genetic diversity has drawn the inter-
est of numerous research teams [5, 6]. Mutation breeding can be used to address these
problems by developing agricultural varieties with superior product quality, larger yields
and yield stability, more resistance to climatic change, and greater tolerance to biotic

and abiotic stresses [4]. More than 9 million hectares of mutant varieties are planted
annually, producing about 1.5 million tons of crops annually with an estimated worth of
roughly $500 million [7]. Mutagenesis is a coherent tool for generating variation in crop
species in a short period compared to crosses [8]. Also, mutations can be analyzed using
forward genetics (from phenotype to gene) or reverse genetics (from gene to phenotype
to understand gene function [5]. A mutation is a heritable change in a gene, chromosome
that contains several genes, or a change in a plasmagene [9]. And mutants are individuals
who exhibit modified traits as a result of heritable changes [10-13]. Mutations are gener-
ated from errors in DNA replication or from the damaging effects of mutagens, such as
chemicals and physical elements, which interact with DNA and change the architecture
of individual nucleotides, including substitutions, insertions, or deletions, to create
novel mutant lines with improved traits and increase plant genetic diversity [14-16].
However, spontaneous mutation rates in plants are low [17]. Therefore, increasing the
frequency of mutations by mutagenesis is a significant way to obtain the raw materials
required for the development of desirable “smart” crop types that boost biodiversity
[18]. For more than 70 years, plant breeders have used mutation induction and detection
two crucial components of mutation breeding to increase the genetic diversity of plants
and create novel mutant lines with enhanced traits [19]. A practical approach to deal
with climate change is the creation of new cultivars with improved agronomic features,
such as increased resilience to biotic and abiotic stress, and bio-fortification [20]. This
chapter will emphasize the value of mutant breeding to enhance plant biodiversity and
genetic resources for the intensification of crop production.

2. Mutation breeding

De Vries [21] popularized the concept of developing new forms through induced
mutations. The first conclusive proof of ionizing radiation’s capacity to produce
mutations was provided by [22]. When he was successful in altering Drosophila in
a specific way. Three categories of mutagen can be known: physical, chemical, and
biological. Physical mutagens include gamma rays, X-rays, electron beams, ion beams,
and neutron particles. Chemical mutagens: Substances include ethyl methane sul-
phonate (EMS), sodium azide (NaN3), diethyl sulfate (dES), N-ethyl-N-nitrosourea
(ENU), and ethyleneimine (EI); biological mutagens: microorganisms like bacteria
and viruses [23]. Some investigations have shown that the combination of these
chemicals increases the frequency of mutations [6]. A mixture of chemical and
physical factors was observed in rice that had been exposed to rays and subsequently
had its seeds soaked in EMS. Salinity-tolerant mutants were isolated and were able to
survive for up to 15 days in a 342 mM NaCl solution, while the control was affected by
171 mM NaCl after 5 days [24]. Siddiqui and Singh [25] found that the combination
of different doses caused reductions in panicle number, plant height, and 100-seed
weight when they utilized a combination of rays, EMS, and Sodium Azide in Basmati
rice. A mutation is a change in a small section of a genome’s nucleotide sequence. One
nucleotide is frequently replaced by another in point mutations; other changes involve
the insertion or deletion of one or more nucleotides (Figure1(A)).
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Figure 1.

(A) A mutation is a minor change to the DNA molecule’s nucleotide sequence. (B) Mutations that arise as a result
of mutagenesis activity and veplication errors ave fixed by DNA repair. (C) Recombination processes include the
exchange of DNA molecule segments [14].

The primary origin of mutations is errors in DNA (deoxyribonucleic acid) replica-
tion or the corrosive effects of mutagens, such as chemicals and radiation, which
interact with DNA and alter the architecture of individual nucleotides [14, 26]. DNA
repair enzymes are present in every cell and work to reduce the frequency of muta-
tions. These enzymes use two techniques. Some are post-replicative, checking newly
synthesized DNA for errors and fixing any that they find, while others are pre-repli-
cative, searching the DNA for nucleotides with odd structures that are replaced before
replication takes place (Figure 1(B)). When homologous chromosomal segments are
exchanged during meiosis or when a mobile element is transposed from one place to
another inside or between chromosomes, for example, recombination causes the rear-
rangement of a section of the genome (Figure 1(C)). Induced mutation is currently
the method of developing novel improved germplasm in crop plants [27]. On the good
cultivars, mutagens are typically applied. As seen in Figure 2, mutation breeding
speeds up the process of creating new varieties as compared to hybridization.

Additionally, mutant types exhibit a better survival rate in the face of environ-
mental changes, making it possible to distinguish between mutants with different
traits through mutation breeding. Because mutations can occur in any gene and are
unpredictable, we also stand a fair possibility of discovering novel traits. For example,
tolerance for salt in sesame and Orobanche in faba beans. Also, the analysis of mutants
by forward genetics (from phenotype to gene), or by reverse genetics (from gene

Mutagens e Seed NN V1, plant
varieties chimeras
]
M, Seed

M, (sogragating population)
salection for desired
mutant=.

M, (segregating populatian)
selection for superior mutant
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Figure 2.
Diagram of crop plant breeding for mutations [28].
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Figure 3.
The five largest countries registered mutant lines as commercial varieties [19].

to phenotype), can be applied to realize gene function [5]. The induced mutation
method was used in some countries to enhance crop productivity because of its
efficacy and wide adoption (Figure 3).

The sources of genetic diversity in plant species can be categorized into three
groups, depending on the mechanisms underlying the diversity: (1) cultivars, or
crops that humans have artificially selected based on advantageous phenotypic
traits; (2) naturally occurring variations selected over a long period of time; and (3)
mutants produced using transgenic technologies or chemical/physical mutagens [29].
According to Mba [30], the common practical factors that must be taken into mind
when inducing and detecting mutations are as follows:

* A thorough understanding of how hereditary traits that need to be addressed
are transmitted is essential. For example, polygenic traits, or traits controlled by
numerous genes, are less likely to change than traits controlled by a single gene
(i.e., monogenic).

* If the crop is propagated from seeds, the choice of self- or cross-fertilization will
need to be made.

* Select the chemical to be used for sexual or asexual reproduction before begin-
ning therapy.

* Knowing the genetic background of the target crop in order to cause mutations
and select the best cultivar that is deficient in just one trait. Knowledge of the
number of chromosomes in the nucleus of a cell of the target crop.

* Choosing the right mutagen (chemical, physical, or dosage [duration and
concentration of mutagens]).

* Methods for separating stable mutants from chimaeras in screening experiments.

IAEA has divided its mutant varieties into four categories based on their intended
uses: (1) direct use of a mutant line created through somaclonal variation or physical
and chemical mutagenesis; (2) indirect use of a mutant line; (3) use of mutant gene
alleles (traits), such as the rice Calrose 76 sd1 allele (semi-dwarf 1 trait); and (4) use
of wild species’ genes inserted into plant genomes [31].

A successful mutation breeding program starts with goals that are well-defined,
such as improving a particular plant phenotype or genotype by enhancing the distinc-
tive traits of one or more elite lines, inducing a morphological marker, establishing
distinctness in a promising line to meet the requirement for variety registration, or
inducing male sterility or fertility restoration to make a line useful as a component for
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Figure 4.
Mutant lines vegistered as commercial varieties [19].

the creation of hybrid varieties [32]. The agronomic traits are confirmed in the second
and third generations by clear phenotypic stability, and further evaluations are done

in the generations after that. In comparison to the original variety, mutant screening
involves selecting individuals from a large population of modified individuals who
match specific selection criteria, such as early or disease resistance [33]. Through
screening procedures like those for salt and drought tolerance, or disease resistance,
mutant phenotypes can be found. Mutant confirmation or mutant validation is the
process of re-evaluating mutations in a controlled, replicated environment with sizable
sample size. By using this technique, many reported mutants are shown to be fake
mutants and keep the real mutants for the next generation. Noticeably, two precau-
tions must be taken while using the procedure because mutant breeding relies on indi-
vidual plants for selection. The first is to eliminate mechanical mixes, and the second
is to prevent outcrossing in the M1 and M2 generations, even in self-pollinated species
[9]. The mutant lines with the desired characteristics are selected as a new variety
(direct use) or as a parent line (indirect use) for cross-breeding [34]. In more than 210
plant species from more than 70 countries, more than 3200 mutant varieties, including
many crops, ornamentals, and trees, have been approved for commercial use [19]. In
Figure 4, mutant lines that were authorized as commercial varieties were displayed.

To speed up the process of introducing the desired traits into other commercial
cultivars, breeders could use molecular markers [35]. Recent improvements in high-
throughput mutation detection technologies, such as whole genome sequencing, have
increased the effectiveness of detecting the DNA changes that give rise to a new trait.
Other efficient high-throughput methods for examination-induced DNA deletions
to include reverse genetic techniques, such as Targeting Induced Local Lesions in
Genomes (TILLING) has numerous advantages over other reverse genetics techniques
because it may be applied to any plant species [36-38]. Also, the mutant or variant
allele can be detected and facilely introgressed by applying Genome Wide Association
Studies (GWAS) in populations or commercial cultivars [6].

3. A role mutation breeding for intensification of crop production

Despite the fact that mutation-induced changes could affect any of the 100,000
genes, Micke and Donini [39] emphasized that breeders are only working with a small

5



Genetic Diversity - Recent Advances and Applications

Variety name Latinname Country Character improvement

BINA dham 25 Oryza sativa L. Bangladesh The BINA dham 25 variety has a short duration,
a high yield, taller plant height, a longer panicle
length, and unusually long grain.

Trombay O. sativa L. India This variety has mid-late maturity habit
Chhattisgarh (135-140 days), high yield potential, and high
Sonagathi Mutant fertile spikelet’s/panicle (257) as compared to the
(TCSM) original parent.

Trombay O. sativa L. India This variety has semi-dwarf stature
Chhattisgarh (110-115 cm) as compared to tall original
Vishnubhog Mutant parent (145-150 cm), mid-early maturity habit
(TCVM) (120-125 days) as compared to original parent

(145-150 days), and high yield (4312 kg/ha) as
compared to original parent (2783 kg/ha).

Table1.
Officially veleased mutant varieties in the FAO/IAEA mutant varieties database [19].

portion of the 100,000 genes of a nuclear genome when two well-established culti-
vars are crossed. A lack of genetic diversity within and between a species can cause a
loss of beneficial characteristics for human beings. If biotic and abiotic stresses occur,
the ability of a plant to survive by adapting to these conditions is dependent on the
presence of individuals possessing gene alleles that need to adapt to these conditions
[26, 40, 41]. Induced mutation has contributed to increasing genetic diversity through
the development of new varieties that are more adaptable to climatic changes [34].
Informations in Table 1 showed the most recent crop varieties that the Mutant Variety
Database was registered in 2022.

Changing characteristics to improve production and quality has been the primary
goal of mutation-based breeding. Worldwide, induced mutagenesis is utilized in
the production of rice (Vietnam, Thailand, China, and the United States), durum
wheat (Italy and Bulgaria), barley (Peru and Europe nations), soybeans (Vietnam
and China), wheat (China), and leguminous food crops (Pakistan, India). A total
of 76 mutant cultivars of 15 different crop species, including barley (5), wheat (5),
durum wheat (9), maize (26), sunflower (3), lentil (4), bean (2), pea (1), chickpea
and vetch (2), soybean (5), cotton (2), and tobacco have been released in Bulgaria as
aresult of mutagenesis (2). From 1984 to 2000, several mutant varieties, such as the
maize mutant hybrid “Kneja 509” and the durum wheat variety “Gergana,” took over
up to 50% of the planted area. Over the past 30 years, mutant forms of durum wheat
have nearly completely covered all of the growing regions and increased production
by twofold [42]. Mutant plants are created because DNA damage is challenging to
properly and accurately repair. In general, we use breeding programs to modify crops
genetically to produce more, have better nutrition, and be more resistant to biotic
and abiotic stressors as well as unfavorable environmental variables [43-45]. In this
context, Anter [46] detected that mutant line-2’s M 4 generation spikes, as oligogenic
trait, were taller than their original parent (Figure 5). The top five bread wheat
varieties in Egypt were used to develop these lines using the mutagen EMS. He found
that mutagen played a central role in the alteration of spike length in the desired
direction and an easy to detect in open field. Also, he found that indirect selection for
spike length can therefore increasing grain yield because it had correlated with spike
weight, grains spike-1, and yield grains spike™" [47].
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Figures.
showed spike length of the mutant line-2 on the left side and his parent on the right side in M.

Rice seeds of the non-waxy variety “Toyonishiki” turned into the commercial
variety Miyuki Mochi, which possesses waxy grains, after being exposed to 20 kK of
gamma rays [48]. Two rice mutant lines that can tolerate salt were produced when
Song et al. [49] treated commercial cultivar Dongan seeds with gamma-rays: ST-87
and ST-301. Kato et al. [50] were obtained on five high-yielding mutants by 250 Gy
gamma radiation treatment of the seeds of five different Japanese rice cultivars. Guo
et al. [51] reported that five blast-resistant wheat mutant lines were identified in the
M3 generation. A few mutants with resistance were found by Tabinda et al. [52] and
could be used in a future breeding program to increase resistance and decrease sus-
ceptibility to disease. One of the 139 mutant rice types developed in the United States
is “Calrose 76,” which was produced using gamma irradiation and officially released
in 1977 in California. Through cross-breeding with other varieties, this gene has been
transferred, leading to the development of 22 new rice cultivars in Egypt, the United
States, and Australia [53].

4. Economic gain of a new mutant variety

Plant breeders can develop new varieties of rice, barley, sesame, and other crops
with higher yields and increased disease resistance by employing the well-known
method of mutant breeding. This decreases hunger, stimulates economic expansion,
builds new socialites, and generates employment. Furthermore, developing new
varieties increases a plant’s biodiversity, which increases its resistance to the negative
effects of climatic change.

The mutant cultivars increased yield by 20-45% outperforming other crop variet-
ies. In a growing area, these mutant variants are being grown. In Vietnam, formally
released 18 mutant rice, including a number of mutant rice cultivars resistant to
salinity. The most productive of these saline-tolerant rice varieties were planted
by 4.5 million farmers on 30% of the Mekong Delta’s rice-producing area, adding
an extra $374 million in income each year. In Peru, mutation breeding techniques
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Crop Country Mutant variety Basis of value assessment Value or area
Rice Thailand RD6 and RD15 Total crop value at farm gate US$ 16.9 billion
for the period 1989-1998
Japan 18 varieties Total crop value in 1997 US$ 937 million
China Zhefu 802 Cumulative planted area 10.6 million ha
between 1986 and 1994
Australia Amaroo Current annual planted area 60-70% rice growing
area in Australia
India PNR-102 and Annual crop value US$ 1.7 million
PNR-381
Vietnam TNDB100 and Total planted area in 1999 220,000 ha
THDB
Bread Pakistan Jauhar 78, Additional income to US$ 87 million
wheat Soghat90 farmers during 1991-1999
andKiran 95
Barley UK-Scotland Golden Promise Crop value (1977-2001) US$ 417 million
Durum Italy Creso Additional income to US$ 1.8 billion
wheat farmers during 1983-1993
Numerous Diamant and Area planted in 1972 2.86 million ha
European derived varieties
countries
Chickpea Pakistan CM 88; CM 98 Additional annual income US$ 9.6 million
to the growers
Cotton Pakistan NIAB-78 Total value of crop from US$ 3 billion
1983 t0 1993
NIAB-78 Additional income to US$ 486 million
growers from 1983 onwards
Sunflower USA NuSun_ Grown area in 1994 50,000 ha
Table 2.

Economic gain of a new mutant variety [54].

produced improved barley mutant varieties that are adaptable to climatic conditions
in high altitudes. The mutant barley variety, Centenario II, today yields 3.0 t ha™", up
from 0.8 t ha™". This variety contributes roughly US $32 million annually to farm-
ers. Similarly successful is the mutant Amaranth variety, which covers 47.0% of the
dedicated area for this crop. Mutant breeding in Indonesia has benefited millions of
consumers as well as tens of thousands of farmers. Twenty mutant rice varieties were
developed, and one of them is earned a total of USD 2 billion. 10% of the rice types
officially registered are mutant varieties [31]. The data in Table 2 showed that the
economic impact of using new mutated varieties.

5. Evaluation standards for mutant varieties

More than 50 mutant lines have been developed, most of which are rice- and other
cereal-based plants. Mutant varieties currently occupy about 15% of the yearly rice
production acreage in Vietnam. Mutant lines were created, including 17 different
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varieties of rice, 10 varieties of soybeans, and 2 varieties of maize. The majority of
these rice varieties yield substantial amounts of rice, are resistant to pests and diseases,
and also produce rice of outstanding quality. More than 50% of the soybean-growing
land in Vietnam was occupied by mutant types, contributing to an increase in oil crop
production [19]. The following criteria can be used to assess a novel mutant variety.

5.1 Reduced use of pesticides

Each year, pathogens in agriculture cause major losses in yield, economic output,
and ecosystem health. Global disease outbreaks affect the availability of food and
lower crop output by 16%. Actual losses from pests (weeds, animal pests, and ill-
nesses) for crops such as sugar beet, barley, soybean, wheat, and cotton ranged from
26-29% to 31-40% [55]. Plant breeders continue to face difficulties with the emer-
gence of new aggressive disease strains, such as the fungus Puccinia striiformis that
causes wheat yellow rust. Induced mutations have improved a variety of economically
significant crops, including wheat, barley, rice, cotton, peanuts, and others. Mutation
had a part in the usage of pesticides declining, as a result of the development of new
varieties tolerant to biotic stress, which reduces costs and preserves the environment
from pesticide overuse [56, 57].

5.2 Increased land use through early maturity

Mutation breeding was employed in Bangladesh to create 76 early mutant vari-
ants across 12 different crop species, facilitating crop rotation. The BINA dham-7
mutant variety, a mature variety with higher cropping intensity, has been cultivated
on more than 300,000 acres of land so far. This is because it allows for three cropping
seasons annually and alleviates the seasonal food deficit [58]. For peanuts Kale et al.
[59] created the TG 26 early maturity variant. In Pakistan, mutant line IAB 78’ early
maturity, higher yield, and greater adaptability allowed it to eventually cover 80% of
the cotton acreage [56].

5.3 Resistant to biotic and abiotic stresses

Mutation breeding increased the planted area of most crops and, consequently,
the revenue of farmers by producing new varieties that are resistant to both biotic and
abiotic stresses (Tables 3 and 4).

All of these instances demonstrate the expanding influence of mutant breeding
in crop production, particularly in the case of rice, which is regarded as the most
significant food crop worldwide.

5.4 Improved quality and value of the products

The increase in quality and nutrition by mutation induction is comparable to
increasing agricultural productivity because it is essential to human food. For nutri-
tional and health reasons, it is necessary to enhance the protein and fatty acid profiles,
alter the physicochemical characteristics of starch for various end uses, increase phy-
tonutrients in fruits, decrease anti-nutrients in staple foods, and supplement essential
minerals and amino acids for humans and animals [74]. Varieties of linseed low
linolenic acid products like Linola, created in Australia in 1984, and Solin developed
in Canada in 1990, have proved effective. In India, created certain genotypes with less
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Reaction Crop References
Resistance to stem rot (Sclerotinia sclevotiorum) Rapeseed [60]
Resistance to Ascochyta blight and Fusarium wilt Chickpea [61]
Resistance to black stem rust Durum wheat [31]
Resistance to stripe rust Wheat [31]
Resistance to blast, yellow mottle virus, bacterial leaf blight, and Rice [31]
bacterial leaf stripe
Resistance to Myrothecium leaf spot and yellow mosaic virus Soybean [31]
Resistance to bacterial blight, cotton leaf curl virus Cotton [62]
Phytophthora nicotiana var. parasitica Sesame [63]
Resistance against pathogen striga (Striga asiatica) Maize [64]

Table 3.

Applications of induced mutagenesis for biotic stress vesistance in some cvops [34].
Reaction Crop References
Lodging resistance, acid sulphate soil tolerance Rice [43,57]
Semi-dwarf cultivar/dwarf Rice [65]
High fiber quality Cotton [66]
Acidity and drought tolerance Lentil [67]
Tolerance to cold and high altitudes Rice [57, 68, 69]
Acidity and drought tolerance Rice [70,71]
Salinity tolerance Rice [72]
Salinity tolerance Barley [73]

Table 4.

Applications of induced mutagenesis for abiotic stress resistance in some crops [34].

Original variety Country year Crop

Improved character

Stellar Canada 1987 Rapeseed

Linolenic acid (3%), linoleic acid (28%),

low erucic acid and low glucosinolate

Linola 989 Canada 1996 Flax

0Oil quality

Binasharisha-3 Bangladesh 1997 Rapeseed

Early maturity (85-90 days), high
yielding rapeseed variety, plant is

erect, tolerance to Alternaria disease,
maximum seed yield potential is 2.4
tons/ha (av. 1.85 tons/ha), seed contains
44% oil with low content of erucic acid
(25%)

Binasharisha-4 Bangladesh 1997 Rapeseed

Early maturity (80-85 days), high
yielding rapeseed variety, more tolerance
to Alternaria disease, maximum seed
yield potential is 2.5 tons/ha (av. 1.9 tons/
ha), seed contains 44% oil with low
content of erucic acid (27%)
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Original variety Country year Crop Improved character

Suwon 155 Korea, 1998 Sesame Improved oil quality and high yield
Republic of

Zornitsa Bulgaria 2000 Lentil High yield, high protein content (28.7%),

good culinary and organoleptic quality,
resistance to anthracnose, viruses, and

ascochyta blight
NIFA-Mustard Pakistan 2003 Mustard Based on its quality characteristics, oil of
Canola MM-NIFA-Mustard Canola is suitable for

human consumption and its meal is fit
for animal use as part of their ration

Madan Bulgaria 2008 Sunflower Large seeds, improved oil, and protein
content (>29% and >22%, respectively)

Table 5.
Oil crop varieties with improved character.

than 1% linolenic acid leads to widespread usage as cooking oil. Table 5 displayed some
successes in improved quality traits from mutation breeding in some oil crops [8].

5.5 Enhancing essential minerals and amino acids

Quality and nutritious components are equally vital for human meals as agricul-
tural output rises. It is necessary to enhance essential minerals and amino acids for the
benefit of both people and animals. For dietary and health-related reasons, protein
and fatty acid profiles must be altered. For a number of uses, starch’s physicochemical
properties must be altered. The induction of mutations that improve the nutritional
value of crop plants may be a major goal of induced mutations. The incorporation
of numerous mutant genes into commercial crop types has effectively boosted the
nutritional value of crops like maize, barley, soybeans, and sunflower [74]. In five
rice giant embryo mutants, which are distinguished by enlarged embryos compared
to those of the wild type, the amount of protein, vitamin B1, vitamin B2, vitamin E,
essential amino acids like arginine, aspartic acid, glutamic acid, lysine, and methio-
nine, as well as mineral elements like calcium, iron, potassium, phosphorus, and zinc,
was found to be increased [75]. Increased bioavailability of phosphorus and micronu-
trient minerals in cereals and legumes has been made possible by the release of new
mutant varieties of barley, wheat, rice, and soybean with low phytic acid [74]. Eggum
et al. [76] discovered four novel high-lysine barley mutants that had greater protein
concentrations, f-glucan, sugar contents, fat contents, and starch contents (Sultan).
When compared to “Sultan” (19.7%), the mutants typically had higher levels of
dietary fiber.

6. Conclusion

Crop breeding’s objectives in earlier decades included enhanced potential yield,
increased and altered oil and protein content, and tolerance to biotic and abiotic
stresses [77]. In traditional breeding, we selected plants with desirable traits and
culled those with fewer desirable traits. Another technique, known as cross-breeding,
involves mating sexually healthy parental lines, whether they are closely or distantly
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related, to create new lines that have new forms with desirable traits. On the other
hand, encouraging plant mutation will quicken the reproduction process. Mutation
breeding techniques can induce site-specific mutations while this is difficult to
achieve by conventional breeding techniques [78]. Micke and Donini [39] pointed
that breeders are dealing only a few hundred out of 100,000 genes, when two estab-
lished cultivars are crossed while mutation is induced, may affect any of the 100,000
genes of a nuclear genome. Mutations are the primary source of all genetic variations
existing in any organism, including plants [79]. Consequently, the likelihood of
finding a novel gene will rise. Understanding mutations and utilizing them has made
it possible to increase plant biodiversity and genetic resources for increasing food pro-
duction in order to counteract climatic changes. Additionally, induced mutagenesis

is a safe, effective, and successful method of plant breeding, and the crop varieties it
creates considerably improve food security around the world while maximizing plant
biodiversity, genetic resources, and the preservation of natural resources. More than
3200 mutant varieties of ornamentals, trees, and crops have been formally released to
be used in more than 70 nations. The genetic diversity found within plants’ agricul-
tural genetic resources helps to address a number of problems in plant breeding. Since
mutations occur at such low frequencies, the discovery of advantageous mutations
involves the establishment of very large mutant populations, which has long been a
challenge. It is often called the real “art” of mutation breeding to differentiate and
select among the a lot of mutated plants those tenuous cases that have developed

new desirable traits as generated bythe mutation. Recent improvements in mutation
detection technologies have increased the accuracy of identifying DNA mutations
that cause a novel characteristic. Molecular markers, such TILLING (targeted induced
local lesions in the genome), which allows for the direct determination of mutations
in a specific gene, assisted breeders in accelerating the process of combining the desir-
able traits into an employed variety [19]. At the same time, there are some restrictions
on the application mutation breeding such as most of the mutations are lethal, rate is
very low, screening is a quite laborious, mostly reversible, mutations mostly are reces-
sive, and the mutations must be induced in gametes to appear [77]. In the coming
decades, though, mutations will continue to occupy a place in crop research, particu-
larly for the intensification of crop production to mitigate climate change [77].
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Single-Cell Genomics for
Uncovering Relationships between
Bacteriophages and Their Hosts

Madria Dzunkovd

Abstract

Microbial single-cell genomics represents an innovative approach to study microbial
diversity and symbiosis. It allows us to recover genomes of microbes possessing spe-
cific features of our interest, or detect relationships between microbes found in close
proximity to each other (one microbe inside of the other or microbes attached to each
other). It can be used for linking phages with their bacterial hosts in different kinds of
environmental samples, which often contain an enormous diversity of yet uncultured
bacterial species and novel bacteriophages. In the typical microbial single-cell genomics
workflow, fluorescence-activated cell sorting (FACS) is used to collect bacterial cells
of interest, based on their cell size, internal granularity, or fluorescence. Femtograms
of DNA from each sorted particle are then amplified up to the quantities required by
the standard sequencing library preparation kits. Single-cell assemblies then reveal
presence of phages in sorted bacterial cells. In case of highly abundant viral species,
single-cell genomics can be coupled with metagenomics (shotgun sequencing of the
total microbial community), which can provide insights into the bacteria-bacteriophage
population fluctuations in time or space. In this chapter, we explain the details of
uncovering relationships between bacteriophages and their hosts coming from so-called
viral or bacterial dark matter.

Keywords: microbial single-cell genomics, single-amplified genomes, fluorescence
activated cell sorting, bacteriophages, microbial dark matter

1. Introduction

Bacteriophages (the viruses of bacteria) influence biogeochemistry across all
environments on Earth, and can also affect our health. They contribute to the bacte-
rial evolution, impact ecosystems by killing their bacterial hosts, and have enormous
industrial and pharmaceutical potential [1]. Thousands of novel phages are being
discovered daily thanks to the recent advances in the sequence-based recovery of
genomes of yet uncultured microbes in environmental samples [2]. In the typical
workflow, the viral-like contigs are extracted from sequence assemblies of metage-
nomes, which contain DNA sequences from all microbes in a given sample, or from
viromes, which are samples enriched for the particles smaller than 0.2 pm (Figure 1)
[3]. The largest database of viral-like contigs derived from metagenomes, IMG/VR,
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Sequence-based recovery of microbial genomes.

currently contains nearly 3 million viral-like contigs and this number is increasing
exponentially [4]. It is important to say that also the relatively well-studied environ-
ments formed by bacterial groups with cultured representatives, such as the human
gut, harbor thousands of yet undiscovered phages [5].

For along time, our knowledge of phages in the human gut has been limited to
phages with easily culturable hosts. Then, scientists started to compare metagenomic
samples from healthy volunteers with samples from patients suffering from different
diseases, and many of these diseases resulted to be associated with novel uncultured
phages targeting unknown hosts [6]. This suggests that the phages have an enormous
potential to influence human health indirectly, by shaping the bacterial composition
of the human microbiome. Therefore, the idea of employing phages in clinical practice
is attracting a lot of scientific attention. Phages isolated by culture methods in the
laboratory can be used for elimination of multidrug resistant pathogenic bacteria
affecting organs with low number of commensal bacteria, such as the lungs or skin [7].
In the case of more complex microbiomes, such as the human gut and fecal microbiota
transplant (FMT), is applied to aim to change the whole gut microbiome composi-
tion [8]. Each preparation of fecal material from a healthy donor is free of common
pathogens but harbors an unknown diversity of bacteria and phages. Few clinical
experimental studies showed that 0.2 pm filtered FMT preparation (containing only
phages) can have the same beneficial effects as the traditional unfiltered FMT prepara-
tion containing bacterial cells, which suggests that phages play an important role in
restoration of the healthy human gut, but the identity of their bacterial hosts remains
unknown [9, 10].

