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1. INTRODUCTION 

_______________________________________________________________________________ 

1.1 What is genetic diversity? 

 Genetic diversity is the result of evolutionary processes, the basic and fundamental 

material on which adaptation and speciation depend. High levels of variability is considered 

as healthy, conferring the ability to respond to threats such as disease, challenges from 

parasites and predators, environmental change and as reproductively fit. Conversely, low 

levels of variability are considered to limit a species' ability to respond to these threats in 

wide range. The study of genetic diversity is carried out to characterize an individual or 

whole population compared to other individuals or populations. It quantifies the magnitude of 

genetic variability available within an individual or population and is a fundamental source of 

biological diversity/ biodiversity. The fundamental unit of biodiversity in gene and it is the 

raw material for evolution and the source of the enormous variety of life on earth from plants, 

animals, populations, communities to ecosystems that we hunt for conservation, management 

and utilization for our better livelihood. Genetic variation shapes and defines individuals, 

populations, subspecies, species, genus and ultimately the whole kingdoms of life on earth. 

Genetic diversity among individuals reflects the presence of different variation of alleles 

present in the gene pool, and hence constitutes genotypic plasticity within the populations. 

Genetic diversity should be distinguished from genetic variability, which describes the 

tendency of variation of genetic traits found within populations (Laikre et al., 2009). Since at 

the advent of twentieth century, the detailed study of genetic diversity of life has became the 

major focus of the core evolutionary and conservation biology. The theoretical metrices such 

as genetic variance and heritability provided the quantitative standards necessary for the 

study of evolutionary and conservation synthesis (Fisher, 1930; Wright, 1931). Further 

research has focused on the origin of genetic diversity, its cause, its maintenance and its 

fundamental role in evolutionary process. Some elementary questions such as ―who breeds 

with whom?‖ originated the further studies on the relatedness of the individuals, as well as 

different populations. These investigations led to the development of meta-population theory, 

where a group of spatially isolated populations of the same species interact at some level and 

form with a coherent larger groups (Hanski, 1998). The discovery of spatial arrangement in 

populations was a key element in the early concepts and models of population ecology, 

conservation genetics and adaptive evolution (Wright, 1931; Andrewartha and Birch, 1954).  
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How exceptional tiers of genetic version affect the rate of evolutionary exchange 

inside populations has additionally been intensively studied. Subsequently the detection of 

genetic version has end up extra sensitive but inevitable for conservation purpose; firstly, 

through the utilization and detection of variation in enzymes (i.e., allozymes) after which 

through Polymerase Chain Reaction (PCR)-based molecular marker system, allowing direct 

assessment of DNA sequence variantion. The unique detection of genetic variation/range has 

substantially more advantageous for intricate studies of evolution; and its motive and impact. 

There is no uncertainty that genetic variation affects the fitness of individuals, and that that is 

pondered in natural selection. In this regard, the plasticity within genotypes has to vary in 

ecologically vital ways. Ecological model suggested that the genotypic variation of 

individuals reside within the natural habitat is a massive element (as an instance, in variety 

expansion of different species) for its survivability in nature. Species having various 

genotypes conferring the best stages of fitness are predicted to live on and reproduce better 

and modify the gene pool in the direction of higher adaptive allele‘s frequencies that 

ultimately results in the more successful genotypes and fitness (Ward et al., 2008). 

Fisher (1930) reported that the increased rate of survivability and reproductive fitness 

of population positively affect the genetic diversity which could enhance the growth rate of 

population, but the population is free from any directional selection and not regulated by 

other evolutionary factors. Although the genetic variation is exist in ecologically significant 

traits but relatively little is known about the range of potential ecological consequences of 

genetic diversity on population dynamics, species interactions and ecosystem processes 

(Hughes et al., 2008). This has led to the thrust in the field of molecular ecology, which 

integrates the application of sophisticated aspects of molecular population genetics, 

phylogenetics and genomics to solve all the ecological questions relating to the genetic 

diversity. Information about genetic diversity is necessary for the development of appropriate 

management strategies in conservation biology as well as in many other implimented studies. 

From an evolutionary perspective, genetic variation is believed to be vital for the 

evolutionary capacity of a species and its fitness. Researchers have meant to investigate the 

evolutionary insights of population structure into the demographic dynamics of numerous 

organisms (Milligan et al., 1994). Molecular phylogenetics and genetic diversity analysis can 

help to clarify the taxonomic uniqueness and evolutionary relationships of the natural 

organisms. These approaches can also assist to prevent miss-identification, and carefully plan 

effective germplasm management techniques. Variability and genetic diversity are important 
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factors in applied sciences because they determine the responses of a given organism to 

different environmental stress, natural selection and susceptibility to different diseases. 

 

1.2. Importance of genetic diversity    

All living organisms carry a fundamental genetic blueprint or specific genetic 

fingerprint regardless of whether they are short- or long-lived animals, plants, or fungi, and 

whether they reproduce sexually or asexually. Therefore, conservation, genetics and 

conservation genetics play a vital role for the restoration and survival of living organisms.  

Diversity can occur at three levels: genetic diversity (variation in genes and genotypes), 

species diversity (species richness) and ecosystem diversity (communities of species and their 

environment). Genetic diversity is a gene variation lies within either an individual or a 

population. Genetic variation characterized by the percentage of heterozygous alleles in 

diploid organisms (Nei, 1973).  

The genetic variability has an immense effect and has a great importance on the 

survival and reproduction of any organisms as well as populations. They can be summarized 

as follows: 

 

1.2.1 Effects on the individuals 

 The deficiency of genetic diversity within the individuals can affect their 

survivalbility and reproductive fitness. In diploid organisms expression of the homozygous 

gene may incorporate characteristics having less useful for survival or proliferation in certain 

circumstances. These may cause several physiological, biochemical or behavioral problems 

of genetic origin, like twisted physical structure, lessened biochemical functions, 

inappropriate organ development and capacity, modified social conduct, and weakness to 

various infections and so on (Chai, 1976). Homozygosity or lack of heterozygosity is an 

eventual result of inbreeding (sexual reproduction between closely related individuals) which 

leads to the possibility of two alleles of a locus being identical by descent from a common 

ancestor of both the parents or by genetic drift. Small sized populations having little dispersal 

or migration range or are constrained allopatrically from gene flow with other populations 

can be particularly susceptible to inbreeding depression, which leads to reduced rate of 

overall survivability and reproduction. Inbreeding depression evolves from a variety of 

causes, including expression of adverse or deleterious alleles, and often leads to lower 

survival and birth or reproductive rates (Meffe and Carroll 1997; Husband and Schemske 
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1996). Inbreeding has a first-rate effect on organism‘s survivability and mortality. It causes 

better mortality, decrease fecundity, decreased reproductive potentiality, decreased growth 

rate, developmental instability, and reduces adaptive potential to face up to environmental 

strain and decrease competitive capacity (Allendorf and Leary, 1986; Falconer, 1989; Ledig, 

1986 and Wright, 1977). However, heterozygosity is not always tremendous, nor does 

inbreeding always have negative outcomes. In some occasions, a population can be so well 

tailored to its nearby conditions that introducing alleles from different populations truly 

reduces its performance (outbreeding depression) (Templeton, 1991).  

 

1.2.2 Effects on the population    

 Genetic variability/ variety affect any population in numerous ways. The growth rate 

of any population is diminished because of decreased fecundity and survival of the inbreed 

individuals, which in turn will increase the hazard of extinction of the population concern due 

to stochastic phenomena in near future (Goodman, 1987). Lower capability for population 

growth also reduces the potentiality of a population to recover from demographic catastrophe 

because of several environmental stress and genetic bottlenecks, which causes similarly 

inbreeding depression inside the population (Schmitt and Ehrhardt, 1990; Miller, 1994; 

Keller et al., 1994).  Regardless of the truth that reduces variation has little effect on a 

population‘s fitness in its present surroundings or if the reduction in the population  growth is 

not good enough, a decline in variability will decrease the capability of the population to 

evolve with the evolving environment. Fisher (1930) said that the heritability of a genetic 

trait is immediately proportional to the evolutionary response to natural selection, which is in 

turn proportional to the expected heterozygosity of that particular trait (Falconer, 1989). 

James (1971), has suggested that populations having genetic polymorphism in several alleles 

or having multiple alleles for a specific trait showed amazing evolutionary adaptability and 

advantageous positive natural selection. Thus population with lower heritability, reduced 

heterozygosity, and fewer polymorphic loci will adapt very slowly and have lower 

adaptatibility than the population which is more diverse and having greater genetic diversity. 

Therefore surprising fluctuation in genetic variability in small populations can reduce the rate 

of adaptability accurately to cause small populations to head extinct inside the face of 

environmental alteration to which huge populations would be able to adapt (Burger and 

Lynch, 1995). Therefore, every population should have an effective viable population size to 

withstand genetic erosion due to genetic drift/ genetic bottlenecks to preserve long term 

survival and reproductive potentiality. Mutation can basically affect the small populations by 
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bringing on inbreeding depression, by maintaining adaptive genetic variation in quantitative 

characters, and through the disintegration of fitness by using accumulation of mildly 

unfavorable mutations. Russell Lande (1995) has suggested that highly harmful mutations 

have low effect to increase the genetic variation because overall mutation rate in populations 

is much higher than the incorporation of new genetic variation. Therefore thinking about the 

mutations aren't damaging, the effective population size will need to be so as of 5000 to 

ensure long time viability of the population (Lande, 1995). Random genetic drift is the 

principal driving force that influences to exchange the allele frequencies in small populations. 

Therefore, deleterious mutations on occasion get fixed in small populations changing the 

available adaptable alleles. As the deleterious mutations accumulate in the populations the 

populace size may also decreases and genetic drift become even extra pronounce. This 

remarks phenomenon termed as Genetic Meltdown (Kimura, 1983; Lacy, 1987). 

 

1.2.3 Phenotypes and functions of organisms are depends on genetic diversity  

 Biologists talk over with simple expressions of variability, the genotype and the 

phenotype. The genotype refers back to the genetic make-up of an organism; in organisms 

with nucleated cells (multi-cell plant life, fungi and animals), the genetic content material is 

located inside the nucleus (chromosomal DNA) of each cell. Additional genetic content 

material is present in other organelles inside the cell, such as mitochondria (mitochondrial 

DNA in animals) and chloroplasts (chloroplast DNA in plant life). A massive number of 

genes constitute the organism's genotype, and genes can be discovered at more than one loci 

on chromosomes. In higher flora and animals (however no longer fungi, bryophytes, and 

many marine invertebrates), the grownup organism has copies of each gene, one of every 

derived from every single parent. When the two copies are the identical, the organism is 

homozygous for that gene; if the two copies are one of a kind, the organism is heterozygous 

for that gene. The diverse forms of a gene are referred to as alleles; when the forms are equal 

across a population, the gene is considered as monomorphic in nature, and if multiple allele 

exists of that precise gene, the gene is taken into consideration as polymorphic in nature. 

Phenotype is the expression of those genes in a specific environment, and is prompted by 

environmental context at every degree from the cell to the complete organism. It may be very 

tough to split the phenotypic variation in an organism‘s trait with a genetic foundation. 

Sometimes errors are typically occurring assuming a genetic foundation of a trait while the 

observed variant is purely due to phenotypic plasticity. Genetic variation isn't always entirely 
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affecting the fitness of individuals or populations as an alternative both the genes and the 

environment will in the end make a contribution to the fitness and survivability. 

 A variety of research has been carried out that suggested that how the genetic 

composition and genetic variability influences the shape and feature of organisms (Hamrick 

et al., 1979; Hedrick, 1985; Primack and Kang, 1989; Rehfeldt, 1990; Allen et al., 1996; 

Hartl and Clark 1997). In truth, the detection and estimation of genetic variation among 

organisms became a primary perception that led to the formulation of evolutionary concept as 

we realize it these days (Freeman and Herron, 1998). Genes alter body size, shape, 

physiological strategies, behavioral traits, reproductive characteristics, tolerance of 

environmental extremes, dispersal and colonizing potential, the timing of seasonal and annual 

cycles , disorder resistance, and plenty of other trends (Raven et al., 1986). Therefore, genetic 

variation in ecology is one of the fundamental forces that form the biology and survival of 

dwelling organisms. 

 

1.2.4 Genetic diversity helps to adapt to the environmental variabilities  

Organisms exist in environments that vary in spatial and temporal scale. Such 

variation is regularly described in phrases of several environmental conditions which include 

climate, disturbance activities, aid availability, population sizes of competitors, and so forth 

(White and Walker, 1997). If a collection of organisms had been to stay in a very solid 

physical and organic surroundings, then a notably narrow variety of phenotypic versions is 

probably optimally tailored to the ones various situations. Under those situations, organisms 

might benefit more by using keeping a slim range of genotypes tailored to winning 

conditions, and allele frequencies might ultimately attain equilibrium. By evaluation, if the 

surroundings is patchy, heterogeneous, unpredictable over time, or consists of a wide and 

changing nature of diseases, predators, and parasites, then diffused variations amongst people 

increase the probability that some individuals and not others will live on to breed i.e., the  

traits of the organisms are exposed to natural selection. Since differences among individuals 

are decided as a minimum partly through genotype, population genetic idea predicts that, in 

variable environments a broader range of genetic variation or better heterozygosity will 

persist over time (Cohen, 1966; Chesson, 1985; Tuljapurkar, 1989; Tilman, 1999). The traits 

with a genetic foundation for tolerance of environmental variant is critical for 

resistant/resilience work which include tolerance of freezing, drought or inundation, high or 

low mild availability, salinity, heavy metals, soil nutrient deficiencies, and excessive soil pH 
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values in plant life; resilience to fluctuating temperature, dissolved oxygen, and nutrient 

availability in aquatic organisms; and resistance to novel diseases in all organizations of 

organisms (Huenneke, 1991). 

A diverse array of genotypes appears to be especially important in disease resistance 

(Schoen and Brown, 1993; McArdle, 1996). Genetically uniform populations are famously 

vulnerable to illnesses and pathogens and such uniformity also predisposes a population to 

transmit diseases from one character to some other via direct contact or proximity. More 

numerous populations are much more likely to encompass organisms resistant against 

specific diseases; furthermore, infected individuals arise at decrease density, and thus 

diseases or pathogens may flow extra slowly through the population. Finally, genetic 

variation is a factor that helps individuals in competition among other individuals in real 

ecological communities. Among animals, behavioral tendencies can also regulate inter-

specific competition. Since organisms make active or life records tradeoffs among traits (as 

an instance, allocating energy between growth and reproduction), genetic variability is a vital 

issue that elaborate how populations function (Thompson and Plowright, 1980; Fowler 1981; 

Gurevitch, 1986; Goldberg, 1987; Manning and Barbour, 1988; Welden et al., 1988; Grace 

and Tilman, 1990; Tilman and Wedin, 1991; Wilson and Tilman, 1993; Delph et al., 1998). 

