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Preface

Population genetics is a prominent area in biology, as it is a basis for the comprehen-
sion of the evolution of living beings. There are several applications of population
genetics ranging from the analysis of gene frequencies of a population to the genetic
improvement of plants and animals.

This book provides a comprehensive review of population genetics over four sections.

Section 1, “Population Genetics and Main Driving Forces of Evolution”, includes
chapters on natural selection, derivation, and selection flow.

Section 2, “Population Genetics and Conservation”, includes a chapter on phylogeog-
raphy, biodiversity, molecular markers, and conservation.

Section 3, “Genetic Diversity and Animal Breeding” includes a chapter on the genetic
diversity and evolution of Yunnan chicken breeds in China.

Section 4, “Genetic Diversity and Population Structure of Plant Crops”, includes a
chapter on morpho-nutraceutical diversity of jute and related fiber crops such as
vegetables.

Rafael Trindade Maia

Semi-Arid Sustainable Development Center,
Federal University of Campina Grande,
Sumé, Brazil

Magnolia Campos de Aratjo
Federal University of Campina Grande,
Sumé, Brazil
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Chapter1

Introductory Chapter: Population
Genetics

Rafael Trindade Maia and Magndlia Campos de Araijo

1. Introduction

Population genetics is a science that studies the genetic composition and
distribution, as well as its effects, through mathematical formulas and indicators
for measuring genetic diversity. It aims to evaluate allele, phenotypic and genotypic
frequencies in populations of living beings; allowing to understand the origin and
dynamics of genetic variation, making it possible to make predictions about the
influences of one or more evolutionary processes on these compositions over gen-
erations. In this context, population genetics seeks to find an evolutionary meaning
to explain genetic variation in living beings and better understand the evolutionary
mechanisms that act on it.

Understanding the genetic diversity of populations has several uses, such as moni-
toring pathogens and vectors, conservation studies and species management, genetic
improvement of plants and animals, genetic counselling, monitoring of hereditary
diseases, etc. The mechanisms associated with changes in allelic and genotypic
frequencies are 1) Mutation; 2) Natural selection; 3) Migration (with gene flow);

4) Genetic drift [1].

2. Mutation

Mutations are the primary sources of genetic variation, responsible for avoiding
genetic homogeneity between populations, as they result in new alleles. By defini-
tion, mutations are changes in the DNA sequence, which may result from spontane-
ous errors in DNA replication during cell division or due to external factors such as
exposure to mutagenic chemicals, radiation and viral infections [2].

3. Natural selection

Natural selection, initially proposed by Darwin, advocated that those with charac-
teristics that increased the chance of survival or reproduction of individuals tended to
settle in populations. In this context, it can be said that natural selection works favour-
ing the advantageous alleles, genotypes and phenotypes and eliminating the unfavour-
able ones. There are two types of natural selection: positive or Darwinian selection,
which acts on an adaptive mutation by increasing its frequency in the population; and
negative or purifying selection, which acts in the opposite direction, reducing the
frequency or even eliminating deleterious mutations from populations [3].
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4. Migration (with gene flow)

The migration of individuals between different populations with consequent repro-
ductive success results in gene flow, which is the transfer of alleles between populations.
The outcome of these gene transfers depends on the difference between allelic frequen-
cies in populations and the number and proportion of migrant individuals. It is a crucial
evolutionary mechanism for conservation geneticists since gene flow is essential to
minimise the effects of inbreeding and genetic drift on natural populations [4].

5. Genetic drift

Of all the evolutionary mechanisms, genetic drift is the one that most randomly
alters the gene and allelic frequencies of populations. As it is a completely stochastic
process, it is impossible, at first, to predict the allelic frequencies in the face of a drift
event. This mechanism is associated with the loss of genetic variation in populations,
which may make them more vulnerable in subsequent generations. Genetic drift isa
consequence of a drastic alteration of natural and casual order, such as earthquakes,
tsunamis, tornadoes, floods, fires, avalanches and other processes, affecting a large
population contingent [5].