It is intriguing that our knowledge of the phage biology is not catching up to speed
with the sequence-based discoveries. For studying the biology of the novel phages,
we first need to identify their bacterial hosts, which is traditionally done by plaque
assays. Plaque assays are the most straightforward method for testing interaction of
phages with culturable bacteria [11]. Bacterial culture is mixed with phage particles
in agarose and distributed evenly on a standard agar plate, and after incubation,
zones of clearing (plaques) appear in the bacterial lawn on the agarose overlay.
Nevertheless, it is widely known that the plaque assays do not capture all viruses able
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to infect the given bacterial strain [12]. The most important drawback of the plaque
assays is that they cannot be used for uncultured bacteria, since in many environ-
ments, as much as 99.9% of bacterial species do not have any previously cultured
representatives [13]. Even if a species of our interest has several easily culturable
representatives, which is typical for the human gut bacteria, isolating new strains of
the same species can be complicated by bacterial community complexity and strain-
specific culture media requirements. Consequently, the culture-based approaches
for studying phage-bacterial interactions cannot keep up with the rapidly increasing
number of novel phages discovered by sequence-based methods.

2. Methods for linking bacteriophages with their hosts
2.1 Computational methods

Computational biologists are currently trying to develop highly efficient methods
for linking millions of recently discovered viral-like contigs with their bacterial hosts
avoiding the need to culture them in the laboratory. The first step is the recovery of
high-quality host genomes from metagenomes. If a microbial community is simple
enough, it is possible to recover nearly full genomes of bacteria by assembling
sequencing reads into longer contigs [14]. However, in environments with a more
complex species composition, binning algorithms must be applied to organize the
contigs into larger sets, which results in metagenome-assembled genomes — MAGs
(Figure 1) [15]. Nowadays, articles published in high impact journals report hundreds
of thousands of new MAGs at once, providing an enormous source of reference
genomes of uncultured microbes for the whole scientific community [16-18]. There
are initiatives for normalized taxonomic classification of these recently discovered
bacterial genomes, for example, the genome taxonomy database project GTDB, which
allows an objective assessment of novelty of a MAG based on a large set of single-copy
marker genes [19]. Sequence databases currently contain thousands of uncultured
bacterial species, and each species surely consists of thousands of strains, most of
them are not yet been discovered. Each of these strains can be infected by several
bacteriophages, which are also yet to be discovered.

The genomes of phages or their hosts contain genetic features revealing links
between them. These signatures are acquired during the phage infection, which can
occur in different ways (Figure 2). Phages use bacterial cell machinery for forming
virions (viral particles) and releasing them from the cell. This can be done without
destroying the host cells (chronic infections), or through host cell lysis (lytic infec-
tion). Chronic infections can impact the cell growth, but aggressive lytic infections
can reduce the host population significantly. Some phages can integrate into the host
genome and replicate along with the host chromosome as prophages without produc-
ing any virions, which is called lysogenic cycle. In general, phages can switch between
lysogenic and lytic cycles depending on ecological factors influencing growth of their
bacterial host (Figure 2) [20].

Integrated prophages can be easily detected in about one third of the genomes
of uncultured bacteria, nonetheless, hosts of lytic phages cannot be identified by
this method [21]. Lytic phages can be linked to their uncultured hosts by several
genetic signatures found in the bacterial or phage genomes. The first type of these
genetic signatures is the clustered regularly interspaced short palindromic repeats
(CRISPR) arrays detectable in the bacterial genomes, which represent an evidence
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Different types of phage infection.

of the previous phage infection. However, the percentage of bacterial genomes
harboring a CRISPR array is quite low; the estimates vary from 30% in species from
the human gut microbiome 5-10% of all bacterial lineages from different environ-
ments [22]. The second type of genetic signatures providing phages-hosts links is the
genes acquired by the phages from bacteria during the past infections, for example,
tRNA sequences [23], sequences of ribosomal proteins [24], or so-called auxiliary
metabolic genes [25]. Nevertheless, these sequences do not provide strain-level

host resolution and are present only in a small fraction of all viruses [4, 26]. Asa
consequence of this, the computational host-range predictions failed to reveal hosts
for 85% of the millions of bacteriophages in the IMG/VR database [26]. In addition,
these computational host-range predictions have another big disadvantage: they
show links acquired during the past infections; however, we do not know how these
phages adapted to constantly evolving bacterial hosts and changing environmental
conditions [27, 28].

2.2 Experimental methods

Fortunately, a certain portion of cells collected directly from an environment
contain viruses in the cell or attached to the cell, which provides evidence for their
relationship. There are several experimental approaches for observing these interac-
tions in their natural environment [29]. The first option is the digital PCR applied
to emulsion droplets containing bacterial cells, in which the infection is detected by
primers targeting a specific phage [30]. Digital PCR can be applied only to phages
with previously known sequences, thus does not provide insights into the full diver-
sity of phages able to attack one bacterial species. An example of a method, which is
not limited to the previously known phages, is the proximity ligation MetaHiC [31].
It is a combination of experimental and computational approaches revealing which
DNA molecules had physical contact in the cell, such as phages infecting the hosts.
MetaHiC method is applied to the whole environmental sample and is limited to
highly abundant bacteria and viruses, which are detectable by the traditional shotgun
metagenomic sequencing.

The most advantageous approach for studying phage-bacteria interac-
tion is single-cell genomics. In the typical single-cell genomics workflow,
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fluorescence-activated cell sorting (FACS) is used to collect bacterial cells of interest,
based on their cell size, internal granularity, or fluorescence, which is analyzed by
the FACS instrument at a speed of several thousand of cells per second. The cells

are sorted into 96 or 384 well plates and DNA is released from the cells by alkaline
lysis. Afterward, a mixture of random hexamers and phi29 polymerase is applied to
the single cells in an isothermal reaction of 4—12 hours to enrich the DNA by whole
genome amplification (WGA). The femtograms of DNA from one cell are amplified
up to the quantities required by the standard sequencing library preparation kits.
Content of each single-cell is sequenced separately, resulting in so-called single
amplified genomes SAGs (Figure 3) [32]. The SAG is then searched for viral-like
contigs, which enables us to get links between previously unknown viruses and their
uncultured hosts. Microbial single-cell genomics can be targeted toward minor bac-
terial groups by specific fluorescent probes, thus, it is not limited to highly abundant
species as the shotgun metagenomics.

To avoid confusion, it is important to mention that microbial single-cell genomics
largely differ from the single-cell genomics of human cells, which is widely used for
characterization of gene expression in single cells from cancer tissues [33]. Expressed
genes in eukaryotic organisms can be amplified through oligo(dT) primers; how-
ever, this is impossible in the case of bacteria, which lack the poly(A) tails in their
transcripts. While the single-cell sequencing in cancer research is becoming more
accessible for small labs and is moving into high-throughput scale [34], the single-cell
genomics of bacterial cells is routinely managed only in few laboratories in the world,
although has potential to be used more widely, especially if the requirements for
sterile FACS sorting are fulfilled.
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Figure 3.
Single-cell genomics workflow.
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2.3 Assessing host-phage relationships from single-cell genomics data

Single-cell genomics in the context of studying viruses has been successfully
applied to several habitats, ranging from seawater to hot springs [35, 36]. This
approach has shed light on important aspects of viral biology, such as horizontal
gene transfer, including the ability of viruses to reprogram their host’s energy
metabolism [37, 38].

If a phage-bacteria pair, which was detected on a single sorted particle, has a
high abundance in the environmental sample, it is possible to assess the lifestyle of
the phage by coupling the single-cell data with metagenomics performed on a lon-
gitudinal sample series or on samples collected in close proximity to each other, for
example, different layers of a sediment or different soil layers. An example is a study
on phage-host relationships in a hot spring microbial mat in California characterized
by a layer-specific bacterial composition and high cellular density [39]. The single-cell
genomics demonstrated that one quarter of microbial cells in this mat contained viral
contigs. By mapping metagenomic reads from different mat layers to the sequences of
virus-host pairs obtained by single-cell genomics, a low mobility of the viruses across
the mat layers and a low copy number of viral genomes compared to their hosts were
revealed (Figure 4). The stable host-phage ratio suggested that the lysogeny was the
predominant lifestyle of these phages, or that these phages form only few virions dur-
ing the infection, so they do not outnumber the host cells. If the phages replicate in an
aggressive way, their genome coverage would be higher than the genome coverage of
their host. The opposite situation, in which the host genome has higher coverage than
the phage, would mean that the phage is infecting only a fraction of the total host
population, or is specialized only to certain strains of the host species, which are not
distinguishable by metagenomics.

In some cases, phage lifestyle can be assessed directly by looking at the final com-
pleteness of the bacterial genome and the time when the fluorescence of WGA passes
the critical point (Cp) detectable by the qPCR instrument. Bacterial genomes are not
amplified uniformly due to the nature of the WGA reaction — some genomic regions
will be over-amplified, while others will be absent in the final assembly. Nevertheless,
this downside does not represent a big issue for the genome analysis — there are
computational tools for estimating genome completeness, for example, CheckM,
thus genomes with low completeness can be removed from the following analysis
[40]. Normally, quickly amplifying wells (low Cp) result in bacterial genomes with a
high genome completeness, while bacterial cells in wells with high Cp will have low
genome completeness (Figure 5). If a well on the 384-well plate contains an easily
accessible DNA fragment in several copies, such as phage replicating inside the bacte-
rial cell, WGA reagents will preferentially enrich the phage genome rather than the
bacterial genome, thus such a well will reach the Cp faster than the rest of the wells
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Figure 4.
Phage lifestyle assessed from single-cell genomics and metagenomics.
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Active phage infection captured by single-cell genomics.

on the plate, but it will have lower bacterial genome completeness (Figure 5). This
phenomenon was observed in four out of 57 single cells from marine surface bacterio-
plankton, which is an environment with a high rate of lytic phage infections [35]. In
contrast, it has not been detected in the single cells from the hot spring microbial mat,
where lysogenic lifestyle prevails [39].

2.4 Viral tagging

The major advantage of the single-cell genomics is that it can be coupled with
fluorescent probes targeting a specific subset of the total uncultured bacterial com-
munity, which possesses features of our interest (Figure 3) [32]. Fluorescent probes
provide an experimental evidence of the tested feature, for example, the ability of
the microbes to degrade cellulose [41] or to stimulate human immune system [42].

In addition, targeted single-cell genomics can lead to enrichment of low abundant
bacteria with specific features of our interest, which would not be recovered by
metagenome binning [43]. Targeted single-cell genomics can also employ phages as
fluorescent tags. Phages stained with a generic nucleic stain can determine which
bacteria are susceptible to phage attachment. This method is called viral tagging. The
viral tagging represents a big advantage compared to detection of phages accidentally
attached to the host cells in nature because the fluorescence provides evidence that
the phages were present in the form of virions at the moment of the cell sorting, while
detection of phages naturally occurring on single cells might be biased toward the
prophages.

The first viral tagging experiments were performed in the 90’s when infection of
bacteria by stained phages was observed by a microscope [44]. A high throughput
version of the viral tagging was developed two decades later and it involved FACS
[45]. In a study published in Nature in 2014 [46], fluorescently labeled environmental
phages were mixed with Synechococcus, a marine species cultured in a media contain-
ing isotopic nitrogen prior to the experiment. Phages, which were not attached, were
removed prior to FACS by centrifugation, and some remaining phages were removed
on FACS bi-plots by gating for particles of bacterial cell size. Only fluorescent bacte-
rial cells were sorted using FACS in form of bulks of thousands of cells and the isoto-
pic “heavy” host DNA was removed prior to sequencing to reduce sequencing efforts
(Figure 6). By this way, a subset of 26 groups of environmental phages able to infect
Synechococcus was revealed in a single FACS run, which saves a significant amount of
work when compared with plaque assays.
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In order to make viral tagging accessible to laboratories with no access to FACS
instruments, a simplified adsorption assay has been recently developed, which does
not involve fluorescent tagging. One of these methods is the removal of unattached
phages by gel electrophoresis [47]. The principal advantage of the usage of the
fluorescent viral tagging compared to the simplified methods is that correct phage
attachment is confirmed by fluorescence emitted from the bacterial cells, while
methods avoiding fluorescent tags can result in sequencing of cells containing no
attached viruses, which results in wasting sequencing resources. Nevertheless, it is
very convenient to apply the nonfluorescent separation techniques to communities
with simple bacterial and viral compositions, which would easily detect the most
active bacteriophages.

Viral tagging seems to be a very promising method for uncovering relationships
between phages and their bacterial hosts. High specificity has been demonstrated by
flow cytometry experiments and by mining phage-bacteria links detected on tagged
single cells by computational methods [45, 46, 48]. Nevertheless, it can be argued
that the adsorption of phages to the cell wall demonstrated by the acquisition of
fluorescence does not always lead to infection. For example, there are several intracel-
lular mechanisms, for example, CRISPR immunity, which can protect the bacterium
from infection after the virus attachment to the cell wall. Nevertheless, the activity of
the phage-bacteria links predicted by viral tagging can be assessed by metagenomic
analysis of the same environmental samples, as explained above (Figure 4). In
addition, in case of —culturable bacteria, the ability of attached phages to infect their
hosts can be verified by following plaque assays [49].

Viral tagging has several advantages when compared to detection of phages
naturally occurring on single cells. The principal advantage is that phages from one
environment can be combined with bacteria from another environment. In a previous
study, the viral tagging method was adjusted to the single-cell level and applied to
the human gut microbiome. Viral tagging predicted phage-bacteria pairings, which
could occur during a fecal microbiome transplant, in which viruses from a healthy
individual are applied to restore altered gut microbiome composition [48].

2.5 Resolving phage-host relationships in complex communities, such as
human gut

The human gut represents the most studied microbiome. However, while the
majority of the most dominant bacterial groups in the human gut have some cultured
representatives, the most of the human gut phages have not been cultured yet [50].
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The results of the two recent studies on human gut phages clearly showed an enor-
mous portion of novel phages. Nearly 190,000 phages clustered into 54,000 species-
like phage groups were detected in a set of 11,000 human gut metagenomes, and 92%
of them were not found in existing databases [5]. Another study reported 142,000
nonredundant gut phages from 28,000 human gut metagenomes [51]. Basically, we
can say that in each new metagenomic sequencing run from human gut microbiome,
some new phages are found.

Nevertheless, while the number of phages discovered by sequence-based method
is increasing enormously, the transition from the phage genome sequence to its
isolation and understanding of its biology can take years. In 2014, the first crAssphage
was discovered in metagenomic sequences [52]. It was computationally associated
with Bacteroides host, one of the most abundant bacterial species of the human gut.
The crAssphages were found to form the most widespread phage group in the human
gut. Isolation and replication of the first crAssphage representative were finally
achieved in the laboratory 4 years later [53, 54]. Its isolation was not a simple task
because its lifestyle differs from the typical lytic phages. It forms plaques but has a
very small burst of progeny (2.5 plaque-forming units per infected cell), much lower
than the burst size of the widely studied E. coli phages (burst size up to 300) [55]. The
crAssphage does not exist in a form of a prophage, so it does not switch from lytic
to lysogenic life cycle. This unusual lifestyle led to an equilibrated coexistence with
its Bacteroides host, which might benefit from the reservoir of auxiliary metabolic
genes harbored in the crAssphages [53, 54]. The high number of prophages found in
the genomes of gut bacteria and the relatively stable composition of the human gut
microbiome suggest that so-called “piggyback-the-winner” model of host-phage
interactions is more likely in the gut than the “kill-the-winner” model, which is often
observed in aquatic ecosystems and is characterized by significant fluctuations of the
phage-bacteria populations [56].

The single-cell viral tagging technique applied to the human gut microbiome
has demonstrated on a high-throughput scale that the “kill-the-winner” model is
not widely spread in this environment [48]. The links obtained from analysis of
the tagged single cells were used for mapping metagenomics reads from a temporal
sample series obtained during 2 weeks from each bowel movement and samples
collected with a time difference of 1 year. The host-phage genome coverage ratios
were very similar for most of the phages during the 2 weeks’ period, but many pairs
experienced greater changes over the period of 1 year after. The results suggested
that gut phages move between integrated and lytic states using small burst sizes to
avoid overwhelming their hosts, which, so far, has been experimentally proven for the
crAssphage group only. The equilibrated relationship between phages and bacteria in
the human gut revealed by single-cell techniques is in accordance with previous bac-
terial composition reports showing that the human gut microbiome remains relatively
stable for months; however, rare events, such as travel or enteric infection influence
the community dynamics [57].

2.6 Novelty of the viruses recovered by single-cell genomics

Single-cell techniques often result in discovery of novel viruses, which are
not captured by sequencing of viromes (metagenomes of environmental samples
enriched for the particles smaller than 0.2 pm). For example, the previous studies
focused on detection of viruses on sorted single-cell and recovered phages, which
were under the detection limit in the viromes, while their bacterial hosts were
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detectable [39, 48]. There are several reasons for this observation. The first reason is
the randomness of the cell sorting — while metagenomics or viromics always recover
the most abundant microbes, cell sorting can accidentally recover some microbes
with low abundance, which would otherwise remain uncharacterized as part of the
microbial dark matter [58]. The second reason might be the attachment # infection
argument claiming that not all attached phages are successful in the cell infection.
Therefore, the phages recovered by the single-cell genomics might not be the most
infectious ones [59]. The third reason is the possibility of recovering ssDNA viruses
by whole genome amplification reaction, which are not detectable in traditional
viromes, in which only dsDNA is extracted, thus ssDNA phages are missed [60].
The fourth reason might be ability of single-cell genomics to recover viruses, which
are difficult to assemble if traditional viromes are sequenced. This was the case of a
Pelagibacter phage, which is the most abundant virus in the world, but its microdi-
versity has been hindering the metagenomic assembly of its genome, despite large
sequencing efforts of the global ocean microbiomes [61].

Novel types of phages with atypical head or tail structures, unusual nucleic acids
(such as RNA phages), or unique lifestyles are constantly being discovered [62]. The
phage research community involves scientists from all around the world and there
are many efforts to improve our ability to characterize novel phages. For example, the
completeness of a viral genome recovered from metagenomes, viromes, or single-cell
assemblies can be assessed by computational tools, such as CheckV [63]. There are
also several computational tools for taxonomic classification of phages [64], and also,
a possibility of a normalized taxonomic classification based on single-copy marker
genes has been explored [65]. The International Committee on Taxonomy of Viruses
(ICTV) is constantly updating the taxonomy system to accommodate the large num-
ber of novel viruses [66]. It is possible that if metagenomes or single cells sequence
in the past are reanalyzed with new phage-mining computational tools, much more
novel phages will be discovered.

3. Conclusion

Identification of the bacterial hosts of phages is important for elucidating their
impact on the bacterial community in an environment. Traditional plaque assays
provide this information for culturable bacteria only, and computational meth-
ods detect genome signatures reflecting past infections in a limited portion of
bacterial or viral species. A certain portion of bacterial cells in each environment
contains bacteriophages in their interior or attached to their surface. Microbial
single-cell genomics is a high-throughput technique for capturing links between
novel phages and their uncultured hosts if they are colocated on the same single
particle. Lifestyle of uncultured phages in their natural environment can be
revealed from whole-genome amplification curves of the collected single-particles
or from their genome assemblies. Metagenomics of the same environmental
samples, from which single-cells have been collected, provide additional informa-
tion on the phage lifestyle. Phages from one sample can be combined with bacteria
from another sample and their compatibility via phage adsorption can be tested
by viral tagging. In summary, microbial single-cell genomics is a useful tool for
obtaining important ecological data on bacterial and viral dark matter, which can
influence biogeochemistry across all environments on Earth, and also affect our

health.
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Chapter 3

Biodiversity of the Genus Medicago
from Africa

Mounawer Badri and Ndiko Ludidi

Abstract

The genus Medicago has its primary center of diversity in the Caucasus, northwestern
Iran and northeastern Turkey. It occurs widely in Africa, where it constitutes a rich and
diversified heritage. In addition to their ecological importance, Medicago species are an
important source of feed for livestock. These species show significant diversity in genetic
composition, symbiotic interactions, and tolerance to abiotic and biotic stresses. At
the morphological level, some species show a high diversity of biomass and flowering
precocity. Characterization using molecular markers (isoenzymes, random amplified
polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), single
sequence repeats (SSR), etc.) shows significant variation within and among differ-
ent populations. The differentiation of populations based on phenotypic traits and
molecular markers emphasizes a role of the site of origin as the basis of natural selection.
Furthermore, a broader-to-narrow symbiotic specificity is demonstrated, where some
species are nodulated by both species of Ensifer meliloti and E. medicae while others are
nodulated only by E. medicae or by a restricted group of E. meliloti. Different Medicago
species show diverse levels of tolerance to biotic and abiotic stresses, which enable
selection of lines displaying good agronomic performance. This review summarizes the
current status of the characterization of the Medicago species in Africa and their use in
breeding programs.

Keywords: Medicago species, populations, lines, morphological traits, molecular markers,
symbiotic specificity, Medicago-fungi interactions, abiotic and biotic stresses, Africa

1. Introduction

The world population is increasing rapidly and estimates predict 9.6 billion
humans on earth in 2050, which emphasizes the need to produce enough food for the
entire population. However, our environment is increasingly affected by the intensi-
fication of agriculture with, according to an estimate by the Millennium Ecosystem
Assessment [1], 60% of ecosystem services being degraded due in particular to the
massive use of pesticides and fertilizers. It is therefore becoming urgent to rethink our
agricultural systems [2] in order to make them more sustainable while remaining pro-
ductive. One possibility considered is to increase the diversity of cultivated species as
a way to increase resilience and reduce agricultural impacts on the environment while
maintaining productive systems [3]. Increasing the diversity of cultivated species can
be done by selecting new varieties from spontaneous species. The existence of a large
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reservoir of useful genes in wild species is evident if we take into account the adapta-
tion of these species to very different environments. Their possible use in genetic
improvement programs is therefore of great interest. The Medicago genus is endemic
to Africa where it constitutes a rich and highly diversified heritage. The majority of
the species of this genus are pastoral in nature and few species are cultivated, includ-
ing the perennial alfalfa M. sativa and the two annual species M. polymorpha and M.
truncatula. Several biodiversity analysis studies have been carried out in Medicago
species in Africa, particularly in Morocco, Algeria, Tunisia, and South Africa, and few
studies in Egypt and Libya.

Characterization of genetic diversity within and between natural populations
of Medicago species was done using phenotypic traits [4], iso-enzymatic analyses
[5, 6], and SSR markers [7-14]. The results showed a high level of polymorphism, the
highest values of which are recorded within populations in annual Medicago species in
Tunisia [4, 8-11].

In addition, to fix atmospheric nitrogen, Medicago species, like other legumes,
have the ability to enter into a symbiotic association with soil bacteria belonging to
the genus Ensifer. These species show broad to narrow spectra of symbiotic specificity.
The perennial alfalfa M. sativa has a broad spectrum of symbiotic specificity and is
nodulated by Ensifer meliloti [15] while M. truncatula is nodulated by both species E.
meliloti and E. medicae [16, 17], M. laciniata is nodulated by a new biovar of E. meliloti
[18, 19], whereas M. ciliaris [20] and M. polymorpha [21] are preferentially nodulated
by E. medicae.

Furthermore, it has been reported that Medicago species are infected by nine
species in their natural habitat in Tunisia, such as Erysiphe polygoni, Uromyces striatus,
Pseudopeziza medicaginis, Pseudopeziza trifolii, Cercospora medicaginis, Alternaria sp.,
Fusarium sp., Phoma medicaginis, and Stemphylium sp., powdery mildew (Erysiphe
polygoni) and rust (Uromyces striatus) [22]. In addition, more than 60 species of fungi
have been isolated from diseased roots of Medicago spp. in South Africa [23].

Finally, Medicago species showed a high level of variability in responses to abiotic and
biotic stresses. Diversity within and among populations has been noted for water deficit
[24], salinity [25-27], nutritional deficiencies [28], and resistance to pathogens [29-32].

In this review, the genetic and symbiotic characterization and diversity of abiotic
and biotic stress responses in Medicago species are discussed. We also describe and
discuss the nutritional value in the perennial alfalfa M. sativa and the analysis of the
genetic determinants of agronomic traits of interest in the model legume Medicago
truncatula.

2. Phenotypic and molecular genetic variation

Genetic characterization of natural populations of Medicago species was per-
formed using quantitative vegetative and reproductive traits and molecular markers.
The genetic diversity within and between Tunisian populations of M. truncatula
[8, 11, 12], M. laciniata [9], M. ciliaris [10], and M. polymorpha [4, 14] was made
using quantitative characters and microsatellite markers. A high level of portability of
microsatellites, developed on the genome of M. truncatula, was noted in M. laciniata,
while a moderate percentage of transfer of these markers was recorded in M. cilirais
[10] and M. polymorpha [14]. M. truncatula showed significantly higher levels of
quantitative (Qst) and molecular (Fsr) differentiation between populations than in
the three species M. laciniata [9], M. ciliaris [10], and M. polymorpha [4, 14]. Natural
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selection represents the main evolutionary force responsible for maintaining poly-
morphism between the natural populations of these four species. The site of origin
explains a moderate part of the quantitative genetic variability between populations
for M. truncatula, M. laciniata, M. ciliaris, and M. polymorpha. The results obtained in
these studies could be useful to breeders who plan to introduce certain lines of these
four species into breeding programs.

Additionally, Jabri et al. [33] analyzed genetic diversity in 14 Tunisian populations
of M. ciliaris using morphological characters and two combinations of amplified frag-
ment length polymorphism primers (E-AGC/M-CAA; E-AAG/M-CTG). Molecular
data indicated a significant difference between the studied populations. M. ciliaris
populations were clustered into three main groups according to their geographical
origin. The populations of the first group come from high and cold inland areas, and
those of the second group come from low areas with mild winters while those of the
third come from low coastal areas.

Furthermore, Zitouna et al. [13] studied six Moroccan Medicago species using SSR
markers. A high level of gene flow was noted between the studied species with signifi-
cant intraspecific variation. The results showed that M. polymorpha and M. orbicularis
are closely related and that M. truncatula is probably the ancestral species. There
are no correlations between the geographical distribution of Moroccan species and
genetic similarities.

In addition, Haddioui et al. [6] studied molecular polymorphism in nine Moroccan
populations of M. truncatula using enzyme markers. The results showed a large
genetic variability between populations, which argues in favor of the autogamous
breeding system in this species. The phylogenetic relationships between the studied
populations appear to be independent of the geographical origins of the populations.
Conservation programs for this species should consider the levels of genetic diversity
within and between populations revealed using enzyme markers.

Finally, Laouar et al. [34] studied the ecology of the taxa M. ciliaris and M. intertexta
in Algeria. Their distribution showed ecological specificities where M. ciliaris is more
common on heavy, saline soils and has a wider dispersal, and its climatic requirements
are less stringent than those of M. intertexta. The geographical distribution of M. inter-
texta is limited to the northeast of Algeria, under a subhumid and humid bioclimate, on
soils poor in calcium and at altitudes lower than 250 m on average.

3. Symbiotic host specificity

Species of the Medicago genus belonging to the Fabaceae family have the ability
to fix atmospheric nitrogen (N,) and transform it into NH; following a symbiotic
association with soil bacteria of the Rhizobium genus. Some species of the Medicago
genus have a broad spectrum of symbiotic specificity such as the perennial alfalfa (M.
sativa), while other species have a narrow spectrum of nodulation.

The genetic characterization of a collection of 299 isolates of rhizobia that nodu-
late M. truncatula, isolated from 10 Tunisian soils, was made by polymerase chain
reaction restriction fragment length polymorphism analysis (PCR/RFLP) of 16S
rRNA genes [16]. The results showed that 227 isolates belong to the genus Ensifer
meliloti, while 72 isolates belong to the species E. medicae. The species E. meliloti
exists in 9 soils among the 10 soils analyzed, while E. medicae was only detected in 5
soils among the 10. Genetic characterization, by repetitive extragenic palindromic-
PCR (REP-PCR), of 48 isolates of each of the two species showed that the isolates
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belonging to the species E. meliloti are the most polymorphic. Data from a crossing
test between plant populations and the soils of origin showed no significant correla-
tion between the origin of the lines and the type of isolates trapped [17]. Additionally,
Zribi et al. [20] reported that M. ciliaris is preferentially nodulated by E. medicae and,
even if it is sometimes nodulated with E. meliloti, this association remains ineffective.
The co-inoculation experiment of M. ciliaris with E. medicae and E. meliloti showed
that E. medicae is the most competitive in terms of nodulation.

Furthermore, analysis of the symbiotic properties, nodulation spectrum, and
nitrogen fixation efficiency (EFA) in two sympatric populations of M. laciniata and
M. truncatula revealed that M. laciniata is symbiotically different from M. truncatula
even if it occupies the same habitat [19]. Sinorhizobium strains that form effective
symbioses with M. laciniata represent a new biovar of E. meliloti.