1.3 Genetic diversity and Ecology 

Genetic diversity is a degree that quantifies the significance of genetic variability 

inside the natural populations and is the essential source of biological variability in nature. 

Over eight decades the study of genetic diversity has been taken into consideration as a 

primary domain for evolutionary and conservation biologists (Wright, 1920 and Fisher, 

1930). The genetic diversity provides the raw material for evolution and influenced by natural 

selection, affecting the individual genotypes and reproductive fitness vary in ecologically 

important ways (Fisher, 1930; Ford, 1964; Endler, 1986). However, the easy presence of 

heritable trait variation does now not imply that distinct degrees of genetic diversity may 

have predictable ecological effects. For instance, with increasing fitness, genetic diversity can 

increase in population if the population isn't regulated via different evolutionary elements, 

such as genetic drift, gene flow and natural selection (Fisher, 1930). Thus, regardless of the 

apparent presence of genetic variation for ecologically vital traits, we have recognized 

exceptionally little about the the range of potential ecological effects of genetic diversity for 

population dynamics, species interactions and ecosystem tactics (Figure 1). Frankham et al. 
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(2002) have reported short term ecological effects of genetic variety in small or endangered 

populations. Several agricultural practices have been performed where genetically varied 

plants are harvested for higher yield and massive scale manufacturing, as well as decreased 

chance of herbivores and pathogens (Zhu et al., 2000).  

Mainly three lines of evidences ease the pathway for the study of the ecological 

effects on genetic diversity. First, the ecological results of genetic diversity have centered on 

how the number of species and purposeful functional groups like the trophic structure within 

communities influences the stability and functioning of the surrounding ecosystem (Hooper 

et al., 2005).  

Second, there may be a growing research on the ecological effects of the variance 

component around the average in the experimental or observable units of a selected 

describable variable (Inouye, 2005). From lengthy back numerous research have been carried 

out that offer detailed facts concerning how the genetic differences between organisms have 

encouraged the species interplay; and the interaction between the genetic and ecological 

dynamics (Turkington and Harper 1979). 

Finally, the community genetics has bridged the fields like evolutionary biology, 

population genetics and community ecology (Whitham et al., 2003). Community genetics 

focuses that the genetic variety is a hierarchical idea and isn't always constrained to single 

taxonomic and genetic stage. Therefore, the variation in ecologically essential traits together 

with growth and reproduction rate, competitive potential, immune feature, virulence, and so 

on, the amount of genetic diversity at any degree of population could have vital ecological 

results. 

Figure 1:  Processes underlying potential direct and indirect impacts of genetic diversity on the 

ecological functioning. Solid black lines indicate direct ecological consequences of genetic diversity; 

dotted black lines indicate effects of natural selection, which depend on genetic diversity. 
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Genetic diversity will have an effect on the community at identical trophic level 

(Figure 1). As an example, multi-species communities of grassland plants with higher genetic 

diversity per species maintained higher species diversity over time than the communities with 

lower genetic diversity (Booth and Grime, 2003). This system suggested that the genotypic 

interactions between species contribute to the consequences of overall genetic diversity 

(Whitlock et al., 2007). Mechanisms underlying the consequences of genetic diversity on 

community could apply equally to the consequences of species diversity on community, 

however mechanisms specific to genetic diversity may also contribute to community-level 

impacts. The effect of genetic diversity on kin recognition has been observed in the 

successful invasion of the Argentine ant (Linepithema humile); the low allelic diversity of the 

invader decreased the accuracy of the recognition system, allowing this species to form large, 

competitively dominant super-colonies (Tsutsui et al., 2003). Genetic diversity also appears 

to influence behavior in this species, with ants from low diversity colonies showing greater 

aggression and lower mortality in encounters with ants from high-diversity colonies (Tsutsui, 

2004). 

Several researches had been executed to show how the genetic variation affects the 

better trophic structure in an ecosystem. The range of plant genotypes affects the arthropod 

network, translating into superb results on total arthropod species richness however not on 

total abundance (Johnson et al., 2006). The mechanisms underlying those results differed 

relying on arthropod trophic stage, increases with predator species richness and abundance 

can be attributed to spatial and temporal niche complementarity amongst genotypes 

contributed to the growth in abundance of arthropod species.  In study stated above suggested 

that the genotypic richness accelerated the abundance of plant-related species by using 

growing plant abundance (Reusch et al., 2005), at the same time as genotypic richness 

undoubtedly affected arthropod species richness by growing each the entire abundance and 

the variability of plant resources availability (Crutsinger et al., 2006). Another study 

additionally indicates the effects of plant genetic variation on the abundance and/or variety of 

invertebrate communities (Tovar-Sanchez and Oyama 2006). Effects of genetic variety on 

community dynamics throughout trophic levels also can occur because of fast evolution, as 

illustrated with the aid of modified predator–prey and host–pathogen dynamics (Pimentel 

1968). 

Genetic diversity in dominant plant species can also influence the fluxes of nutrients 

cycle and energy cycle, i.e., ecosystem-level processes (Madritch et al., 2006). Moreover, 

genetic diversity is not the only driving force to affect the ecological processes. However, 
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genetic diversity influences the ecological processes only when the four conditions are 

available. The situations are as follows: Firstly, while a community or atmosphere is 

dominated via one or some primary habitat-structuring species, the position of genetic variety  

is much like that of species diversity of the ecosystem (Crutsinger et al., 2006). Interestingly, 

a particularly few studies have been done which targeted on the genetic variation of the 

foundation species. However, the changes within the genetic variety in the habitat forming 

species have a  massive  effects at the ecosystem level and adjustments within the genetic 

diversity inside the habitat-forming species suggesting that greater focus should be positioned 

at the genetic diversity of these dominant species for correct knowledge of the ecosystem 

functioning.  Second, when genetic variety in one species influences the abundance or 

distribution of a keystone species (i.e. a species with an effect disproportionate to its biomass 

within the community), it could have massive oblique ecological influences (Crawford et al., 

2007). Third, a critical prediction is that the genetic variation will have prominent ecological 

results for species that exhibit measurable genetic diversity inside populations for applicable 

traits, and thus those effects cannot be assumed without the information about the genetic 

variation. For example, populations that are distinctly inbreed or have experienced a current 

selective force for genes controlling ecologically essential developments will have a 

likelihood to exhibit low genetic diversity. Finally, the maintenance and inspecting of the 

genetic diversity and species diversity of any ecosystem is very crucial for the stability and 

disturbance responses of the concerned ecosystem. Therefore examining and investigating the 

genetic diversity is the most relevant subject in highly variable environments or those 

subjected to rapid anthropogenic and natural modifications (Reusch et al., 2005; Hooper et 

al., 2005). Therefore, species diversity and genetic diversity can be both a cause and 

consequence of ecological processes (Vellend and Geber, 2005). For instance, genetic 

diversity allows prey populations to evolve, which may have an effect on predator population 

dynamics and successively drive additional ecological and biological process changes among 

the prey population, resulting in inevitable predator–prey and eco-evolutionary dynamics 

(Yoshida et al., 2003).      

Moreover, genetic variation in a single species can permit for coexistence with its 

competitor species, while at the equal time, competitor species variation maaintain this 

genetic variability (Lankau and Strauss, 2007). There are certainly several additional 

reciprocal effects among genetic variety and ecological elements, as genetic diversity and 

evolutionary processes can have an impact on a number population, community network and 

surroundings ecosystem responses (Fussmann et al., 2007). It is clear that the level of genetic 
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diversity within a population can affect the productivity, growth and stability of that local 

population, inter-specific interactions within communities, and ecosystem-level processes. 

 

1.4 Genetic diversity and Evolutionary processes  

 There were two absolutely contrasting schools of thought to determine the extent of 

genetic variability in natural population. In 1974, Richard Charles Lewontin had argued that 

'it is a common myth of science that scientists gather evidence on some issues and then by 

logic and perception form what seems to them was the most reasonable interpretation of the 

facts'. According to the Classical hypothesis proposed by H. J. Muller (1950), two randomly 

chosen individuals from a population would be expected to be nearly identical nearly all of 

their genetic loci, so they are known as wild type alleles which are predicted to turn out to be  

fixed at most loci. One of them may sometimes have an extraordinary mutant allele in 

location of one in every of its wild type alleles, which is not likely in each the individuals 

selected randomly at the identical time to have the same mutant alleles. For the same motive, 

it would be difficult to discover an organism which could be homozygous for the mutant 

allele. Mutant alleles are anticipated to get up by means of mutation and are anticipated to be 

eliminated from the population by natural selection because most mutant alleles are 

deleterious. Mutant alleles which are higher/beneficial than the wild kind, are anticipated to 

get constant within the population, but then they would be referred to as wild types. In 

different words, most individuals are predicted to be monomorphic and homozygous for the 

wild type allele at most in their loci. The ―Balance‖ speculation, proposed by means of 

Dobzhansky (1955), makes a completely distinctive prediction approximately two randomly 

selected individuals from a population and expects that some of distinctive alleles exist for 

every locus in the population and most of the loci of the two individuals randomly chosen are 

predicted to have different alleles. In different words, there is no such element as a wild type. 

Many loci are anticipated to be polymorphic and any individual is predicted to be 

heterozygous at a big proportion of its loci. Richard Charles Lewontin (1974) finally gave an 

optimistic view of the Balance hypothesis and it states that the natural evolution is a 

essentially progressive phenomena which leads to harmony between living systems and the 

existing conditions. 
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1.4.1. Mutation 

Mutations are the heritable modifications inside the genetic material of any organism. 

These phenomena are very uncommon process and it provides the raw material for genetic 

variability on which the natural forces of selection and evolution perform. The system of 

mutation ranges from a single base pair adjustments to the exchange of the chromosome 

variety in the gamete. Mutations are classified according to their mode of characteristic viz. 

Deleterious or lethal, some are impartial or neutral and few may be beneficial for the carrier. 

The useful mutations are beneficial for the survivability and reproductive fitness of the 

provider which ultimately leads to natural selection and evolution of the organisms. There are 

numerous natural mutations which are definitely indistinguishable in phenotypes and can be 

detected only even with the help of exclusive types of genetic techniques. Mutations are of 

very remarkable concern for conservation biologists. Firstly, the presence of very rare and 

deleterious alleles has an incredible effect at the closed captive populations; and secondly, the 

artificial selection of uncommon alleles is once in a while the fundamental focus of synthetic 

breeding programmes of captive populations (Frankham et al, 2010). Most population lose 

genetic variation both by means of population extirpation or genetic erosion. Therefore, 

conservation geneticists are a long way more involved with the deleterious effect of 

mutations in addition to with the lack of genetic variability in the small populations than that 

in large populations. Population extinction due to genetic phenomena cannot be ignored due 

to the fact that natural selection eliminates the deleterious alleles from populations nearly 

without delay however mildly deleterious, near-neutral mutations will progressively be 

increased in frequency over hundred of generations and turn out to be a severe problems 

when their frequencies exceed 0.05 or 1/(2Ne). These mildly deleterious alleles will tend 

ultimately to diminish the long-term viability of threatened taxa (Hedrick, 2011). Therefore, 

conservation biologist has to clear up this problem via two techniques i.e., first of all by 

means of maximizing the genetic variation of the captive threatened taxa earlier than 

introducing the taxa from captivity to the wild or secondly, by eliminating the deleterious 

mutations for the ones populations which need to be contained in captivity for plenty 

generations and cannot be back to the wild (Woodruff, 2001). 

   

1.4.2 Mating system 

 The population genetics theories are completely primarily based at the principle of 

―random mating‖ but this phenomenon is hardly ever observed in natural populations. 
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Moreover, related species once in a while display extraordinary sorts of mating system. Self 

fertilization in monoecious organisms and outbreeding mechanisms in dioecious organism are 

the two severe variety of mating behaviours found in living organisms. The most hard hassle 

arises in mating system all through conservation of organisms whilst the last surviving 

individuals in a sexually reproducing population are all belong to the same sex (Woodruff, 

2001). Animal mating systems are relatively variable and had been most typically classified 

as monogamous (a single male and single female mate solely with one another) or 

polygamous (adult males and/or females mate with numerous individuals). Moreover, there 

are three regular polygamous mating systems have been classified viz., polygyny (a male 

associates with more than one female), polyandry (a girl mate with a couple of males) and 

polygynandry (each men and women have a couple of mate). Mating systems are stimulated 

via many natural factors, inclusive of the spatial and temporal distribution of sexually 

receptive male and female, resource availability and distribution, individual‘s life history 

patterns, sexual selection and parental care (Klug et al., 2011). 

 

1.4.3 Inbreeding 

Inbreeding is the mating of individuals associated with common ancestry. It is a 

potentially extreme trouble and whose opportunity of occurrence increases in the small, 

fragmented or isolated populations, that is regular for many threatened species (Frankham et 

al., 2010), and may lead to a significant decline in population fitness and reproducibility 

(Keller and Waller, 2002).  Inbreeding results in a predictable rise in homozygosity and its 

ends in inbreeding depression, such as decreased fecundity, reduced offspring size, growth 

and survivorship; physiological malfunction, modifications in the age of adulthood and 

physical deformities (Falconer, 1989). The decline in trait values due to inbreeding has been 

extensively studied in captive (Ralls et al., 1988), laboratory (Charlesworth and Charlesworth 

1987; 1999; Falconer 1989; Roff 1997) and in wild populations (Keller and Waller 2002). 

Inbreeding has the deleterious effects on organisms fitness and reproducibility (Roff 1997), 

and can be a crucial element contributing to population extinction (Frankham 2005). 