6. Hardy—-Weinberg equilibrium

The Hardy-Weinberg equilibrium is one of the fundamental principles of
population genetics. Assuming that a population is panmictic and mated at random
and that there is no interference from evolutionary mechanisms (Mutation, Natural
Selection, Migration and Drift), allelic and genotypic frequencies remain the same
across generations. The Hardy—Weinberg theorem can be applied mathematically
to a pair of alleles (a gene) through Newton’s binomial, according to the following
expression in Eq. (1):

p2+2pq+q2:1 (1)

Where:

p is the frequency of the A allele.

q is the frequency of the a allele.
p2isafrequency of AA homozygotes.

q* is a frequency of aa homozygotes.

2pq is the frequency of Aa heterozygotes.

When populations are not in Hardy-Weinberg equilibrium, it means that evolu-
tionary forces are acting and changing their allele and genotypic frequencies [6].

Analysing population genetics, through scientific investigations, is one of the best
ways to understand the evolutionary history of living beings, with diverse applica-
tions in various sectors (health, agriculture, genetic improvement, biotechnology,
etc.). In this sense, population genetics is an integrative and challenging science, with
great discoveries and challenges to be achieved and a great and promising future in
the post-genomic era.
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Perspective Chapter: Molecular
Approach for the Study of Genetic
Diversity and Conservation
Prioritization of Fish Population

Shahnawaz Ali and Chinnathangam Siva

Abstract

Fishes are the most abundant vertebrates in the animal kingdom. They play
important biological and ecological roles. Various anthropogenic and climatic factors
have led to the decline of natural population and increased the risk of extinction.
CBD emphasized the conservation of biodiversity at all levels from genes to ecosys-
tems. However, little attention paid to genetic considerations in restoration efforts.
Estimation of genetic diversity and population structure is inevitable for effective
implementation of conservation management program. Available DNA markers like
mitochondrial and microsatellite markers provide useful insight into understanding
the genetic diversity status of fish population in the wild. The present chapter high-
lights the importance of genetic diversity and its determinants. Utility of mitochon-
drial and microsatellite markers shown through a case study of a threatened cyprinid
species Neolissochilus hexagonolepis known as chocolate mahseer that is widely
distributed in the North-eastern part of India. Presence of low genetic diversity
confirmed its threatened status and further analysis based on various genetic param-
eters revealed the status of different stocks as well as the population structure of
this species. The results obtained could be helpful in rehabilitation and conservation
planning and prioritization for the maintenance of a viable population of this species.

Keywords: biodiversity, conservation, population genetics, molecular markers,

phylogeography

1. Introduction

Fishes are cold-blooded aquatic vertebrates, and over half of the living verte-
brates are fishes. The estimated total number of fishes is more than 35,934 species,
and it is higher than the combined total of other vertebrates [1]. Among all known
fish species, more than 15,000 are found in freshwater, which is less than 0.3% of
available global water, while more than 16,000 species are marine, which is 70% of
the earth’s surface [2]. The incredible diversity of fishes is astounding that is evident
from their morphology, the habitat they occupy, their physiological adaptation, and
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behavior [3]. They have a long evolutionary history of origin and diversification
that began in the Cambrian Period at least 520 million years ago [4]. They occupy all
types of the aquatic environment, and to survive and colonize in different habitats,
fishes have developed various types of anatomical, physiological, behavioral, and
ecological adaptation and plays different types of biological and ecological roles
[5]. Fishes are also critically important for the food security and nutrition of ever-
increasing human population, and more than 4.5 billion people get at least 15% of
their average per capita intake of animal protein from fish. They have unique nutri-
tional properties and are one of the efficient feed converters into high quality food
therefore, widely exploited from natural water bodies as well as produced through
aquaculture production systems [6].

However, due to various anthropogenic and climatic factors, fish stocks both in
marine as well as freshwater are continuously declining and are under severe threats.
The unfulfilled demand for resources has resulted in cumulative pressure on the
marine ecosystem from a range of human activities. As a result, both marine species
and habitat are experiencing detrimental impacts due to different human interference
[7-8]. It is estimated that humans have impacted almost 90% of the global ocean sur-
face [9], and marine fish abundances have declined by 38% in last three decades [10].
Loss of coral habitats, overfishing, dredging activities, and damage caused by bottom
trawling all have led to the significant decline of marine fish stocks, its recruitment,
and yields, and even after continuous efforts recovery has not yet been achieved [11].