Molecular characterization of a collection of rhizobium isolates from M. sativa
by PCR/RFLP of 16S genes showed that almost all isolates (158 out of 160 isolates)
belong to E. meliloti [15]. Strains isolated from soil in northern Tunisia were more
efficient and produced fewer nodules than those on southern soil. A significant
interaction between plant genotypes and those of E. meliloti was also noted.

In addition, the analysis of responses to saline and thermal stresses in a Tunisian
collection of strains of Ensifer sp. isolated from four Medicago species (M. sativa, M.
ciliaris, M. polymorpha, and M. minima) showed that five isolates of M. sativa, three
of M. ciliaris, and three of M. minima continued to grow at 45°C [35]. However, only
two M. sativa isolates grew at 4% NaCl. Genetic analyzes have made it possible to sug-
gest that there is a horizontal transfer of genes between E. meliloti and E. medicae.

On the other hand, the genetic characterization of a collection of strains isolated
from the nodules of the spontaneous species of Medicago in Egypt shows that they
belong to E. meliloti and E. medicae, with a predominance of E. meliloti [36].

Furthermore, the genetic characterization of a set of strains nodulating Medicago
littoralis in Algeria showed that they all belong to the E. meliloti species [37].

The nodulation study of M. polymorpha and M. minima following an association
with E. meliloti in Libya showed the formation of indeterminate elongated nodules
with an apical meristem and containing different central tissues [38].

Finally, the evaluation of the response of M. sativa to arbuscular mycorrhizal
(AM) inoculation under water deficit in Tunisia showed a positive effect of inocula-
tion on plant growth and biomass production [39]. The maximum mycorrhizal inten-
sity was recorded in the roots of plants subjected to severe water deficit. Therefore, it
appears that natural mycorrhization would be as effective as mycorrhizal addition for
growth stimulation and tolerance to drought stress.

4. Fungi-plant interactions

Annual species of the Medicago genus are an important source of fodder for
livestock in Africa. In addition to their detrimental effects on productivity, patho-
gens can also affect the forage quality of Medicago species. Nine species belonging
to eight genera of fungi have been identified as pathogens of the aerial parts of M.
truncatula, M. ciliaris, and M. polymorpha in Tunisia [22, 29, 40]. These are Erysiphe
polygoni, Uromyces striatus, Pseudopeziza medicaginis, Pseudopeziza trifolii, Cercospora
medicaginis, Alternaria sp., Fusarium sp., Phoma medicaginis, and Stemphylium sp.
Powdery mildew (Erysiphe polygoni) and rust (Uromyces striatus) are widespread on
these species, especially in northern and central Tunisia. Cercospora medicaginis was
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isolated from the three species in various regions ranging from the north to the south
of the country. This fungus is characterized by a very important diversity. Indeed,
analysis of several isolates of C. medicaginis showed a diversity in the dimensions of
the conidia, the morphology of the cultures, and the degree of infection [40].

Phoma medicaginis was isolated from M. truncatula and M. ciliaris in the northern
regions of Tunisia. This fungus causes necrosis on leaves and stems [29]. Twelve of
the 14 strains of this pathogen tested on M. truncatula were virulent, nearing those
initially isolated on M. ciliaris. The results showed a high level of diversity in the
aggressiveness of P. medicaginis strains, which depends on the inoculated organ.

It thus could be important to inoculate the aerial and root parts in order to select
resistant lines.

On the other hand, the other pathogens noted on the leaves of Medicago spp. in the
winter rain region of South Africa are Phoma medicaginis, Leptosphaerulina briosiana,
Colletotrichum trifolii, Colletotrichum destructivum, Erysiphe polygoni, Cercospora
medicaginis, Uromyces striatus, Pseudopeziza medicaginis, and Stemphylium vesicarium
[41]. Symptoms on leaves and stems caused by Phoma medicaginis var. medicaginis
are the most common disease symptoms and include formation of small, dark brown
to black spots that can enlarge to eventually result in leaf chlorosis and defoliation.

In addition, Colletotrichum trifolii caused leaf infection of Medicago spp. in a number
of areas in the south and southwest of the Western Cape province of South Africa
[42]. Seedlings are more susceptible than older plants. Representative isolates of
Colletotrichum have been collected from M. sativa in South Africa [43]. C. dematium,
C. destructivum, C. trifolii, and C. truncatum are pathogenic on M. sativa, and a
diversity of disease aggressiveness on this host has been noted. C. trifolii is the most
pathogenic species on M. sativa.

In addition, more than 60 species of fungi have been isolated from diseased roots
of Medicago spp. in the winter rain region of South Africa [23]. The predominant
fungi isolated are Fusarium acuminatum, F. avenaceum, F. equiseti, and F. oxysporum.
The pathogenicity test of 23 species in Medicago truncatula cv. Jemalong showed that
the most aggressive agents are . avenaceum, F. culmorum, F. graminearum Group I,

E. lateritium, Pythium irregular, P. ultimum, and P. spinosum. Among these species,
F. avenaceum appears to be the most important pathogen for root rot because it is
widespread and virulent.

Finally, the diversity of Ichneumonidae (Hymenoptera) was studied in M. sativa in
Bahariya and Farafra in Egypt. A total of 206 specimens belonging to 8 subfamilies,
14 genera, and 24 species were collected. Seven species were recorded for the first
time in Egypt, in addition to the 11 species that were newly reported in association
with M. sativa [44].

5. Adaptation to abiotic and biotic constraints

Several approaches are used to improve the productivity of plants under abiotic and
biotic stress, while the selection of varieties tolerant to these constraints remains one of
the most promising ways to sustain productivity. Several studies have been carried out
on the biodiversity of responses to abiotic stresses in Medicago species in Africa.

A significant diversity of responses was noted within and between 11 Tunisian
populations of M. truncatula under water deficit [24] and salt stress [25]. This large
phenotypic variation in M. truncatula can be used to identify genes and alleles impor-
tant for the trait of tolerance to drought and salinity stress.
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Analysis of morpho-physiological variability of responses to salt in four Tunisian
natural populations of M. ciliaris showed that the 46 lines studied form three groups
under control treatment and 100 mM NaCl, and their genetic structure is dependent
on the treatment factor [27]. The results of this study can be used in the identification
and selection of salt-tolerant M. ciliaris lines.

In addition, evaluation of the variation of tolerance to water deficit in 47 lines of
M. truncatula, M. ciliaris, and M. polymorpha showed that M. ciliaris is the latest to
flower under water deficit, and it gives the most biomass under both control treat-
ments and 30% of field capacity [45]. The lines were classified into five groups on the
basis of their differing responses to drought. Tolerant lines of the three species may be
good candidates for future breeding programs for drought tolerance.

Analysis of the responses at the germinal stage in 10 local varieties of M. sativa
from the Algerian oases and a commercial cultivar (Giulia) under a range of NaCl
concentrations (0 mM, 85.6 mM, 171.1 mM, 256.7 mM, and 342.2 mM) showed a
high level of diversity between the varieties studied under control treatment and salt
stress [46]. In addition, a germination study in the Tunisian variety El Homma and a
Californian variety of M. sativa under a range of NaCl (100, 150, 200, and 250 mM)
revealed that the latter variety is less affected by salt stress for length and fresh weight
of roots, while the local variety of El Hamma has the lowest reduction for fresh leaf
weight [47]. Further work is needed to validate the behavior of tolerant varieties in
the field in the presence of salt.

The inoculation of M. sativa with a consortium of arbuscular mycorrhizal (AM)
fungi with or without autochthonous strains of rhizobium (RhLO1) showed that
these autochthonous microorganisms are effective in mitigating the damage caused
by salinity and improve plant growth and productivity [48].

In addition, an exploration of tolerance to Fe deficiency was carried out in 20
Tunisian lines of M. truncatula [28]. The results showed a high level of response
diversity between these 20 genotypes, of which TN8.20 and Jemalong A17 are toler-
ant, while TN1.11 and TN6.18 are the most sensitive ones. Tolerant genotypes showed
the lowest decreases in chlorophyll content and photosynthetic activity (CO, assimila-
tion) compared to sensitive genotypes.

To elucidate the genetic determinants of abiotic stress tolerance in the model
forage legume M. truncatula, different approaches including quantitative trait loci
(QTLs), functional genomics, and association genetics have been used.

Genetic analysis of tolerance to water deficit [49] and salt stress [50, 51] was
carried out using an LRS5 population of recombinant inbred lines (RILs) at the F8 gen-
eration derived from a cross between the line Jemalong A17 and F83005.5. The RILs
and the two parental lines were cultured under control treatment and water deficit
(in tubes under 75 mM mannitol (D-) and in pots under 33% of field capacity) and
salt stress (45 mM NaCl). In addition, a second population of RILs was also used for
the analysis of the genetic determinants of tolerance to water deficit [52] and salinity
[53]. This RILs population comes from the cross between the Tunisian line TN1.11
and the reference line Jemalong A17. Several QTLs were identified under water deficit
and salt stress, suggesting their multigenic nature. The set of QTLs identified under
water deficit and salt stress are generally different, with only a few QTLs in common.
Overall, the majority of QTLs were mapped to chromosomes 1, 5, and 8.

In addition, an expression study of two candidate genes, DREB1B under water
deficit [54] and the MtERF1 gene [55] under salt stress in four lines (TN1.11, TN6. 18,
JA17, and A10) of M. truncatula was done. The results of the expression analysis by
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RT-qPCR revealed differential tissue expression of the DREBIB gene in the four lines
under osmotic stress, with a higher induction rate in the roots of TN6.18 and Jemalong
A17 than in A10 roots, suggesting a key role for DREBIB in water-deficit tolerance

in M. truncatula. Moreover, the MtERF1 gene is mainly expressed in the roots and is
inducible by NaCl and low temperature. A higher level of MtERF1 expression was
noted in TN1.11 plants than in TN6.18. Therefore, both DREB1B and MtERF1 genes can
be used as selection markers to obtain Medicago lines with osmotic stress tolerance.

The evaluation of the responses in 39 Tunisian lines of M. truncatula, whose
genomes are fully sequenced, in greenhouse and in the field under control conditions
and salt stress revealed that there is an ongoing migration of genomic region candi-
dates for salt tolerance [26]. These regions contain genes that regulate physiological
acclimation to salt stress, such as abscisic acid and jasmonic acid signaling. They also
contain genes linked to biotic stress tolerance and some involved in early flower-
ing. These candidates emphasize the importance of both tolerance and avoidance in
natural populations of M. truncatula.

In another study, analysis of responses in 14 Tunisian natural populations of M.
truncatula to infection with Aphanomyces euteiches showed that most of the pheno-
typic variation (65.4%) is found within populations [29]. Significant correlations
were noted between quantitative traits and ecological factors, suggesting the exis-
tence of local adaptation. The populations studied form three groups, based on their
responses to this pathogen. The first group contains resistant lines from populations
originating from central Tunisia. The second group is made up of partially resistant
lines from populations in southern Tunisia and the mountainous region of Thala.
The third group is formed by susceptible lines from populations in the north of the
country and saline soils. Overall, the results revealed that the studied lines are more
sensitive (71.3%) than resistant (28.7%) to attack by A. euteiches. However, resistant
lines have shown several forms of reactions to attack by this pathogenic agent, which
can be used for the identification of potentially new resistance genes.

In addition, the study of the diversity of responses in 10 parental lines of M.
truncatula to infection by Phoma medicaginis revealed that the tolerant lines are those
with the lowest ratios of number of infected and dead leaves [31]. The studied lines
constitute three groups according to their responses to infection with P. medicaginis.
The tolerant line TN6.18 and the susceptible F83005.5 line form a contrasting pair to
this pathogenic agent, which will be useful for the exploration of the physiological
mechanisms and genetic determinants of M. truncatula tolerance to this constraint.

Furthermore, analysis of the responses of 10 varieties of M. sativa to infection
by P. medicaginis revealed that the studied varieties are classified into three large
groups [32]. The first group is formed by Gabes2353, the second group is constituted
of the Californian and El Hamma varieties, and the third group is composed of the
remaining seven varieties. The tolerant variety Gabés2355 and the susceptible variety
Magna-601 form a contrasting pair following infection by P. medicaginis. These two
varieties can be used to analyze the physiological and genetic determinants of M.
sativa tolerance to infection by this pathogen.

In addition, screening a collection of M. truncatula lines against infection by
Fusarium oxysporum, Fusarium solani, and Rhigoctonia solani strains showed a diver-
sity of disease responses with resistant and highly susceptible phenotypes [30]. The
Jemalong A17 line showed relative resistance to all the fungal strains studied, while
TN1.11 was sensitive. The results showed increased antioxidant activities in Jemalong
A17 plants in leaves and roots.
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6. Fodder quality

Despite the importance of Medicago species as a source for livestock feed, few
studies have been conducted on their forage quality in Africa. The study of the nutri-
tive value of M. sativa hay in South Africa showed that the highest recorded moisture
content (140 g/kg) is below the critical moisture level of 160 g/kg for efficient storage
[56]. The average ash content is a mean of 130 g/kg (73 to 295 g/kg), indicating
soil contamination. Furthermore, according to acid detergent fiber-crude protein
(ADF-CP) contents, 6% of the samples were damaged by heat. High mean values of
Ca (13.5 g/kg), P (25.3 g/kg), and Fe (874 mg/kg) were noted.

7. Conclusions and future perspectives

A high level of genetic and symbiotic diversity within and among natural popula-
tions of Medicago species in Africa exists. Most of this genetic variation resides within
populations. A specificity of interaction has been recorded between plant species and
rhizobial or pathogen genotypes, indicating that there is a certain level of coevolution
between plants and their associated microorganisms.

Moreover, a large diversity of responses to abiotic and biotic stresses was found
within or among natural populations of Medicago species. Importantly, this variability
in responses is associated with the site of origin from which the genetic material was
collected.

Further work is needed to establish an African consortium for the conservation
and valorization of Medicago species and their associated microbes. This consortium
will strengthen efforts to enhance the ecological and agronomic interests of endemic
species of this genus. In this context, organization of new prospecting and collection
campaigns for the genetic material of endemic Medicago species, especially those that
have become rare or endangered, will be of great benefit. It will also be interesting to
evaluate the agronomic performance of Medicago accessions in multi-local field trials
in different African countries with a view to selecting new varieties that are tolerant
to abiotic and biotic constraints and have good nutritive value.

Additionally, it is important to take advantage of the genetic and genomic tools
that have been developed by the international scientific community to improve
endemic perennial and shrub Medicago species in Africa by developing new molecular
markers for selection.
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Chapter 4

Genetic Assessment of Silver Carp

Populations in River Chenab
(Pakistan) as Revealed by SSR
Markers

Muhammad Tahseen

Abstract

Freshwater fish stocks are being exposed to increasing threats as a result of fisheries
and aquaculture practices. Integrating genetic knowledge into fisheries and aquaculture
management is becoming increasingly important in order to ensure the sustainability of
species. So, I used SSR markers to evaluate the pattern of genetic variability in Silver Carp
populations (175 samples) from five different sites of River Chenab, Pakistan. DNA was
isolated and processed for analysis. There were no scoring errors related to large allele, no
stuttering bands, and no null allele. The mean values of number of alleles, allelic richness,
effective number of alleles, observed (Ho) and expected (He) heterozygosites, 1-Ho/He,
inbreeding coefficient, pairwise population differentiation, and the gene flow provided
data indicating loss of genetic diversity of silver carp in River Chenab (Pakistan). Reasons
are overhunting, pollution, inbreeding, and poor control measures.

Keywords: microsatelites markers, silver carp genome, genomic analysis

1. Introduction

Fishes are the most diverse group of organisms. They are facing altered environ-
mental conditions resulting from human activities. Freshwater fish biodiversity is
progressively threatened by overexploitation, pollution, habitat loss, introduction of
non-native species, and the climate change [1]. Global climate change is causing ocean
acidification and rising aquatic temperatures, and it is expected to cause regional
changes in salinity, dissolved oxygen supply, and circulation patterns in aquatic envi-
ronments, which fishes will eventually have to cope with [2].

Aquaculture has been a key contributor to increasing food production for human
nutrition and food security. In 2016, global per capita fish consumption was 20.3 kg, with
fish accounting for 20% of animal protein intake for over 3.2 billion people around the
world [3, 4]. Aquaculture in Asia provides for over 91% of global production, but it will
need to continue to increase to fulfill the demands of a fast-growing human population
[5]. In 2017, a total of 53.4 million tonnes of fish were produced. Freshwater fish species
produced 83.6% of total fish production. Freshwater carps and cyprinids account for
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over 53.1% of total fish production in the aquaculture industry [6]. One of the most
important freshwater fish species in aquaculture is silver carp, Hypophthalmichtys
molitrix. Silver Carp have been brought into many nations across the world for biological
control (algal blooms) and aquaculture purposes. It reproduces naturally in few sites in
the ecosystem, which are comparable to the original environment [7].

The conservation and management of aquatic resources are critical for the prolong
usage of fisheries potential for the economic growth of farmers and fishery workers
today and in the future. Fisheries and aquaculture are playing a significant role in
social development by providing nutritional security for the human population and
contributing to the economic improvement of farmers and fishery employees. The
fishing sector also contributes foreign exchange profits, amounting to several millions
of dollars. Furthermore, aquatic resources are proving to be an essential source of a
variety of items with pharmacological and economic significance [8].

As natural environment provides resources for all living communities, so it is
essential to protect the natural environment for the conservation and preservation of
living species. Unfortunately, human activities are constantly altering aquatic ecosys-
tems around the world [9]. This change has negative impact on fish community
structures as well as in other aquatic animals and may be responsible for the extinction
of many species.

Genetic diversity evaluates alternate types of genes or noncoding loci within pop-
ulation diversity. The evolution and adaptation of a population are linked to both
heterozygosity and the total alleles present within a population. Populations facing
stressful environmental conditions have reduced genetic diversity, declined popula-
tion viability and high extinction likelihood [10].

Both extinction and the speciation have been an indispensable part of life since
past. Present extinction rate is very high as compared with historical background.
Chemical contamination of the environment has resulted in decline of many
populations. Certain environmental toxicants cause reproductive destruction in wild-
life. Conservation biology mainly focuses on the conservation of genetic diversity.
Chemical contamination causes somatic and germline mutations, which reduce
genetic diversity of populations. Chemical contamination damage is at the molecular
level as well as population level, which results in loss of genetic diversity [11-13].

One of the most necessary aspects for the preservation and conservation of living
species is the protection of the natural environment. This natural environment pro-
vides perfect conditions for all living communities. Human activities, unfortunately,
continue to alter aquatic ecosystems all over the world. This change is thought to have
a huge effect on fish community structures and other aquatic organisms, and it could
lead to the extinction of a lot of species [9]. Humans are attempting to change
approximately every environment at an unprecedented rate, and they may now be the
most important biotic selective power on the planet [14]. The introduction of species
outside of their historical ranges has also some problems along with benefits. Further-
more, anthropogenic disturbances can result in the creation of new environments that
are beneficial to exotic species [15].

Commercially, about 40% of fisheries have collapsed or at verge of extinction. The
cause for this is a lack of understanding about the fitness of genetic diversity. The
majority of breeding programs do not sustain genetic adaptations [16]. Artificial
breeding programs should be employed when populations are in danger of extinction.
These programs are often employed to improve wild populations in fisheries manage-
ment. These strategies may have raised stock sizes while also preserving genetic
variability, lowering the risk of local extinction [17].
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Any measure that quantifies the magnitude of genetic variability within a popula-
tion is termed as genetic diversity. It provides the insight for evolution by natural
selection and influence fitness of the ecosystem as well as affects the growth, produc-
tivity, constancy, and inter-specific and intra-specific interactions. Knowledge about
variation in either discrete allelic states or phenotypic features can be used in genetic
diversity. Variation in phenotype or genotype (allelic states) might be neutral or non-
neutral regarding fitness consequences. Molecular markers, for example,
microsatellites, straight DNA sequences, AFLPs, or protein polymorphisms often
indicate discrete allelic states that are thought to be neutral [18].

Microsatellites are extremely popular in population analysis because of their selec-
tive neutrality and the ease with which microsatellite-based data can be replicated and
compared in other populations [19]. Ecological and evolutionary similarity drivers
affect diversity in communities and populations. Random changes in composition are
linked to community drift and genetic drift, migration and gene flow, individuals and
species, and selection and coexistence processes (e.g., competition, predation). All
these parameters non-randomly influence on allelic or species composition. Speciation
and mutation also contribute to genetic and species diversity, but they are generally
weak forces that impact composition only over extended periods of time [20].

The degradation of environmental in aquatic ecosystems is increasing, which can
result in declines in diversity, reflecting population size reductions and the extinction
of intolerant species [21].

Molecular markers are applied to analyze genetic variability in a variety of fish
species, and they are significant tool for analyzing patterns of genetic diversity.
Microsatellite DNA markers are the most informative and polymorphic markers that
can be used to evaluate genetic variability at the molecular level [22]. Microsatellites
are the marker of choice for genetic, evolutionary, and ecological research studies
because of their high mutation rates, high level of polymorphism, great number, and
even distribution across the genome, co-dominance, and ease of analysis using PCR.
These microsatellites are also used to determine the genetic variability and structure of
farmed food fish species [23].

Different kinds of polymorphic markers have been utilized to analyze genetic
diversity such as protein based markers (i.e. allozymes) and DNA-based markers such
as microsatellites, amplified fragment length polymorphisms (AFLPs), restriction
fragment length polymorphisms (RFLPs), random amplification of polymorphic DNA
(RAPD), and mitochondrial DNA (mtDNA). Microsatellites markers have been most
frequently utilized in the analysis of the carp genetic diversity. The extreme success of
microsatellites in the population analysis comes directly from the selective neutrality
of these markers and effective replication and validity of microsatellite-based data in
different populations. Microsatellites are especially helpful for the assessment of
genetic biodiversity. Microsatellites, also known as “simple sequence repeats,” possess
2-9 bp that are widely distributed across the genome and have a high degree of
polymorphism. The majority of microsatellite loci are short and easy to amplify using
PCR. SSR markers are used to construct a genetic fingerprint and to demonstrate
connections between individuals. SSR markers are widely employed in fish population
genetics and conservation research studies [24].

2. Review of literature

David et al. [25] studied 47 microsatellite markers in carp species, Cyprinus carpio
and Ctenopharyngodon idella, and observed polymorphism by applying the AFLP
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(Amplified Fragment Length Polymorphism). The average number of allele was
found 4.02 and mostly SSRs contain CA and CT motifs. The calculated fixation index
(Fgr) for microsatellites and AFLP markers was 0.37 and 0.39. About half of the SSRs
markers were used to genotype the grass carp. Their results indicated that grass carp is
phylogenetically distinct from other populations.

The researchers [26] explored the population structure and genetic variability of
two Hungarian common carp farms (80 and 196 individuals) by synthesizing primers
to the flanking regions of eight microsatellites: MFW4, MFW7, MFW9, MFW13,
MFW17, MFW20, MFW26, and MFW?31. Samples were chosen at random from
Attala, Dinnyes, Boszormeny, Bikal, Szajol, wild-Danube, and wild-Tisza. They
detected 47 alleles in these groups. All these groups had similar allele frequencies, with
the exception of wild carps. Private allele frequency was extremely low, with a value
0.003 to maximum of 0.027. At the Attala and the Dinnyes stock, the average He was
0.83 and 0.81, respectively, while Ho was 0.69 for both stocks. Most loci of these two
populations were in disequilibrium when tested for HWE. These findings could aid in
the identification of wild carp taxonomic status and genetic variability as well as their
relatedness to domesticated stocks.

The researchers [27] analyzed 54 primers for amplification of microsatellite loci in
84 samples of kali rohu, Labeo dyocheilus (Family Cyprinidae) from four rivers,
namely Satluj, Jiabharali, Beas, and Yamuna. Successful amplification was observed in
15 primers pairs. Seven microsatellites, MFW1, MFW2, MFW9, MFW15, MFW17,
R-12F, and Cal2, were polymorphic having three to nine alleles. Ho values ranged
from 0.34 to maximum 0.53. Mean number of alleles was 3.42-4.71. There was found
no significant deviation from HWE in allele frequencies except at locus Cal2 in the
sample of Jiabharali. The reason may be the presence of null allele at locus Cal2, which
was not amplified. Rest of the alleles showed highly nominate heterogeneity in all the
sample sets. The identified microsatellite loci could be used in fine-scale population
structure analysis of L. dyocheilus.

Li et al. [28] analyzed six wild populations of Common Carp (C. carpio L.) using 30
microsatellite loci. Different types of parameters for genetic diversity such as number
of effective alleles (A.), polymorphic information content (PIC), expected heterozy-
gosity (H,) and observed hererozygosity (H,), genetic distance, and genetic similarity
index were detected. There were present total 210 alleles in these six populations and
3-13 alleles were amplified in 30 loci. In each locus, the average number of alleles was
seven. These six wild common carp showed high population variation. Effective alleles
were ranging from 1.04 to maximum 4.72. The result indicated low-to-moderate level
of genetic variability in these populations. PIC values of these C. carpio populations
were 0.45, 0.51, 0.52, 0.56, 0.62, and 0.63, respectively. The average values of He were
0.51, 0.60, 0.57, 0.57, 0.58, and 0.55 respectively. On average, the number of effective
alleles (Nae), observed hererozygosity (H,), expected heterozygosity (H,), and PIC
were 2.71, 0.57, 0.58, and 0.48 respectively. Clustering result and the geographical
distribution were in correlation with each other.

Wang et al. [29] developed SSR markers for common carp (C. carpio). Total 32
samples of common carp were collected from Dongting Lake in China. Most of the
SSRs of common carp were found to consist of dinucleotide (AC/TG, AG/TC, and
CG/GC) and trinucleotide (AAT and ATC) repeats. Polymorphism was observed in
only 25 loci out of 60 SSRs in the common carp population under examination. The
number of alleles/locus varied from three to seventeen. The value of H, and H, ranged
0.13-1.00 and 0.12-0.91, respectively. Six SSRs did not follow Hardy-Weinberg equi-
librium (HWE), while the remaining 19 loci did. Mutation rates in gene-coding
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sequences are lower than in non-coding genomic sequences due to evolutionary con-
servation. Furthermore, polymorphism was not totally determined by repeat length.

Zhu et al. [30] analyzed the genetic variability of five Silver Carp populations in
the middle and lower reaches of the Yangtze River. For this purpose, 30 SSR markers
were utilized and total 144 alleles were found with 1-10 alleles in each locus (average
4.0 to 4.1). In total, 83.33% (25 loci) were polymorphic. The average values of
observed hererozygosity (H,) and expected heterozygosity (H,) ranged from 0.3233
to maximum 0.3511 and 0.4421 to maximum 0.4704, respectively, and the average
PIC value ranged from 0.4068 to 0.4286. These populations were moderately differ-
entiated and partially deviated from HWE as revealed by Fst value and Chi-square
test, respectively. The genetic distance and genetic similarity coefficient values were
from 0.0893 to 0.1665 and from 0.8466 to 0.9146, respectively.

Cheng et al. [31] evaluated genetic structure of bighead carp (Aristichthys nobilis)
by using microsatellite markers and documented their cross-species amplification in
Silver Carp (Hypophthalmichthys molitrix). For this purpose, 30 individuals of each
species were collected from Zhangdu Lake of the Yangtze River, China. Forty-two
pairs of primer development were synthesized from which only 30 produced desired
products. Polymorphism was seen in 16 loci having 2-7 alleles/locus with an average
value of 3.263 and the Ho was 0.100-0.690 with an average value of 0.392. By
applying the same PCR conditions in the cross-species amplifications, it was observed
that 11 out of 16 microsatellites of bighead carp fish were also polymorphic in Silver
Carp fish.

Wang et al. [32] analyzed the genetic viability of two Silver Carp populations by
applying 39 microsatellite markers. The samples were collected from the middle and
upper reaches of the Yangtze River, China. There were in total 260 alleles. The
averages of number of alleles were 6.130 and 4.980, and averages of effective number
of alleles (Nae) were 4.108 and 3.385 among the Wanzhou population and Jianli
populations, respectively. The polymorphic informatics content varied between 0.077
and 0.865 (average 0.617). The average Ho and He were 0.834 and 0.775 and 0.713
and 0.623, respectively, for studied populations. There was a clear genetic differenti-
ation between these two populations.

Li et al. [33] studied that SSR markers are significant DNA markers, which are
accessible to figure out population structure. The Grass Carp populations were ana-
lyzed for genetic variability and genetic structure by using 45 polymorphic microsat-
ellite loci. Different types of parameters for genetic diversity were measured such as
number of alleles/locus (IV,,), effective number of allele/loci (N,), expected heterozy-
gosity (H,), and observed hererozygosity (H,). The values of the parameter were
found to be: number of alleles/locus was 7.26, effective number of allele/loci was 4.21,
Ho was 0.73, and He was 0.68. It was found that population genetic diversity is
significantly affected by loci number, sample size, and polymorphism information of
microsatellite markers.