Although experimental proof regarding the feasible involvement of inbreeding in extinction 

hazard is inadequate, elevated extinction hazard due to inbreeding has been demonstrated in a 

restrained variety of research (Reed et al., 2002, 2003). Furthermore, it is tough to isolate 

genetic consequences from ecological outcomes in natural populations (Bijlsma et al., 2000) 

but there was a direct possible connection present among inbreeding and extinction risk 

(Saccheri et al. 1998). Three lines of hypothesis were proposed for the mechanism of 
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inbreeding depression; firstly the inbreeding acts to change the frequency of genotypes in a 

population, growing homozygote frequency in spite of the heterozygotes, and as a result 

inbreeding depression occurs. Secondly, the partial dominance hypothesis states that 

inbreeding depression may result from the elevated expression of deleterious recessive or 

partially recessive alleles, which are masked in heterozygotes but are exposed as 

homozygosity will increase. Thirdly, the overdominance hypothesis states that the 

heterozygotes may additionally have superior fitness relative to either homozygote and 

inbreeding depression arises from the loss of favorable heterozygote mixtures (Charlesworth 

and Charlesworth 1987, 1999). The partial dominance idea is usually considered to be the 

most vital cause of the observed inbreeding depression (Charlesworth and Charlesworth 

1987, 1999; Roff 2002), however there are evidences which helps the overdominance 

hypothesis inflicting inbreeding depression (Li et al. 2001), and every so often both partial 

and over-dominance mechanisms might also occur concurrently (Kristensen and Sorensen 

2005). 

 Inbreeding depression and inbreeding avoidance both clear out gene pool as it passes 

into the subsequent generation(Amos and Harwood, 1998). Inbreeding depression acts on 

individual genes and gene complexes, and inbreeding avoidance acts on whole units of 

chromosomes. There are two opposing consequences that have an impact on the two above 

phenomena that have an effect on the stages of genetic variability (Amos and Harwood, 

1998).  Firstly, by way of lowering the representation of some elements of the gene pool in 

future generations and as a result variability can be decreased. On the other hand, those 

individuals that do live to survive to breed will have a tendency to be outbred, and as a result,  

will convey more variety than would be anticipated. Inbreeding depression has the capability 

and potential importance for the control and conservation of endangered species (Hedrick and 

Kalinowski 2000), and it's far critical that the causes, expenses and patterns of inbreeding 

depression has to be nicely understood. 

 

1.4.4 Outbreeding 

 It is the method of crossing between unrelated people, a full-size phenomenon in 

nature. It is assumed that sexual reproduction advanced due to the fact the chromosomal 

crossing over and genetic recombination facilitated through outbreeding process produces 

extra genetic variability than do different mating structures. Outbreeding depression occurs 

whilst organisms of the various geographic vicinity are mated and the produced hybrids or 

offsprings have decreased fertility and decrease survivability (Woodruff, 2001). There are 
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two most important reasons for outbreeding depression viz., first of all, co-adaptation 

consequences whilst a nearby population evolves a gene pool that is they're reproductively 

balanced internally (e.g., the procedure of gamete formation requires a matched set of 

chromosomes and failure of those leads to fertility issues); and secondly, local adaptation 

takes place when populations adapt to their constrained nearby surroundings and hybrids 

from different local populations are not adapted to any or wrong nearby environment (Meffe 

and Carroll, 1997). 

 

1.4.5 Hybridization 

 Hybridization occurs between special species and semi-species of animal and plants. 

Hybrids are exciting in evolutionary and conservation biology due to the fact they display 

that evolution of many vegetation and animals includes each lineage splitting and lineage 

anastomosis (Woodruff, 2001). Fertile hybrids allow gene flow between specific species. 

Hybridization may also restore the viability of small, isolated and inbred populations. 

Understanding the key elements that make contributions to constructive as opposed to 

destructive consequences of hybridization is of great importance for handling conservation of 

the populations. Hybridization may also drive rare and endangered taxa to extinction through 

―genetic swamping or genetic pollution‖ (is a technique which leads to homogenization of the 

wild genotypes), where the rare individuals are replaced by potential hybrids, or with the aid 

of demographic swamping, wherein population growth rates are decreased because of the 

production of much less adaptive hybrids (Todesco et al., 2016). 

 

1.4.6 Gene flow 

 Gene flow is the fundamental mechanism that forces evolution based on the dispersal 

of genes between populations of a species. Gene flow is the mechanisms resulting in the 

movement of genes from one population to another; from the movement of extranuclear 

genetic elements present in mitochondria or the mitochondria as a whole to the extinction of 

an entire population followed by recolonization. It is the common gene flow over generations 

that decide the quantity to which the dynamics of genes in unique populations are dependent 

(McDermott and McDonald, 1993). (McDermott and McDonald, 1993). Gene flow involves 

not only the migration of individuals or genotypes but also successful establishment of 

immigrants in the new population. Continuous gene flow leads to homogenization of the 

genotypes within the linked population, whereas lack of gene flow tends to differentiation or 

isolation of the populations. It is very important for conservation biologists to estimate the 
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pattern and rate of gene flow, and the rate at which migration among populations occurs 

though allele frequency data and are examined in terms of number of migrants per generation 

(Woodruff, 2001).  

 Slatkin (1977, 1985, and 1987) has reviewed extensively regarding the theory of gene 

flow. The important aspect of gene flow is to prevent the complete fixation of different alleles 

in different local populations (Wright, 1931). Wright (1931) also introduced a simple model 

of population structure, called the Island model, which predicts a simple relationship between 

the number of migrants a population receives per generation and genetic differentiation (FST) 

(Figure 2). Under the assumption of the island model, FST ≈ 1/(4Nm+1), where N is the 

effective population size of each population and m is the migration rate between populations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The Island model. Each population receives and gives migrants to each of the other 

population at the same rate m. Each population (A, B, C, D, and E) is also composed of the same 

number of individuals [Modified from Wright (1931)].  

 

Perhaps an average of one migrant or more between populations is sufficient to 

prevent different neutral alleles to become nearly fixed in different populations. In other 

words, the movement of one individual per generation between populations is sufficient to 

prevent substantial differentiation between those populations. This result is independent of 

population size because the force of gene flow, which is measured by the fraction of migrants 

(m) in a population, is counteracted by the force of genetic drift, which is proportional to the 

inverse of the population size (N). Generally, if Nm < 1, then local populations differentiation 

A 

B 

C D 
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will occur, and if Nm > 1, then there will be little differentiation occur among populations 

(Wright, 1951). Haldane (1930) first characterized the balance between gene flow and 

selection. According to him, in a population where an allele was favoured by selection 

strength (s), the favoured allele would be maintained in a high frequency against the force of 

gene flow if m < s. It is difficult to maintain the favoured allele at low frequency under the 

balance between gene flow and selection (Nagylaki, 1975). Not all gene flow involves the 

movement of genetic constituents among established populations rather the extinction and 

recolonization is likely to be an important source of gene flow in populations. Slatkin (1977) 

observes that two consequences results from the extinction and recolonization process: firstly, 

the "founder effect" results from the survival of only a small fraction of the individuals from 

the source population; secondly, a potential component of gene flow arises due to random 

mixing and survival of individuals from several populations to constitute the new population. 

Slatkin (1977) had proposed two extreme models on gene flow, extinction and recolonization, 

viz., the ‗propagule pool‘ and the ‗migrant pool‘. In the first model, the propagule pool is 

formed by sampling individuals from a single source population. In this case, genetic drift 

overshadows the effect of gene flow, resulting in greater local differentiation among 

populations. In the migrant pool model, the local population is made up of a random sample 

of genotypes from many populations, collectively termed the "metapopulation". In this case, 

local mutation tends to increase local differentiation, while gene flow tends to decrease local 

differentiation. 

 Whitlock and McCauley (1990) have elaborated on Slatkin‘s models and allow 

greater flexibility in the formation of founding populations. According to them the propagule 

model states that the extinction and recolonization process increases the differentiation 

among populations (relative to the case with no extinction) if k< N; where k is the number of 

individuals comprising the founding group and N is the effective population size after 

colonization (McCauley, 1991). Under the migrant pool model, local differentiation can be 

either increased or decreased depending on the relationship among the parameters. This 

results from an interaction between the effects of genetic drift and the gene flow from 

different sources in the metapopulation. Generally, differentiation among populations will 

increase if (4Nm + 1) > 2k; where m is the migration rate among surviving populations 

(McCauley, 1991). The metapopulation concept (Olivieri et al., 1990, McCauley, 1991) 

where a "regional population" contributes individuals to local populations is likely to play an 

important role in understanding the dynamics and migration of genes in populations. 
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1.4.7 Genetic drift 

 Genetic drift is a random sudden change in the gene frequencies in the small 

populations attributable to sampling error. That is, in small populations, by chance alone 

some alleles will not be ―sampled or selected‖ and represented in the next generation.  

Random fluctuations in the allele frequencies in small populations reduce genetic diversity, 

leading to increased homozygosity and loss of heterozygosity as well as evolutionary 

adaptability.  The rate at which alleles are lost from a sexually reproducing population by 

genetic drift can be detected. Wright (1931) developed the basic theoretical model to show 

how the rate varies according to the effective population size (Ne). This model postulated that 

closely related individuals will share alleles by common descent. Monozygotic twins are 

genetically identical and therefore should be counted as one individual rather than two. 

Siblings share half their genes with each other and half with their parents and are therefore is 

not equivalent to two genetically unrelated individuals. The effective number (Ne) of 

individuals in a population is therefore almost always less than the total number of 

individuals (N) estimated. Ne thus under some breeding system, be one or two magnitude less 

than N (Lande and Barrowclough, 1987). Wright (1969) reported that the individuals present 

within the effective population (Ne) would experience same rate of genetic drift as that of the 

actual population (N). Ne can be estimated in various ways using temporal ecological data, 

DNA sequences and various methods of estimating migration rate.  

 

1.4.8 Population bottleneck 

 Sudden population decline and subsequent restoration are known as population or 

demographic bottlenecks. The bottleneck may be due to numerous occasions, inclusive of an 

environmental disaster, the hunting of a species to the point of extinction, or habitat 

destruction that consequences within the deaths of organisms. They may have an 

instantaneous effect on variability at genetic loci. A bottleneck can without a doubt result in a 

brief term increase in population variant because epistatic variation within the loci is 

converted into additive variation (Woodruff, 2001). A sudden reduction in population, as well 

as variation outcomes in a lack of fitness except there, maybe a fast and sustained recovery. 

Gradual reduction, however, permits natural selection to take away recessive lethal mutations 

and avoid huge a part of inbreeding depression (Woodruff, 2001). The population bottleneck 

produces a lower inside of the gene pool of the population because many alleles, or gene 

variants, that had been present inside the unique population are misplaced. Therefore, the 

final population has a totally low degree of genetic diversity, this means that that the 
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populace as a whole has a few genetic traits. Following a population bottleneck, the 

remaining population faces a better degree of genetic drift, which describes random 

fluctuations in the presence of alleles in a populace. In small populations, infrequent alleles 

face a greater hazard of being lost that may, in addition, lower the gene pool. Due to the loss 

of genetic variation, the new population can emerge as genetically distinct from the original 

population, which has brought about the hypothesis that populace bottlenecks can cause the 

evolution of new species (Provine, 2004). 

 

1.4.9 Genetic erosion 

 Genetic erosion is the decrease in the population variation due to genetic drift and 

inbreeding depression which is evident in the small isolated population which lead to 

endangerment of the population. Population genetic theory revealed the fact that variation is 

lost regularly by genetic drift. In closed isolated population without the factors that promote 

genetic variation (viz., mutation and gene flow) the expected rate of loss of heterozygosity or 

rate of loss of genetic variance in the quantitative characters is 1/2Ne per generation.  Little 

amount of variation is lost in any one generation but if a small population (N) sustains for 

several successive generations, the genetic variability is severely depleted (Wright, 1969). 

Therefore, small isolated population have a higher tendency to loss the genetic variation or 

heterozygosity than that of large continuously distributed populations.  

 

1.4.10 Natural selection 

 Natural selection is a microevolutionary change that leads to differential ability of 

survival and reproductive fitness of some genotypes or individuals over others. Possibly 

because of two important reasons it is a major focus for conservation biologists (Woodruff, 

2001). Firstly, the artificial selections where human activities can affect the selection process 

in both natural and managed populations. Secondly, a challenging area of research for 

conservation biologist is that the species are continuously adapted to the ongoing global 

climatic changes. In the past, natural selection (without anthropogenic interferences) was the 

main active force which favoured wild individuals to adapt to natural changes and this led 

many species to shift their niche ranges to accommodate major changes for their survival. 

Quantitative characters are mainly under the directional or stabilizing selection presure and 

are evolved in response to the environmental changes (Falconer, 1989). These characters 

balance the present fitness and the future adaptability. Lande (1999) has reported that 
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effective population size (Ne) =5000 is required to maintain the genetic variability of 

endangered or threatened population to naturally select and survivability.  

 

1.5 Neutral vs. Adaptive genetic diversity 

 Manel et al. (2003) stated that landscape genetics is the aggregate of molecular 

population genetics and landscape ecology which goals to offer information about the 

interplay among landscape features and evolutionary techniques within species, consisting of 

gene drift or local adaptation model. Moreover, the distinct information of such processes 

requires substantial knowledge of how landscape traits affect the local gene pools of 

populations, which requires robust data on the genetic diversity and population 

differentiation. Genetic differentiation can be defined as how much of the genetic diversity 

present in a sample of several populations (among population) vs. within these populations 

(Pearse and Crandall, 2004). There are two diverse types of genetic diversity available in 

natural population. Firstly, the neutral genetic variation, which is simple to measure in the 

laboratory with the help of the ever-growing collection of molecular-genetic markers. 

Secondly, the adaptive or selective genetic variation, which is more difficult to estimate but 

can be estimated especially with the help of quantitative genetic experiments. This distinction 

between neutral and adaptive genetic variation is largely unrecognised outside the scope of of 

population or conservation genetics (Pearman, 2001). Therefore it is important to know the 

distinction between neutral and adaptive genetic diversity for suitable conservation and 

management of natural populations.  

 

1.5.1. Neutral genetic diversity 

 The term ‗neutral‘ refers to a gene (or a locus) that has no (or nearly no) impact on 

fitness and survival. A gene having simplest two alleles, specifically a and b, can occur in a 

diploid species in three specific genotypic forms, namely the homozygotes aa and bb and the 

heterozygote ab. However, it does not matter for a given individual fitness which of those 

three genotypes it carries, since this has no impact on its performance. As natural selection 

does now not act upon these alleles, they may be of no direct adaptive value and are 

selectively neutral (Kimura, 1983; Conner and Hartl, 2004). Neutral genetic variation is the 

genetic variation that is estimated at such neutral genes. 