On the other side, freshwater ecosystem has been assessed as the most impacted
and endangered ecosystem on the planet [12]. The decline in biodiversity is much
greater in freshwater than in terrestrial and marine ecosystems [13, 14]. The major
threats to global freshwater biodiversity include overexploitation; water pollution;
flow modification; destruction or degradation of habitat; invasion by exotic species;
infectious diseases, and the combined and interacting influences of these threats
have resulted in population declines and range reduction of freshwater biodiversity
worldwide [12, 15, 16]. Therefore, direct and indirect anthropogenic impacts have
resulted in global decline of biodiversity [7, 17].

In addition, global climate change also poses many threats to biodiversity and
alters the physical, chemical, and biological characteristics of freshwater and marine
biodiversity and habitats [18, 19]. According to recent estimates, around 50% of
global freshwater fish species are potentially threatened due to climate change [20].
The effects of climate change have been recorded and predicted in terms of changes
in species phenology, range, and physiology [21], thus accelerating the risk of extinc-
tion [22-24]. It is increasingly recognized that the scales of different anthropogenic
impacts are greater than natural drivers for the earth system and hence coined the
name of a new geological epoch, the “Anthropocene” where human-induced changes
dominate over natural cycles [25, 26]. The loss of global biodiversity is now compa-
rable to previous global-scale mass extinction events, and we are now witnessing the
“sixth mass extinction” event [27, 28]. It is further shown that the sixth mass extinc-
tion is more severe than perceived in terms of species extinction [29].

In its assessment, the Convention on Biological Diversity (CBD) has emphasized
the conservation of biodiversity at all levels from genes, population, species, and
ecosystems [30, 31]. As discussed above, the threat to freshwater biodiversity is far
greater than other ecosystems, and the fish species are becoming either vulnerable or
endangered, and their numbers are continuously increasing every year (Figure1),
and around 37% of freshwater fishes are threatened with the risk of extinction [20].
The loss of habitat and invasion of non-native species in major riverine systems of
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Figure 1.

Changes in numbers of species in the threatened categories (CR: Critical; EN: Endangered; VU: Vulnerable) from
2000 to 2021 (IUCN Red List version 2021-3) for the fish species on the Red List (Accessed on November 17, 2021;
https://www.iucnredlist.org/).

the world has reduced not only the species diversity but also caused similarity among
species assemblages. This has led to the “taxonomic homogenization” on a regional
and global scale [32]. The overall aim of conservation is to protect biological diversity
and the underlying processes that sustain it in the face of perturbation caused by
human activities. The strategies for conservation need prioritization that maximizes
both representation and persistence of diversity [33]. It is known that all organisms
are endowed with a genetic blueprint and thus contribute to genetic diversity, which
is the foundation of all biological diversity. Earlier works demonstrated that loss of
genetic diversity might lead to the collapse of population and even species that are
present in the wild [34, 35]. While comparing threatened and non-threatened taxa, it
was revealed that the genetic factors such as heterozygosities reduced to a consider-
able level in the threatened taxa before a species driven to the risk of extinction [36].
Although CBD agreed on the conservation of genetic diversity, little attention has
been paid to genetic considerations in restoration efforts, and it remained largely
neglected [37]. Therefore, it is necessary to document genetic diversity at the popula-
tion and species level so that a comprehensive conservation strategy can be imple-

mented for the rehabilitation and restoration of species.