Alam et al. [34] determined the genetic structure and genetic diversity of Indian
major carp, Labeo rohite sampled from River Halda, River Jamuna, and River Padma in
Bangladesh. They analyzed four polymorphic microsatellite loci. On average, there
were 2.75-3.75 alleles with size ranging from 144 bp to 190 bp. The populations
differed in terms of the frequency and the number of alleles, as well as observed (Ho)
and expected heterozygosity (He) in the loci studied. A significant (P < 0.05) popu-
lation differentiation (Fsr) was found between the Halda and the Jamuna population.
Between the Padma and Jamuna populations, there was relatively high gene flow. The
findings demonstrated a rather low amount of genetic diversity in L rohita populations
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in Bangladesh. The alleles Lr3 and Lr21 were present only in population of River Jamuna
with the frequency of 0.04 and 0.02, respectively, so termed as private alleles for the
Jamuna population. There was no allelic drop-out in the Jamuna population while
highest allelic drop-out was observed in the Halda population. The values of Ho and He
were ranging from 0.17 to 0.65 and from 0.24 to 0.62, respectively. Two clusters were
delivered by UPGMA dendrogram. The Halda population was in one cluster, and
Jamuna and Padma populations were in the other cluster.

Abbas et al. [35] utilized total nine polymorphic microsatellite markers to deter-
mine the genetic diversity and population structure of five populations of
Yellowcheek carp (Elopichthys bambusa) in the Yangtze River basin in China. There
was observed low-to-moderate genetic diversity. The number of alleles/locus varied
from three to maximum eight with an average value of 4.6 alleles/locus. The values of
Ho were 0.15-1.00. All these loci represented significant deviations (P < 0.01) from
HWE. There occurred loss of heterozygosity within populations as indicated by the
values of inbreeding coefficient. Lower but significant value (P < 0.01) of FST
indicated genetic divergence between populations of E. bambusa. About 93.81% vari-
ance was within populations, and 7.05% of the total variance was among the
populations as shown by AMOVA results. Mantel tests provided no evidence for an
increase of the genetic differences with geographic distance. Due to anthropogenic
interventions, the populations are reproductively isolated as revealed by UPGMA
dendrogram. These findings could contribute to the effective management and
prolonged conservation of E. bambusa populations.

Hulak et al. [36] studied the population structure and parameters of genetic diver-
sity of 11 Carp populations in the Czech Republic. Mean heterozygosity was 0.584—
0.700. Mean number of alleles was 5.0-9.8. It was found significant heterozygote
deficit. Most of tests of the analyzed loci were deviated significantly (P < 0.05) from
the Hardy-Weinberg equilibrium. Inter-population genetic variation was 21%, while
intra-population genetic variation was 79% as revealed by AMOVA. Mostly, inter-
population genetic was responsible for microsatellite loci variations.

Adams et al. [37] collected 56 samples of the Grass Carp (C. idella) population to
study the genetic structure from Missouri and Mississippi River basins, USA. The
numbers of alleles/locus were 2-8 across all the polymorphic microsatellite markers.
Locus Ci04 did not produced any amplicons for all the collected samples. Average
allelic diversity was low along basins of these rivers and highest in the upstream reach
of the Missouri River and the Mississippi River. There was found no significant
differences in levels of inbreeding between these populations. Fourteen out of 16 loci
produced least values of both observed and expected heterozygosity. A significant
bottleneck phenomenon was observed along the basins of both the rivers.

Sahu et al. [38] studied Raho (Labeo rohita) from normalized cDNA libraries to
investigate genetic structure and genetic diversity. They assembled 3631 unique
sequences (709 contigs and 2922 singletons) from 6161 random clones sequences. In
total, 182 unique sequences out of 3631 unique sequences (709 contigs and 2922
singletons) were found to be associated with reproduction-related gene. Polymor-
phism was seen in 20 loci in 36 unrelated individuals, and their allele frequency
ranged from 2 to 7 per locus. From these 20 polymorphic loci, 14 loci deviated from
HWE (p < 0.05). In 3631 unique sequences, AG repeats were most frequent motif.
The values of expected heterozygosity H, and observed heterozygosity H, ranged
from 0.109 to 0.801 and from 0.096 to 0.774, respectively. These microsatellite loci
did not show any linkage disequilibrium.
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Sahoo et al. [39] evaluated the genetic variation of L. rohita. Eleven microsatellites
loci were used to assess the genetic diversity of three wild and one farm population of
rohu. For this purpose, total 192 samples were analyzed, and the number of alleles
were found to be four to maximum 23, observed heterozygosity 0.500-0.870, and
expected heterozygosity from 0.389 to 0.878. At least, one locus was not in HWE in
these riverine samples. Negative values of inbreeding coefficients (FIS) indicated little
genetic differentiation but very high level of genetic diversity among populations.
Micro-Checker did not revealed any null alleles. There was reported minimum scoring
error. FST values ranged from 0.005 to 0.043. All of the rohu populations had a high
allelic richness and were genetically diverse.

Tibihika et al. [40] described the genetic structure of East African Nile tilapia
(Oreochromis niloticus) by using SSR-GBS technique. For this purpose, 2,403,293
paired reads were produced for primer design containing 6724 SSR motifs, from
which 35 SSRs were developed, and only 26 produced amplified products. F;; values
deviated from HWE for all 26 loci. Most loci were polymorphic and four loci deviated
from HWE. PIC values for 18 loci were above 0.5 showing that they were highly
informative markers and for remaining four loci, PIC values were between 0.25 and
0.5 indicating slightly informative markers.

Fang et al. [41] developed 12 SSRs for cross-species amplification in silver carp
(H. molitrix) and bighead carp (Hypophthalmichthys nobilis). The values of number of
alleles (INa), the observed heterozygosity (Ho) and expected heterozygosity (He), and
the polymorphic information content (PIC) vary from 5 to 20, 0.189-0.956, 0.177-
901, and 0.169-0.887, respectively. All these loci were polymorphic. Genetic structure
was similar for population of same species and obvious genetic differentiations was
present between populations from different species. Private alleles were ranging from
1to 6 in H. nobilis and 3-10 in H. molitrix individuals.

Zhou et al. [42] studied that there are rare population genetic studies for Black carp
(Mylopharyngodon piceus) in the Yangtze River basin and developed 31 novel micro-
satellite markers. Ten microsatellite markers were used to access the genetic variabil-
ity of Black Carp. Mean number of alleles (V) was 14, and number of effective alleles
(A,) was 6. Their study explained that wild populations had higher genetic diversities
than cultured populations. The values of H,, H,, and PIC parameters for genetic
diversity of wild populations were 0.767, 0.806, and 0.767, respectively. The values of
H,, H,, and PIC parameters for genetic diversity of cultured populations were 0.730,
0.722, and 0.6731, respectively. Founder effects may be one of the most probable
causes of the reduction of genetic variation in cultured populations.

Fang et al. [22] evaluated the genetic status of eight populations of Silver Carp in
Jiangsu province and four populations of Silver Carp from Lower Reaches of the
Yangtze River (LRYR) in China by using microsatellite loci. High polymorphism was
observed between all the loci. There were in total 3-33 alleles/locus with mean value
ranging from 5.727 to 14.818. The range of effective number of alleles per locus was
4.19 to maximum value 6.526. The average observed heterozygosity (Ho) ranged from
0.625 to 0.727, and the average expected heterozygosity (He) ranged from 0.69 to
0.784. Gene flow values (Nm) were high across all populations, ranging from 3.496 to
79.845. With AMOVA analysis, the majority of differentiation variations (95.85%)
were assigned within populations, with only 4.15% existing between populations.
Most populations were potentially threatened by inbreeding depression. Fst
values ranged from 0.003 to 0.067, and all groups exhibited moderate genetic
difference.
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3. Materials and methods

3.1 Fish sampling, DNA isolation, and quantification and microsatellite
amplification

Sampling of Silver Carp (H. molitrix) was done from five selective sites of River
Chenab, namely Trimmu Barrage, Marala Headworks, Khanki Headworks, Qadirabad
Headworks, and Chiniot Bridge (Table 1) and in total 175 samples were collected (35
samples from each site). By following Sambrook and Russell [43], DNA isolation
protocol having slight modifications, DNA was extracted from dorsal muscle tissues.
By using scissors, spines and scales were removed as much as possible from frozen
tissues. Standard proteinase-K and phenol/chloroform method was used for isolating
DNA. Genomic DNA isolation consisted of following steps:

V « Tissue Extraction from Specimen
\2/‘- * DNA Washing and Precipitation
| « DNA Quantification
+ Amplifying the Isolated DNA
+ Analyzing the DNA

Tissue lysis buffer:

Tris HCI (100 mM)

EDTA (0.5 M)

SDS (10%)

NaCl (5 M)

hd ddeo

3.2 Preparations for DNA washing and precipitation
* Phenol

* PCI = Phenol: chloroform: iso-amyl alcohol (25:24:1)

Ssr # Name of the site Site code Geographical location No. of samples

1 Trimmu Headwork TH 31.1443° N 72.1464° E 35

2 Marala Headwork MH 32°39' 0" N 74°30' 0" E 35

3 Khanki Headwork KH 32°24' 0" N 73°59' 0" E 35

4 Qadirabad Headwork QH 31°9' 54" N 74°20' 6" E 35

5 Chiniot Bridge CB 31°43'12" N 72°58'44"E 35
Table 1.

H. molitrix sampling details.
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ClI = Chloroform: iso-amyl alcohol (24:1)

¢ Ethanol 70%

Absolute ethanol 95%
¢ 3 M solution of sodium acetate
3.3 DNA quantification

In total, 0.8% agarose gel electrophoresis (ATTO Corporation AE 6220) was used
for checking the isolated DNA quality. For making gel-like suspension, 0.8 g agarose
was added into 100 mL 1X TAE buffer.

3.4 Analysis of DNA

Nanodrop was used for assessing the quality of isolated DNA. One microliter DNA
sample was used for checking the convention of isolated DNA. The convention of
isolated DNA was adjusted at 50 ng/pL for PCR by mixing the stock solution of DNA
with nuclease-free water.

Calculation was done by applying the following formula:

Ci1Vi =GV,

Where.

C; = Stock DNA solution concentration.
V; = Volume of DNA required.

C, = Diluted DNA solution concentration.
V, = Total volume of dilution required.

3.5 Microsatellite amplification

Genomic DNA was PCR amplified by H. molitrix. Five primers, namely BL8-1,
BL14, BL52, BL108, and BL123, were used taken from Gene Library (Table 2).

Sr.# Locus and Repeat Primer sequence (5'-3') Size range Ta Na
accession no. motif (bp) cC)
1 BL8-1DQ136005 (TCCA)6 F:TATTGACTGCATCTGGGTCTT 157-162 59 3

R: AGGTTATGTTTAGCCCAGTCG

2 BL14 DQ136008 (GT)13 F: CGGCACTCAGAAATGATGGGG 312-338 54 9
R: CATGGAGAGCAGGAAGAGTTG

3 BL52 DQ136015 (TG)12 F: CAGAATCCAGAGCCGTCAG 210-220 54 5
R: CACCGAACAGGGAACCAA

4 BL108 DQ674845 (GT)9  F: GATGAATCGCAGGGCGTGAGG  383-389 54 4
R: GCAGAACACGCACAATGGAGA

5 BL123 DQ674850 (TG)9 F: GCGACAGGAACAGTGAAAAC 227-244 54 8
R: CAAAGAAGGCACAAAGGATT

Table 2.
SSR markers of H. molitrix with details.
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S# Reagents Quantity
1 PCR master mix (2X) 12 L

2 Forward primer 2L

3 Reverse primer 2puL

4 Template DNA 3puL

5 Nuclease free water 6 uL
Total 25 pL

Table 3.

Reaction mixture formation for PCR amplification.

PCR reaction was conducted at 25 pL reaction mixture by using (Multigene

Optimax, Lab Net, USA) that contained the following ingredients (Table 3)

¢ PCR master mix (2X)
* Forward primer
* Reverse primer
* Template DNA

¢ Nuclease-free water

3.6 Thermocycler conditions

* Preheated for 5 minutes at 94°C.

* For 30 cycles, thermal denaturation temperature was set at 94°C for 1 minute.
* Annealing temperature was primer-specific that was set at for 55°C 30 seconds.
* Extension of amplified DNA at 72°C for 1 minute.

* Final elongation at 72°C for 4 minutes (Table 4)

Cycle Denaturation Annealing temperature Extension Final
number temperature elongation
Initial phase 94 °C for 5 min. Primer specific 72°Cfor1 72 °C for 1 min.
- temperature min. -
30 cycles : : :
4min.
Table 4.

Thermocycler conditions for PCR.
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3.7 Electrophoresis and visualization for separation of amplified products

The PCR products were isolated on a 5% non-denaturing PAG containing 19:1
acrylamide: bis-acrylamide and visualized by silver-staining method. Electrophoresis
was conducted using a SequiGen sequencing gel electrophoresis method. For the
visualization of DNA bands, silver-staining method was used.

3.8 Software and analytical packages
Software and analytical packages for genome mapping were provided by [44-51].
a. FSTST (ver.2.9.3.2)
b. GENPOP (ver. 1.2)
c. ARLEQUIN (ver. 2.000)
d. TFPGA (ver. 1.3)
e. POPGENE (ver. 32)
3.9 Data analysis

Allele frequency, allelic richness (Ar), observed heterozygosity (Ho), and expected
heterozygosity (He) were estimated with FSTAT ver. 2.9.3.2 to summarize the genetic
composition of the population [44, 50]. The GENEPOP ver. 1.2 was used to test
linkage disequilibrium (LD) between all pairs of luci [46]. ARLEQUIN ver. 2.000 was
used to calculate deviation from HWE across each locus using the Markov-chain
random walk algorithm [51]. To maintain a within-sample type-1 error rate of o = 0.05
for each locus, the statistical significance of deviations from HWE was corrected using
the sequential Benferroni correction.

Inbreeding coefficient (Fis) and level of population subdivision/population over
loci were determined by unbiased F-statistics by using software FSTAT ver. 2.9.3.2
[44]. Genetic divergence Fst among subdivisions for all pairs comparisons between
sampling locations was deduced by calculating Weir and Cockerham’s (1984) [44].
The significance of estimates of Fst was assessed using 10,000/mutations. The hierar-
chical partition of genetic diversity was estimate by conducting analyses of molecular
variance (AMOVA) using ARLEQUIN ver. 2.000.

ARLEQUIN ver. 2.000 was used to calculate the pairwise estimates of Fst values and
test their significance by bootstrapping analysis (1000 replicates) for genetic differen-
tiation evaluation between populations. Exact tests for population differentiation
(Raymond and Rousset, 1995) were conducted using GENEPOP. UPGMA dendrogram
based on Nei’s (1987) [50] unbiased distance was interpreted using TFPGA software.

4. Results
4.1 Genetic diversity in H. molitrix populations

In current study, the “Micro-checker” software was applied to the genotypie data
obtained for H. molitrix populations that showed no scoring errors related to large allele, no
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stuttering hands, and no presence of null alleles at all the loci. In the current study, the
screened microsatellite loci in all the examined H. molirix populations were demonstrated
to be varied. The patterns of genetic diversity fluctuate depending on the screened micro-
satellite locus and the studied fish population. The average allele frequency and allele size
ranged from 0.003 to 0.574 and from 157 to 389 base pairs, respectively, were observed at
different screene d loci in H. molitrix populations in the present study (Figure 1, Table 5)

4.2 Allelic diversity (Na) and Allelic Richness (Ar)

In current study, the number of alleles (Na) per locus extended from 3.00 to 9.00
with an average from 5.6 to 9.0, While the values of allelic richness (Ar) were ranging
from 2.943 to 8.940 with an average value varying from 5.513 to 5.942 in various H.
molitrix populations. The largest average value of number of alleles and allelic richness
were noted in the population of CB and minimum in the population of MH. At locus
BL 14, the highest values of number of alleles and allelic richness were found 8.911 in
the MH population. The average values of Na and Ar in the populations of TH, MH,
KH, QH, and CB were observed as 5.8 (Ar = 5.79), 5.6 (Ar = 5.513), 5.8 (Ar = 5.753), 5.8
(Ar =5.754), and 6.0 (Ar = 5.942) respectively (Table 6-10, Figures 2-7).
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Figure 1.

Map of Pakistan showing Chenab River.
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Locus Allele size (bp) populations average
TH MH KH QH CB

BL 8-1 157 0.221 0.429 0.574 0.426 0.471 0.424
158 0.368 0.557 0.368 0.529 0.471 0.459
159 0.412 0.014 0.044 0.044 0.057 0.116
160 0.000 0.000 0.015 0.000 0.000 0.003

BL 14 312 0.214 0.206 0.235 0.071 0.271 0.199
314 0.271 0.294 0.368 0.229 0.229 0.277
319 0.229 0.250 0.235 0.257 0.300 0.254
322 0.143 0.147 0.059 0.129 0.100 0.116
325 0.057 0.029 0.029 0.086 0.043 0.049
329 0.029 0.029 0.029 0.100 0.014 0.040
331 0.029 0.015 0.015 0.057 0.014 0.026
335 0.029 0.015 0.015 0.071 0.014 0.029
338 0.000 0.015 0.015 0.000 0.014 0.009

BL 52 210 0.121 0.191 0.294 0.273 0.348 0.246
212 0.212 0.544 0.500 0.409 0.409 0.416
214 0.212 0.235 0.162 0.242 0.152 0.201
216 0.212 0.015 0.044 0.061 0.076 0.081
218 0.227 0.015 0.000 0.015 0.015 0.054
220 0.015 0.000 0.000 0.000 0.000 0.003

BL 108 383 0.191 0.457 0.250 0.314 0.100 0.263
385 0.221 0.429 0.676 0.529 0.557 0.483
387 0.235 0.114 0.059 0.114 0.300 0.165
388 0.353 0.000 0.015 0.029 0.043 0.087
389 0.000 0.000 0.000 0.014 0.000 0.003

BL 123 227 0.162 0.071 0.338 0.257 0.074 0.180
230 0.191 0.486 0.353 0.229 0.574 0.366
232 0.147 0.257 0.132 0.300 0.162 0.201
234 0.147 0.129 0.074 0.100 0.044 0.099
236 0.103 0.014 0.059 0.071 0.059 0.061
238 0.147 0.014 0.015 0.014 0.029 0.044
240 0.088 0.014 0.015 0.014 0.029 0.032
242 0.015 0.014 0.015 0.014 0.015 0.015
244 0.000 0.000 0.000 0.000 0.015 0.003

Table 5.

Allele frequency and size (bp) noticed at each locus in all populations of H. molitrix.

4.3 Effective number of alleles (Nae)

The values of effective number of alleles (Nae) were observed ranging from 1.9647
to 6.7680 in various studied H. molitrix populations. The average value of Nae was
observed as 4.7284, 2.9711, 2.9043, 3.7013, and 2.9933 in TH, MH, KH, QH, and CB,
respectively. The largest value of Nae was observed in population collected from TH
while the lowest in the population of KH (Tables 6-10, Figures 2-7).

4.4 Heterozygosity (H)

In the present study, heterozygosity (H) level was observed moderate to high in all
examined H. molitrix populations. In various examined H. molitrix populations, the
values of observed heterozygosity (Ho) were measured ranging from 0.3429 to 0.8571.
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Loci Genetic diversity parameters
Na Ar Nae Ho He 1-Ho/He Fis PHWE
BL 8-1 3.000 3.000 2.8857 0.6000 0.6629 0.0949 0.060 0.4779"8
BL 14 8.000 7993 50515  0.8000  0.8137 0.0168 0.017  1.0000™°
BL 52 6.000 6.000 5.1148 0.8286 0.8161 —0.0153 —0.085 0.6501 NS
BL 108 4.000 4.000 3.8222 0.6000 0.7491 0.1990 0.174 0.7061 NS
BL 123 8.000 7.971 6.7680 0.8000 0.8646 0.0747 0.050 1.0000 8
Average 5.8 5.79 4.7284 0.7257 0.7812 0.0740 0.040 —
Table 6.
Genetic diversity at different microsatellite loci in TH populations of H. molitrix.
Loci Genetic diversity parameters
Na Ar Nae Ho He 1-Ho/He Fis PHWE
BL 8-1 3.000 2.943 2.0231 0.7143 0.5130 —0.3924 —0.400 0.0160 "
BL 14 9.000 8.911 4.6402 0.5714 0.7959 0.2821 0.264 0.4143 N8
BL 52 5.000 4.941 2.6458 0.5143 0.6311 0.1851 0.149 1.0000 ™8
BL 108 3.000 3.000 2.4648 0.4000 0.6029 0.3365 0.340 0.0874 NS
BL 123 8.000 7.771 3.0818 0.6571 0.6853 0.0411 0.042 0.7349 N
Average 5.6 5.513 29711 0.5714 0.6456 0.0905 0.104 —
Table 7.
Genetic diversity at different microsatellite loci in MH populations of H. molitrix.
Loci Genetic diversity parameters
Na Ar Nae Ho He 1-Ho/He Fis PHWE
BL 8-1 4.000 3971 2.1157 0.6857 0.5337 —0.2848 —0.309 0.0409"
BL 14 9.000 8911 39773  0.6000  0.7594 0.2099 0.189 0.2904
BL 52 4.000 4.000 2.7684 0.6000 0.6480 0.0741 0.043 1.0000 N
BL 108 4.000 3971 1.9647 0.5143 0.4981 —0.0325 -0.097 1.0000 N
BL 123 8.000 7.912 3.6953 0.8286 0.7400 -0.1197 -0.147 0.0019"
Average 5.8 5.753 2.9043 0.6343 0.6361 —0.0306 —0.048 —
Table 8.
Genetic diversity at different microsatellite loci in KH populations of H. molitrix.

The average Ho value was observed as 0.7257, 0.5714, 0.6343, 0.4400, and 0.6800 in
TH, MH, KH, QH, and CB, respectively. The fish population sampled from QH
revealed the lowest value of Ho and TH and CB population showed the highest value
as compared with others (Tables 6-10, Figures 2-7). The values of expected hetero-
zygosity (He) were ranging from 0.4981 to 0.8646 in various selected H. molitrix
populations. The average values of He were determined as 0.7812, 0.6456, 0.6361,

0.7005, and 0.6533 in TH, MH, KH, QH, and CB, respectively.
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Loci Genetic diversity parameters
Na Ar Nae Ho He 1-Ho/He Fis PHWE
BL 8-1 3.000 3.000 21624 0.3429 0.5453 0.3712 0.355 0.0936 NS
BL 14 8.000 8.000 6.0345 0.4000 0.8464 0.5274 0.531 0.0022"
BL 52 5.000 5.000 3.2974 0.4000 0.7068 0.4341 0.403 0.2947 N8
BL 108 5000  4.940 25494 04571  0.6166 0.2586 0261  0.1733"
BL 123 8.000 7.829 4.4627 0.6000 0.7872 0.2378 0.240 0.4491 ™8
Average 5.8 5.754 3.7013 0.4400 0.7005 0.3658 0.365 —
Table 9.
Genetic diversity at different microsatellite loci in QH populations of H. molitrix.
Loci Genetic diversity parameters
Na Ar Nae Ho He 1-Ho/He Fis PHWE
BL 8-1 3.000 3.000 2.2334 0.6000 0.5602 —0.0710 —0.072 0.7403 NS
BL 14 9.000 8.771 4.3750 0.8571 0.7826 —0.0952 —0.097 1.0000 S
BL 52 5.000 5.000 3.0934 0.7143 0.6865 —0.0405 —0.095 0.4700 NS
BL 108 4.000 4.000 2.4257 0.6857 0.5963 —0.1499 —0.153 0.3086 N
BL 123 9.000 8.940 2.8389 0.5714 0.6571 0.1304 0.084 1.0000 NS
Average 6.0 5.942 2.9933 0.6800 0.6533 —0.0452 —0.067 —
Table 10.
Genetic diversity at different microsatellite loci in CB populations of H. molitrix.
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Figure 2.
Comparative distribution of number of alleles (Na) at different SSR loci in H. molitrix populations.
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Figure 3.
Comparative distribution of allelic vichness (Ar) at different SSR loci in H. molitrix populations.
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Figure 4.
Comparative distribution of effective number of alleles (Nae) at different SSR loci in H. molitrix populations.
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Figure 5.
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Comparative distribution of observed heterozygosity (Ho) at different SSR loci in H. molitrix populations.

Figure 6.
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Comparative distribution of expected heterozygosity (He) at different SSR loci in H. molitrix populations.
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Figure 7.
Comparative distribution of 1-Ho/He at different SSR loci in H. molitrix populations.

4.5 Inbreeding coefficient (FIS)

On average, three populations of H. molitrix showed positive inbreeding coeffi-
cient (Fis) values, while two populations showed negative in the present study. At the
screened SSR loci in the examined H. molitrix populations, Fis values ranging from
—0.400 to 0.531 were recorded. Highest average Fis value was measured 0.365 for QH
while the lowest —0.067 for CB population of H. molitrix. The mean values of Fis in
TH, MH, and KH were observed as 0.040, 0.104, and — 0.048, respectively
(Tables 6-10). The comparative dispersal of Fis values over the screened SSR loci in
each H. molitrix population is shown in the Figure 8.

4.6 Deviation from Hardy-Weinberg equilibrium (HWE) and linkage
disequilibrium

Four out of 25 tests deviated from HWE significantly after applying multiple test
correction (Tables 6-10). At various screened loci, the pairwise p value was found
significant at p < 0.05 in examined H. molitrix population.

4.7 Population genetic structure of H. molitrix populations
4.7.1 Genetic differentiation (Fst) and geographical distance (KM)

The pairwise population differentiation (Fsr) across all screened microsatellite loci
among the H. molitrix populations was assessed using the windows-based software
FSTAT. For the majority of the population pairs in this investigation, Fsr was statisti-
cally significant (p < 0.05) revealing genetically nonhomogenous groups. For the
majority of the stocks in this investigation, the noteworthy findings relating
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Figure 8.

Comparative distribution of inbreeding coefficient (Fis) at different SSR loci in H. molitrix populations.
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population genetic differentiation revealed genetically nonhomogeneous groups
(Table 11). A moderate level of Fsy was indicated by the pairwise estimates of Fsr.

Highest level of Fg7 was found 0.1033 in the population-pair of TH-KH, while the least

0.0120 between the population-pair of MH-QH in this study (Table 11, Figure 9).
Table 12 depicts the pairwise geographical distance (KM) between H. molitrix

populations. The population pair MH-TH had the greatest geographical distance,

while the population pair KH-QH had the smallest geographical distance. Figure 9

depicts a graphical comparison of population genetic differentiation and geographical
distance among the various H. molitrix populations studied. The graph demonstrated a

direct relationship between geographic distance and population genetic differentia-

tion. The genetic differentiation in populations was observed to increase as geograph-

ical distance increased.

4.7.2 Genetic distance (GD) and genetic identity (GI)

The genetic distance (GD) and genetic identity (GI) were calculated using the
windows-based software TFPGA, based on allele frequency data from all of the

Populations TH MH KH QH CB
TH —

MH 0.0920N8 —

KH 0.1033 N8 0.0321* —

QH 0.0664 NS 0.0120* 0.0139* —

CB 0.0859 N8 0.0284* 0.0285* 0.0314* —

*Significant at P < 0.05

Table 11.

Pairwise population differentiation (Fsr) between natural populations of H. molitrix.
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Figure 9.
Correlation of geographic distance (GD) and population genetic differentiation (Fst) values among H. molitrix
populations.

Populations TH MH KH QH CB

TH —

MH 331 —

KH 237 75 —

QH 243 104 41 —

CB 122 207 162 116 —
Table 12.

Pairwise geographical distance between natural populations of H. molitrix.

Populations TH MH KH QH CB
TH —

MH 0.2620™8 —

KH 0.2943"8 0.0614N8 —

QH 0.2248N8 0.0289* 0.0293* —

CB 0.2461N8 0.0559"8 0.0527"% 0.0734%% —

*Significant at P < 0.05

Table 13.
Pairwise Nei’s unbiased genetic distance (GD) between populations of H. molitrix.

studied populations. Only two population pairs yielded statistically significant results
(P < 0.05). The highest GD was 0.2943 between the TH-KH population pairs, while
the lowest was 0.0289 between the MH-QH population pairs (Table 13). Similarly,
the population pair QH-MH had the highest GI value of 0. 9715, while the population
pair TH-KH had the lowest GI value of 0.7451(Table 14).

Figures 10 and 11, respectively, show a graphical comparison of geographical
distance versus genetic identity and genetic distance versus genetic identity in the
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Populations TH MH KH QH CB

TH —

MH 0.7695 —

KH 0.7451 0.9404 —

QH 0.7987 0.9715 0.9711 —

CB 0.7819 0.9456 0.9487 0.9292 —
Table 14.

Pairwise Nei’s unbiased genetic identity (GI) between natural populations of H. molitrix.
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Figure 10.
Correlation of Geographic distance (KM) and genetic distance (GD) values among H. molitrix populations.
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Figure 11.
Correlation of Geographic distance (KM) and genetic identity (GI) values among H. molitrix populations.

69



Genetic Diversity - Recent Advances and Applications

various Hypophthalmichthys molitrix populations. These graph revealed a negative
relationship between genetic distance and genetic identity, as well as a negative
relationship between genetic identity and geographical distance. The genetic identity

of populations was seen to decrease as the genetic distance between them increased
(Figure 12).

4.7.3 Analysis of molecular variance (AMOVA)

The AMOVA revealed a low variation percentage (7.81141%) between individuals
within populations while the majority of variations (87.05210%) were occurring
within individuals and 5.13648% variations among populations of H. molitrix in
present study (Table 15).