 The most commonly used statistical measure of neutral genetic variation of a 

population is gene diversity, He. The gene diversity (He) can be interpreted as the probability 

of sampling two different genes from a population (Hartl and Clark 1997). Gene diversity, 
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He, is usually calculated per locus and subsequently averaged over several loci and it 

represents a measure of the genetic variation of a population. Several statistical 

measurements are available to estimate genetic variation of a population which are either 

universal or molecular marker specific and depends on the specific mode of inheritance or 

mutational change (Lowe et al. 2004). Population geneticists use many different 

measurements to refer to population differentiation (Lowe et al. 2004). The most commonly 

used measure of genetic differentiation is Wright‘s F-statistics (Wright, 1951; Conner and 

Hartl, 2004). F-statistics (FST) gives an estimate of the amount of genetic variation found 

among populations and refers to the genetic differentiation or the genetic structure of these 

populations. If the value of FST is more than zero, all genetic variation is found among the 

populations (i.e. population is differentiated, different alleles are found in the different 

populations) and if FST is zero, the populations are not differentiated at all (i.e. the same 

alleles are found in the same frequencies in all the populations) (Wright, 1951). FST can either 

be calculated as mean differentiation over the whole sample set of populations or in a pair-

wise fashion for each pair of populations. Gene flow homogenises the genetic diversity and 

thus leads to a decrease genetic differentiation. An often used estimate the gene flow, Nm (i.e. 

number of migrants exchanged among populations per generation), relies on the 

differentiation of populations, FST, under the assumptions of Wright‘s island model (Conner 

and Hartl, 2004; Vandewoestijne and Baquette, 2004). 

 

1.5.2. Adaptive genetic diversity 

 The terms ‗adaptive‘ or ‗selective‘ refer to a gene (or a quantitative trait) that has an 

substantial effect on individual fitness and survival. If there are only two alleles for a given 

gene, namely a and b; there will be three different genotypes, namely the homozygotes ‗aa‘ 

and ‗bb‘ and the heterozygote ‗ab‘. These three genotypes affect the individual and 

population fitness because they are selectively non-equivalent and most importantly adaptive 

in nature. For instance, organisms carrying the genotype ab might have a higher level of 

fitness than the genotypes aa or bb (the homozygotes). Hence, natural selection will directly 

act and favour on ab genotypes. The genotypes are thus of adaptive or selective significance 

for survival for the concerned organism (Conner and Hartl, 2004). It is rarely possible to 

directly study the alleles of genes that are responsible for adaptive genetic variation in most 

organisms (Jackson et al., 2002). The variation of traits having potential adaptive value, such 

as body size in animals has to be investigated through quantitative genetic experiments. 

Moreover, most of the quantitative traits are determined by several genes, therefore, are 
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polygenic characters (Conner and Hartl, 2004). Alleles may therefore be additive in their 

effects across many genes and quantitative traits are not affected by selection and are 

effectively neutral (Conner and Hartl, 2004). To analyze the quantitative traits which is 

influenced by natural selection, individuals with known genetic relationship are grown under 

constant environmental conditions.  

 

1.5.2.1 Measurement of Adaptive genetic diversity 

 Gene diversity (He) is a measurement of the genetic variation at neutral genes, 

whereas heritability, h
2
, is used as a measurement of genetic variation of a population of an 

adaptive gene or a quantitative trait. It is usually called a narrow-sense heritability and 

presented as:  

            h
2
= VA/VP;  

 where, VA is the additive genetic variance, and VP is the phenotypic variance of a trait that 

varies with genotype and environment. Additive genetic variance is the effects of the alleles 

in a genotype that can be summed up to determine the total effect on the phenotype (Conner 

and Hartl, 2004). The additive genetic variance is responsible for the evolutionary potentiality 

of populations. To calculate h
2
, it is necessary to separate genetic variance from that of 

environmental or non-genetic variances. A typical approach is to estimate variance 

components from an Analysis Of Variance (ANOVA). Heritability (h
2
) is specific to a 

particular trait within a particular environment (Conner and Hartl 2004). As mentioned 

earlier, FST represents population differentiation based on neutral genes. The equivalent 

measurement referring to population differentiation of adaptive genes is QST, which can be 

written as: 

     QST =VG/( VG+ 2VA) 

 

where, VG is the between-population variance component, and VA is now the average 

additive genetic variance within populations (Savolainen et al. 2004). Like FST, QST is also 

used to estimate the genetic differentiation; higher values of QST (QST > 0) indicate complete 

differentiation at quantitative adaptive traits and zero (QST = 0) indicates genetic homogeneity 

or less differentiation of populations (Latta, 2003).  

 Reed and Frankham (2001) performed a meta-analysis of 71 published data sets 

which provided estimates of gene diversity (He) measured by neutral genetic markers and the 

adaptive genetic variation measured by heritability (h
2
) for each of the populations. Then, 
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pair-wise values per population were correlated across all populations per species. They 

found a significant overall correlation coefficient of r = 0.217 in the 71 studies surveyed. 

Another study carried out by Merila and Crnokrak (2001) used data from 14 studies 

providing estimates of FST and QST for the published date sets. They found a significant and 

strong correlation between FST and QST (r = 0.75). Whereas, McKay and Latta (2002), in a 

survey of 29 species, detected an only marginally significant correlation of these variables (r 

= 0.363). Furthermore, Reed and Frankham (2002) concluded that molecular measurements 

of genetic diversity through neutral marker have a very limited potentiality to predict 

quantitative genetic variation in natural population. Although a correlation exist between 

neutral and adaptive genetic variation but the former cannot be used as a substitute for the 

otherone, because the quantitative genetic data are needed for population‘s evolutionary or 

adaptive potentiality. However, neutral genetic variation at the level of heterozygosity is 

correlated with individual fitness (Reed and Frankham 2002). 

 

1.6 Habitat fragmentation and genetic diversity 

1.6.1 Fragmentation process 

 Habitat fragmentation is described as a process all through which ―a huge stretch of 

habitat is altered into a number of smaller patches of smaller general place, isolated from 

every different by using a matrix of habitats in contrast to the unique habitat‖ (Wilcove et al., 

1986) (Figure three). By this definition, a habitable landscape may be qualitatively 

categorized as both continuous (containing non-stop habitat) or fragmented, wherein the 

fragmented landscape represents the outcome of the process of fragmentation process. The 

continuous landscape represents a landscape earlier than fragmentation manner and the 

fragmented landscape represents a landscape following fragmentation. Although these 

technique for outlining the system of fragmentation have two inherent weakness. First, due to 

the fact habitat fragmentation is a landscape scale manner, two factors determine the impact 

of habitat fragmentation on biodiversity i.e., one non-stop landscape and one fragmented 

landscape (McGarigal and Cushman 2002). The inferences about the results of fragmentation 

are susceptible on this type of observe layout; however the detectable results of fragmentation 

are because of different differences among the landscapes. Secondly, the characterization of 

habitat fragmentation is strictly qualitative, i.e., each landscape both may be continuous or 

fragmented. This opportunity does not permit one to investigate the relationship between the 
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degree of habitat fragmentation and the extent of the fragmentation-outcomes on biodiversity. 

This perception requires measuring the pattern of habitat fragmentation. 

Figure 3. The process of habitat fragmentation. Black areas represent habitat and the white areas 

represent matrix (Wilcove et al., 1986). 

 

 The most obvious effect of the process of habitat fragmentation is the division of 

habitat into smaller patches or fragments (Figure 3). Therefore, the degree of habitat 

fragmentation can be measured simply by the amount of habitat remaining on the landscape 

(Carlson and Hartman, 2001; Fuller, 2001, Summerville and Crist, 2001; Virg´os, 2001). 

Fragmentation results into the small and isolated patch which in turn also changes the 

properties of the remaining habitat (van den Berg et al., 2001). In addition to habitat loss, the 

process of habitat fragmentation results in three other effects: increase in number of patches, 

decrease in patch sizes, and increase in isolation of patches. There are several other 

measurements available to analyze the fragmentation process (e.g., amount of edge available) 

and these measurements are strongly related to the amount of habitat remaining (B´elisle et 

al., 2001; Boulinier et al., 2001; McGarigal et al., 2002).  Some researchers do not separate 

the effects of habitat loss from the compositional effects of fragmentation which leads to 

ambiguous conclusions regarding the effects of habitat organization on biodiversity 

(Summerville and Crist, 2001). Being a landscape-scale process fragmentation measurements 

are correctly made at the landscape scale (McGarigal and Cushman, 2002). As pointed out by 

Delin and Andr´en (1999), when a study is at the patch scale, the sample size at the landscape 

scale is only one, which means that landscape-scale inference is not possible (Brennan et al. 

2002) (Figure4). 
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Figure 4: Patch-scale study: each observation represents the information from a single patch. Only 

one landscape is studied, so sample size for landscape-scale inferences is one. Landscape-scale study: 

each observation represents the information from a single landscape. Multiple landscapes, with 

different structures, are studied. Here, sample size for landscape-scale inferences is four (Brennan et 

al. 2002). 

 

The connection between the patch size and fragmentation is unsure because each 

habitat loss and habitat fragmentation bring about smaller patches. Using patch size as a 

measure of habitat fragmentation it's far assumed that patch size is impartial of quantity of 

habitat remaining at the landscape scale (Niemela, 2001). However, areas where patches are 

large often correspond to areas in which there may be more habitats remain (Fernandez-

Juricic 2000). Patch isolation is considered as a measure of the shortage of habitat inside the 

landscape surrounding the patch, extra isolated a patch is, the much less habitat that 

surrounds it. The most common measure of the degree of patch isolation is the distance to the 

next-nearest patch, or ―nearest-neighbour distance‖ (Haig et al., 2000). Patches with small 

nearest-neighbour distances are commonly located in landscapes containing extra habitat than 

are patches with large nearest-neighbour distances, so in maximum conditions this measure 

of isolation is associated with habitat quantity within the landscape. Another commonplace 

estimation of patch isolation is the inverse of the quantity of habitat within some distance of 

the patch (Magura et al. 2001). In other words, patch isolation is measured as habitat amount 

remain after fragmentation on the landscape scale. All other measures of patch isolation are a 
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aggregate of distances to other patches and sizes of those patches (or the populations they 

comprise) in the surrounding landscape (Bender et al. 2003). 

 

1.6.2 Effect of Habitat Loss on Genetic Diversity 

 Habitat loss has large and negative effect on genetic diversity as well as on genetic 

diversity. The negative effect of habitat loss apply not only to the directs measures of 

biodiversity such as species richness, population abundance, distribution and genetic diversity 

but also to the indirect measures of genetic diversity and factors affecting genetic diversity 

(Best et al., 2001; Guthery et al., 2001; Gibbs, 2001; Schmiegelow and Monkkonen, 2002; 

Steffan-Dewenter et al., 2002). Moreover, habitat loss also reduces the trophic food-chain 

length, alter species interactions, breeding pattern, dispersal rate of different species, 

predation rate, foraging success rate, and behaviour of animals (Komonen et al., 2000; Taylor 

and Merriam, 1995; Kurki et al., 2000; Belisle et al., 2001; With and King, 1999; Bergin et 

al., 2000; Mahan and Yahner, 1999). Patch isolation also has negative effect on species 

richness (Rukke, 2000; Virgos, 2001). Tischendorf et al. (2003) found that the ―buffer‖ 

measures (i.e., amount of habitat present within a given region around the patch) was the best 

measure to analyse the effect of patch isolation on the biodiversity and suggest the effects of 

habitat-amount on the movement of animals between the patches. Smaller patches generally 

contain fewer numbers of species than the larger patches and the species on the smaller 

patches is more prone to extinction than the larger patches (Debinski and Holt, 2000; Vallan, 

2000).   

 The variety of individuals of any species that a landscape can support have to be a 

positive function of the quantity of habitat available, but research showed that there was 

threshold habitat level beneath which the population cannot sustain itself, termed the 

extinction threshold (Fahrig, 2001; Flather and Bevers, 2002). Several research showed that 

the effect of habitat fragmentation is vulnerable relative to the habitat loss (Collingham and 

Huntley, 2000; Flather and Bevers, 2002), although some different modeling research 

predicts a much larger effect of habitat fragmentation of diversity (Urban and Keitt, 2001; 

Fahrig, 2002). Studies endorse that the effects of fragmentation need to become apparent best 

at low ranges of habitat quantity under approximately 20-30% habitat present on the 

landscape (Flather and Bevers, 2002). The fragmentation has a negative effect in all 

likelihood because of two major reasons; firstly, fragmentation leads to the formation of a 

large variety of small patches so that it will be too small to sustain the local population and 

species which can be unable to migrate the non-habitat region could be constrained to the 
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small patches and ultimately reducing the general population size. Secondly, significantly 

fragmented landscapes have extra edges which lead to negative edge effect (Fahrig 2002). 

Moreover, the amount of time spent in the matrix (i.e., the interpatch migration through non-

liveable portion) in the greater fragmented landscape is large which could cause an increase 

of mortality rate and thus decrease in reproductive success of the population (Fahrig, 2002). 

However, several researches additionally reported that habitat fragmentation should have fine 

results at the biodiversity. Huffaker‘s (1958) advised that fragmentation of habitat into many 

small range patches can enhance the persistence of a predator-prey dynamics. Some 

theoretical studies advocate that habitat fragmentation enhances the steadiness of species-

species competition (Levin, 1974; Shmida and Ellner, 1984) and additionally coexistence of 

competing species might be prolonged by fragmentation of the habitat (Atkinson and 

Shorrocks, 1981). Other researchers cautioned that habitat fragmentation could even stabilize 

single-species population dynamics whilst nearby disturbances are asynchronous with the aid 

of decreasing the possibilities of simultaneous extinction of the complete population 

(Reddingius and den Boer, 1970; den Boer, 1981). Bowman et al. (2002) argued that the 

overall immigration rate needs to be better while the landscape is produced from a bigger 

quantity of smaller patches than while it is far created from a smaller wide variety of large 

patches. This is because the immigration rate relies upon the quantity of patches available in 

preference to the vicinity of the patches. The species which require multiple habitats for its 

survival and reproduction, the proximity of different required habitat or patches will be 

advantageous for them to migrate among those patches (Law and Dickman 1998). Positive 

edge effects could be responsible for positive effects of habitat fragmentation on abundance 

or distribution of some species (Carlson and Hartman, 2001; Laurance et al., 2001).   