2. Determinants of genetic diversity and its measurement

The vast and varied population of fishes inherit different genetic traits and thus
shows remarkable genetic diversity both at spatial and temporal scales [38, 39]. The
genetic composition defines the form and functionality of the organism. The presence
of genetic variation in the population and species contributes to the ability to respond
to environmental changes [40]. The loss of species and their distributional range are
detrimental to the genetic diversity, which the species inherited and accumulated over
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millions of years of evolutionary processes. Thus documenting the genetic variation in
populations is important to understand the forces that change their genetic composi-
tion over time, and thus their evolutionary relationship is described through the study
of population genetics [41]. It is also important to understand that each individual of a
species might have a similar phenotype but distinct genetic makeup. These differences
arise due to the difference in their nucleotide sequences (e.g. DNA sequences) which
is called “polymorphism.” Genetic diversity provides the raw material for the survival,
evolution, and natural selection of the organism [42]. One of the important phenom-
enons, which contribute towards the genetic variation among individuals at species
or population level, is “mutation.” In other words, it is a base pair substitution in the
DNA sequences (either coding or non-coding region) during the replication, and this
is an essential requirement for the evolution [41]. Mutation in non-coding sequences
evolves faster than coding sequences since it does not directly affect the gene func-
tions. Thus these genetic variants or “alleles” appear or added at each generation
due to random mutation or may disappear due to loss of alleles under the influence
of “genetic drift” (i.e., a random change in gene frequencies). The other important
evolutionary force responsible for high genetic variation is the “Natural selection” that
can change gene frequencies in the population and leads toward the relative fitness in
the population. However, for natural selection to affect the allele frequency, the locus
must be in the coding region [43]. In contrast to this, “Neutral Theory of Molecular
Evolution” proposed by “Kimura” [44] argues that most allelic variations and substi-
tutions in proteins and DNA are neutral. According to this theory, gene frequencies
may change by “genetic drift” without the influence of natural selection, and in a
large panmictic population (i.e., where species show random mating within a popula-
tion), and it is inversely proportional to the effective population size [45].

The detection and measurements of genetic diversity and population structure
are essentially required for the development of the appropriate strategies for the
implementation of conservation programs [46, 47]. Furthermore, molecular phyloge-
netics and genetic diversity analysis help in ascertaining the taxonomic identity and
evolutionary relationship of the wild species. There are certain population genetic
parameters that are measured for the evaluation of genetic variability at individual
and population levels. These measures are essential for the comprehensive assess-
ment of genetic structure within and among the population. Among such important
population genetic parameters are the percentage of polymorphic loci; the number
of alleles per locus; the effective number of alleles per locus; observed and expected
heterozygosity; estimates of effective population size; and assessment of linkage
disequilibrium. Further, for estimating variations between population it is essentially
required to measure different types of variances (Fst, Gsr, Rsr), genetic distances, and
correlation between genetic distance and geographic distance [43, 48]. These popula-
tion genetic parameters provide important data to draw any plausible conclusion
about the status of the stock and its genetic structure.

3. Application of molecular technology and fisheries genetics

The advent of molecular techniques in the last seven decades has provided
significant insights into the population structure and its genetic diversity. Initially,
the technique of protein gel electrophoresis to several allozyme loci was applied to
measure the genetic variation in the species [49] and assessment of the fish genetic
stock. The use of allozyme remained a dominant method until the development of
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DNA amplification using the PCR (Polymerase Chain Reaction) technique [50].
The arrival of PCR-based techniques revolutionized the field of molecular genet-
ics and led to the emergence of fish genomics by the use of DNA-based markers
technology. A genetic or molecular marker is a gene or DNA sequence with a
known location on a chromosome and associated with a particular gene or trait.
The popular genetic markers widely used for genetic diversity assessment include
allozymes, mitochondrial DNA, RFLP, RAPD, AFLP, microsatellite, SNP, and EST
markers. Genetic markers have been applied to three areas of fisheries in particular;
stock structure analysis, aquaculture, and taxonomy/systematics [51] with varying
degrees of success [52].