4.7.4 Gene flow (Nm)

The gene flow (Nm) rate in various H. molitrix populations across all screened
microsatellite loci was measured by using the windows-based program Popgene. The
highest value of Nm (17.4152) was found at locus BL 14, while the lowest value
(2.4769) was found at locus BL 108. BL 8-1, BL 52, and BL 123 were the remaining
screened loci in this study, with Nm values of 3.4775, 5.5691, and 4.4293, respectively.
Nm was found to be 4.5654 on average across all SSR loci (Table 16).
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Figure 12.
Correlation of genetic distance (GD) and genetic identity (GI) values among H. molitrix populations.

Source of variance df MSS Variance %Variance

Among populations 4 6.554 0.09245 5.13648

Between individual within populations 166 1.7576 0.14060 7.81141

Within individual 171 1.5343 1.56690 87.05210
Table 15.

Analysis of molecular variance (AMOVA) for natural populations of H. molitrix.
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Locus Sample size Nm

BL 8-1 350 3.4775
BL 14 350 17.4152
BL 52 350 5.5691
BL 108 350 2.4769
BL 123 350 4.4293
Mean 350 4.5654

* Nm = Gene flow estimated from Fst = 0.25(1 - Fst)/Fst.

Table 16.

Gene flow (Nm) for natural populations of H. molitrix.

4.7.5 Clustering patterns

The UPGMA dendrogram was used to investigate genetic relatedness. There were
two major clusters, or clades A and B, predicting the close relationship between these

populations. Cluster A is divided into two sub-clusters: A1 and A2. Cluster Al
contained the riverine population of H. molitrix collected from KH, QH, and MH,

while cluster A2 contained the population of CB. In cluster B, there was a population

of TH (Figure 13).

For the populations of H. molitrix, microsatellite data analyses by the STRUCTURE
grouping algorithm method proposed the presence of two distinct genetic clusters. For

each K value, constant results were obtained across the six autonomous runs.

STRUCTURE HARVESTER admixture model inferences showed highest estimated
log-likelihood mean value and delta-k value in this study. The two distinct colors of
the column represent the estimated probability of belonging to two populations, and
each vertical column represents one individual. Distinct colors in the same individual

indicate the percentage of the genome shared with each cluster (Figure 14).
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0.228

0.150
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0.000
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TH

Figure 13.

UPGMA dendograms based on Nei's genetic distance showing the relationship and clustering patterns between

natural populations of H. molitrix.
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Figure 14.

Genetic structure patterns among populations of H. molitrix as revealed by structure analysis. The two distinct
colors of column represent the estimated probability of belonging to two populations and each vertical column
represents one individual. Distinct colors in the same individual indicate the percentage of the genome shaved with
each cluster.

5. Discussion

Fish that have been exposed to altered environmental conditions as a result of
human activities. Overfishing, pollution, loss of habitat, climate change, and the
introduction of nonnative species are all threatening freshwater fish biodiversity [1].
Aquaculture has played a significant role in increasing food production for human
nutrition. Asia accounts for more than 91% of global aquaculture production [5].
Freshwater carps and cyprinids account for over 53.1% of total aquaculture fish
production [6]. Many countries around the world have introduced silver carp (fresh-
water fish species) for biological control (algal blooms) and aquaculture [52].

Because the natural environment provides resources for all living communities,
protecting the natural environment is critical for the conservation and preservation of
living species. In comparison to historical data, the current rate of extinction of species
is extremely high. Approximately 40% of commercial fisheries are on the verge of
collapse due to lack of understanding of the genetic diversity [17]. Many populations
have declined as a result of environmental contamination. The field of conservation
biology is primarily concerned with the preservation of genetic diversity [11].
Humans are attempting to alter nearly every environment at an unprecedented rate,
and they may now be the planet’s most powerful biotic selector [15]. The degradation
of the environment in aquatic ecosystems is increasing, which could lead to a loss of
diversity, as population sizes shrink and intolerant species become extinct [53].

We used microsatellite markers to examine the genetic variability of H. molitrix
and evaluate the genetic structure of the populations in the region in order to offer
good genetic data for effective management and conservation of the species. Because
of the growing interest in and attention on Silver Carp culture in Pakistan, it is critical
to study several genetic features of the fish. Genetic variety is essential for adapting to
environmental changes and stock improvement initiatives. More heterozygous indi-
viduals are superior then less heterozygous individuals. All of the genetic criteria used
in this investigation suggested that the wild population had higher levels of genetic
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diversity. The wild fish populations had the largest average number of alleles (Na),
allelic richness (Ar), and effective number of alleles (Nae).

Genetic drift, natural selection, mutation, and gene flow are all factors that influ-
ence the allele frequency in a population. Allelic diversity (Na) and heterozygosity
(Ho and He) are important for genetic variation, although Na is significantly more
dependent on effective population size than heterozygosity [50]. As a result, Na is
suitable for estimating genetic diversity in a population for selection, conservation,
and enhancement programs [54].

In present work, the average number of alleles (Na) and allelic richness (Ar) in H.
molitrix populations were measured as 5.60-9.00 and 5.51-5.94, respectively. The
average values for an effective number of alleles (Nae) assessed varied from 2.9043 to
maximum 4.7284. The highest value of Ne (6.7680) was found in a TH fish popula-
tion, while the lowest (1.9647) was found in a KH population. The value of Ne was
found to be lower than the Na, indicating that alleles are being lost in the populations,
and it means that the frequencies of all alleles are not equal. The researchers [28]
reported seven alleles in each locus on average and 1.04-4.72 average number effec-
tive alleles. The researchers [55] reported average number of allele as 9.2 at microsat-
ellite loci in freshwater Silver Carp species. The results of this study were reinforced
by the findings of Fang et al. (2021), who reported average number of alleles ranging
from 4.19 to 6.526 in Silver Carp.

In all of the H. molitrix populations studied, the heterozygosity level ranged from
moderate to high. In the populations, average values of observed heterozygosity (Ho)
ranged from 0.4400 to 0.7257. The fish population from TH had the greatest Ho value,
whereas the population from QH had the lowest, which may be due to small number of
individuals, limited gene flow, and errors in reading alleles. The expected heterozygosity
(He) average values in populations of H. molitrix ranged from 0.6361 to 0.7812. The fish
population from TH had the greatest He value, whereas the population from KH had the
lowest. Similarly, increased values of He can be attributable to the existence of null alleles
at the loci studied, selection pressure on specific loci, or inbreeding when compared with
Ho [56, 57]. 1-Ho/He averages were 0.0740, 0.0905, —0.0306, 0.7005, and — 0.0452.
According to [22], mean Ho was between 0.625 and 0.727, and mean He was between
0.69 and 0.784 for Silver Carp. [55] found Ho and He values for Silver Carp ranging from
0.37 to 1.00 (average 0.74) and from 0.40 to 0.93 (average 0.76), respectively.

On an average, Fig values were ranging from —0.067 to 0.365 in several H. molitrix
populations examined in this study. The highest average Fjs value was found in the QH
fish stock, while the lowest was found in the CB population. The value of Fis ranged
between 0 and 1. Zero value indicates that there is occurring neither inbreeding nor
outbreeding, which means that the population is in Hardy-Weinberg expectation or
mate randomly. If Fig value is 1, it indicates the population is totally inbreeding and — 1
shows the population is totally outbreeding. A negative Fig value indicated heterozy-
gosity excess and suggested that this group does not lose heterozygosity, implying that
individuals in this population are outbreed. Positive Fig readings indicate a population’s
homozygosity excess and significant divergence from the HWE [35].

Inbreeding, genetic drift, bottleneck effect, innate gene pool contamination by
introgression, overexploitation, bio-invasion (introduction of exotic species), environ-
mental pollution, habitat degradation, hydrological manipulations, and climate change
are all factors that can cause a fish species’ genetic structure to change over time. The
strength of natural and human involvements determines the pattern and severity of
changes. Microsatellite markers have a high resolving power, allowing them to identify
very low amounts of genetic alteration caused by the different variables [58, 59].
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Geographic distance separating populations has likely attracted the most attention
from an environmental perspective [2]. In this work, pairwise FST estimations
revealed intermediate genetic differentiation in wild populations of H. molitrix. A low
level of genetic differentiation is indicated by an FST value of 0-0.05. If FST is 0, it
means there is no differentiation or structure; if it is 1, it means fully differentiated.
The lower FST value suggested that populations were of similar genetic origin and had
reduced genetic integrity. Second, its possible that it is owing to the exchange of
brooders between different populations. The maximum level of genetic divergence
showed that these groups were of divergent genetic origin, whereas the lowest level
indicated that they were of close genetic origin [47]. Hypothetically, if Nm is less than
1, genetic drift is assumed to be the most important mechanism in genetic differenti-
ation. Similarly, if Nwm is greater than 1, gene flow is the most important component in
genetic differentiation [60].

The unbiased genetic distance between pairs of populations showed a lot of vari-
ance in magnitude. The values of genetic identity were shown to be contradictory to
those of genetic distance. A large genetic distance indicates that both populations have
a dissimilar genetic background and vice versa [61].

AMOVA is an appropriate benchmark for assessing population genetic structure
and determining genetic similarity and differentiation between populations [51]. The
AMOVA revealed that the majority of variation in wild populations of H. molitrix
occurs within individuals. Clustering patterns in populations represent relationships.
The genetic relationship between populations with the highest levels of genetic iden-
tity will be the closest, while those with the lowest levels of genetic identity will have
the furthest genetic relationship. The UPGMA dendrogram was used to study the
genetic structural patterns among populations. A close genetic link had been discov-
ered among groups in the same cluster.

Biodiversity conservation has become increasingly important in recent years. As
the human population grows, habitat loss is causing numerous animal populations to
decline and potentially become extinct. Genetic variety is essential for a species’
evolutionary survival. Genetic diversity levels can be maximized through effective
management. Genetic monitoring programs for a fish population are necessary for an
effective management approach. Molecular markers are effective tools for assessing
and evaluating the genetic status of species. These markers can be used to manage
pure stocks in the natural environment and to assist in the genetic conservation of
H. molitrix species. The present data are important for considering its management
and conservation. However, because there are wide regions of floodplains and river
branches to design a good management policy, more research involving genetic
analysis with more markers and population samples covering different wild sources
throughout Pakistan is still needed.

6. Summary

The objective of the present research work entitled “Genetic assessment Silver
Carp (H. molitrix) population in River Chenab as revealed by SSR markers” was to
assess the levels of genetic diversity, population structure, and genetic differentiation
among five different populations of River Chenab, Pakistan by using SSR markers. A
total of 175 samples of H. molitrix were collected from five different sites of River
Chenab, Pakistan. DNA was isolated by using the standard “proteinase-K and phenol/
chloroform” method, by following Sambrook and Russell (2001) [43], having slight
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modifications and quantified with the help of agarose gel electrophoresis and
nanodrop and separated on PAGE. Genomic DNA was PCR amplified by H. molitrix
by using five primers. Data were analyzed by using different software including
FSTAT, TFPGA, STRUCTURE, MICRO-CHECKER, POPGENE, and ARLEQUIN.
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The analysis of data gave following results:

* The Micro-checker software was applied to the genotypic data obtained for H.

molitrix populations that indicated no scoring errors related to large allele, no
stuttering bands, and no null allele presence at all the loci employed for
genotyping in this study. The average allele frequency and allele size ranged from
0.0036 to 0.574 and from 157 to 389 base pairs, respectively, were observed at
various screened loci in H. molitrix populations in the present study.

* In current study, Na (the number of alleles) and Ar (allelic richness) per locus

ranging from 3.00 to 9.00 with an average 2.943 to 8.940, respectively, were
observed in various H. molitrix populations. Regarding number of alleles and
allelic richness, the largest average value was noted in the population of CB and
minimum in the population of MH. At locus BL 14, the highest value of Ar was
found 8.911 in the population collected from MH. The average values of Na and
Ar in the populations of TH, MH, KH, QH, and CB were observed as 5.8

(Ar =5.79), 5.6 (Ar = 5.513), 5.8 (Ar = 5.753),), 5.8 (Ar = 5.754), and 6.0

(Ar = 5.942), respectively.

* The mean values of Nae (effective number of alleles) were observed ranging

from 1.9647 to 6.7680 in various studied H. molitrix populations. The decreasing
order of average value of Nae was observed as 4.728, 3.701, 2.993, 2.971, and
2.904 in TH, QH, CB, MH, and KH, respectively. The largest value of Nae was
seen in TH population while the lowest in the KH population.

* In various examined H. molitrix populations, the average values of observed (Ho)

and expected (He) heterozygosities were measured ranging from 0.440 to 0.726
and from 0.636 to 0.781. The decreasing order of average Ho value was observed
as 0.726, 0.680, 0.634, 0.571, and 0.440 in TH, CB, KH, MH, and QH,
respectively. Whereas the decreasing order of average He value was detected as
0.781, 0.701, 0.653, 0.646, and 0.636 in TH, QH, CB, MH, and KH, respectively.

* The values of 1-Ho/He were found positive mostly at all the screened SSR loci

with exception at some loci where negative values were also observed in this
study (Tables 6-10). On the average base, populations showed positive values
for 1-Ho/He except two populations, i.e., CB and KH. The mean values of 1-Ho/
He in TH, MH, KH, QH, and CB were observed as 0.074, 0.091, —0.306, 0.366,
and — 0.0452, respectively.

* On average, the inbreeding coefficient (FIS) values were found to be positive in

all the studied stocks of H. molitrix except two populations, i.e., CB and KH that
showed negative mean values in the present study. FIS values ranged from
—0.129 to 0.0074 recorded at various screened SSR loci in the examined H.
molitrix populations. Highest average Fis value was measured for QH (0.365)
while the lowest for CB (—0.067). The mean values of FIS in TH, MH, and KH
were observed as 0.040, 0.104, and — 0.048, respectively
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* Out of 25 tests, a total of four tests were found to deviate from HWE significantly
after applying multiple test correction. At various screened loci, the pairwise p
value was found significant at p < 0.05 in examined H. molitrix populations.

* Pairwise population differentiation FST across all the screened microsatellite loci
among various examined H. molitrix populations was found to be statistically
significant (P < 0.05). In this study, the highest amount of differentiation was
discovered in the TH-KH population at 0.1033, while the lowest level of
differentiation was identified in the MK-QH groups at 0.0120.

* In the present study, the unbiased genetic distance among pairs of populations
indicated considerable variation (P < 0.05) in magnitude. The highest value of
genetic distance was noted 0.2943 in TH-KH while, the minimum 0.0289
between the MH-QH. Similarly, maximum value of genetic identity was observed
0.9715 between QH-MH and lowest 0.7451 in TH-KH.

* The graphical comparison of genetic distance and geographical distance in
various observed H. molitrix populations showed positive association. As the
geographical distance increased, the genetic distance in various riverine
populations was also seen to be increased. Similarly, the graphical comparison in
geographical distance and genetic identity and genetic distance and genetic
identity showed negative association. As the genetic distance increased, the
genetic identity among populations was seen to be decreased.

* The AMOVA indicated low variation percentage (7.81141%) between individuals
within populations and revealed that most of the variation (87.05210%) lies
within the individuals. The AMOVA further specified that 5.13648% variation
was contributed due to the variation between natural populations of H. molitrix
in this study.

* In the current study, across all the screened microsatellite loci, the gene flow
(Nm) rate in various examined populations of H. molitrix was measured by using
the windows-based program POPGENE. The largest value of Nm was observed
17.4152 at locus BL 14 while the lowest value of Nm was noted 2.4769 at locus BL
108. Over the all SSR loci, the average value of Nm was observed as 4.5654.

* Genetic relatedness was further investigated by constructing UPGMA
dendrogram. Two major clusters or clades A and B were observed, which predict
that the populations in both clusters had shown a close relationship. Cluster A
was divided further into Al and A2. Al was further clustered in two groups
containing KH, QH, and MH, whereas A2 consisted of CB. Cluster B further
divided into cluster B1 and B2. The riverine population of H. molitrix TH was
present in cluster B.

So far, no research on microsatellites in this species has been reported in Pakistan.
The primary goals of this work were to use latest molecular techniques to monitor the
genetic status of H. molitrix in the River Chenab and develop strategies for successful
management and protection of this vital fish resource.
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Abstract

In Burkina Faso, three types of sorghum are mainly grown. Despite their genetic
proximity revealed by molecular markers, the identification of distinctive agro-
morphological traits between sweet grain sorghum, sweet sorghum and grain
sorghum could contribute to better management of their genetic resources. Thus, 42
genotypes consisting of the three sorghum types were evaluated in a three replicate
Fisher incomplete block design using 20 quantitative traits. The results showed a high
variability of traits within each sorghum type and a greater closeness between sweet
grain sorghum and sweet stalk sorghum. In addition, nine traits clearly discriminated
sweet grain sorghum from the other sorghum types. Sweet grain sorghum expressed
the highest values of the sowing-heading cycle, leaf sheath length, stem diameter,
productive tillers, and panicle width and the lowest values of mean heading-flowering
difference, 100-grain weight, and Brix. Moreover, the ‘sorghum type’ factor is less
preponderant than the ‘genotype factor’ in expressing the variability of all traits.
Therefore, the 42 genotypes are organized into three genetic groups independently of
the sorghum- type factor, where the group I contains all sweet grain sorghum geno-
types and three sweet stalk sorghum genotypes. These results could be exploited in
sorghum breeding programs.

Keywords: sorghum, agro-morphological variability, genetic relationship, Brix,
Burkina Faso
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1. Introduction

Burkina Faso is a Sahelian country whose socioeconomic development is mainly
based on agriculture [1]. The agricultural sector employs about 80% of the total
population and is the country’s main provider of food resources [2]. However, agricul-
tural production is affected by climatic hazards such as irregular rainfall and short-
ened rainy seasons, resulting in huge yield losses and permanent food insecurity [3].
To cope with these climatic constraints, crop diversification appears to be the most
appropriate solution for resilient agriculture.

In Sahelian countries such as Niger, Mali, Senegal, and Burkina Faso, cereals
are the staple food of the population [4]. Sorghum [Sorghum bicolor (L.) Moench]
is the most important crop. Moreover, it is the main food crop for millions of
people and excellent fodder for animals in semiarid and arid tropical areas [5].
Sorghum is the fifth most important cereal crop in the world and the third most
important in Africa after maize and rice in terms of production volume and area
sown [6].

In Burkina Faso, sorghum is the second most important cereal crop after maize,
with an estimated total production of 1,839,570 tonnes, including 1,425,103 tonnes
of white sorghum and 414,467 tonnes of red sorghum [7]. However, these statistics
do not highlight all types of sorghum produced. Indeed, several types of sorghum
with varied but little known potential are grown in Burkina Faso and maintained
by farmers [8-10]. These include grain sorghum, sweet grain sorghum, sweet
sorghum, and dyer sorghum [11]. These sorghums are mainly exploited for human
consumption for their grains or the sweet juice from their stems, for animal feed
for their straw, and for dyeing for their strongly anthocyanated leaf sheaths [11].
The dynamic management of this diversity by farmers allows for evolutionary
adjustment to a heterogeneous environment, but also to meet diversified use needs
[12]. Most previous studies focusing on genetic diversity within each sorghum type
have reported the existence of genetic diversity within grain sorghum [12-14],
sweet grain sorghum [10], and sweet sorghum [11]. In addition, grain sorghum and
sweet sorghum have been the subject of several scientific works. However, work
on sweet grain sorghum is relatively recent [9, 10, 15, 16]. Therefore, information
on the distinctive agro-morphological traits of this sorghum compared with other
cultivated sorghums remains scarce. This could constitute a constraint to the
rational exploitation of the potential of this genetic resource in breeding programs.
To date, few studies on the genetic relationships between sweet grain sorghum and
other sorghum types grown in Burkina Faso have been carried out using nuclear
and chloroplast molecular markers. Although the results obtained showed genetic
proximity between these sorghum types [17, 18], the evaluation of these sorghums
under identical cropping conditions could help identify agro-morphological and
biochemical traits specific to sweet grain sorghum that could be exploited in
sorghum improvement programs. Thus, the present study aims to compare the
quantitative agro-morphological and biochemical characteristics of sweet grain
sorghum with grain sorghum and sweet sorghum grown in Burkina Faso. In par-
ticular, the aim is to (i) determine the agro-morphological and biochemical traits
of sweet grain sorghum that are similar to those of other cultivated sorghums, (ii)
identify the distinctive traits, and (iii) evaluate the effect of the factors “genotype”
and “sorghum type” on the variability of the three types of sorghum grown in
Burkina Faso.
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2. Material and method

2.1 Plant material

The plant material consisted of 42 sorghum genotypes including 22 sweet grain
sorghum, 10 sweet sorghum, and 10-grain sorghum (common sorghum). The seeds of
sweet grain sorghum and sweet sorghum came from the germplasm of the Laboratoire
Biosciences of Université Joseph KI-ZERBO. The seeds of grain sorghum were
obtained from the “Institut de Environment et de Recherche Agricole (INERA),”
“Kamboinsé,” Burkina Faso.

2.2 Experimental site

The agro-morphological evaluation took place under rainfed conditions in
2020 at the experimental station of the “Institut du Développement Rural (IDR)”
in “Gampéla.” The locality is located in the northern Sudanese climatic zone with
geographical coordinates of 12°25” North latitude and 1°21° West longitude. The
soil is very heterogeneous, deep, of low chemical fertility, and predominantly
sandy loam texture [19]. During the trial from July to October, the average
monthly temperature ranged between 26 and 28°C for a cumulative rainfall of
769 mm.

2.3 Experimental design

The experimental setup was an incomplete Fisher block with three replications,
each subdivided into three sub-blocks. Each sub-block consisted of 14 lines and
11 patches per line with 0.8 m row spacing and 0.4 m inter-patches. Each replica-
tion had 42 lines with one line per genotype and two borderlines. The distances
betwet;:n replications and sub-blocks were respectively 2 and 1 m for a total area of
504 m”.

2.4 Cultivation techniques

The field was plowed with a tractor and leveled before sowing on July 18, 2020.
In the course of the trial, a wedding with one plant per stake was carried out 15 days
after sowing, followed by two weedings on the 18th and 35th day after sowing respec-
tively. Ridging was then carried out toward the end of the vegetative development of
the plants in order to counteract the lodging caused by the high winds. NPK fertilizer
(14-23-14) was applied at each weeding at a rate of 50 kg/ha, and urea was applied at
the time of weeding at a rate of 50 kg/ha.

2.5 Data collection

A total of 20 quantitative traits, of which 19 were agro-morphological and one
(01) biochemical, were determined by measurement or counting. These traits are
related to phenology, vegetative organ characteristics, yield parameters, and soluble
sugar content (Brix).
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2.5.1 Phenology-velated traits

Four variables have been determined. These are the sowing-emergence cycle,
the sowing-heading cycle, the sowing-flowering cycle, and the heading-flowering
difference.

2.5.2 Vegetative-ovgans-related traits and the soluble sugar content of the stem (Brix)

The leaf characteristics were the number of leaves per plant, the length of the
third leaf under the panicle, the width of the third leaf under the panicle, the length
of the leaf sheath, and the separation, which corresponds to the half-distance
between the base of the blade of the third leaf and the fifth leaf under the panicle.

On the stem, the length of the internode, the number of internodes, the diameter of
the main stem, and the number of vegetative tillers were determined. The height of
the plant at maturity (HPL) was also measured. The soluble sugar content of the stem
(Brix) was determined at the hard grain stage using a portable digital refractometer
(ATAGO PAL-a) with an accuracy of +0.2% on the two central internodes located in
the middle of the stem.

2.5.3Yield-velated traits

Five traits were measured. These are the number of productive tillers per plant,
the length of the peduncle, the weight of 100 grains, and the length and width of the
panicle.

2.6 Data analysis

Data processing and analysis were carried out with the Excel 2016 spreadsheet and
Xlstat 2016 software. An analysis of variance coupled with a Newman-Keuls test of
the separation of means at the 5% threshold was carried out in order to evaluate the
variability of the material studied and to determine on the one hand the variables that
discriminate the types of sorghum and on the other hand the effects of the factors
“genotype” and “type of sorghum” on the expression of the characters through the
coefficient of determination (R?). A principal component analysis (PCA) was also
carried out to highlight the variables that characterize each type of sorghum. A
hierarchical ascending classification (HAC) was finally carried out according to the
genotypes, using the majority of the quantitative characters in order to observe the
grouping of the genotypes. The groups obtained were finally characterized by dis-
criminant factor analysis (DFA).

3. Results

3.1 Comparison of sweet grain sorghum with other cultivated sorghums based on
phenology-related traits

The results recorded in Table 1 showed an absence of significant differences
between sweet grain sorghum and the two other types of sorghum grown in Burkina
for the number of days to emergence and the sowing-flowering cycle. On the other
hand, the two other characteristics significantly discriminated grain sorghum from
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Traits Sweet grain sorghum Grain sorghum Sweet sorghum
Sowing-emergence cycle (days) 3.206a 3.0331a 3.100a
Sowing-heading cycle (days) 72.810 b 70.467 a 69.800 a
Sowing-flowering cycle (days) 73.920a 74.300 a 72.801a
Heading-flowering difference (days) 1111a 3.834c¢ 3.000b

a, b, c: values followed by the same letters are not significantly different at the 5% threshold.

Table1.
Results of the Newman—Keuls mean separation test of phenological traits according to sovghum type.

the two other sorghum types. Indeed, it has a longer sowing-flowering cycle and
a shorter mean time to flowering (1 day) than sweet sorghum (3 days) and grain
sorghum (4 days).

3.2 Comparison of sweet grain sorghum with other cultivated sorghums based on
vegetative traits and soluble sugar content of the stem

The analysis of the results in Table 2 reveals that of the 10 agro-morphological
traits, only the number of leaves and the number of internodes did not significantly
discriminate the three types of sorghum studied. A significant difference was
observed between sweet grain sorghum and the other two sorghums in terms of leaf
sheath length and stem diameter. Indeed, sweet grain sorghum was clearly distin-
guished from the other two types of sorghum by longer leaf sheaths and larger stem
diameter. However, it has similar characteristics to grain sorghum in terms of leaf size
and sweet sorghum in terms of vegetative shoot production, separation, internode
length, and plant height.

As for the soluble sugar content (Brix), a significant variation according to the
type of sorghum was observed. Sweet grain sorghum expressed a Brix value (12.32%)
significantly lower than grain sorghum (13.98%) and sweet sorghum (18.89%).

Traits Sweet grain sorghum Grain sorghum Sweet sorghum
Vegetative tillers 1.532b 0.667a 1442b
Leaves number 12.040 a 12.575a 11.867a
Leaf length (cm) 68.809 a 68.376 a 73.199 b
Leaf width (cm) 9.570 b 9.405b 8.075a
Leaf sheath length (cm) 21.742b 20.121a 19.867 a
Separation (cm) 21.310 b 13.869 a 20.745b
Internodes number 11.492a 11.608 a 10.783 a
Internodes length (cm) 21.518 b 14.421a 20.704 b
Stem diameter (cm) 2.1218b 2.0350 ab 19350 a
Plant height (cm) 263.508 b 199.116 a 259.801b
Brix (%) 12.324a 13.975b 18.885¢

a, b, c: values followed by the same letters arve not significantly different at the 5% threshold.

Table 2.
Results of the Newman—Keuls mean sepavation test of vegetative traits and Brix according to sorghum type.
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Traits Sweet grain sorghum Grain sorghum Sweet sorghum
Productive tillers 0.155b 0.017a 0.092 ab
Peduncle length (cm) 50.789 ab 45.413a 54.093b
Panicle width (cm) 10.807 ¢ 9.573b 8.492a
Panicle length (cm) 28.158 a 32.891b 27.972 a
100-grain weight (g) 2.438a 2.629b 2.695b

a, b, c: values followed by the same letters are not significantly different at the 5% threshold.

Table 3.
Results of the Newman—Keuls mean sepavation test of yield and Brix parameters according to sorghum type.

3.3 Comparison of sweet grain sorghum with other cultivated sorghums based on
yield-related traits

All yield-related traits significantly discriminated all cultivated sorghum types
(Table 3) but panicle length showed no significant difference between sweet grain
and sweet sorghum. Sweet grain sorghum is clearly distinguished from the other two
types of sorghum by an intermediate peduncle length, wider panicles, lighter grains,
and a higher number of productive tillers.

3.4 Effect of “genotype” factor and “sorghum type” factor on trait expression

The results recorded in Table 4 showed variability of the material at the level of
most of the characters except for the number of productive tillers. The comparative
analysis of the coefficients of determination (R?) revealed a preponderance of the
genotype factor in the expression of all the characteristics, explained by higher values
(>50%) except for the production of productive tillers (36%). However, the influence
of the “sorghum type” factor was quite important in the expression of heading-flow-
ering difference (54%), Brix (44%), panicle width (37%), and plant height (31%).