 

1.7 Meta-population dynamics and genetic diversity 

 More than three decades ago the term ‗metapopulation‘ was coined by Levins (1969), 

who defined it as a ‗population of populations‘ which go extinct locally and recolonize 

further (Levins, 1969; 1970), an analogous concept with respect to the births and deaths cycle 

of individual organisms. The concept of metepopulation has been elaborated recently and 

defined as ‗any assemblage of discrete local populations with continuous migration among 

them is considered to be a metapopulation, regardless of the rate of population turnover‘ 

(Hanski and Gilpin 1997). The current metapopulation theory is based on the spatial structure 

of populations and depends on regional processes of recolonization and extinction that is of 
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major importance in the dynamics of animal and plant populations. Metapopulation theory 

has postulated the concept that the long-term persistence of a local population which is 

dependent on the dynamics of immigration and emigration. The system of a metapopulation 

is the result of local and regional population dynamics. The local dynamics depend on habitat 

patch size and habitat quality and regional dynamics depend on landscape configuration, i.e. 

habitat patch position, patch connectivity, and large-scale environmental forces. The balance 

between these two levels of dynamics stabilizes the persistence of the metapopulation 

(Harrison, 1991).  

 To satisfy the metapopulation concept, the habitat patches must meet three basic 

conditions (Hanski et al., 1995; Hanski and Gilpin, 1997) (i) the local populations lives 

within a discrete habitat patches that are separated from the rest of the landscape by some 

unsuitable habitat portion, called the matrix, (ii) asynchronous dynamics of the local 

populations and thus making the local populations susceptible to become extinct (iii) the 

habitat patches are in proximity with each other to allow dispersal resultantly the populations 

become isolated local populations. These three conditions lead to the local populations to 

behave as a metapopulation. The rate of dispersal, spatial variation of the patch size and 

quality of the habitat patches determine the metapopulation dynamics (Thomas and Hanski, 

1997). In nature different types metapopulations structure has been found and sometimes 

several features of different types combine and influence each other to constitute a 

heterogeneous dynamic structure (Harrison and Taylor, 1997). The landscape is 

heterogeneous in nature and the dispersal of a species in relies upon at the ability of the 

emigrants to move although the unique landscape to find appropriate habitat patch. This 

phenomenon is interaction among the physical functions of the given landscape and the 

species migratory behaviour and mobility. This migratory behaviour is at once associated 

with the journey cost both directly i.e. mortality of the species by using predators or 

indirectly, i.e. lack of time for reproduction inside the destination patch (Stamps et al., 2005). 

The connection among the species attributes and the habitat patch is complicated. Sometimes 

inside the same habitat patch different species may present  and they showed different level 

of functional activity and dispersed according to the resource availability or populations of 

the same species dispersed depending on the features of the habitat patches (Taylor et al., 

1993; Schtickzelle et al., 2006). Moreover there may be a temporal and spatial variation 

present in the dispersal of the species with the spatially structured habitat patches. The Levins 

model showed that the dispersal between the isolated populations forms a patchy panmictic 

populations and the rate of change through time of the fraction p of the patches occupied at 
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any time t is given by dp/dt= mp (1-p) - ep, where m and e are the colonization and extinction 

probabilities respectively (Levins 1969, 1970). When the recolonization is high enough to 

balance the local extinction (e/m < 1) the landscape system is in a stable equilibrium. 

Whereas, when recolonizations are not frequent enough to balance local extinctions (e/m ≥ 

1), the system is in a non-equilibrium state and is propel towards extinction. These 

circumstances occur when habitat destruction decreases the connectivity between the habitats 

which lead to high rate of extinctions, which ultimately limit the recolonization process. 

Consequently, the system lies in disequilibrium without reaching its new equilibrium state 

and leads towards the extinction, called the ‗extinction debt‘ (Tilman et al., 1994). At the 

other end, dispersal may occur more frequently and populations may receive enough 

immigrants to prevent local extinctions (e/m ~ 0) which is known as the so-called ‗rescue 

effect‘ (Brown and Kodric-Brown, 1977). Sometimes the fragmented habitats are less 

connected with each other then they receive fewer immigrants per unit of time and their 

emigrants may encounter higher mortality during dispersal through the matrix. Therefore, a 

core area of well connected patches functions as a patchy population and the surrounding 

less-connected patches functions like a metapopulation. These processes of dispersal events 

strongly affect the temporal and spatial dynamics of the local populations resulting in a 

metapopulation (Stacey et al., 1997; Liebhold et al., 2004). Very large population occupying 

a bigger habitat patches is less likely to become extinct (Lande, 1993). This model is solely 

determined by the perseverance of large populations and called mainland-island or core-

satellite model and derived from the McArthur-Wilson model of island biogeography 

(Boorman and Levitt, 1973).   

 The first condition to satisfy the metapopulation dynamics concept is that the 

population must be discrete because metapopulation theory is unacceptable in the cases 

where habitat structure varies continuously. In a continuous habitat structure, the local 

populations are not fragmented or isolated from each other; therefore a metapopulation 

structure doesn‘t develop. The habitat is a place where the species complete its life cycle i.e., 

a set of biotopes used by some or all life stages to find resources they need for survival. For 

many species one biotope is enough to get all the resources for survival and complete the life 

cycle and the definition of habitat is straightforward here. But for anadromous fishes, 

different stages of life cycle occupy totally distinct biotopes sometimes several kilometres 

apart from the one to another (Schaefer, 2006). The second condition for the existence of 

metapopulation structure is that the dynamics of all local population are asynchronous; 

otherwise the persistence of the metapopulation is simply like any local populations. 
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However, the dynamics of metapopulation can be synchronous i.e., some populations that 

experience the same or comparable environmental conditions frequently responds in a similar 

way or sometimes the immigration is high enough compared to the inhabitants (Liebhold et 

al., 2004). Biocomplexity is defined as the heterogeneity in the habitat structure and the life 

history traits, also determined the metapopulation dynamics (Hilborn et al., 2003). The third 

and most important determinant of any metapopulation dynamics is the existence of dispersal 

between the local populations. In many terrestrial organisms, the extent of dispersal depends 

primarily on the distance between the habitat containing the populations and which is 

influenced by the existence of corridors (habitable) or barriers (inhabitable) in the landscape 

matrix and the mobility of the organisms throughout the landscape. 

 Moreover, a meta-community is a set of spatially structured local communities that 

are connected by dispersal i.e., a community of metapopulations (Hanski and Gilpin, 1991). 

Meta-community is used to explain the significance of species interactions within the 

community structure. Naturally, the meta-community would be composed of local 

communities that differ in species composition and formed due to the initial differences in 

species assemblages (Wilson, 1992). Leibold et al. (2004) identified four theoretical models 

to explain metacommunity structure and dynamics; these were ‗patch dynamics‘, ‗species 

sorting‘, ‗mass effects‘ and ‗neutral‘. ‗Patch dynamics‘ emphasizing local colonization and 

extinction dynamics and species interactions in a set of similar habitat patches. Patch 

dynamics theory is a best approach to study the relationship between the landscape structure 

and food chain or food web within a community (Holt, 2002). In a fragmented patchy habitat, 

the species at higher trophic level decline to extinction than the lower trophic level because 

they experience greater resource exhaustion in terms of total amount of the resource and the 

distances among resource patches. The second meta-community model or ‗species sorting‘ is 

based on the concept of ecological niche in a heterogeneous landscape.  ‗Mass effects‘ 

describes the relationship between mobile migratory species with that of resource utilization 

and exhibit source–sink dynamics.  Finally, according to the ‗neutral‘ model all species are 

equality competitive and so the assemblage of species in local communities is random. 

 The source-sink effect of a metapopulation depends on the stability between the cost 

to the source population (increased risk of local extinction within the source) and the benefit 

to the sink population (decreased risk of local extinction within the sink). There are some 

pseudo-sink populations that do not depend on the arrival of emigrants from sources. It may 

even benefit from a reduced influx of immigrants from the nearby source population 

(Watkinson and Sutherland, 1995). Other considerations include the presence of the corridors 
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which may provide a continuous stretch of habitat between habitat patches or discontinuous 

patches that improve connectivity in ‗stepping-stone‘ fashion and function as a buffer against 

catastrophic events. A corridor for movement in one direction may simultaneously act as a 

barrier in the perpendicular direction (Rondinini and Doncaster, 2002). Hanski (1994) 

predicted that generally higher extinction rates are found in smaller populations, and the 

probability of rescue is very low by immigration in more isolated population. This 

observation was mainly called as the ―SLOSS” debate, i.e., whether a Single Large Or 

Several Small (SLOSS) populations are better to protect the species. In one hand several 

small populations may have a lower extinction risk than one large population, if the rate of 

dispersal is high and the environmental pressure on the habitat patch is low. This is because a 

single large population will not get benefited from uncorrelated environmental conditions; 

therefore if it becomes extinct, and it cannot be recolonized. On the other hand, several factor 

like demographic stochasticity and environmental fluctuations and edge effects leads to the 

extinction of the small population. Thus, if they become extinct at the same time, or if the 

extinct ones cannot be recolonized from other source populations, a metapopulation 

consisting of several small populations may face a higher extinction risk than a single large 

population (Akcakaya et al., 1999). 

  Models are particularly important to the conservation of metapopulation, because it is 

useful in evaluating management actions at large spatial scales, where the endangered status 

of a species makes experimental approaches unreasonable. Frequently, management of a 

metapopulation means management of the species and its habitat as a whole (Schtickzelle and 

Baguette, 2004). Most of the issues and decisions regarding conservation of metapopulation 

is relied on some interdependent and correlated factors, such as number of populations, 

spatial relationship, dispersal and density of the organism. Because many of these factors 

involve interactions between populations, there is no simple way to deduce the 

metapopulation dynamics models in a simplified manner (Doncaster, 2000). Therefore, the 

only way is to incorporate all these factors simultaneously including all populations and their 

interactions in one model, in other words, to use a ‗metapopulation model‘.  

  There are several different types of metapopulation models available and each has 

their own set of hypothesis and constrains (Breininger et al., 2002). Patch-occupancy model 

describe each population as present or absent within a particular patch (Hanski, 1994). In 

structured or frequency-based models an intermediate level of complexity is found which 

describe the abundances of age classes or life-history patterns of each population (Akcakaya 

2000a). These models describe the spatial structure by modelling the correlation between 
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dispersal and temporal dynamics among populations (Akcakaya and Baur, 1996). Finally, the 

individual-based models describe the spatial structure individuals within population or within 

the territories (Lacy, 2000). Some earlier models use a regular network where each cell of the 

network can be modelled as a potential territory (Pulliam et al., 1992). Sometimes, a suitable 

habitat map is also used to determine the spatial structure of the metapopulation (Akcakaya 

and Atwood, 1997). 

 Some models of metapopulation suggest that there is an equilibrium state with respect 

to extinction and recolonization of patches (Hanski, 1999). However, some small and highly 

heterogeneous metapopulations are found naturally in a un-equilibrium state (Baguette, 

2004).  Moreover, some metapopulations that persist over long time period showed density-

dependent regulation at the regional scale, often assumed to be in colonization rate. 

Therefore, the metapopulation equilibrium models can play a useful role for analyzing the 

processes (like habitat loss, habitat fragmentation, exploitation and alien invasions) that may 

threaten viability of metapopulation concern. The metapopulation may still decline if the rate 

of local extinctions due to environmental fluctuations and demographic stochasticity exceeds 

colonization rates, because of factors such as limited dispersal, or ‗Allee‘ effects on small 

populations, or correlated environments. The equilibrium assumption is sometimes 

mistakenly believed to apply to the metapopulation concept in general, yet several 

metapopulation models and approaches do not make this assumption (Akcakaya and Sjogren-

Gulve, 2000). Metapopulation models assume constant number and location of habitat 

patches but the natural landscapes are dynamic in nature. The spatial structure changes 

according to the seasonal and climatic fluctuations and anthropogenic interventions. 

Therefore, the viability of metapopulation depends on the patch turnover and the quality, 

stability and quantity of the habitat patches (Keymer et al., 2000). Some metapopulation 

models incorporate spatially and temporarily distributed community succession which 

determines a critical habitat for certain species (Johnson, 2000; Hastings, 2003). Other 

models incorporate changes in carrying capacity over time, either deterministically or 

stochastically (Johst et al., 2002; Keith, 2004). A recent approach has developed which deals 

with linking a landscape model and a metapopulation model (Akcakaya et al., 2005). 

Kindvall and Bergman (2004) analyzed the long term extinction risk under different 

landscape condition by the help of metapopulation models and demonstrated the importance 

of landscape dynamics in the variability o different species.    
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1.8 Background and origin of research problem 

 Genetic variation is the raw material of evolution. A change in genetic composition of 

population and species is the primary mechanism of evolutionary change within species. 

Genetic differences among the individuals of a species are the basis of the phenotypic 

variation within that species. 

Genetic diversity may be defined as the heritable variations within and between 

populations of organisms. The pool of genetic diversity of species can exist at three levels - 

genetic diversity within individuals (or heterozygosity), genetic diversity among different 

individuals within a population, and genetic variations among different populations. New 

genetic variations can arise in individuals of a species by gene and chromosomal mutations. 

In a sexually reproducing population, these variations spread through recombination, and are 

ultimately acted upon by natural selection to produce evolution of the population. Thus, 

genetic diversity contributes to all the diverse forms of life on earth. The loss of genetic 

diversity reduces the capability for adaptation and increases the risk of extinction (Frankham, 

1995; Caughley and Gunn, 1996; Avise and Hamrick, 1996; Landweber and Dobson, 1999). 

Inbreeding has been implicated in the erosion of genetic variation within natural populations 

(especially in small populations) by reducing the number of heterozygotes and hence 

reducing the mean phenotypic values of useful traits, which can result either through an 

increased chance of sharing parental genes from inbreeding itself or through a loss of alleles 

from random genetic drift (Wang et al., 2002). Therefore, loss of genetic diversity through 

inbreeding or loss of heterozygosity is of great importance in the cases of potential 

ornamental fishes of the country. Therefore, a firsthand knowledge of the genetic structure of 

a species is essential for assessing the genetic status and subsequently implementing 

programs on conservation of the ―Evolutionary Significant Unit‖ as well as selective 

improvement of the genetic stock of natural populations. 

 Based on IUCN categories, the CAMP workshop (Molur and Walker, 1998) identified 

several fish species which have attained the threatened status in India. However, there have 

been insufficient studies with regard to the details of endemism and status of genetic diversity 

of many fish species, especially in the North-East India and northern West Bengal alike. A 

detailed study related to germplasm inventory, evaluation of genetic hierarchy in the river 

systems and ascertaining the genetic diversity of freshwater fishes would not only help us in 

prioritization for conservation measures for threatened fishes, but also fulfil our national 

obligation to Convention on Biological Diversity (CBD). North Bengal region being in the 
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Eastern Himalaya Hotspot, this type of study with regard to threatened fish fauna, especially 

which have ornamental values, will be of much value from the standpoint of conservation, 

sustainability, economics and human livelihood. 