Among the different available DNA markers, mitochondrial DNA (mtDNA) has
been widely and effectively used for the assessment of population structure and
phylogenetic study [53, 54]. Mitochondrial DNA (mtDNA), as the name suggests, is
contained in the mitochondria of the cell and is generally maternally inherited. The
general features of mitochondrial DNA include predominantly female inheritance,
lack of recombination, selectively neutral, high rate of evolution, relatively simple
structure, and multiple copies in the cell [55, 56]. Therefore, different mtDNA gene
sequences have proved to be a good marker for analyzing variation at interspecific
and intraspecific levels in fishes. Mitochondrial DNA marker (mtDNA) is widely
used to study the gene flow, hybrid zones, population structure, phylogenetics,
phylogeography, molecular evolution, and conservation genetics [57]. Another type
of marker, which is known as satellite DNA is increasingly used for the investigation
of genetic variability and divergence between the species [58]. Microsatellite, also
known as Simple Sequence Repeats (SSRs), has widely been utilized for studies in
population genetics, evolutionary and conservation biology of species and therefore
considered as the most significant genetic marker [59]. A microsatellite is tandem
repeated motifs of 1-6 bases found in all prokaryotic and eukaryotic genomes. They
are present in both coding and non-coding regions and are usually characterized by
a high degree of length polymorphism. Further, microsatellites featured with co-
dominant inheritance, inheritance in a mendelian fashion, wide distribution, high
stability, and repeatability signify their usage for the assessment of genetic diversity
within and between populations and provide significant genetic information [60].
Hence, species-specific microsatellite markers are extensively developed and studied
in different fish populations [61, 62].

Recently, with the advent of next-generation sequencing (NGS) platforms, the
SSR markers in the non-model organism can be developed rapidly and efficiently
compared to the conventional methods [63, 64]. The random sequencing based
approach also facilitates the genotyping of a high number of loci at moderate costs
[65]. Among the different NGS platforms available, the [llumina sequencing method
is a powerful tool for the discovery of SSRs and delivers the highest yield of error-free
data for the most sensitive or complex sequencing samples [66].

4. Conservation prioritization of fish population: a case study

The use of molecular markers based technology has immensely contributed to
different aspects of conservation genetics of species, such as resolving the taxonomic
ambiguity; designing captive and marker assisted breeding programs; detecting
diversity within and among geographical populations; estimating gene flow, and
understanding the factors contributing to fitness [67]. Therefore, management of the
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species must include information on the extent and organization of genetic diversity
in populations to suggest sustainable conservation strategies. This becomes more
relevant when we are dealing with endangered species [46]. The fundamental aim

of the conservation of species is to minimize genetic deterioration of endangered
stock and maintain a viable population to avoid the bottleneck and risk of extinc-
tion. The parameters such as genetic divergence among populations and gene flow
rate are helpful in characterizing populations, species, and subspecies in different
conservation units [68]. Here we have briefly discussed the use of mitochondrial and
microsatellite markers in conservation prioritization of a threatened cyprinid species
Neolissochilus hexagonolepis known as chocolate mahseer that is widely distributed in
the north-eastern part of India.

Mabhseer is the common name used for three carp genera, viz. Tor, Neolissochilus,
and Nagiritor (family Cyprinidae). N. hexagonolepis has been widely reported
from southeast Asia and is abundantly available in the Brahmaputra river basin of
Northeast India [69]. The species is enjoyed as food as well as sports fish and also
identified as a candidate species for aquaculture [70]. However, the natural popula-
tion is rapidly declining due to various anthropogenic reasons such as degradation of
natural habitat, hydro development projects, and angling demands of the species and
therefore categorized as threatened species by IUCN [71, 72]. For the implementa-
tion of any effective conservation program it is inevitable to obtain basic genetic
information of this species. Therefore, we used mitochondrial and microsatellite DNA
markers to study the genetic structure, population history, and genetic diversity of
geographically isolated populations of the N. hexagonolepis from Northeast India. The
information provided to identify genetically diverse stocks as well as delineation of
conservation units that can be utilized to optimize the conservation of the chocolate
mabhseer.