3.5 Description of sorghum types grown

The results of the principal component analysis (PCA) indicate that the first two
axes contribute 100% of the total variance (Figure 1). Thus, the projection in the %2
plane in the biplot of the variables and the sorghum type factor shows that axis 1 with
an inertia rate of 55.06% negatively associated with the variables’ sowing-flowering
cycle, the number of internodes, leaf width, stem diameter, and panicle width and
positively the variables leaf length and Brix. Axis 2, which explains 44.94% of the
total variability, is positively associated with the variables panicle length, mean
heading-flowering distance, and 100-grain weight. They are opposite to the variables
plant height, vegetative tillering, and productive tillering. The biplot shows that
sweet sorghum positively related to axis 1 is characterized by long leaves and a high
Brix value. Grain sorghum positively associated with axis 2 is opposite to sweet grain
sorghum. Sweet grain sorghum is characterized by a short panicle, a short difference
between flowering and heading, taller plants, and a large number of vegetative and
productive tillers. Grain sorghum is characterized by a long panicle, a long average time
between flowering and heading, shorter plants, and a smaller number of vegetative
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Factors Genotype Sorghum type
Traits Pr>F R’ R’ Pr>F
Sowing-emergence cycle 0.010 0.50 0.05 0.070
Sowing-heading cycle <0.0001 0.70 0.10 0.003
Sowing-flowering cycle <0.0001 0.71 0.02 0.378
Heading-flowering difference <0.0001 0.83 0.54 <0.0001
Vegetative tillers <0.0001 0.60 0.19 <0.0001
Leaves number <0.0001 0.72 0.03 0.221
Leaf length <0.0001 0.66 0.09 0.004
Leaf width <0.0001 0.82 0.22 <0.0001
Leaf sheath length 0.000 0.59 0.11 0.002
Separation <0.0001 0.93 0.31 <0.0001
Internodes number <0.0001 0.74 0.03 0.140
Internodes length <0.0001 0.88 0.28 <0.0001
Stem diameter <0.0001 0.68 0.10 0.002
Plant height <0.0001 0.87 0.31 <0.0001
Brix <0.0001 0.75 0.44 <0.0001
Productive tillers 0.459 0.36 0.06 0.026
Peduncle length <0.0001 0.96 0.8 0.009
Panicle width <0.0001 0.65 0.37 <0.0001
Panicle length <0.0001 0.88 0.18 <0.0001
100-grain weight <0.0001 0.61 0.11 0.001

F: Fisher value, Pr; probability, R% coefficient of determination.

Table 4.
Effects of genotype and sorghum type factors on the expression of the studied traits.

and productive tillers. Moreover, the analysis of Euclidean distances (Table 5) revealed
greater proximity between sweet grain sorghum and sweet sorghum (11.025). The
greatest distance was recorded between sweet grain sorghum and grain sorghum

(65.771).
3.6 Organization of the diversity of sorghum grown in Burkina Faso

The dendrogram (Figure 2) derived from the hierarchical ascending classification
(HAC), based on the Euclidean distances between individuals, divides the sorghum
genotypes into three groups with one truncation at inertia level 100 (truncation
1) independently of the sorghum types. Thus, group I consists of all sweet grain
sorghum genotypes and three sweet sorghum genotypes. Group II is composed of
five sweet sorghum genotypes and two-grain sorghum genotypes. Group III consists
of seven-grain sorghum genotypes and two sweet sorghum genotypes. In addition,

a subdivision of group I genotypes into sweet grain sorghum and sweet sorghum is
observed at truncation level 50 (truncation 2) conforming sweet grain sorghum is
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Figure 1.

Pr%jem’on of variables and sorghum types in the V2 plane of the principal component analysis. Legend: STS: sweet
sorghum, SGO: Grain sorghum, SGS: Sweet grain sorghum, NJF: Sowing — flowering cycle, EE-F: Difference
flowering - earing, TAV: Vegetative tillers, LAF: Leaf width, LOF: Leaf length, NEN: Internodes numbey, DTI:
Stem diameter, HPL: Plant height, TAU: Productive tillers, LAP: Panicle width, LOP: Peduncle length, PCG:
100-grain weight.

Sweet grain sorghum Grain sorghum Sweet sorghum
Grain sorghum 65.771 0
Sweet sorghum 11.025 62.676 0

Tables.
Matrix of Euclidean distance between sorghum types.

more homogeneous. Sweet sorghum is the most heterogeneous as its genotypes are
distributed in all three groups.

3.7 Characterization of the sorghum groups obtained

The characterization of the groups obtained from AHC by discriminant factor
analysis (DFA) is shown in Figure 3. Group I, which includes all sweet grain sorghum
genotypes and three sweet sorghum genotypes, is characterized by wider stalks and
panicles and a greater number of productive tillers. Group II, which is mainly made up
of sweet sorghum genotypes, is characterized by taller plants, longer internodes and
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Figure 2.
Dendrogram of the hievarchical ascending classification of the genotypes of the three types of sorghum grown in
Burkina Faso. Legend: STS: sweet sorghum.
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Position of groups from the bottom-up classification in discriminant factor analysis (DFA).
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panicles, and a higher Brix value. Group III, which is predominantly grain sorghum,
contains genotypes with a longer sowing-flowering cycle, a longer mean time between
flowering and heading, a higher number of internodes, and wider leaves.

4. Discussion

The absence of significant differences between the three types of sorghum grown
in Burkina Faso in terms of the characters, sowing-emergence cycle, sowing-flowering
cycle, number of internodes, and number of leaves, coupled with the low influence
of the “sorghum type” factor in the expression of the characters, could testify to the
genetic proximity between the three types of sorghum grown. This is confirmed by
the organization of genotypes into agro-morphological groups independently of the
“sorghum type” factor in the hierarchical ascending classification. Similar results are
reported by [18] and [17] on these sorghum types using molecular markers. Indeed, the
three sorghum types generally coexist in combination in traditional production systems.
A gene flow could exist between them insofar as sorghum, although it is preferentially
self-pollinated, has an outcrossing rate that can vary from 7-40% [20, 21]. The genetic
proximity between these sorghums could confirm that they belong to the same species
[17]. Therefore, the only determining factor in their differentiation would be the geno-
type, hence the high values of coefficients of determination recorded in the study with
this factor. However, the smaller gap between heading and flowering observed in sweet
grain sorghum and its preferential harvesting at the doughy grain stage could explain its
earliness compared with the two types of sorghum grown. In addition, the duration of
the sowing-flowering cycle of all three types of sorghum studied is lower than the results
reported by [22] on sweet sorghum (76 days), by [23] on sweet grain sorghum (91 days),
and by [24] on grain sorghum (79 days). This difference could be explained by the late
establishment of the trial. Flowering was early and clustered for the genotypes of the
three sorghum types studied. These results could be explained by the sensitivity of these
sorghums to photoperiod variation as reported by several previous studies [24-26].

Seven of the 15 characteristics related to vegetative organs and yield, as well as the
Brix, made it possible to clearly discriminate sweet grain sorghum from grain sorghum
and sweet sorghum. Indeed, sweet grain sorghum is characterized by a more robust and
less sweet stem emitting more productive tillers, longer leaf sheaths, a wider panicle
supported by an intermediate-sized peduncle, and carrying lighter grains. This is
confirmed by principal component analysis, which revealed an association between
this sorghum and these variables. Similar results on panicle width and grain weight
of sweet grain sorghum and Brix are reported in previous studies [10, 17]. The weak
grain weight of sweet grain sorghum could be explained by its asymmetric shape and
mealy consistency in contrast to the other two types, which have elliptical and glassier
grains. In addition, the weakly stem Brix value of sweet grain sorghum compared with
sweet sorghum and grain sorghum could be related to a difference in the accumulation
organs. Sweet grain sorghum would accumulate its sugars a lot in the grains as the stem.
Moreover, some sweet grain sorghum and grain sorghum genotypes expressed higher
Brix values than some sweet sorghum genotypes. This suggests that Brix is a trait more
influenced by genotype than sorghum type, which is a simple classification criterion.
Similar results were reported by [27] on grain sorghum under mineral fertilization
conditions and [22] on sweet sorghum (8.88-21.83%). The Brix would be a polygenic
trait with epistatic interactions and additive effects [28-30] unlike the sweet taste of the
grain, which is controlled by a single biallelic gene [31, 32].
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Finally, several results obtained revealed greater genetic proximity between grain
sorghum and sweet stem sorghum. Indeed, among the variables discriminating the
types of sorghum, similar characteristics were recorded between sweet grain sor-
ghum and sweet sorghum in five variables (number of vegetative tillers, separation,
internode length, plant height, panicle length). However, only two of these variables,
i.e., leaf length and width, bring sweet grain sorghum closer to grain sorghum. This
is confirmed on the one hand by the Euclidean distances, which showed a smaller
distance between sweet sorghums and on the other hand by the results of the hierar-
chical classification where a composite group consisting of all sweet grain sorghum
genotypes and three sweet sorghum genotypes was obtained. [18] also showed that
sweet sorghums (sweet sorghum, sweet grain sorghum) are genetically more closely
related (Fst = —0.0558) to grain sorghum [17], however, showed greater proximity
between sweet grain sorghum and grain sorghum using molecular markers. This
difference in molecular and phenotypic proximity could be explained by the generally
polygenic determinism of the traits taken into account in the estimation of pheno-
typic distance, which can lead to convergence phenomena [33]. According to [34],
lines with the same value for a quantitative trait may have different alleles for each of
the loci involved. The effect of environmental factors on phenotype expression could
also explain this difference in molecular and phenotypic distances.

Finally, the fact that all sweet grain sorghum genotypes belong to the same agro-
morphological group could indicate a greater homogeneity of this type of sorghum
compared with the other two types [17] also reported low diversity within this
sorghum type compared with the other two sorghum types.

5. Conclusion

The study revealed a weak influence of the factor “type of sorghum” in the expres-
sion of all the characters. Nine characters, including two related to phenology, six to
vegetative organs and yield, and Brix, allowed us to distinguish sweet grain sorghum
from sweet sorghum and grain sorghum. Sweet grain sorghum is characterized by
arobust, low-sugar stem, longer leaf sheaths, a broad panicle, and lighter grains.

The study shows also that sweet sorghums are genetically similar to grain sorghum.
These results could contribute to better management of sorghum genetic resources in
Burkina Faso through their use in the national sorghum breeding program. Indeed,
crosses could be made between these different types of cultivated sorghum to create
single, three-way or double hybrids containing sweet grains and sweet stems. These
hybrids could then be evaluated in multi-location trials in contrasting environments
to select genotypes by environment. Marker-assisted selection could also be used

to identify drought-tolerant genotypes of interest. Furthermore, the analysis of the
nutritional composition of the grains of these genotypes of interest, in particular
their profile in essential amino acids (lysine), vitamins, and sugars, could be the basis
for their exploitation in the food industry for the manufacture of infant porridges and
biscuits.
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Chapter 6

Molecular Genetic Approaches
in Wildlife Conservation

Ranjana Bhaskar and E. Agnita Sharon

Abstract

Wildlife conservation is of major biological importance due to the survivability
of organisms in an ecosystem and population stability. The primary concern of
the management and genetics of populations is inbreeding. The small population
size can play a diminishing role in genetic variability and increasing inbreeding in
animal populations. Inbreeding depression can be due to major factors such as rare,
deleterious, recessive alleles which can be repressed under heterozygous conditions.
The decreasing effect in heterozygosity can be significant upon severe bottleneck
effect. The genetic variations between populations could be assessed using molecular
techniques. Mitochondrial DNA variations for determining the founder’s effect can be
widely applicable in the management of wild populations. The maternal lineages in a
captive population can signify the variations in the population as well as the number
of males contributing to the gene pool of the various population. Molecular markers
can be used to differentiate between populations and identify the individuals contrib-
uting to the gene pool of the species.

Keywords: genetic biodiversity, populations, inbreeding, mitochondria, evolution

1. Introduction

Wildlife populations are faced with several anthropogenic pressures such as
climate change, habitat fragmentation, destruction of habitat, pollution, the threat
of invasive species, harvesting, and ill effects of novel pathogens. This contributes
to high extinction and challenges in sustaining wild populations [1]. While habitat
fragmentation has been fundamentally the prime concern for conservation research.
The evolutionary consequences of fragmentation are underestimated due to a reduc-
tion in the levels of gene flow among the formerly connected fragments of the forest.
An increase in genetic drift and selection by the evolutionary processes may lead to
differentiation among populations would [2]. Increased tendency for genetic dif-
ferentiation and local adaptation are not considered for resource-based management.
Fragmentation of habitat combined with management efforts may create a source or
sink dynamics which is vital for selection [3].

The loss of genetic diversity often leads to affect individual fitness and poor
adaptability to their surroundings [4]. A small population size is at risk of genetic
changes within the population. The captive breeding programs of vulnerable or
endangered animals are necessary for their conservation to increase their chances
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of long-term survival; however, this methodology often increases the chances of
inbreeding causing poor fitness in populations [5]. It is under stood that inbreeding
causes a decreased genetic diversity and leads to a reduction in reproductive rates
resulting in increased extinction or survival risks. To recover genetically impover-
ished endangered populations, they may breed with individuals from other popula-
tions [6]. If genetic diversity is too low any wildlife population can be at a greater risk
of extinction [7]. There are many molecular techniques for genetics studies that can
reduce the extinction risk by suggesting localized monitoring population and man-
agement mechanisms wherever necessary that can reduce the chances of inbreeding.
Breeding initiative programs are started assuming that the founders of the captive
population are distinct from each other.

2. Wildlife genetics

Small population size contributes to inbreeding and loss in genetic variation.

Thus, the measure of genetic variation in a given population serves as a measure of
the extent to which the population is inbred. Effective recombination occurs only in
individuals heterozygous at many loci. Inbreeding reduces the frequency of hetero-
zygotes, thereby reducing the effective rate of recombination. Inbreeding causes an
increase in homozygosity resulting in increased expression of deleterious effects of
recessive homozygous genotypes and decreased frequency of heterozygous combina-
tions which may be over dominant.

Random fluctuation in gene frequencies of alleles resulting in random genetic drift
reduces the genetic variation, increasing the homozygosity and the loss of evolution-
ary adaptability to environmental changes within small populations. The maintenance
of genetic variability in a real population can be understood by Wright’s concept of
effective population size [8]. Populations with different selection effective population
sizes are predicted to develop profoundly different genome architectures [9].

3. Genetic variation

Species in general are a set of individuals that are capable of interbreeding and
producing fertile offspring which can be genetically alike. According to Darwinism,
the species instead of being constant changes according to its environment causing
variation over time. Genetic variation in biodiversity means that variation at all levels
of biological organization [10] including diversity within or among species.

Genetic variation in populations results in short-range fitness and long survival
rates (population level). Genetic variation is caused due to evolutionary driving
forces like natural selection and genetic drift etc. which results in variability among
individuals causing differentiation at the population level, species, and higher-order
taxonomic groups. The study of variation among individuals, populations, and species
is population genetics. Population genetics relates to the analysis of evolutionary and
demographic factors affecting the genetic composition of a population [11] increasing
the chance of an organism to survive and adjust to the ever-changing environment.
However, genetic-based molecular markers are a powerful tool in analyzing the genetic
distinctiveness of individuals, populations, or species [12]. For genetic analysis,
modern sequence-based marker systems are being used now like single nucleotide
polymorphisms (SNPs) and simple sequence repeats (SSRs) [13]. However, for fish
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population genetic studies, microsatellites have become the marker of choice [14].
Molecular markers are commonly used for wild-population studies [15].

4, Factors of evolution

Various evolutionary factors such as allele frequency, genetic drift, and mutation
are affecting the wildlife populations. The Hardy-Weinberg theory proves that the
relative frequencies of several gene alleles in a Mendelian population tend to remain
constant [16]. The genotypic variability present in a population is passed on from one
generation to the next. Evolution is defined as a change in the genetic composition of
populations. If the genes frequencies in populations remained constant that means
evolution could not occur.

The genetic forces that modify the gene frequencies in populations

e Mutation

¢ Selection

* Genetic drift
* Migration.

The assumption in the Hardy-Weinberg law is that the population is infinitely
large. If the populations are small, it consists of small numbers of breeding individu-
als which tend to lose genetic diversity. That is true in populations from one genera-
tion to other. We assumed that the population is isolated and there is no immigration
or emigration that carriers of some genotypes in preference to others. Migration
in individuals of genetically diverse populations can increase or decrease the gene
frequencies in a population gene pool.

5. Mutants in populations

In mendelian populations, mutation provides the ultimate source of genetic variation
in that no two individuals have the same genotype. Genetic variability owes to mutation,
unfixed genes which are represented in a population by two or more alleles. The exis-
tence of diverse alleles is because of a genetic mutation which is the fundamental force
of evolution. Mutant alleles can persist in the gene pool of a population depending on
natural selection for many generations according to Hardy Weinberg’s theory [16].

Most mutants that arise naturally in the populations are deleterious mutations and
are harmful to the organism; in some cases, they are completely lethal. The accumula-
tion of harmful mutations of hereditary diseases is opposed by natural selection.
According to the theory of natural selection which is based that the progeny of any
species survives and interbreed and produces a variety of surviving offspring. The
population of a species includes genetic variables which occur more or less by natural
selection in a given environment [17]. The better-adapted variants will constitute
from one generation to another. Artificial selection is also a process similar to natural
selection except that the variants leave the larger progeny which is chosen by human
beings rather than the environmental factors.
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6. Equilibrium between mutation and opposing selection

Deleterious mutants occur by natural selection in the populations. Some deleterious
mutants are incorporated into the gene pool of every generation. A particular number of
deleterious mutants are also removed in every generation by genetic death. If the elimina-
tion is higher in a population than mutation, the frequency of mutants will be minimized.
When the numbers are produced to balance the numbers eliminated there will be an
equilibrium. If the population will have a greater load of recessive than dominant mutants
this will give rise to various diseases and deformities [18]. In a population; the magnitude
of deleterious mutants will be determined by the rate of equilibrium of mutants.

7. Dynamic changes in populations
7.1 Genetics of inbreeding

Inbreeding depression can be manifested upon a decrease in litter size or infant
mortality. A metapopulation structure can increase inbreeding in the case where
a population is genetically isolated if fewer than one viable migrant is entering the
population per generation. In the case of the patch population, each population would
have gone through a recent genetic bottleneck during population colonization. Such
kinds of bottlenecks will lead to more inbreeding depression [19].

7.2 Total variance

It is hypothesized that populations can go on fixation of some alleles and loss of
others. The selection pressures may be different for different ecological patches. The
genetic variation between isolated patches can help monitor the species from extinc-
tion. Diverse patches can lead to genetic variants that can survive under strong selec-
tion pressures such as diseases, or changes in natural vegetation [19]. Loss of genetic
variation shows increased vulnerability to epidemic diseases because the population
does not have a heterogenous immunological structure. Viral diseases have recently
spread through populations of each species [20].

7.3 Demographic stochasticity

Demographic correlations occur along the time axis. Over time demographic
changes such as weather conditions, epidemics, predators can be factored out leaving
the residuals to be demographic stochasticity.

7.4 Environmental changes and catastrophes

Environmental changes can impact the population whereas volcanism, regional
pollution, pandemics, and forest fires can affect metapopulation as a unit [21].

7.5 Extinction and recolonization

Slatkin hypothesized that extinction and recolonization can be a factor in gene flow.
Further, suggested for evaluating the effect of extinction and recolonization on the
genetic differentiation of populations depends how the colonization groups of individuals
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are formed and how much relation between colonization and migration [22]. It also states
that if the average time in generations is less than the extinction of local populations or
equal to the effective number of locally breeding adults will prohibit the genetic differen-
tiation of local populations due to drift even though in the absence of migration, extinc-
tion and recolonization. This statement on extinctions and recolonizations corresponds to
Wright's rule for the exchange between permanent local populations [23].

8. Conservation and management strategies

Natural habitats are lost and fragmented at disturbing rates thereby natural
resources require human involvement and management to sustain such pressures.
Curtailing the tide of extinction due to habitat loss, deforestation, the introduction
of alien species and overexploitation should and must continue to be urgent goals for
conservation management. Advocacy toward evolutionarily enlightened management
can help in advancing urgent goals. It is also necessarily need to recognize and under-
stand the evolutionary correlates of anthropogenic forces in conservation biology.
Upon environmental modification, a species must either respond to the selective pres-
sures imposed by the environment or ultimately be lost to extinction [24].

According to Darwin’s theory of natural selection, organisms that are better adapted
can acquire more resources and leave better-fit offspring. Thus, nature selects indi-
viduals with favorable traits that allow them to flourish and reproduce. This theory is
popularly known as survival of the fittest. Genotypic variations arise from mutations
that occur at the gene level during the copying of DNA. Natural selection leads to adap-
tation; a population’s character makes it suitable for a particular environment where
favorable traits are passed from one generation to another. When the population is
small, inbreeding is more likely to take place as the number of mates is limited. For sev-
eral species, the offspring survivorship declines as the populations are inbred. Captive
breeding populations of mammals such as ungulates, primates, and small mammals
exhibit higher mortality from inbred mating than from noninbred mating [25].

9. Molecular advances in wildlife management

Less complex and exact methods for sex and species identification in animals are
essential for applications in wildlife monitoring, wildlife conservation, and forensics
[26]. Genetic applications provide a platform for using applied tools for estimating
the effective population size and also the study of the changes in population demogra-
phy for organisms that are difficult to census using ecological techniques [27]. There
are various types of molecular markers nowadays scientist is using to estimate the
genetic variability of animals classified as the non-PCR based and PCR based molecu-
lar marker. RFLP is the non-PCR based marker while DNA markers such as RAPD,
RFLP, AFLP, VNTRs, and mitochondrial DNA markers is PCR based. Such markers
have been used in genetic studies to understand the genetic divergence within and
among populations or species [28].

10. Molecular applications toward conservation

Molecular markers are an advanced technique for the characterization of genetic
resources. It compares the genetic diversities which can resolve taxonomic disputes
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and establish management elements within species. The molecular marker analysis
can be used as a suitable tool for determining the genetic variation, biodiversity,
illegal hunting and poaching for the effective implementation of the laws for the
protection of endangered species. There are various DNA techniques available for
genetic diversity analysis for conservation of wildlife populations [29]. The main
application of mtDNA sequences in conservation genetics consists of popula-

tion structuring, resolving taxonomic ambiguities, identification of interspecific
hybridization, and combating illegal hunting and poaching activities of rare and
endangered animals. The selection of appropriate bioinformatics tools often plays a
vital role in constructing phylogenic inference with the help of mitochondrial and
nuclear markers [30].

Molecular markers estimate the relativeness between the individuals by compar-
ing the genotypes at several polymorphic loci. The vast majority of the systematic
phylogenetic studies have applied mtDNA sequencing. Previous reports suggest that
mitochondrial DNA and its phylogeny represent only the genealogy of a specific gene
that is maternally inherited. There are many other molecular markers such as RAPD,
AFLP, mitochondrial DNA or microsatellites can be used for population studies, spe-
cies identification, biodiversity, phylogeny, and forensics investigation [29].

11. Molecular markers in wildlife conservation
11.1 RFLP (restriction fragment length polymorphism)

Restriction fragment length polymorphism is the most widely used molecular
marker based on the hybridization technique. Data is analyzed based on the pres-
ence or absence of recognition sites for a specific restriction endonuclease. An RFLP
probe is a labeled DNA sequence that hybridizes with one or more fragments of the
digested DNA after which they can be separated using agarose gel electrophoresis,
characteristic of a specific genotype at a specific locus. The change in recognition site
by point mutation or SNP produces fragments of different lengths in the same region
of the genome. Although two individuals of the same species have an almost identi-
cal genome that will differ at only a few nucleotides due to the point mutation. The
polymorphism in the hybridization pattern is created due to changes in restriction
sites, such variation is called RFLP.

The main application of the RFLP marker is in the DNA fingerprinting technology
in which repetitive elements are widespread across the genome for making multiple
copies that are used as hybridization probes [31]. A study has also been conducted in
Colombia for the identification, population structure, and genetic variability among
bug species (Rhodnius prolixus) by RELP markers [32].

11.2 Random amplified polymorphic DNA (RAPD) markers

RAPD markers are amplified products of the less functional part of the genome
that do not vary upon selection pressure on the phenotypic level. It is a dominant
marker. These markers are highly polymorphic [33]. Thereby certain regions of the
DNA can gather more nucleotide mutations, and RAPD markers can assess interpop-
ulation genetic differentiation. Use only a single arbitrary primer (8-12 nucleotides)
which binds randomly throughout the genome and amplifies the gene. This marker
produces different product sizes with the same primer in different organisms of the
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same species. This is detected in non-coding DNA sequences in the genome, but rare
in coding sequences. RAPD loci are inherited as Mendelian markers which are domi-
nant and can be scored as present or absent. RAPDs and PCR-based markers have
similar benefits in that there is no need for information on the targeted DNA sequence
or gene organization [34]. The primers are commercially available. Advantages of
RAPDs are the ease of analyzing a large number of loci and individuals. The disad-
vantages of this marker are that this will not amplify in Mendelian inheritance of the
loci and cannot distinguish between homozygotes and heterozygotes. The analysis
follows assumes that the population is under the Hardy-Weinberg equation. RAPD
markers can be used in identifying the presence of paralogous PCR products in which
different DNA regions have the same lengths and appear in a single locus, with low
reproducibility due to a low annealing temperature during the Polymerase chain
reaction [35].

11.3 Single nucleotide polymorphism (SNP)

Single nucleotide polymorphisms (SNP) are the most common molecular
marker analysis as they show abundant polymorphism in any genome. It includes
both coding and non-coding region, and reveal hidden polymorphism which can-
not be easily detected by other markers. SNPs can detect polymorphisms induced
by point mutations which give rise to diverse alleles comprising alternative bases at
a given nucleotide position within a locus [36]. A single-nucleotide variant (SNV)
is a common definition for a single nucleotide change in DNA sequence. An SNP
within a locus can replace the four bases (A, T, C, and G) in a certain stretch of
DNA at the SNP site. Although most of the SNPs are restricted to only one of two
alleles (either C/T or the A/G) and have been observed as bi-allelic in nature. SNP
markers are inheritedas co-dominant markers. SSCP analysis has been commonly
used for SNP identification, heteroduplex analysis, and direct DNA sequencing.
Many SNPs do not alter cellular function so they show no effect but some SNPs
have been associated with diseases such as cancer and to influence physiologi-
cal responses to drugs. Now a days DNA sequencing analysis has been the most
accurate approach for SNP discovery [37].

11.4 Microsatellite markers

Microsatellites recently have become a popular marker for population investiga-
tions. It is the simple sequence repeats of di, tri, and tetra nucleotides PCR-based
markers. It is wildly used in fingerprinting technology. Microsatellites are short
fragments of DNA generally multiple copies of tandemly arranged 1 to 6 bp long e.g.,
ACA or GATA, and are repeated up to about 100 times. Microsatellites are abundant
in all species studied so far. They have been found in coding regions, introns, and
non-gene sequences. Microsatellite markers are highly polymorphic, abundant, and
evenly distributed throughout regions of chromosomes [38]. Irrespective of changes
in the repeat units, there are large numbers of alleles at each microsatellite locus of a
population. Microsatellites are inherited in a Mendelian fashion as codominant mark-
ers. Microsatellites are highly variable markers, and very much useful in individual
identifications. However, the use of microsatellite markers is disadvantageous due to
the requirement of a large upfront investment and effort. Each microsatellite locus
has to be identified and its flanking region of the fragment of the marker should be
sequenced for the design of primers for PCR. PCR amplification is done by slippage
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during replication, small differences in the size between alleles of a particular micro-
satellite locus are possible [39].

11.5 Mitochondrial DNA markers

Mitochondrial DNA (mtDNA) analysis is largely used in recent populations and
phylogenetic assessment in wild populations. Mitochondrial gene is largely conserved
across various animals, due to maternal inheritance with fewer duplications, no
intron, and short intergenic regions [40]. Mitochondrial DNA is highly variable in
nature due to its high mutation rate when compared to nuclear DNA. The mtDNA
genome of vertebrates has been extensively analyzed in comparison to nuclear DNA
for resolving species identification, phylogenetic and forensic investigation due to
its unique property, lack of recombination, and high concentration of mtDNA per
cell compare to nuclear DNA. Since mitochondria have a faster mutation rate, lack
ofrepair mechanisms during replication, and have a smaller population size due to the
maternal inheritance of the haploid mitochondrial genome [41].

Mitochondrial DNA analysis is useful in establishing phylogenetic analysis
among closely associated species due to its high rate of mutation. It is known that
different regions of the mitochondrial genome evolve at different rates. The com-
plete mtDNA molecule is transcribed except for the control region or the Dloop
which is approximately 1 kb where the replication and transcription of the molecule
are initiated. Due to non-coding sequences of this region high levels of polymor-
phism are shown when in comparison with the coding regions of the mitochondria
such as the cytochrome b and COI gene [42], this is due to reduced functional
constraints and less selection pressure.

The 16S rRNA gene in the mitochondrial genome is the least evolving region of
the mitochondria in comparison to rapidly evolving regions such as the control region
[43]. In the non-Mendelian mode of inheritance, the mtDNA molecule is considered
a single locus double-strand molecule because mtDNA is maternally inherited, and
the phylogenies and population structures derived may not reproduce those of the
nuclear genome if gender-biased migration or selection [41].