 The Indian Torrent Catfish, Amblyceps mangois (Hamilton-Buchanan 1822, Family: 

Amblycipitidae), Ambassis ranga (Hamilton-Buchanan 1822, Family: Ambassidae), 

Nemacheilus sp (Bleeker 1863, Family: Balitoridae) and Badis sp (Hamilton-Buchanan 1822, 

Family: Nandidae), Channa amphibius (McClelland 1845, Family: Channidae), Ompok pabo 

(Hamilton-Buchanan 1822, Family: Siluridae), Sisor rhabdophorus (Hamilton-Buchanan 

1822, Family: Sisoridae), Ctenops nobilis (McClelland 1845, Family: Belontiidae), 

Glyptothorax telchitta (Hamilton-Buchanan 1822, Family: Sisoridae), Mystus montanus 

(Jerdon 1849, Family: Bagridae)  are important freshwater fishes found in different rivers in 

the northern region of West Bengal, India. Among these fishes, Badis badis [VU] and  

Amblyceps mangois [EN] have important noteworthy ornamental, thus commercial values 

(MPEDA website, www.mpeda.com) and have been included in the list of threatened 

freshwater fishes of India by NBFGR (Lakra et al., 2010). Over last few years, wild 

populations of these fishes have declined steadily probably due of overexploitation, habitat 

loss, pollution, and destructive fishing procedures. While, the fish fauna is yet to be assessed 

from the viewpoint of wildlife conservation in West Bengal, it is known that the several hill 

stream fishes, especially goonch, common mahaseer, tor mahaseer, mosal mahaseer, etc., are 

becoming rare due to intervention by dams and barrages. 

 Therefore, I wanted to ascertain the status of genetic diversity in fishes that have 

potential ornamental uses and export values in a region of India where proper exploitation of 

such ichthyofauna with regard to sustainable aquaculture can substantially improve human 

livelihood and also to conserve the germplasms in the wild. Moreover, I wanted to ascertain 

spatial hierarchic genetic structure of geographic populations of two threatened fish species 

having great ornamental values, namely Badis badis and Amblyceps mangois in the stream 

and river systems of the Terai and Dooars region of northern West Bengal, popularly known 

as North Bengal. In my opinion, the study would give a firsthand picture of these aspects in 

this region for the first time. The study is expected throw light on the present level of genetic 

variation of two important threatened fishes (Badis badis and Amblyceps mangois) and 

ascertain potential local (river-wise) populations deemed for conservation. The area of study 

is within the sub-Himalayan hotspot and thus the study is important from the stand point of 

endemic morphological variations in these ornamental species. 
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1.9 Review of literature 

1.9.1 Origin of ichthyofaunal conservation. 

 The ‗diversity crisis‘ was the main force that pushed ichthyologists to think about the 

conservation and management of ichthyofaunal diversity. The threat of the diversity crisis 

focused interest in the mechanism of extinction and in population viability and this approach 

drew upon population genetics, population ecology and conservation genetics together. With 

the increasing global population, the demand for high quality protein is also increasing, 

especially from aquatic resources. Over-exploitation, habitat alteration, introduction of exotic 

fish species and overharvesting toward certain sizes or age classes are the major causative 

factor for the considerable depletion of almost all economically important species in fish 

populations. So an urgent need for conservation of fish genetics has been recognised by 

fishery scientists and aquaculturists worldwide (Lakra et al., 2007). Fish living spaces are 

devastated as an outcome of numerous stochastic and natural components, for example, 

deforestation, watershed disintegration, and silting forms. Farming run-offs, pesticides, 

fertilizers, sewage, and chemical contaminants have added additional pressure for the 

declining fish populations. Construction of dams within the rivers additionally creates 

barriers to the natural dispersal pathways of migratory fish species, and eliminates 

opportunities for intermixing as well as gene flow among fish populations. Moreover, 

introduction of some exotic fish species may cause in hybridization between exotic and 

naturally occurring species that leads to modification of the genetic composition.This 

alternation finally lead to collapse the locally adapted genetic architecture of native 

populations. Moreover, exotic species compete with native species for habitat and food; and 

they often reproduce fast and quickly replace the native fishes (Banerjee et al., 2008). The 

basic aim of natural fisheries management should be aimed at deriving a long term 

sustainable benefit through multidisciplinary scientific concepts involving population 

biology, ecology, evolution, genetics, social, political and economic aspects to manage and 

domestication of the natural fish stocks. The fundamental goal of protection is to keep up 

thethe genetic integrity and variability of the fish species in their natural common habitats. 

Therefore, a legitimate documentation of genetic variability and diversity is of critical 

importance for sustainable management fishes especially economically important fishes with 

long term potential impact. 
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 Additionally, some hypothetical issues are there and some basic inquiries must be 

replied before organizing any conservation practice. The risky region and objectives has to be 

made as per the following:  

1. To identify any critical species or species group as a bioindicator in ascertaining the 

biological diversity (Pearson and Cassola, 1992).  

2. To identify and ensure the minimum thresholds of diversity before ecological systems lose 

their functional integrity or evolutionary adaptability. This is the question of redundancy of 

‗diversity‘ or ‗heterogeneity‘ and a limit of diversity has to be set to maintain the integrity 

(Walker, 1992). 

 

1.9.2  Molecular techniques to study genetic diversity 

 The most powerful catalyst for multiplied analysis efforts within the field of 

conservation has been most likely the nice advances in genetic and molecular technologies, 

resulting in associate degree more and more wider style of molecular methodologies for 

application in conservation genetic and population genetic studies. To date, genetic and 

molecular ways are applied immensely in conservation biology primarily as by selection 

neutral molecular tools for partitioning the empirical queries of conservation and organic 

process connectedness (Primmer, 2009). 

 

1.9.2.1 Molecular genetics methods in conservation biology 

Frankel and Soule (1980) reviewed the applying of population genetics and 

evolutionary biology theory, and also the methodology to deal with the problems of 

conservation concern features a long history. The primary step of molecular biological 

technologies within the field of conservation biology was taken within the 1960s with the 

introduction of macromolecule polymorphism analysis (Ridgeway, 1962), followed by the 

mitochondrial DNA (mtDNA), Restriction Fragment Length Polymorphism (RFLP) 

methodologies (Bowen and Avise, 1990), Randomly Amplified Polymorphic DNA (Williams 

et al., 1990), and most recently microsatellite (Taylor et al., 1994) and Inter Simple Sequence 

Repeat markers (Zietkiewicz et al., 1994). every of those molecular-markers was seen as a 

revolution at the time once it had been developed, because of the new potentialities that every 

new development created compared to antecedently available markers (e.g., high-quality 

DNA vs. low-quality DNA; high polymorphism vs. Low polymorphism, recombining vs. 

non-recombining, neutral vs. presumably selected) (De Young and Honeycutt, 2005). 

Therefore, the applications of particular forms of genetic markers are getting more and more 
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specialised to attain a specific goal to answer/solve the particular queries of conservation 

concern (Schlotterer, 2004). To date, the most use of genetic markers in conservation biology 

has been as molecular tools for ansawring varied queries, including: estimating parentage or 

relatedness in ex situ breeding programs (McLean et al., 2008), estimating the effective 

population size (Vera et al., 2008), investigating population bottlenecks, likewise as genetic 

drift (Luikart,1998), determining the population structure for the improvement of 

management process or to spot the evolutionary significant units (ESUs) (Fraser and 

Bernatchez, 2001), and for investigating hybridization between different groups (Barilani, 

2005). Moreover, the analysis of neutral markers are often accustomed to assess the evolution 

of a specific loci in response to the changes in environmental processes and this successively 

may well be accustomed to assess the potential for populations to adapt the longer term 

changes of the environment (Bonin et al., 2007). 

 

1.9.2.2 Genomic approaches in conservation biology 

 The genomic era was started when the genome of the evolutionary, ecologically and 

commercially important model organisms were successfully sequenced (Kohn et al., 2006). 

This genomic information has been used for the study of organism having great economic 

value and as well as of their relationship with other important taxa. Vasemagi et al. (2005a) 

has reported the population genetic structure and evolutionary analyses of wild Atlantic 

salmon population with the help of genomic information available from the Rainbow trout 

(Oncorhynchus mykiss) andAtlantic salmon (Salmo salar).  

 There are several benefits of focusing the conservation towards genomic approach. 

Firstly, it provides a raw material to develop a larger number of molecular markers of a wide 

variety of organisms and also is expected to solve the uncertainties reflected in population 

structure towards a specific conclusion (Koskinen et al., 2004). Secondly, the single-

nucleotide polymorphism (SNPs) markers have the potential advantages to develop a highly 

sophisticated marker procedure that enable to analyse the genomic information more 

sofistacally even the DNA is highly degraded that is hardly possible with conventional PCR-

based markers. (Sanchez and Endicott, 2006). Thirdly, this genomic data has enabled a novel 

way to analyze the conservation genetic issues with the help of neutral markers, therefore 

enhancing conservation of functionally relevant genetic variation (Kohn et al., 2006). 

The superfluity of data provided by various genome projects, advances in genomics 

and transgenic analysis have supplemental nice resources within the field of biotechnology 

and recombinant DNA technology. These resources open a wider way in the field of fisheries 
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and aquaculture to realize many goals like multiplied food production, development of recent 

natural resources, awareness concerning decreasing genetic diversity and to halt the injurious 

impact of contemporary civilization on our surroundings and environment. Melamed et al. 

(2002) delineated some biotechnological approaches to fisheries and aquaculture science. 

 Expressed Sequence Tag (EST) libraries have been used as a precious resource for the 

study of conservation and evolutionary genetics. The EST has various homologous 

sequences, which can be aligned with overlapping sequences to spot polymorphic sites and at 

the same time that could develop the SNP marker using bioinformatics tools by CASCADE 

databases, known as in silico SNP mining pipeline (Guryev et al., 2005). Those ESTs having 

microsatellite sequences at the un-translated region has been applied to develop PCR primers 

using straightforward bioinformatics tools to observe gene polymorphisms (Vasemagi et al., 

2005a). In 2005b, Vasemagi et al. used this approach to develop 75 polymorphic EST-

associated markers in five salmonid species. Recently, genomic technological advances like 

next generation sequencing (NGS) technologies and ―deep sequencing‖ or ―ultra-high turnout 

sequencing‖ technologies (Mardis, 2008; Holt and Jones, 2008) give a wider path to know the 

empirical queries concerning the conservation genetic architecture of model also as non-

model organisms. 

 

1.9.2.3  Types of molecular markers 

 Molecular markers can be classified into Type I and Type II markers on the basis of 

gene function. Genes of known function are analysed with Type I markers whereas, while 

type II markers are associated with genes having unknown genomic function as well as 

regions. Therefore, on the basis of this classification of markers allozyme markers are Type I 

markers because they encode the protein has known functions. RAPD and ISSR markers are 

Type II markers because these markers give bands which are amplified from anonymous 

genomic regions with random/arbitrary primers via the polymerase chain reaction (PCR). 

Microsatellite markers are also Type II markers unless they're related to genes of better 

known function. In general, type II markers are selectively neutral in nature because these 

markers such as RAPDs, ISSR, microsatellites, and AFLPs are considered as non-coding 

markers. Such neutral markers have been widely used in population genetic studies to 

characterize genetic divergence and genetic diversity within and among the populations or 

species (O‘Brien, 1991). Earlier reports suggested that there are six different types of DNA 

polymorphisms used for population genetic studies, viz., RFLP, minisatellites (Varying 

Number of Tandem Repeats or VNTRs), microsatellites (Short Tandem Repeats or STRs; 
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Simple Nucleotide Repeats or SSRs), RAPD, AFLP and SNP (Altukhov and Salmenkova, 

2002). 

 

1.9.2.4 Criteria for choosing molecular markers 

 To study population genetics of any organism it is very much essential to choose a 

genetic marker with appropriate characteristics. The most problems for selecting a molecular 

marker to resolve given questions of conservation concern are in brief delineating below: 

 

1.9.2.4.1 Sensitivity and reliability  

 In order to solve the particular question regarding the population genetics the marker 

should have a correct sensitivity and reliability. Based on the data available throughout the 

studies (either too several or too little), the accumulated information have given the concept 

regarding what kind of markers needs to be used for correct analysis. 

 

1.9.2.4.2 Multi-locus or Single-Locus 

 Usually there is fascinating however incompatible relationship between the utility and 

accuracy of genetic markers. This dichotomous relationship has been found within the Multi-

locus (RAPD, ISSR, and AFLP) and Single locus (microsatellite) techniques. Multi-locus 

markers are technically convenient however imprecise with some drawbacks, together with 

the variations they detect is non-heritable. A elementary limitation is the dominant 

inheritance, as a result of this DNA fragments is scored solely on the basis of presence or 

absence of bands (1 or 0), in distinction to co-dominant inheritance wherever every of the two 

alleles at a locus in an individual is identified and so analyzed more acurately (Burt et al., 

1996). Against this, single-locus markers are much more versatile and informative because 

they can be analyzed as genotypic arrays, as alleles with frequencies and as gene genealogies 

(Sunnucks et al., 1997). However, multi-locus RAPD bands can be cloned and regenerate to 

single locus co-dominant marker (Fa et al., 2010). The RAPD and ISSR techniques are low 

cost and really quick method to estimate or measure the genetic structure of any species into 

account. Moreover, these two ways don't need any previous data of the genetic design of the 

concern species. Although, these ways have limitations and therefore the obtained results 

could vary from laboratory to laboratory, the utilization of various sets of primers and 

perennial experimentation will scale back the error rate considerably to achieve a primary 

data of the genetic variability of any species very simply. This is often the explanation why 

we've chosen these two markers i.e., RAPD and ISSR in our study. 
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1.9.2.4.3 Gene genealogies and Frequencies 

 Mitochondrial or nuclear DNA sequences are affected by mutation rates, population 

parameters and natural selection. Genealogies describe the population processes, 

phylogeographic phenomenon, speciation and evolutionary relationships. Molecular 

phylogenies can facilitate to untangle the present structure from the effects of historical 

events (Templeton, 1998). Therefore, markers that are capable of analysing gene genealogies 

have great advantages over other possible markers. 