In the experimental setup, 200 fish samples were collected from different
geographically isolated drainages from Northeast India. First, we evaluated the
targeted genetic parameters using three mitochondrial markers, namely ATPase6/8,
cytochrome oxidase I (CO-I) and cytochrome b (Cytb). For amplification of these
mitochondrial genes, total genomic DNA from fin samples was used and ampli-
fied using standard primer pairs designed from the whole mitochondrial genome
sequence. Further, PCR products were column purified and sequenced in both
directions using an ABI 3130 Genetic Analyzer (Applied Biosystem, Carlsbad, CA)
with Big Dye Terminator cycle sequencing kit v.3.1 with the help of the same primers
used for amplification of the target genes. Robust statistical analysis was performed
using suitable computer programs to estimate the population genetic parameter,
mainly polymorphic sites (S), haplotype diversity (Hy), nucleotide diversity (p), and
haplotype number. Molecular variance (AMOVA), molecular diversity indices, and
genetic differentiation (Fst) were also calculated. Moreover, the phylogenetic rela-
tionship among individuals of different populations was constructed by implement-
ing the maximum likelihood tree method (MLM) based on the best-predicted model
[73]. Mean genetic distances between the populations for all the three genes were
also calculated. Geographical distances were simulated with haplotypes to determine
the optimal number of population groups (K = 2-8). Possible correlation between
pairwise genetic differentiation and geographical distances among nine populations
was estimated by applying the Mantel test [74].

The analysis revealed the genetic diversity status of different populations based
on their haplotype and nucleotide diversity pattern. In comparison, some popula-
tions has undergone a reduction in size or recent colonization events whereas, other
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populations showed a high level of divergence between haplotypes, indicating a
long historical evolutionary pattern [75]. Analysis of molecular variance revealed

a high level of genetic structuring among populations. Five major groups and one
paraphyletic intermediate group were obtained by phylogenetic analysis. Overall
results indicated a positive correlation between geographical distances and genetic
divergence [76]. The analysis of different genetic parameters clearly indicated that
most of the variation in genetic differentiation is present among population groups,
and genetic variations in the chocolate mahseer population might be due to specific
habitat conditions that influence population genetic structure. Further, the study
also confirmed the threatened status of the population being low in genetic diversity.
Thus, information generated by the study would be helpful for developing stock-
specific strategies for

N. hexagonolepis breeding, conservation, and management.

Further, microsatellite markers were developed, and population genetics, evo-
lutionary, and conservation biology of N. hexagonolepis were studied. Here we used
NGS technology (Illumina Miseq) to develop 25 novel SSR markers and further used
these markers for assessing the genetic diversity and population structure of this spe-
cies from Northeast India. Different population genetic parameters such as a number
of polymorphic loci, numbers of alleles per locus, observed and expected hetero-
zygosity, and pairwise genetic diversity were estimated using available computer
programs. Population structure and bottleneck were estimated as well as migration
pattern was studied using appropriate statistical methods.

In N. hexagonolepis we found tetra-nucleotides as the most frequent microsatellite
motifs that were opposed to what is observed for other cyprinids where di-nucleotide
is the most abundant [77]. All the loci were highly polymorphic and thus used for the
analysis. In certain population, observed heterozygosity was lower than expected het-
erozygosity (He) which indicated the inbreeding effect within the populations [78].
Analysis of molecular variance (AMOVA) and high Fst indicated relatively low gene
flow among the population. Migration analysis also revealed that there is no active
migration among the studied populations of N. hexagonolepis. The STRUCTURE
analysis identified five subgroups that substantiate the result of cluster analysis and
factorial correspondence analysis (FCA). Based on the estimation of different genetic
parameters through statistical analysis, we could successfully identify the genetic
status of different stocks as well as the population structure of this species [79].

The identified major groups can be considered as different conservation units when
applying any management measures. Thus both the markers were extremely useful in
genetic stock assessment of the species under study and provided critical information
regarding conservation prioritization.

5. Conclusion

Although freshwater ecosystems is under severe threat due to various anthro-
pogenic and climatic factors, little attention and effort have been paid towards its
conservation. Identification of fish stock structure and assessment of their genetic
diversity should be an important component of any conservation planning. Available
molecular tools are quite useful for the estimation of species diversity at individual
to population levels. Further, it becomes more important when we deal with species
of endangered categories. The present study clearly indicated that the use of mito-
chondrial and microsatellite markers has provided a great deal of information related
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to the fish population under study. We could develop novel microsatellite markers,
which will be further useful for stock characterization as well as any marker-assisted
breeding program in aquaculture. Apart from these, molecular techniques are com-
monly used as bio-monitoring tools for assessing the genetic diversity status of the
species that help in rehabilitation and conservation planning and prioritization for
the maintenance of a sustainable ecosystem.
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