11.6 Next generation sequencing (NGS)

Next-generation sequencing (NGS) technologies are approaches that sequence
nucleotides faster at a cheaper rate when compared to Sanger sequencing to study
genetic variation associated with diseases or other biological phenomena. These
are parallel to the DNA sequencing methods that have opened an innovative era of
genomics and molecular biology. It came commercial use in 2005, this method was
initially called “massively-parallel sequencing” because it can process millions of
sequencing reactions at the same time. NGS can detect bases if performed cycli-
cally and in parallel [44]. Population genomics is comparison of large sets of DNA
sequences of various wildlife populations. This is a new model shift in the field of
population genetics by combining genomics concepts [45]. Population genomics
uses genome sampling to identify the phenotypic variation such as gene flow and
inbreeding and to improve understanding of microevolution [46]. Due to the recent
advancements in sequencing technology and data analysis, scientists are able to study
thousands of loci from populations and understand genomic wide effects.
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To measure the genetic variation in a species with the available reference genome
in online databese, researchers can perform DNA/RNA-sequencing and epigenome
sequencing. In a DNA-sequencing, NGS is generating whole genome, whole exome for
eukaryotes, and target sequencing. Researcher are comparing the results to reference
genomes and verify genetic variations such as SNPs, structural variations and other
variations using software’s [47].

The advancement of NGS technology have aided scientists to examine biological
systems with population-scale genomics in particular wildlife genomic research. The
low cost and high output data of NGS provides more scope for population genomic
studies along with newly developed data algorithms. The third-generation sequencing
technologies also have been introduced recently. This third-generation sequencing
technologies are aiding and supplementing NGS approaches. However, we may expect
huge data in genomics soon and has opened up new experimental approaches in basic
and applied clinical research [44].

Among the applications that benefit from NGS is the study of genetic diver-
sity in heterogeneous samples. ShoRAH is a computational tool for quantifying
genetic diversity in mixed sample and for identifying the individual clones. With
the availability of NGS techniques, studying genetic diversity becomes faster
and cost-effective when compared other sequencing. Now a days NGS are used in
number of applications such as clinical genetics, microbiology, oncology, popula-
tions studies [48].

12. Wildlife sample collection and documentation
12.1 Wildlife sample collection kit

The investigator must have a forensic sample collection kit to collect and store the
biological materials. While in the field, the items required for sample collection are
gloves, mask, datasheet, sterile vials, Ethanol or spirit, forceps, scissor, measuring
tape, silica, envelopes, ziplock, cello tape, permanent marker, surgical blade, collec-
tion card (Figure1).

12.2 Collection and storage of biological samples

Proper collection and storage of biological samples for the molecular analysis is
very important known as biological resources. So, the proper preservation of biologi-
cal sample is crucial because the preservation and laboratory analyzing at a future
date. The processing protocol that will give quality result for the intended laboratory
analyses must be selected from among various possible protocols. To collect blood
samples, blood can be stored in vacutainers using sterile syringe and stored at 4°C for
examination. Sometimes, blood spot or stains might be present during field inves-
tigation. The FTA classic card a commercially available product can be suitable for
isolation, purification and storage of DNA samples. A drop of blood can be loaded on
the specific FTA card. The fresh tissue samples can be stored in vials using molecular
grade ethanol (100%). It can be labeled using marker and stored at —20°C. DNA
in dried specimens ordinarily remains in good condition for at least a year. Frozen
specimens AT -80°C will be remains stable indefinitely (Figure 2).

107



Genetic Diversity - Recent Advances and Applications

Figure 1.
Wildlife sample collection kit.

Figure 2.
Collection and storage of biological samples.

13. Laboratory protocols for DNA analysis for species identification
and population analysis

13.1 Extraction of DNA from various biological samples

There is a range of biological samples such as tissue, blood, hair, bone, scat, etc.
available to analyze DNA recovered during field surveys. The protocol to apply for
DNA extraction varies on the type of sample collected. To extract the DNA from
stool, blood, or tissue samples Qiagen fast DNA kit, Germany is widely used and
commercially available. Other kits are also available for DNA extraction. Extracted
DNA will be useful for studying populations study and wildlife forensics and as well
as for genetic studies and the yielded DNA can be checked under 0.8% agarose gel
electrophoresis.
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13.2 Quality assessment of isolated DNA using agarose gel electrophoresis

Agarose gel electrophoresis is a technique used to resolve DNA fragments on the basis
of their molecular weight. Smaller fragments migrate faster than larger ones. The size
of fragments can be known by using known size standards DNA ladder, and comparing
the distance of unknown fragment. 0.8% agarose is used for the preparation of agarose
gel. The contents are boiled in the oven. And 3 pl ethidium bromide (EtBr) isadded to
the gel. After polymerization, the DNA sample should be loaded and mixed with 5X gel
loading dye. Finally, the samples are visualized under the gel documentation system.

13.3 Polymerase chain reactions (PCR)

Polymerase chain reaction is a laboratory technique for amplifying millions to
billions of copies of a fragment of DNA. PCR involves using short synthetic DNA
fragments called primers to select a segment of the genome to be amplified. To iden-
tify the species from the DNA samples, the targeted sequences can be amplified using
universal or species-specific primers following the forward and reverse primer; 1x
Buffer; 25 mM MgCl,; 100 mM dNTP; 25x BSA; 1 U/ul taq; template DNA. The PCR
program is to be set in the thermocycler.

13.4 Analysis of raw sequences

ABI files obtained through a genetic analyzer can be viewed and edited in the sequenc-
ing analysis software. After thorough checking of the quality of sequencing, the project
file must be saved and exported in FASTA format. The edited sequences can be compared
with NCBI or Genbank using the BLAST tool. The database can give results of the search
revealing records that are he closest match in terms of sequence similarity [49].

14. Conclusion

Recent advances in molecular biology allow us to gather sufficient genetic data on
any species without causing any harm to the organism involved. This chapter describes
the various molecular markers which are being utilized for the study of wildlife conser-
vation. Studies on the variation of DNA sequences allow one to differentiate genetically
differentiated populations, understand inbred populations and determine the actual
number of males and females contributing to the successive generations. Basic data on
the genetic and cytogenetics of any species is necessary for the management program.
Overall, reliability of molecular markers as a powerful tool for the identification of
species and phylogenetic analysis as compared to traditional approaches for taxonomic
studies. Applying molecular markers approaches will help solve problems in the man-
agement of wild populations and help in identifying the subsequent gene pools.
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Chapter7

Genetic Variability of Entamoeba
histolytica Strains

Shler Akvam Fage Mahmood

Abstract

Entamoeba histolytica is pathogenic parasite that causes asymptomatic infection
mostly; however, it may also cause invasive intestinal amoebiasis and liver abscess,
leading to significant rates of human mortality globally. The clinical outcome of
the infection with the parasite is variable and evidence suggested the contribution
of genetic diversity within E. histolytica to human disease. The information docu-
mented the whole-genome sequence of the E. histolytica reference laboratory strain
(HM-1:IMSS) and the development of sophisticated molecular technique potentiate
ability to identify strains of E. histolytica that may lead to insights into the population
structure, virulence, pathogenesis, clinical outcome of the disease and epidemiology
of the organism.

Keywords: Entamoeba histolytica strains, genetic diversity, inter-species variability,
E. histolytica genetic biomarker

1. Introduction

Entamoeba histolytica is a pseudopod-forming protozoan parasite that inhabit
primarily in human gastrointestinal tract. Amoebiasis can be asymptomatic in the
majority (about 90%) of infected people or can lead to severe invasive infection
characterized by symptoms such as bloody diarrhoea, abdominal pain, flatulence,
nausea, and vomiting. In some cases, amoebae extend out of intestinal tract form-
ing ulceration and abscess, particularly in liver causing amoebic liver abscesses
[1]. E. histolytica affects 50 million individuals annually [2], causing about 11,300
fatality throughout the world, making it the fourth leading cause of death due to
parasitic infections [3]. Amoebiasis is mainly transmitted by faecal-oral ingestion
of contaminated water or food with cystic stage and hence distributed more in
developing countries [4]. The parasite life cycle is simple, converting between two
stages: a cyst stage that survives in adverse environmental conditions, transmit-
ting the disease and a trophozoite (the vegetative form), which invades the host
epithelial cells causing diseases [5]. Infection begins by excystation of the cyst,
cyst cell membranes are disintegrated by the effect of the gastric juice and bile salts
yielded motile trophozoites in the small bowel and then followed by adherence and
invasions of trophozoites to colonic mucins and colonic epithelial cells. At the lower
part of the ileum, the trophozoites encysted and released from intestinal mucosa
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and excreted with faeces to contaminate the environment repeating the cycle again.
In some cases, the trophozoites disseminate haematogenously resisting the comple-
ment proteins and appear to have special preference for hepatic tissue [6]. The
molecular pathway that the parasite followed during the processes of tissue invasion
is poorly understood.

The differences reported in the clinical outcome of the infections with E. histo-
lytica, which ranged from asymptomatic carriers to invasive amoebiasis and even to
extra-intestinal abscess formation, may be due to genetic variability and inter-strain-
related virulence genes in the genomic sequence of E. histolytica [7].

It has been suggested that the presence of these genetic alterations could have
either permitted the parasite to more readily evade host immune responses or be
related to higher virulence, causing more severe clinical presentations [8].

2. Epidemiology of amoebiasis

E. histolytica has been reported worldwide, with the higher prevalence rates in
tropical and subtropical of underdeveloped regions where hygiene and sanitation
conditions are compromised [9, 10]. Amoebic endemicity has been recorded in
Africa, Mexico, Central and South America, Pacific islands, and Asia, where the
major way for transmission is feco-oral. Even the expression of clinical features of
amoebiasis which range from asymptomatic infections, acute dysentery and chronic-
disseminated infection are varied geographically. For example, amoebic dysentery is
predominate in Egypt [11], whereas amoebic liver abscess is more prevalent in both
South Africa and Hue City in Vietnam [12]. In developed countries, low incidence rats
are reported; and most E. histolytica infections are sexually acquired among homosex-
ual community, for example, those documented in Australia, Europe, North America
and parts of Asia [2, 10, 13, 14]. In the United States, the incidence of amoebic infec-
tions is quite low, yet amoebiasis-related deaths still usually occur, responsible for at
least five deaths per year [15]. Most reported cases of amoebiasis in the United States
are seen in immigrants or returning travellers from endemic countries [16]. Data
from the international surveillance and monitoring system (GeoSentinel Surveillance
Network) have documented that E. histolytica is the third most common pathogen
isolated from returning travellers with infectious intestinal disease [16]. Travellers
to the Middle East, South Asia, and South America appear to have the highest risk of
amoebiasis.

Evaluating the global burden of E. histolytica infection is quite difficult due to
limitation in diagnostic capacity and surveillance in most regions endemic with the
parasite. Epidemiological studies can be affected by several factors, for example, study
design, geographic area, sample size, symptom severity, incubation and the sensitivity
of the diagnostic tool used. However, seroprevalence reports of E. histolytica in rural
areas of Mexico showed as high as 42% [17]. Infant during their first year of life of
Dhaka, Bangladesh, reported amoebic diarrhoea in 11% of the children [18]. Prevalence
of E. histolytica based on PCR detection revealed that the infection rate was 13.7% in
northeast states of India and 6% in Northern Iraq [19, 20]. Seropositive results for E.
histolytica were accounted for 11% of seven provinces of China and 41% among male
homosexual community in the provinces of Beijing and Tianjin [21, 22]. Depending
on the antigen detection of E. histolytica from stool samples, the parasite reported the
highest rate among the enteropathogens that related to the diarrhoea presented by 20%
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among children under the age of 16 years of Jeddah, Saudi Arabia [23]. Despite wide-
spread occurrence of amoebiasis in Africa, limited information is present about the
infection rates and epidemiology of E. histolytica. However, a cross-sectional study in
South Africa showed that the prevalence of E. histolytica was 8.5% of patients attending
gastroenterology clinics detected by PCR [24]. E. histolytica is represented as the one of
the top 10 causative agents of diarrhoea in children under the age of 5 years in regions
of sub-Saharan Africa and South Asia, according to the large Global Enteric Multi-
Center Study (GEMS) [25].

The global impact of amoebic infection and amoebiasis remains significant,
nevertheless challenging to quantify with accuracy given several epidemiologic and
methodologic difficulties, but prevalence rates persist as high as 40% in certain
populations.

3. Whole-genome sequences of Entamoeba

The genome assembly of E. histolytica (strain HM1:IMSS) contains 20,800,560
base pairs of DNA in 1496 scaffolds; about 75% of the genome are AT-rich regions
and since there are 8333 annotated genes, therefore the coding sequence accounts for
nearly 50% of all assembled sequences [26].

The genome shows impressive evolutionary features, in particular, the presence
of substantial number of genes (at least 68) that seems to have been acquired by
horizontal gene transfer from bacteria. Most of these transferred genes appear to have
been ancient and implicated in metabolic processes specific for the anaerobic lifestyle
of the organisms [27].

Genomic structure and architecture of Entamoeba are still not well characterized.
For example, it is unknown whether there is a natural ploidy or haploid number of
chromosome, although both are estimated [28]. The processes of genetic reassortment
are common in E. histolytica, which are important to determine parasite population
dynamics and parasite phenotypes through detecting factors that can trigger this
genetic reassortment. Therefore, it is possible due to high levels of recombination to
generate strains of E. histolytica with increased virulence expressing transient polygenic
traits as results of association of different alleles. In spite of exhibiting of asexual
reproduction by E. histolytica trophozoite, structural diversity exist in this species due to
the union that could happen between different trophozoite strains co-infected the same
host [7].

There are complex patterns of E. histolytica molecular karyotype, which display
differences in chromosome sizes between strains and a mixture of circular and linear
DNA [28, 29]. Circular DNA structures are present in E. histolytica, for instance,
rRNA gene found in multiple copies per nucleus; these segmental duplications in
the genomic DNA might be represented by the circular molecules of DNA [29-31].
However, it is unknown whether the copies of these DNA structures are present in
different number from that of the ‘core’ chromosomes and if they segregate in the
same way or not. Furthermore, the exhibition of short tandem repeats in the tRNA
genes represented an unusual organization of E. histolytica genome, which appears
in arrays of tandem duplicated combinations of genes separated by DNA [32]. The
tRNA gene arrangement seems to be quite variable and has altered in the evolution of
different species linages; therefore, it is used as population genetic markers to show
different isolates of E. histolytica (and E. dispar) [33].
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4. Study strain variation of E. histolytica
4.1Isoenzymes or zymodeme analysis

The first observation of the variation within E. histolytica came from isoenzyme
studies by Sargeaunt and his collegues (1978) [34]. These studies not only discrimi-
nate the ‘non-pathogenic’ and ‘pathogenic’ E. dispar and E. histolytica, respectively,
but also identified variations within each group. A zymodeme can be described
as a group of amoeba variants or strains that sharing the same electrophoretic
pattern for several enzymes. Zymodemes consist of electrophoretic patterns of
malic enzyme, glucose phosphate isomerase, hexokinase and phosphoglucomutase
isoenzyme [35]. Since then, a total of 24 different zymodemes have been identified,
21 of which are from human isolates (9 of E. histolytica and 12 of E. dispar) [35].
However, the presence of starch in the medium influences the patterns of most
variable zymodeme and upon removal of bacterial floras from the medium many
zymodemes disappear, suggesting that at least some of the bands are of bacte-
rial rather than amoebic origin [36, 37]. Accordingly, only four different stable
isoenzyme patterns remains, three for E. histolytica (II, XIV, and XIX) and one for
E. dispar (1) [36]. Isoenzyme (zymodeme) analysis was the classical gold standard
method to differentiate E. histolytica subgroups prior to the development of DNA-
based techniques. Zymodeme or isoenzyme analysis has a number of drawbacks,
such as the difficulty of performing the test and targeting only a limited diversity
of strains. It is a time-consuming technique; it depends on the growing of amoebae
in culture and requires harvesting a large number of cells for the enzyme analysis.
Cultivation of amoebae is not always successful; it may result in selection bias, and
consequently, one species or strain may outgrow the other, which is not preferable
when studying zymodemes. Zymodeme analysis is not easily incorporated into
routine clinical laboratory work because of the expertise required to culture the
parasites, the complexity of the diagnostic process and the cost. Isoenzyme analysis
has been replaced by DNA-based methods as the method of choice for studying
Entamoeba species [38].

4.2 PCR-restriction fragment length polymorphism

Polymerase chain reaction-restriction fragment length polymorphism (PCR-
RFLP) analysis is molecular-based technique to differentiate species within the genus
or to show the genetic diversity of certain species or strain. The method involves the
digestion of PCR products of specific gene with restriction enzymes to produce frag-
ments of different numbers and sizes based upon the differences in the number and
location of restriction sites present in the amplicon. The selections of the target genes
and restriction enzymes are based on the way that, for instance, different species of
certain genus produce the same-size amplicon but show different banding size or
patterns for different species by gel electrophoresis after been digested with specific
restriction enzyme [39].

Molecular typing based on polymorphic genetic loci has been confirmed to aid
in precise examination and identification of population structures of E. histolytica
isolates in nature [40]. However, the differences in the clinical outcome of the E. his-
tolytica infections may be due to genetic variability and inter-strain-related virulence
present in the genomic sequence of E. histolytica [41].
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4.3 Serine-rich E. histolytica protein (SREHP)

The majority of the biological functions are initiated through proteins, identifying
certain proteins and estimating their functions enabling their potential use as mark-
ers for studying population nature and genetic diversity. The highest immunogenic
protein among all identified proteins in Entamoeba species is SREHP, which is an
extracellular protein with a surface antigen exposed for host immune system [42].
SREHP plays a vital role in the parasite virulence through several mechanisms, such
as participation in signalling pathway via possessing signal peptide; participation in
the process of phosphorylation and protein modification; having peptidase activity
and representing as potent chemoattractant for trophozoites [43]. The presence of
multiple tandem-repeat sequences in the central region of SREHP genes can be used to
study inter-strain variation and genetic polymorphism in E. histolytica [44].

Furthermore, SREHP is critical in phagocytosis and immune evasion. As it also
plays a role in adherence to apoptotic cells, it influences the virulence of the para-
site [43]. Furthermore, SREHP’s polymorphism—the variable numbers of tandem
repeats—might mediate a wider adherence range or variable affinity, suggesting that
the tandem repeats are binding domains. Thus, this polymorphism plays a vital role in
the pathogenicity of different E. histolytica strains [43, 45, 46]. The presence of poly-
morphisms in SREHP between homologous loci on allelic chromosomes could also be
due to either the presence of more than one strain of E. histolytica in a single sample or
the presence of repeated loci at several locations in the genome, each resulting in a dif-
ferent PCR product [28]. The presence of a high level of genetic diversity may reflect
the existence of several different clones in a limited geographic area and/or rapid
production of SREHP repeats. Evidence has suggested that diversity among E. histo-
lytica strains based on gene polymorphism may result from new haplotype creation
due to the shuffling of alleles during genetic recombination and reassortment [47].
Notably, the presence of sexual reproduction in the natural population of E. histolytica
has been suggested based on the discovery of complement genes that are necessary for
meiosis in the E. histolytica genome. Sexual reproduction is enormously important in
gene exchange (e.g., in drug resistance and virulence genes) and consequently gener-
ates genotypes that spread rapidly. This may also identify the linkage disequilibrium
patterns among genetic markers as that of SREHP gene polymorphism [26].

4.4 Short tandem repeats (STRs)

The tRNA genes of E. histolytica are highly polymorphic that present in clusters of
one to five distinct types, interposed with non-coding short tandem repeats (STRs)
and these clusters are in turn repeated to form long arrays. The arrays make up about
13%of the genome. Since the STR regions displayed a high degree of intra-specific
variation regarding type, repeat number and the arrangement patterns between
tRNA array units, therefore these features make STR very useful genetic tool for
quantification of Entamoeba evolutionary divergence and assessing virulence of
individual E. histolytica strains [48].

A number of primers lying in the non-coding regions were used for the identi-
fication of E. histolytica strain based on tRNA-associated STRs. Later, primers are
designed to enable concurrent differentiation and strain typing of E. histolytica and E.
dispar [49]. These markers have shown to be stable and suitable for tracking the trans-
mission of a known strain within an individual, family unit, and/or community [50].
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Moreover, it has been documented that the same strain of E. histolytica was never
identified in epidemiologically unlinked patients, which reflects a remarkable degree
of genetic diversity within this relatively limited geographic area. In certain endemic
regions with E. histolytica and E. dispar, the utilization of species-specific primers is
of great importance because a significant number of individuals could be infected
with both species.

4.5 Chitinase

The repeat-containing region of Chitinase gene of E. histolytica is least polymor-
phic as compared with tRNA-linked loci and SREHP; therefore, this gene is less com-
monly used for strain differentiation and studying genetic diversity [46]. Chitinase
gene repeats ranged from 84 to 252 nucleotides consistent with four heptapeptide
repeats (28 amino acids) to 12 heptapeptide repeats (84 amino acids). Studies have
revealed that the nucleotide of chitinase gene repeat of certain isolate was identical
to that of the standard strain, suggesting that the similarity could be due to chance
convergence rather than a common ancestor [51].

4.6 Use of retrotransposons as genetic markers
4.6.1 Transposon display

The genomic sequence of E. histolytica displays abundant non-LTR (long termi-
nal repeats) retrotransposons that are dispersed uniformly throughout the genome.
In Entamoeba, the term long interspersed elements (EhLINESs) is used to describe
the autonomous non-long terminal repeat retrotransposons (LTR) elements, while
short interspersed elements (EhSINESs) referred to short non-autonomous ele-
ments. Several families of ENLINEs and EhSINEs have been detected in E. histolytica
[28, 52, 53]. It has been documented that both EhLINEs/EhSINEs account for
approximately 6% of the Entamoeba genome. Moreover, EhLINEs and EhSINEs are
present on all chromosomes and estimated to have 140 copies of these elements per
genome, which appear to be in non-telomeric position [54]. It has been suggested
that EhLINEs and EhSINEs were inserted at different genomic location during the
course of evolution in various strains; therefore, they can be utilized as genetic
markers for strain identification of E. histolytica [55].

Amplified fragment length polymorphism (AFLP) is a highly sensitive technique
for detecting polymorphisms in DNA, the method based on restriction enzymes that
cut the DNA and adaptors attached to the ends of the fragments. The DNA fragments
are then amplified using PCR, and their varying lengths can then be visualized on gel
after been electrophoresed. Transposon display (TD) is a modified AFLP technique
uses specific primer that anchors in a transposon to simultaneously identify up to
several hundred markers in the genome [56, 57]. TD consists of amplification of
sequences flanking the transposon by ligation-mediated PCR. The resulting frag-
ments are locus-specific and can be analysed by polyacrylamide gel electrophoresis.
Transposon display has been used to investigate and explore the behaviour and stabil-
ity of transposable elements in plants [58]. The technique has also been effectively
used to display yeast mutants conferring quantitative phenotypes [59].

Laboratory strains of E. histolytica grown axenically showed different patterns
of TD when primers targeted various regions of EhSINE1 [60]. TD technique has
many potential advantages over other methods. The technique is being developed to
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study DNA isolated directly from both ALA pus and faecal samples. Furthermore,
more than one polymorphic band is yielded by TD as compared with single-band
polymorphism in a normal PCR. It is low-cost technique since the method based on
only one reaction through single-specific primer with capacity to display a whole
range of bands in each strain. The use of transposon-specific primer makes it more
sensitive and reliable than AFLP. Thus, this technique could be utilized in performing
significant epidemiological studies and large-scale molecular typing of this parasite.
Intensive analysis and studying of the bands may help in understanding the dynamics
of EhSINE retrotransposition in various strains of E. histolytica.

4.6.2 REP PCR

The repetitive element palindromic-polymerase chain reaction (REP PCR) was
first devised for strain and serotype identification in enteric bacteria [61]. REP PCR
is commonly used in clinical laboratories for detecting strains of bacteria, fungal and
dermatophytes [62]. The method depends on the targeting of interspersed repetitive
consensus sequences in the genome that enables amplification of diverse-sized DNA
fragments and may be present in both the orientations on the chromosome.

The designed PCR primers must target ‘read outward’ from the repeats, amplify-
ing the region between two such elements in either direction. These primers are
complementary and attached to dispersed repeated sequences. This may result in
varying band patterns when the repetitive sequences are located in different posi-
tions in the genome of different strains. This principle was employed successfully
using EhLINEs/EhSINEs dispersed in the E. histolytica genome. For this purpose,
several sets of primers were designed from EhLINEs and EhSINEs to involve the
entire stretch of each element. Each specific strain generated a unique profile of REP
PCR fingerprint consisting of multiple bands of different sizes [63]. This could be
used to establish relationships between different strains. This procedure can provide
extended variation between the strains than the tandem repeat technique since using
this, many loci can be investigated simultaneously.

4.7 Single-nucleotide polymorphism

Single-nucleotide polymorphism (SNPs) is the simplest form of variation in the
genomic DNA sequence on bases of single nucleotide. To investigate the genetic
diversity of E. histolytica strains, 9077 bp have been sequenced from 14 isolates [64]. It
was proposed that coding and non-coding regions are challenged to several selection
pressures and could be related to specific clinical outcome of the disease. A statisti-
cally significant difference was recorded in the presence of SNPs with higher rates in
non-coding regions as compared with coding regions. The SNP markers are of great
importance in studying of evolutionary analyses because these markers are evolution-
arily stable and unlikely to mutate. Nevertheless, regarding Entamoeba, this method is
still in the early stages and needs to be further explored. The procedure also requires
large-scale sequencing of the PCR products.

4.8 Microarray

Microarray is a genomic tool used to detect the expression of thousands of genes
simultaneously from a sample. Microarray assay has been used successfully for
the identification of Entamoeba and other water-borne protozoa [65]. Genotyping
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of E. histolytica based on microarray assay can be useful for the study of genetic
diversity and potential genotypic-phenotypic relations of the clinical isolates. The
technique involves powerful DNA amplification that combines with subsequent
hybridization to oligonucleotide probes specific for several target sequences. The
distinct importance of this detection method is that it can investigate thousands of
genes all together at once. In addition to the study of the of inter-strain variability,
many biological properties of genes can be revealed through microarray technique,
such as, detection of genes regulated by drug exposure, tissue invasion and develop-
mental changes. For studying genetic diversity, sequenced genomic DNA (gDNA)
clones of E. histolytica (HM-1:IMSS) were used to generate an 11,328 clone genomic
DNA microarray; all clones on the array are beneficial for analysis since the genetic
differences in coding and non-coding regions are equally important in determining
the genotype of a strain [66].

Besides conserved genes, like rRNA and /sp, which have been extensively used
as diagnostic markers, several genus- and species-specific genes such as the cysteine
protease gene (cpl) were selected as amplification targets to avoid possible cross-
hybridization and co-amplification issues.

The DNA microarray assay has been used in large-scale expression profiling of
Entamoeba species/strains, which permits the study of genetic and expression differ-
ences that may associate with parasite virulence. However, more studies are needed
to confirm the significance of these genes in amoebic virulence and pathogenesis.
The main restrictions of the technique for diagnostic uses are the cost-intensive, its
robustness and labour inputs [66].

5. Conclusions

Several powerful molecular techniques and genetic biomarker are available
nowadays, such as chitinase, SREHP polymorphisms, SNPs, STRs, retrotransposons
and microarray all provide informative understanding to study parasite biology.

For examples, studying STR regions in tRNA genes of E. histolytica revealed inter-
species variation that may related to the clinical outcome of the disease and may
provide evidence for the geographic origin of the infection [67]. Moreover, studies
documented the presence of high genetic diversity among E. histolytica strains using
PCR-RFLP analysis on SREHP gene and addressed the association of the strains

with the clinical presentation of the disease [8, 44, 68]. The investigations based on
chitinase gene sequence repeat suggested the existence of strains of E. histolytica that
could be non-pathogenic, invasive for the intestinal mucosa or invasive for liver tissue
[46, 69, 70]. Another genetic marker, TD technique was developed to identify strains
of E. histolytica using retrotransposon EhSINE1, and it showed to be cost effective,
sensitive and reliable procedure that successfully characterizes the strains based on
geographical distribution [60]. A polymorphism study showed 14 genotypic patterns
among the 14 isolates of E. histolytica using SNPs and recorded extensive diversity
between coding and non-coding regions [64]. Microarray analysis was applied to
distinguishing the symptomatic and asymptomatic strains of E. histolytica through
investigating the gene expression profile of both virulent strain (HM1-IMSS) and
non-virulent strain (Rahman) [71]. The study inspecting a total of 54 hybridizations
and statistical analysis was performed for each gene; the most common differentially
regulated genes were in carbohydrate metabolism, virulence-related functions (CPs,
Gal/GalNAc lectin), signal transduction pathways, antibacterial activity (AIG1) and
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transcription factors [71]. Consequently, all these tools and biomarkers can aid in
determining the role of E. histolytica genetics in the outcome of infection and can be

used for population-based studies as well as to develop an improved evolutionary and
phylogenetic framework for the parasite.
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Abstract

The human body can be considered a superorganism, containing a large number of
microorganisms in symbiosis. An average human body contains about a kilogram of
bacterial cells, which is about the same weight as the human brain. Majority of these
bacteria resides within the gastrointestinal tract, outnumbering human cells and
constituting approximately 99% of the genetic material in the human body. Human
gut microbiota has been shown to have diverse effects on the host, and recent studies
show that their effects extend to mental health. This review aims to understand the
recent developments of the effects of gut microbiota community on mental health
and potential manipulations of gut microbiota for prevention and mitigation of
mental disorders by highlighting the nutritional value of diet, probiotics, prebiotics,
and psychobiotics for mental health, modifying gut microbiota by fecal microbiota
transplantation and antibiotics. In addition to these, providing the current knowledge
on relevant neuroprotective mechanisms in the brain associated with gut microbiota
and main gut microbiota modifying ways such as quorum sensing and bacteriophage
was reviewed for future recommendation.