 

1.9.2.4.4 Organelle and Nuclear DNA 

 The eukaryotic cells get nuclear DNA biparentally however mitochondrial or plastid 

DNA are uni-parental. This mode of transmission and also the variations within the pattern of 

evolution helps to know the population biology and evolutionary history of organelle DNA 

and nuclear DNA gene genealogies. Mitochondrial DNA features a lower Ne (effective 

variety of alleles) than nuclear markers therefore mitochondrial DNA markers are 

accustomed to determine the taxa (Sunnucks, 2000). The technical advancement of molecular 

markers has crystal rectifier to the inflorescence of genetic analysis of populations. However, 

genetic markers are indiscriminately used for population genetic science to conservation 

genetics studies but sometimes probably result in inappropriate interpretations. This is due to 

the two contradictory variations within the study question (historic/contemporary genetic 

variation), population size (big/small populations), time window (over past/recent events), 

and purpose (understanding evolutionary forces/exploring effects of diversity on survival) 

(Wan et al., 2004). Population genetics emphasizes the role of various evolutionary forces 

that play over time and conservation genetics highlights the consequences of genetic structure 

to preserve any species. Each of which might be deduced with the assistance of acceptable 

molecular markers. 

 

1.9.2.5 Applications of different molecular markers/tools in ichthyofaunal conservation.    

 The most powerful catalyst with in the field of conservation biology has been the 

advances in genetic and molecular technologies and experimentations, resulting in a vast 

variety of molecular methodologies for application in conservation and population genetic 

studies. To date, molecular methods have been applied immensely in conservation biology 

primarily as selectively neutral molecular tools for resolving the empirical questions of 

conservation, management and evolutionary relevance (Primmer, 2009). Molecular genetic 
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markers have been used as powerful and high resolution molecular genetic tools to detect the 

genetic variability as well as uniqueness of individuals, populations and species and have a 

revolutionized analytical power to explore the genetic diversity (Lakra et al., 2007). The data 

gathered from genetic diversity study will help to implement the conservation and 

management programmes towards natural resources. This genetic diversity and variation 

within/between population can provide clues to the population‘s life histories, divergence and 

degree of evolutionary isolation.  

Different types of molecular markers available for studying the fish population may 

basically be divided into 2 types of markers viz. Protein and DNA, and there are three general 

classes of molecular markers used in population genetic and phylogenetic studies: (1) 

allozymes, (2) mitochondrial DNA and (3) nuclear DNA (Parker et al., 1998).  

 

1.9.2.5.1 Allozyme 

 The term ―allozyme‖ refers to different allelic forms of nuclear gene -encoded 

enzymes, whereas ‗‗isozyme‖ is a more general term referring to different biochemical forms 

of an enzyme which is identified by electrophoresis. Therefore, Allozyme electrophoresis 

technique denotes the procedure for identifying the genetic variation at the level of enzymes 

thus protein level, which are directly encoded by DNA. The allelic variants that encode 

different types of protein enzymes known as allozymes are differ slightly in electrical charges 

and can be separated by enzyme electrophoresis technique. Moreover, the allelic variants are 

inherited in a Mendelian fashion (both alleles are expressed in homozygous as well as 

heterozygous condition), thus Allozymes are co-dominant markers and the character variants 

passed from parent to offspring in a predictable manner. The allozyme variation provides data 

regarding single locus genetic variation and this locus specific genetic data allow us to 

answer many basic questions regarding the variability available in fish populations (May, 

2003). 

 Each of these allozymes is a product of a unique allele whose amino acid sequence is 

slightly different from each other. In diploid organisms, there will be a combination of two 

alleles at each locus, designated as F (fast) and S (slow) or as ―a‖ and ―b‖ to distinguish 

between them. Therefore, the genotype at a gene locus coding for an enzyme can be deduced 

for each individual in the sample from the number and position of the bands observed on the 

electrophoretic gels. If the enzyme is a monomer (the complete enzyme consists of only one 

polypeptide) the electrophoretic band pattern shown in Figure 5a would result for 

homozygotes and heterozygotes. An enzyme whose quaternary structure is a dimer (the 
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complete enzyme consists of two polypeptides) would show the electrophoretic band pattern 

demonstrated in Figure 5b. In an individual, heterozygous at a dimeric enzyme locus for slow 

(a) and fast (b) alleles, three enzyme associations will be evident (aa, ab, bb). The 

heterozygote will show up twice as dark because both forms of each polypeptide will 

randomly associate, meaning that there is only one combination that will yield aa or bb, but 

there are two combinations which will yield ab. The electrophoretic pattern for a tetrameric 

enzyme is given in Figure 5c (Bader, 1998).  

 

 

Figure 5: Electrophoretic pattern for allozymes: a) Monomeric enzyme; b) Dimeric enzyme and c) 

Tetrameric enzyme. Homozygotes are represented by aa, bb and heterozygotes are represented by ab 

(adapted from Bader, 1998). 

  

 The allozyme electrophoresis technique is comparatively pricey, it needs relatively 

specialised instrumentation and also the general applicability of this method has created this 

the foremost studied style of molecular variation (Park and Moran, 1995). This method is 

extremely a lot of advantageous for screening of an outsized variety of loci typically over 30-

40 and no marker development part is critical and also the analysis will begin for any species 

straightaway once the samples are collected from the field (Okumus and Ciftci, 2003). 

Moreover, comparable information from previous studies and a wealth of normal statistical 

procedures create allozymes appealing for studies of each fine and broad scale genetic 

variation (Weir, 1990). Beside these benefits there are few limitations. one in all the main 

limitations of this has been the inability to read genotypes from little quantities of tissue, that makes 

allozymes unsuitable for tiny organisms (e.g. larvae) and conjointly in vulnerable species; moreover, 

the main disadvantage that is tough to overcome is that solely atiny low fraction of protein loci seem 

to be allozymically polymorphic in several species (Okumus and Ciftci, 2003). Additionally, a given 

modification in nucleotide sequence might not result in a modification in amino acid at all 

(synonymous), and so wouldn't be detected by protein electrophoresis.Furthermore, often a change 

in the DNA that results in a change in an amino acid may not result in a change in the overall 

charge of the protein and, therefore, would also not be detected (Park, 1994). 
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 In spite of these drawbacks, allozyme electrophoresis analyses have  a more profound 

impact on fisheries research and management than most of all other genetic tools. There are 

widespread applications of allozymes in fisheries, which include allozyme variation in Brown 

trout, Salmo trutta from Central Spain (Machordom et al., 1999), in Chiloglanis paratus and 

Chiloglanis pretoriae from the Limpopo River system, Southern Africa (Engelbrecht and 

Mulder, 2000), Johnston‘s topminnow, Aplocheilichthys johnstoni, population from the 

Zambezi River system (Steenkamp et al., 2001), Australian rainbow trout, Oncorhynchus 

mykiss (Farrington et al., 2004), Spotted Murrel, Channa punctatus from South Indian river 

system (Haniffa et al., 2007), Armored Catfish Hypostomus regani from Brazil (Zawadzki et 

al., 2008), and Nandus nandus populations from Bangladesh (Zohora et al., 2010). The 

allozyme electrophoresis study can also be used for the study of population structure and 

genetic diversity analysis in different populations of Atlantic Salmon (Cordes et al., 2005), 

left eyed founder Paralichthys olivaceus (Feng et al., 2007), endemic and endangered Yellow 

Catfish, Horabagrus brachysoma (Muneer et al.,2007).  

 

1.9.2.5.2 Restriction Fragment Length Polymorphism (RFLP) 

 A small portion (< per cent 1) of the DNA of eukaryotic cells is non-nuclear; it is 

located within organelles in the cytoplasm called mitochondria. The major features of 

mtDNA: (a) in general maternally inherited haploid single molecule; (b) the entire genome is 

transcribed as a unit; (c) not subject to recombination and provides homologous markers; (d) 

mainly selectively neutral and occurs in multiple copies in each cell; (e) replication is 

continuous, unidirectional and symmetrical without any apparent editing or repair 

mechanism; and (f) optimal size, with no introns present (Billington, 2003). Like nuclear 

DNA the genome includes coding and non-coding regions and later evolves much faster than 

coding regions of DNA. One of the major consequences of maternal transmission of mtDNA 

is that the effective population size for mtDNA is smaller than that of nuclear DNA, so that 

mtDNA variation is a more sensitive indicator of population phenomena such as genetic drift, 

bottlenecks and hybridizations (Avise, 1994). 

 The rapid rate of evolution, the maternal mode of inheritance and the relatively small 

size of mtDNAs make the RFLP analysis of this molecule one of the methods of choice for 

many population studies (Ferguson et al., 1995). RFLP reveals polymorphism in an 

individual defined by restriction fragment sizes of distinctive lengths produced by a specific 

restriction endonuclease. Variation at mtDNA may be analyzed mainly with two different 

approaches: (a) RFLP analysis of whole purified mtDNA obtained from fresh tissue of 
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organisms (usually liver or gonad) by digesting it with different restriction endonucleases; (b) 

or DNA sequencing of small segments of the mtDNA molecule obtained by means of PCR 

amplification of the fragments generated after restriction digestion (Billington, 2003). These 

techniques yields maximum resolution and information that have made examination of 

mtDNA variations considerably easier and faster (Ferguson et al., 1995). RFLP analyses of 

mtDNA in population genetic studies have several advantages, including detection of quite a 

high levels of potential variation, evolving rate of a mtDNA is high , high rate of genetic drift 

and low level of gene flow, possibility of reconstructing the phylogenetic history of 

organisms and populations after mtDNA analyses, analysis can be carried out with a very 

small amount tissues (Hansen and Mensberg, 1998; Nielsen et al., 1998; Hansen et al., 2000). 

Variations in the characteristic pattern of a RFLP digest can be caused by base pair deletions, 

mutations, inversions, translocations and transpositions which result in the loss or gain of a 

recognition site of the restriction endonucleases resulting in a fragment of different length 

and and thus polymorphism occurs. 

 Several sets of ―universal primers‖ have been developed to analyse the same mtDNA 

segments in a variety of fish species. In initial studies with fish carried out with salmonids, 

universal primers for analysing the mtDNA ND-1 and ND-5/6 segments were used (Cronin et 

al., 1993). The only non-coding region in the entire mtDNA of vertebrates is the D-loop 

region. Some markers have targeted the D-loop region which is highly variable in mammals 

but for some fish species little polymorphism is shown in the D-loop region (Okumus and 

Ciftci, 2003). Studies with a number of fish species Salmo trutta (Hall and Nawrocki, 1995), 

S. salar (McConnell et al., 1995), Anguilla anguilla (Daemen et al., 1996), Hirundichthys 

affinis (Gomes et al., 1999), and Liporinus elongates (Martins et al., 2003) have actually 

shown less variability in the non-coding D-loop region rather than elsewhere in the 

mitochondrial genome. Thus the cytochrome b, cytochrome oxidase gene, 12S and 16S 

rRNA genes and dehydrogenase genes were widely examined to study genetic variability in 

Atlantic cod (Carr and Marshall, 1991), Tor tambroides Valenciennes (Esa et al., 2008), 

Mekong giant cat fish (Nakorn et al., 2006), six flatfish species (Kartavtsev et al., 2007), 

anemone fishes (Ghorashi et al., 2008) and Barilius bendelisis (Sah et al., 2011). mtDNA is 

also useful for barcoding of different fish species like Channa marulius (Lakra et al., 2011). 

Genetic divergence study in six Labeo species from nine Indian river system has been also 

carried out with mtDNA Cytb gene sequence analyses (Luhariya et al., 2012). Mitochondrial 

DNA (mtDNA) sequence variations have also been studied in two highly endangered fish 

Chitala chitala and Anaecypris hispanica (Mandal et al., 2011 and Alves et al., 2001). The 
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mtDNA have a number of applications in fisheries biology, management and aquaculture and 

has attracted a lot of attention in many species, especially for population and evolutionary 

studies to provide critical information for use in the conservation and rehabilitation 

programmes. 

 

1.9.2.5.3 Amplified Fragment Length Polymorphism (AFLP)  

 Amplified Fragment Length Polymorphisms (AFLP)-based genomic DNA 

fingerprinting is a technique used to detect DNA polymorphism. AFLP is a polymerase chain 

reaction (PCR)-based technique, and has been reliably used for determining genetic diversity 

and phylogenetic relationship between closely related species or organism (Vos et al., 1995). 

AFLP analysis combines both the reliability of restriction fragment length polymorphism 

(RFLP) and the convenience and rapidness of PCR-based fingerprinting methods. AFLP 

markers are generally dominant in nature and importantly do not require prior knowledge of 

the genomic composition of the concerned species. The bands generated after AFLPs are in 

great numbers and are reproducible. AFLP analysis is based on selective amplification of 

fragments obtained by restriction of the genomic DNA. This method involves three steps: (a) 

DNA digestion (typically by two specific restriction enzymes) and binding of sticky fragment 

ends with specific oligonucleotides adapters by a ligase; (b) selective PCR amplification of 

the set of restriction fragments; and (c) electrophoretic analysis of the amplified fragments (d) 

scoring of the amplified fragment and analyses The nucleotide sequence of the adapter and an 

flanking restriction site serves as a target for the complimentary annealing of the primer and 

the primer sequence is elongated at the 3' end by several arbitrary nucleotides. This allows 

selective amplification of only the fragments whose restriction sites are flanked by the 

corresponding complementary nucleotides (Mueller and Wolfenbarger, 1999). The AFLP can 

be applied to all species and give very reproducible results; and it has the advantage of the 

extensive coverage of the genome of the organism under study. In addition, the complexity of 

the bands can be reduced by adding selective bases to the primers during PCR amplification. 

Although there are several disadvantages of this technique i.e.,  the alleles are not easily 

recognized from homozygous to heterozygous condition, have medium level of 

reproducibility, labor intensive and have high instrumental, chemical and development costs 

(Karp et al., 1997). Moreover, AFLP requires a firsthand knowledge of the genomic sequence 

to design primers with specific selective bases. 

 The efficiency of AFLP seems to be much more than the microsatellite loci and it was 

used to discriminate the population differentiation in whitefish (Coregonus clupeaformis) 
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(Campell et al., 2003). The researchers conjointly noted that the AFLP resulted in higher 

level of success in all levels of stringency and also the probability distinction between 

populations may be studied befittingly through AFLP marker. Like RAPD, AFLP analysis 

permits the screening of the many additional loci within the genome in a relatively within a 

short time and in an inexpensive manner. AFLP markers show dominant nature of 

inheritance, therefore, it limits their utility for application in population genetics. Sometimes, 

AFLP markers have been used for intra and inter population mtDNA analysis. The AFLP 

methodology sometime become difficult to analyze due to the large number of unrelated 

fragments are visible on the electrophorectic gel along with the polymorphic fragments 

(Okumus and Ciftci, 2003). There are several advantage of this technique: (a) multiple 

polymorphic bands are produced per experiment, (b) these bands are generated from all over 

the genome, (c) the technique is reproducible (Blears et al., 1998; Vos and Kuiper, 1997), (d) 

this technique have highly discriminatory and differentiation power, and (e) the data can be 

stored in database like AmpliBASE MT (Majeed et al., 2004) for comparison purposes. 