Keywords: microorganism, psychological disorders, gut bacteria diversity,
psychobiotics, quorum sensing

1. Introduction

Recently, humans have entered a new era of health with the discovery of antibiotics,
rapid advancements in technology, worldwide flood of information, and a conscious
effort on health and longevity. However, there is still much left unknown about what
is beneficial for human health and what is detrimental, and the long-term conse-
quences of things that seemingly solve many problems in the short term. The biggest
alterations to the superorganism genome through the industrialization have been
through the microbiota [1]. Also, the lack of understanding regarding the health of
humans as a superorganism, including the microbiota that lives in symbiosis, has led
to unknowing disruptions of them. For instance, many additives used widely in food
industry are harmless to humans, however, they affect the gut microbiota [2].

Hygiene hypothesis states that the emergence of many allergies as well as immune
and autoimmune disorders that have much prevalence in first-world countries is due
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to evolutionary changes in dietary choices, urbanization, attention to cleanliness, and
the widespread usage of antibiotics, and the subsequent substantial reduce in the
number of bacteria that average human comes into contact with [3]. On this basis,
the old friends’ hypothesis suggests that the microbiota diversity has been evolving
with humans over millions of years, and they are adapted and optimized for the

old hunter-gatherer lifestyle. The microorganisms that are found in pollution-free
water, soil and air, hard to come by in the western world, make up the human
microbiota, humanity’s old friends [4-6] and with the recent recognition of the gut
microbiota’s effect on human behavior, it is possible to expand the hygiene theory
and include the increasing number of behavioral and mood disorders [7] as some of
the resulting issues.

The past few years have seen increasingly rapid advances in the understanding of
gastrointestinal microbiota, which describes the collection of various bacteria, fungi,
archaea, and viruses residing in the intestines, which have access to, and communi-
cate with, the enteric nervous system, an extensive network that also communicates
back and forth with the brain. It is increasingly recognized that there is a complex,
symbiotic relationship between the host and the gut microbiota. In this symbiotic
relationship, the host provides the microbes with the necessary conditions for sur-
vival such as nutrition, temperature, and moisture, and in return, the diverse com-
munity of gastrointestinal bacteria contributes in various ways, including not only
aiding digestion but also enhancing optimal brain development and contributing to
various metabolic functions.

In this chapter, the interaction between microbiota diversity and diseases such
as depression, anxiety, and stress-related disorders are briefly explained through
peer-reviewed studies. Several strategies are utilized to study the effect of the gut
microbiota diversity on the brain, including probiotic and antibiotic treatments, fecal
transplantation, and inflammation studies. This study aims to examine and analyze
the foundations of such previous studies and compile the promising treatment
strategies for various psychological disorders affected by gut microbiota diversity. The
research results represent a further step toward developing causal or direct relation-
ship between gut microbiota diversity and such disorders instead of indirect or cor-
relational relationships, as well as propose relevant studies as a strategy for treatment.

1.1 The connection between diversity of gut microbiota and mental health

There are several routes that the gut microbiota communicates with the brain. The
most common pathways include interactions with the immune system, endocrine
system, or neural network [8]. Many studies have shown that if this bidirectional
communication does not function properly, it may cause significant psychopathologi-
cal consequences [9]. Thus, preserving the homeostatic way of functioning of the
gut-brain axis is a prerequisite for maintaining the psychological health of the host.

Phylogenetic diversity correlates with extraversion in younger children [10], and
in adults, the presence of high levels of Gammaproteobacteria is associated with high
neuroticism, and Proteobacteria with low conscientiousness. Furthermore, butyrate-
producing bacteria, such as Lachnospiraceae, are correlated with high conscien-
tiousness. The formation of the gut microbiome occurs to a great extent during the
first three years of life, which continues to evolve in the later years, increasing the
compositional diversity [11]. The human intestines have generally been accepted as
completely sterile at birth; however, this theory has recently become controversial
with recent evidence against it, which claims that colonization in the gut starts before
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birth [12]. Either way, the baby is exposed to mother’s microbiota during vaginal pas-
sage, and after birth, the baby is exposed to the bacteria in breast milk of the mother,
which also contains specific nutrients for healthy microbial colonization [13].
Previous studies have also reported that a combination of fructo-oligosaccharides
(FOS) and galacto-oligosaccharides (GOS), in ratios similar to the human breast
milk’s oligosaccharide composition, could trigger the increase of bifidobacteria in
intestines. Thus, influencing a variety of species in the gut microbiota, mimicking the
short-chain fatty acid (SCFA) production levels of breastfed infants. SCFA has direct
influence over serotonin release in enterochromaffin cells that are located in gastroin-
testinal tract [14].

In the early postnatal weeks, this colonization has a key role in brain develop-
ment. According to recent rodent studies, prebiotic supplementation with GOS and
FOS may increase the expression of neuromodulators and neurotransmitters in the
hippocampus, a key part of the brain involved in memory and learning [15]. The
microbiota of formula-fed infants’ have been noted to be more diverse than breastfed
infants, showing higher levels of Bacteroides, Enterobacteriaceae, and Clostridium
[16-18], whereas infants that were breastfed showed higher levels of Bifidobacterium
and Lactobacillus [19, 20].

Figure 1 shows an overview of the microbiota diversity varies with many factors
such as age, region, dietary habits, sanitary practices, and lifestyle. Studies, includ-
ing both industrialized and non-industrialized populations, are rapidly becoming
key instruments in determining the level of diversity in human microbiota [21]. The
microbiota of urbanized populations is higher in bacteria that metabolize animal fat
and protein and lower in ones that metabolize fiber [22]. Several studies have shown
that a loss of diversity in industrialized populations has become a common condition
that has a serious impact on public health. Through these studies, it has been conclu-
sively shown that in industrialized countries there was a decrease in the local diversity
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of gut microbiome compared to non-industrialized countries [21]. Another variable
that affects diversity and composition of gut microbiota was revealed to be neonatal
stress, which leads to long-term changes. This was observed through a study that
included maternal separation. Furthermore, this can contribute to long-term changes
in stress reactivity and stress-related behavior recognized in rodents [23]. Hosts with
healthy microbiomes are more resistant to stress-related disorders and they cope with
stress better than hosts with abnormal microbiota.

Microbiota that resides within the gut communicate with the brain through
several paths, and much of the increasing bodies of research have been descrip-
tive about the relationship of the gut-brain axis, which is the biochemical pathway
through which the gastrointestinal tract communicates with the central nervous
system. Through this axis, the gut communicates with the brain and has been shown
to influence mood changes [23]. Bidirectional interaction between gut microbiota
and components of the gut-brain axis affects normal homeostasis and can contrib-
ute to risk of disease through changes in gastrointestinal (GI), autonomic nervous
system (ANS), central nervous system (CNS), and immune systems in Figure 2. In
order to form a complicated reflex network, these components interact with affer-
ent fibers that project efferent projections to the smooth muscle and integrative
CNS structures. Through this communications network, brain signals can affect the
sensory, motor, and secretory modalities of the gut and in return, brain function can
be influenced by visceral messages from the gut [15]. In addition, bacteria have the
capacity to generate many neuromodulators and neurotransmitters, it is been shown
that certain Bifidobacterium and Lactobacillus species produce gamma-aminobutyric
acid (GABA); Candida, Escherichia, Streptococcus, and Enterococcus species
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Figure 2.
Factors that have an effect on the gut microbiota of an individual in their day-to-day life, and the potential
modes of interfevence and manipulation.
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Neurotransmitter Microorganism Processes involved

Serotonin Candida Mood
Streptococcus Circadian rhythm
Escherichia Anxiety
Enterococcus Appetite

GABA Lactobacillus Vision
Bifidobacterium Motor control

Regulation of anxiety

Dopamine Bacillus Reward and pleasure
Serratia Motor control

Norepinephrine Escherichia coli Stress response
Bacillus Fight or flight response
Saccharomyces

Table 1.

The neurotransmitters produced by the microorganisms in the gut micvobiota ave shown, as well as the

functions of the neurotransmitters in human systems. These chemicals are produced by the microorganisms for
communication purposes, but through a hypothesized coevolution, they communicate not only with each other but
also with the ovganism they live in.

produce 5HT; Bacillus produces dopamine (DA); Escherichia, Saccharomyces, and
Bacillus species produce norepinephrine (NE); and Lactobacillus produces acetylcho-
line [15]. This means that the microbiota and the brain speak the same language as
given in Table 1.

Serotonin is a neurotransmitter involved in regulations of mood, appetite, and
circadian rhythm in brain, however, it is found in higher concentrations in the gastro-
intestinal tract in humans, taking part in gastrointestinal secretion, pain perception,
and motility there. Serotonin is produced by the gut microbiota, and the microbiota
can also regulate the host production of serotonin, though the pathways have not been
fully understood. Currently, two pathways are suggested, a plant-like pathway and
an animal-like pathway, including the decarboxylation of tryptophan to tryptamine,
and hydroxylation to 5-hydroxytryptophan, respectively. The plant-like pathway was
found rarely in the genome of the gut microbiota; however, the animal-like pathway
was reported to be present in 20% of gut-associated genomes. Gamma-aminobutyric
acid (GABA) is a neurotransmitter, and it takes part in intracellular pH homeostasis
and energy generation, produced in bulk by gut microbiota. In genome analysis, it
was reported that GABA synthesis pathways were found widespread in gut microor-
ganisms [24].

Recent studies have demonstrated that the gut microbiota is crucial to the develop-
ment of a relevant stress response in a mammal’s lifetime. In a random assignment
study, subjects took a combination of probiotics, including Bifidobacterium longum
and Lactobacillus helveticus that has shown to be effective in prevention of caused
anxiety-like mood. The combination of these two probiotics was shown to be cor-
related with decreased anxiety [9]. The subjects also self-evaluated their mood and
the probiotic treatment subjects showed substantially less psychological stress than
other subjects [23]. One major study reported that mice raised in sterile environments
and as a consequence lacking indigenous bacteria, showed exaggerated physiologi-
cal reactions, as depicted with an exaggerated adrenocorticotrophic (ACTH) and
corticosterone (CORT) response, to stress compared to healthy controls. Through
probiotic-induced bacterial recolonization, the abnormal or unusual reactions were
reversible. This finding indicated the causal involvement of the microbiome in the

135



Genetic Diversity - Recent Advances and Applications

development of the hypothalamic-pituitary-adrenal (HPA) axis. Stress induces
physiological alterations in living beings, and while it is known that stress has many
harmful effects on humans, recent studies show that it also contributes to gut micro-
biota differences. Several studies on mammalians found that postnatal stress when
the babies and mothers were separated led to decrease in levels of Bifidobacterium
and Lactobacillus in both rhesus monkeys and rats [25, 26]. Microbiota community
has an immense effect on social behavior as well. In studies conducted with germ-free
mice, they exhibit more social avoidance [27-29], and social anxiety toward unfamil-
iar subjects and novel environments [30].

Autism spectrum disorders are correlated with GI tract problems, and studies
have shown a correlation with increased gut permeability [31, 32]. When gut perme-
ability is increased, termed leaky gut phenotype, the molecules produced by gut
microbiota end up in extraintestinal tissues, and the derivatives of such products
affect many physiological traits. Leaky gut phenotype is linked to abnormal intestinal
cytokine profiles, leading to altered immune responses, and also gut microbiota takes
part in development, maintenance, and repair of intestinal tissues [33]. A study by
Hsiao and colleagues in 2013 has shown that B. fragilis treatment of model hosts has
resulted in improvement in permeability of intestines as well as cytokine expression
within the intestines [34]. In the same study, they observed that the model host for
ASD (maternal immune-activated mice) had 8% alterations in blood serum, and the
treatment with B. fragilis caused 34% change of metabolomes in the MIA mice serum.
The improved permeability of the intestines restored the level of 4-ethylphenylsulfate
(4EPS), in MIA mice they found almost undetectable levels of 4EPS, and the B. fragilis
treated MIA mice serum had 46-fold increase. Interestingly, they reported that the
administration of 4EPS to wild-type mice induced anxiety-like behavior [34].

1.2 Strategies for modifying the microbiota diversity to improve health: Current
practice

1.2.1 Diet

Under normal physiological conditions, dietary control remains the most effec-
tive way of altering and controlling the gut microbiota. Dietary fibers, sugars, and
other nutrition support various forms of bacteria in the gut, therefore, leading to an
increase in their population, which means the types of food ingested contribute to the
diversity in the gut.

It is the responsibility of psychiatrists to consider dietary habits of their patients
and offer appropriate advice in that aspect as part of the therapy the patients are sub-
jected to. There is a high rate of correlation between poor dietary habits and mental
disorders, and gut microbiota dysbiosis is a substantial part of that. An experimental
study on social behavior of mice offspring related to maternal diet shows that mater-
nal high-fat diet affects offspring’s social behavior negatively, which is retreated by
addition of Lactobacillus reuteri to mice offspring’s diet [29]. The mechanism of diet
gives rise to neurological changes, including high level of myelination in brain cortex
of germ-free mice, these changes could be turned to tide by reorganization of micro-
biota [35]. Gut microbiota also affects dietary behavior, it is likely that humans crave
certain and prefered tastes of the foods that are required for the sustenance of the
microbiota [36].

Short-chain fatty acids (SCFA) are products of the gut microbiota during the
processing of polysaccharides that humans by themselves are not able to digest.
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SCFAs, namely, acetate, propionate, and butyrate have functions that contribute to
host health through their anti-inflammatory, anti-carcinogenic, and immune regula-
tory activities [37]. A study in 2015 found strong correlation between vegetable-
based diets and higher levels of fecal SCFAs [38]. Vegetable-rich diets were found to
increase levels of Prevotella, while protein/fat-rich diets contribute to Bacteroides
and Clostridia. To conclude, fruit, vegetable, and legume-based diets correlate
with an increase in the production rate of SCFAs. Recently, a study carried out by
Simpson et al. revealed a decrease in bacterial species, including Faecalibacterium,
Coprococcus, Clostridium XIVa, and Megamonas in depression groups by comparison
to controls. The mentioned bacterial species are crucial to secrete SCFAs, including
butyrate, acetate, and propionate, respectively. Therefore, dysregulated immune
responses could have resulted from a reduction of SCFAs-secreting bacterial species
and their metabolites [39].

In addition to broad dietary habits, polyunsaturated fatty acids are hot topics
in terms of increased interest among others; as a result of laboratory animal stud-
ies, microbial composition is being changed by polyunsaturated fatty acids and the
hypothalamic-pituitary—adrenal axis (HPA) activity through cognition and wetting
as well as increased attachment of probiotic bacteria to the gastrointestinal tract [40].
Additionally, the level of docosahexaenoic acid, eicosapentaenoic acid, and total
omega-3 polyunsaturated fatty acids in humans with major depression is lower com-
pared to controls [41], and omega-3 fatty acids affect depression positively compared
to placebo [42].

1.2.2 Probiotics, prebiotics, and psychobiotics

Probiotics are the supplements that contain viable microorganisms that provide
health benefits when ingested. Probiotics are commercially available in various forms
such as sprays, capsules, tablets, liquids, sprays, and fermented foods [43].

Various studies have been performed to determine probiotics’ influence on health,
mood, and mental disorders such as anxiety and depression. According to a study,
adult rats’ response to separation in infancy period from their mother is reported to
decrease in depressive symptoms following treatment with B. infantis [23], which sug-
gests strongly that probiotics containing B. infantis may help restore health conditions
and depression [9]. In a related study, effect of probiotics against major depression
has been shown that the major depression is reduced by consumption of a probiotic
mix according to Beck Depression Inventory [44].

Faecalibacterium and Coprococcus species have been correlated with higher
quality of life scores. These two strains are associated with the production of butyr-
ate, which is a short-chain fatty acid that takes part in first lines of defense of the
epithelia and has been correlated with intestinal inflammation, and several studies
have reported that these species are lacking in patients suffering from irritable bowel
syndrome and depression [45, 46].

In patients with major depression disorder, Flavonifractor strains were reported to
be found in higher levels, whereas Coprococcus and Dialister species were reported
to be lacking. There are conflicting reports from studies regarding the microbiota
species correlations with major depression disorder, which may be due to treatment
via antidepressants. Coprococcus and Dialister have been observed to replicate
over several studies without treatment, across boundaries of other control factors
such as age and diet, which makes them potential psychobiotic target microorgan-
isms. Enterotypes also have been found to vary, Bacteroides enterotype 2 has been
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correlated with lower QoL, as well as being observed to be increased in patients with
Crohn’s disease and patients who were diagnosed with depression disorders [47].

In order to utilize probiotics, they need to be prepared specifically and on a large
scale, while also maintaining their viability and stability under storage, then survive
in host’s gastrointestinal ecosystem and bring the host some benefit while residing
within [48]. Through this harsh process, there are also certain factors that decrease
the survival chance of probiotic microorganisms in the colon and the probability of
becoming active in the ecological site of colonization. One challenge is the already
established several hundred other bacterial species in the gut flora and competing for
nutrients. Another challenge is that for continued benefits, the probiotics have to be
consumed continuously, according to the research conducted by Bouhnik et al., when
the consumption of the probiotic-containing product is ceased, the added bacteria are
no longer harbored in the colon [49].

Prebiotics are edibles that when ingested stimulate growth or activity of specific
bacteria within the colon, therefore, providing the host with beneficial effects
through the alteration of the microbiota [50]. It has been shown that consumption
of mixtures that combine both prebiotics and probiotics, named synbiotics, prove
advantageous over either one alone. Gut microbiota community could be modulated
by dietary supplementation with microalgae as prebiotics. Usage of prebiotic com-
pounds such as microalgae Ulva lactuca, Laminaria japonica, Ascophyllum nodosum,
Fucus vesiculosus, and Spirulina spp., can sustain gut microbiota homeostasis and get
the development of brain disorders under control. Microalgae is a major supplier of
micro- and macronutrients, including B vitamins, minerals, amino acids, etc., and
phytochemical compounds associated with mental health. When dietary microalgae
are taken, they first come across the microbiota localized in the gastrointestinal tract.
Microalgae-microbiota symbiotic can give rise to the production of small bioactive
molecules, which have potential effect on intestinal homeostatis and host brain health
by growth-booster (prebiotic) effects of critical bacterial genera with the help of
releasing neurotransmitters, such as GABA and serotonin. Neuronal functions could
be modulated by small bioactive molecules and their derivatives [51].

The term psychobiotics were first described as probiotics that, when ingested in
proper amounts, provide positive psychiatric effects in psychopathology. The term
“psychobiotics” is generalized and refers to all probiotics, prebiotics, and synbiot-
ics that take role in improving mental health. This strategy provides more efficient,
cheap with less side effects than the previous artificial medicines. Thus, using intes-
tinal bacteria as therapeutics becomes an attractive alternative to traditional drugs.
However, still, not enough is known about the microbial community in human guts
for these to be considered a reliable treatment option.

1.2.3 Improving microbiota diversity by fecal transplantation

Fecal transplantation is the transfer of fecal matter containing live bacteria from a
healthy host to a receiving patient. It is currently used on patients that have gastroin-
testinal disorders. The gut microbiota composition is unique to each individual. It is
known to fluctuate from time to time even within the same individual depending on
their age, dietary habits, environmental conditions, and more [52].

A study by Sherwin et al. showed the relevance of fecal transplantation in mental
health by transplanting fecal matter from 34 depressed patients and 33 healthy
controls into rats that were made germ-free by antibiotics, and the rats that received
from depressed patients showed less interest in their surroundings and showed
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increased anxiety-like behavior. This study, and others, show that mental disorders
can be transplanted via FMT [53]. In another study published by Kurokawa and
colleagues, 17 patients who were treated for gastrointestinal disorders by fecal
transplantation were followed after the treatment, and the results indicated that the
patients improved not only on GI aspects but also their scores on depression, anxiety,
and sleep were improved [54]. Figures 3 and 4 displays human patients with gas-
trointestinal issues that were treated by FMT from healthy donors followed after the
treatment, and aside from GI improvements, their scores on depression, anxiety, and
sleep also improved.

Although microbiota diversity remains a controversial topic, studies about
microbiota bacterial taxa were a hint in clinical groups by comparison to controls.
In patients with major depression disorder (MDD)/depressive disorders, there was
a lower amount of Bacteroidetes, Prevotellaceae, Faecalibacterium, Coprococcus,
and Sutterella, along with a higher amount of Actinobacteria and Eggerthella,
compared to controls. In another study, it was revealed that patients with general-
ized anxiety disorder (GAD) had a lower amount of Firmicutes, Ruminococcaceae,
Subdoligranulum, and Dialister, and a higher amount of Enterobacterales,
Enterobacteriaceae, and Escherichia/Shigella. However, there were a good number of
studies that reported little difference in microbiota diversity. As the authors suggest
themselves, this difference could be related to control groups’ mental health statuses,
ages, or diets, none of which were controlled for [55]. Either way, before fecal trans-
plantations, whether for GI conditions or mentali the donors should additionally be
screened for mental health backgrounds as well.

1.2.4 Antibiotics

Antibiotics are among the top-selling drug classes, in fact so widely used that
according to a study by World Health Organization in 2018, Europe had a median
defined daily dose of 17.9 per 1000 habitants, accounting for tens of millions of
prescriptions per day, many used on newborn children. Many studies have targeted

Germ free mice

* Anxiety
* Social avoidance
* Higher stress response

Figure 3.

When germ-free mice receive gut microbiota from depressed patients through fecal matter transplantation, they
showed increased levels of anxiety-like behavior, social avoidance, and performed worse under stress compared to
controls that received gut microbiota from healthy donors.
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Figure 4.
Human patients with gastrointestinal issues that were treated by FMT from healthy donors were followed after the
treatment, and aside from GI improvements, their scoves on depression, anxiety, and sleep also improved.

the dysbiosis caused by the usage of antibiotics on gut microbiota, and the common
outcomes include a decrease in taxonomic and functional diversity, reduced competi-
tive colonization resistance against pathogenic bacteria, and promotion of horizontal
transfer of resistance genes among bacteria, leading to spread of antibiotic resistance
[56]. The mechanisms of horizontal gene transfer could affect psychological steps

by involving in production of neuroactive molecules and their metabolites and
subsequently interacting with the host immune system. The effect of genetic fac-
tors on human psychology is probably related to microbial genes. Furthermore, this
microbial genetic information is relevant for identifying targets for clinical interven-
tion, given that the microbial gene pool is more readily modifiable than the human
component. Considering that the human microbiota is a complex community built
on relations among many species, it is not surprising that the effects of antibiotics,
especially broad-spectrum antibiotics, are not yet well understood. The responses

to antibiotic treatments are highly individualized, with some patients recovering
from such treatments and their gut microbiota returning to their original state after
a few weeks, and for some patients, there are long-lasting consequences. Pathogen
infections, such as Campylobacter jejuni and Citrobacter amalonaticus, have negative
impacts on anxiety-like and depression-like behavior, which could be targeted for
antibiotic treatments [34].
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Broad-spectrum antibiotic treatments result in antibiotic resistance sprouting in
many bacterial strains and remain one of the most threatening problems in the future.
Thus, the shift in public interest toward more bio-friendly methods is not surprising,
and it is a significant and necessary step in order to avoid completely or at least limit
the collateral damage to the microbiota caused by antibiotics. Antibiotics are reported
to decrease the production of short-chain fatty acids in the gut [57], and these
short-chain fatty acids are recognized to directly affect the serotonin release of some
neuroendocrine cells in the GI tract [14]. Overall, antibiotics have detrimental effects
on human health and environment, and they should be the last resort.

Gut microbiota community has effects on various mental processes as shown,
and a study in 2014 by Chaidez et al., found more strains of Clostridium in fecal flora
of children with autism than in controls [58], and when administered vancomycin,
which is an antibiotic effective on Clostridium species, the children showed signifi-
cant improvement. Before the children exhibited symptoms of autism, they went
through antimicrobial treatment, and Clostridium species are known to be persistent
when treated with antibiotics, indicating a correlation between late-onset autism
and gut microbiota, which also aligns with the data that gastrointestinal symptoms
are common among children with autism spectrum disorders, as high as 70% of the
patients are estimated to show such symptoms [58-60] and there is a correlation
with symptom severity as well [61]. Similarly, a study investigated the effects of oral
bacterial treatment on maternal immune-activated (MIA) mice. MIA mice are models
that are based on the large-scale reports that associate increased risk of autism with
maternal infection [62, 63]. The MIA offspring display dysbiosis of microbiota as
alterations in Lachnospiraceae and Ruminococcaceae of Clostridiales family, similar
to the alterations in ASD patients such as increased species of Clostridium, as well as
the behavioral and neuropathological features of ASD [34]. The MIA mice that were
orally treated with B. fragilis and Bacteroides thetaiotaomicron showed improvement in
communicative, repetitive, and anxiety-like behavior [34].

1.3 Strategies for modifying the microbiota diversity to improve health: Future
recommendations

Considering the hundreds of different species that coexist in human gut as part of
a community, interacting with each other and the host, it is reasonably hard to grasp
the intricacies of the mechanism fully. As the uncertainty over whether the diversity
of gut microbiota is beneficial remains, and antibiotics seem to be a dead end in the
search for a sustainable resolution, other methods for removal of harmful pathogens
become needed. In this complex ecosystem, interspecies communication and coop-
eration should be underlined and can be examined as a way of neutralization.

Quorum sensing is the mechanism through which bacteria communicate with the
help of chemical signals, which in turn affect their mobility and other cellular func-
tions associated with the differentiation between planktonic and biofilm-associated
states. In biofilm state, bacteria attach themselves to a surface and secrete extracel-
lular polymers, which provide structure for the community while also providing
protection. This state is essential for survival of the bacterial community within an
organism and through which gut microbiota survives in a highly dynamic area that is
the intestine. Chemical signals called auto-inducers are used to communicate in-spe-
cies and their concentration reports the size of the population. Bacteria have specific
receptors for species-specific autoinducers, but also receptors for the other signals
sent out by other bacteria [64]. Quorum quenching is the process through which
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quorum sensing is inhibited through chemicals that interfere with the autoinducers,
and this method could offer a new method to remove or inhibit harmful bacteria
without disrupting the whole microbiome.

As a currently widely considered alternative to antibiotics, bacteriophages are
viruses that selectively infect and destroy specific bacterial strains. Phage therapy
is referred to eliminating pathogenic bacteria via adding phages in gut microbiota
where beneficial bacteria are located as probiotics. In this way, microbiota manipu-
lation has an increasing popularity day by day, and microbiota reorganization are
occurred by transplantation of virome. If microbiota manipulation takes place
technologically with the help of phages, bacterial answers will be analyzed evo-
lutionary. Based on this answer, the characteristics of bacteria will be definitively
hit for their virulence or pathogenicity. Otherwise, investigation of the dynamic
interactions between such communities (phage-bacterium) will be needed to
understand in terms of phage responses to human immune system and biotic/abiotic
factors, which affect phage therapy efficiency and coevolution. In conclusion, the
current lack of understanding regarding the safety of phage application constitutes
a problem, because the elimination of a community could disrupt or break the
balance of the whole ecosystem, causing immense detrimental effects [65]. In order
to secure their position in the future of psychotherapy, the bacteriophages deserve
more investigation and research.

2. Conclusion

The increasing understanding regarding gut microbiota diversity, and its effect as
the forgotten organ on human well-being offer a solution to the increasing levels of
psychological disorders in modernized societies. While there is no consensus on the
advantages of a diverse gut microbiota, the research, initially investigating correla-
tion, is now pointing toward causation with the recent studies that were published.
There have been several studies on rodents that reported increased stress response
in germ-free rats, and behavior associated with depression has been observed in rats
that received fecal microbiota from patients with depression. A first-of-its-kind study
monitored the physiological as well as mental states of patients after fecal transplan-
tation, and patients recovered both physiological and mental states, in aspects such as
less self-reported stress and better sleep.

Probiotics, prebiotics, and synbiotics are good options, with highest efficiency
when implemented together; however, retain hardships such as storage and regular
consumption. Fecal microbiota transplantation is a functional method that is used
to treat GI diseases, and it offers promising therapeutic benefits. Bacteriophages
and quorum quenching as therapy on humans require more research relating to the
dynamic ecosystem of human GI tract; however, they also stay relevant and promis-
ing in the manipulation of gut microbiome for mental benefits. As a strategy, first
option is dietary regulation, and while difficult to implement, it is the most efficient
step to altering gut microbiota. Putting aforementioned strategy into practice,
psychiatrists could implement dietary advice along with other therapy to increase
chances of their patient’s recovery and prevent relapses. While there is still a long
way to go in understanding the detailed mechanisms of gut microbiota and its effects
on mental health, the gut microbiota offers a strong potential target in the future of
mental health treatments.
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