 

1.9.2.5.4 Random Amplified Polymorphic DNA (RAPD) 

 RAPD is a random amplification of anonymous loci by PCR. It has several 

advantages and has been quite widely employed in fisheries and other organismal studies. 

The method is relatively simple, rapid and cheap, it reveals high degree polymorphism, only 

a small amount of genomic DNA is required and most importantly, no prior knowledge of the 

genetic make-up of the organism in question is required (Hadrys et al., 1992). RAPD markers 

allow creation of genomic markers from scarcely known species of which little is known 

about target sequences to be amplified. The technique is a based on the PCR amplification of 

discrete regions of genome with short oligonucleotide primers of arbitrary or random 

sequence. A small amount of genomic DNA, one or more oligonucleotide primer (usually 

about 10 oligonucleotide in length), free nucleotides (dATP, dGTP, dCTP and dTTP) and 

Taq DNA polymerase with a suitable reaction buffer are major requirements. The main 

drawback with RAPDs is that the resulting pattern of bands is very sensitive to a number of 

factors, like reaction conditions, genomic DNA quality and the PCR temperature profile 

(Williams et al., 1990; Welsh and McClelland, 1990). Even if the researcher is able to control 

the major parameters, other drawbacks of RAPD will remain: homozygous and heterozygous 

conditions of the alleles cannot be differentiated and the patterns are very sensitive to slight 

changes in amplification conditions, giving problems of reproducibility from laboratory to 

laboratory (Ferguson et al., 1995). 
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 RAPD markers is a type II markers have been used for phylogenetic studies for 

species and subspecies identification of fish, for gynogenetic identification of fish, analysis of 

inter-specific gene flow, paternity analysis, kinship relationships and for gene mapping 

studies in fish. In aquatic organisms DNA polymorphisms have been extensively employed to 

investigate and assess genetic diversity.. RAPD-PCR fingerprinting offers a rapid, reliable 

and efficient method for generating a new series of inheritable DNA markers in fishes (Foo et 

al., 1995; Ali et al., 2004). There are two modifications of detecting RAPD markers have 

been described as DNA Amplification Fingerprinting (DAF) and Arbitrarily Primed 

Polymerase Chain Reaction (AP-PCR). DAF utilizes short random primers of 5-8 bp and a 

great number of amplified polymorphic fragments are visualizes by Polyacrylamide Gel 

Electrophoresis (PAGE) and subsequent silver staining. AP-PCR uses slightly longer primers 

and amplified polymorphic fragments are radioactively tagged and finally resolved by PAGE 

analyses (Hadrys et al., 1992). 

 Assessment of genetic diversity of Tilapia stock under aquacultural practices in Fiji 

has been carried out with the help of RAPD markers to ascertain polymorphism and the 

potential impacts of current management practices on genetic diversity and gene 

introgression among the tilapia stocks (Appleyard and Mather, 2002). Similar studies in 

flounder Paralichthys olivaceus, in China, has been done to investigate gradually diminishing 

physiological adaptability, slower growth rate with higher mortality and lower reproduction 

capability in the cultured stock in comparison to those of natural and wild ones in spite of 

extensive fishery management efforts (Feng et al., 2007). RAPD technique was used to 

examine the genetic variability and status of Brazilian endemic fish, Brycon lundii, Astyanax 

altiparanae and a migratory fish Prochilodus marggravii. The studies suggested the 

occurrence of a distinct structured populations and important implications for the 

conservation of the genetic variability of distinct natural stocks (Wasko and Galetti, 2002; 

Leuzzi et al., 2004; Hatanaka and Galetti, 2003). Genetic stock structure of Indian carp Labeo 

rohita was investigated with the help of RAPD in Bangladesh (Islam and Alam, 2004). More 

recently, in a similar study in Bangladesh, the genetic structure has been ascertained in 

freshwater mud eel, Monopterus cuchia, and a baseline for any conservation approach 

towards threatened or near-threatened species (Alam et al., 2010). 

RAPD has also been used for species identification. Species identifications of the 

Pacific lamprey Entosphenus tridentatus from four other Japanese lampreys, Lethenteron 

japonicum, L. kessleri, and two undescribed Lethenteron species, were carried out on the 

basis of PCR-based RAPD (Yamazaki et al., 2005). The interspecific genetic variability and 
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genetic relatedness among five Indian sciaenids namely Otolithes cuvieri, Johnieops sina, 

Johnieops macrorhynus, Johnieops vogleri and Protonibea diacanthus was studied for the 

first time using RAPD marker (Lakra et al., 2007). A RAPD-based molecular identification 

and assessment of intraspecific genetic similarity in two ornamental fishes, Badis badis and 

Dario dario provided an excellent guideline for taxonomic identification of the fishes 

(Brahmane et al., 2008). We have also carried out RAPD-PCR analysis to delineate the 

genetic structure of Badis badis from three major river streams of the Terai region of West 

Bengal, India (Mukhopadhyay and Bhattacharjee, 2013). Moreover, this technique can be 

used for phylogenetics, linkage group identification, chromosome and genome mapping, 

analysis of interspecific gene flow and hybrid speciation, and analysis of mixed genome 

samples (Hadrys et al., 1992). 

 

1.9.2.5.5 Inter Simple sequence Repeat (ISSR) 

 The Inter Simple Sequence Repeat (ISSR) technique is another PCR-based method 

that utilizes microsatellites sequence (usually 15-25 oligonucleotide  long) as primers in a 

single-primer PCR amplification reaction that targets amplification of multiple  loci of 

genomic DNA segment present at an amplifiable distance in between two identical 

microsatellite repeat regions within the geomic DNA (inter- SSR sequences) oriented in 

opposite direction (Reddy et al., 2002). The microsatellite repeats can be di-nucleotide, tri-

nucleotide, tetranucleotide or penta nucleotide repeat sequence. ISSRs have high 

reproducibility possibly due to the use of longer primers (16–25 oligonucleotide long) as 

compared to RAPD primers (10 oligonucleotide long) which permits the subsequent use of 

high annealing temperature (45 - 60ºC) leading to higher stringency and accuracy (Reddy et 

al., 2002). 

 The primers used can be either unanchored (Meyer et al., 1993; Gupta et al., 1994; 

Wu et al., 1994) or more usually anchored at its 3‘ or 5‘ ends with 1 to 4 degenerate bases 

extended into the flanking sequences of the primer of either direction (Zietkiewicz et al., 

1994). This sort of anchoring makes the primer more stringent and high level of 

reproducibility can be attained. ISSR markers are segregated generally as a dominant marker 

(Gupta et al., 1994; Wang et al., 1998). However, they have also been shown to segregate as 

co-dominant markers in some cases that enable to differentiate between homozygotes and 

heterozygotes conditions (Wu et al., 1994; Akagi et al., 1996; Wang et al., 1998; Sankar and 

Moore, 2001). 
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ISSRs have been successfully used in many organisms to estimate the extent of 

genetic diversity at inter- and intra-specific level. Over the last few years ISSR markers have 

been widely used in the population genetic studies and stock identification in fishes including 

Japanese flounder (Liu et al., 2006), Brycon sp (Antunes et al., 2010), Botia superciliaris 

(Liu at al., 2012), four Tilapia species (Oreochromis niloticus, Oreochromis aureus, Tilapia 

zillii and Sarotherodon galilaeus) (Saad et al., 2012), grouper, cobia and red coral trouts 

(Chiu et al., 2012). 

 

1.9.2.5.6   VNTRs 

Variable Number of Tandem Repeat or VNTR are basically the short sequences found 

with in the nuclear genome of eukaryotes, including fishes, that are repeated tens or even 

hundreds to thousands of time. . These repeated sequences are the most important class of 

repetitive DNA sequences found in the eukaryotic genome (O‘Reilly and Wright, 1995). The 

tandem repeats vary in number at different loci in different individuals and dispersed 

throughout the genome. Based on the size of the repeat unit two main classes of this 

repetitive and highly polymorphic DNAs have been distinguished: a) Minisatellite DNA, 

which refers to genetic loci with repeats of smaller length (9-65 bp) concentrated near the 

centromeric region, and b) Microsatellite DNA, in which the repeat unit is only 2 to 8  bp 

long dispersed throughout the genome. The term VNTR is frequently used for both mini- and 

microsatellite DNAs (Magoulas, 1998). Most importantly, microsatellites repeats are much 

more numerous in the genome of vertebrates than minisatellites. Minisatellites are also 

characterized as multilocus and single locus marker. Many minisatellite loci are highly 

variable and useful in parentage analysis and utilized for individual geneologies studies. In 

addition to high level of polymorphism, the major advantages are  generation of many 

informative bands per PCR amplification reaction and high rate of reproducibility. Taggart 

and Ferguson (1990) was first developed the single locus minisatellite marker for Atlantic 

salmon and tilapia species. Unfortunately the extremely variable loci are less helpful for 

discriminating populations unless massive sample sizes are used. Great numbers of alleles 

can even result in difficulties in evaluation and interpretation of the data. Moreover, another 

limitation is that the complicated mutation process (O‘Reilly and Wright, 1995). 

Despite of several  technical issues associated with using minisatellite markers, they 

have been widely used and very successful in detecting genetic variations within and between 

fish populations (Taggart et al., 1995 and Taylor, 1995), micro-geographical (between 

different tributaries of a river) population differences and gene flow (Galvin et al., 1995) and 
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reproductive success of farm organisms (Ferguson et al., 1995). Recently minisatellites have 

been applied in fisheries for genetic identity, parentage analyses, forensics, identification of 

stock and wild varieties, estimate mating success and conforming gynogenesis etc. (Jeffreys 

et al., 1985). 

 

1.9.2.5.7 Microsatellite or SSRs 

Simple sequence repeat (SSR) markers are repeats of short nucleotide sequences, 

usually ≤six bases in length that vary in number throught the genome (Rafalski et al., 1996; 

Reddy et al., 2002). SSR has been greatly used and very important molecular markers in both 

animal and plant genetic studies. They are also known as microsatellites. SSR are stretches of 

2 to 8 nucleotide units repeated in tandem and spread randomly and dispersely in eukaryotic 

genomes. Due to high rate of mutational process that affects the number of repeat units, SSR 

markers are very polymorphic in nature.. Such length-polymorphisms can be easily detected 

on high resolution gels (e.g. sequencing gels). It is suggested that the variation or 

polymorphism of SSR markers are a result of polymerase/replicational slippage during DNA 

replication or unequal crossovers (Levinson and Gutman, 1987). SSRs are are hypervariable 

for the relative numbers of repetitive DNA segments motifs in the  eukaryote genome (Rallo 

et al., 2000). SSR have several advantages over other molecular markers as (a) microsatellites 

allow the identification of many alleles simultaneously at a single locus, (b) they are evenly 

distributed all over the genome of eukaryotes, (c) microsatellites can reveal more detailed 

picture of population genetic architecture of concerned organism, (d) they are co-dominant, 

highly polymorphic and specific (Jones et al., 1997), (e) highly repeatable, reproducible, little 

amount of DNA is required and also very inexpensive and easy to carry on, (f) need a small 

amount of medium quality DNA and (g) the analysis can be semi-automated and performed 

without the need of radioactivity and high expertise (Guilford et al., 1997), (h) with the 

advancement of DNA isolation technology, it is possible to identify loci in highly degraded 

ancient DNAs (aDNAs), where traditional isolation and amplification procedures have been 

unsuccessful (Allentoft et al., 2009), (i) with the development of high-throughput sequencing 

platforms, SSR has recently become faster, reliable and efficient (Santana et al., 2009). 

However, since genomic sequencing is needed to design specific primers, it is not very cost 

effective and also requires less knowledge and optimization for each species before use. 

 Microsatellites are inherited in a Mendelian fashion can be repeated up to ~100 times 

at a locus. They are the fastest evolving genetic markers with 10
–3

-10
–4

 mutations/generation 

and their high polymorphism rate and PCR based analysis has made them one of the most 
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popular genetic markers (Goldstein et al., 1995). Some microsatellite loci have very high 

numbers of alleles per locus (>20) which make them possible  for parent-offspring 

identification in mixed populations, while others microsatellite loci have lower numbers of 

alleles and they are  suitable for population genetics and phylogenetic analyses (O‘Connell 

and Wright, 1997).  

Primers developed for one species can usually cross-amplify microsatellite loci in 

closely connected species (Okumus and Ciftci, 2003). The much higher variability at 

microsatellites leads to enlarged power for variety of applications (Luikart and England, 

1999). Solely tiny amounts of tissue are needed for microsatellites typing and these markers 

are assayed using non-lethal fin clips or archived scale samples, facilitating retrospective 

analyses and also the study of depleted populations (McConnell et al., 1995). One amongst 

the most issues is that the presence of questionable ―null alleles‖ and this null alleles occur 

once mutations come about within the primer binding regions of the microsatellite locus, i.e. 

not within the microsatellite DNA itself (O‘Reilly and Wright, 1995; Jarne and Lagoda, 

1996). Albeit microsatellites have already proved to be powerful single locus markers for a 

variety of genetic studies, the requirement to develop species-specific primers for PCR 

amplification of alleles is valuable. However, primers developed to amplify markers in one 

species could amplify the homologous markers in connected species also (Morris et al., 

1996). Another necessary disadvantage of microsatellite allelomorphs is that amplification of 

associate allele via PCR usually generates a ladder of bands (1 or a pair of bp apart) once 

resolved on the standard denaturing polyacrylamide gels. These accessory bands (also known 

as stutter or shadow bands) are thought to be due to slipped-strands impairing during PCR 

(Tautz, 1989) or incomplete denaturation of amplification products (O‘Reilly and Wright, 

1995). The sensible outcome of PCR stutter bands is that it should cause issues while scoring 

the alleles. 

The main application of microsatellite in fisheries and aquaculture are phylogenetics 

and phylogeography (Hansen, 2002), population genetic structure analyses (Nielsen et al., 

1999), conservation of biodiversity and estimating the effective population size (Reilly et al., 

1999), hybridization and stocking impacts (Hansen, 2002; Ruzzante et al., 2001), inbreeding 

(Tessier et al., 1997), studies of kinship and behavioural patterns (Bekkevold et al., 2002). 

Microsatellites are also widely utilised in forensic identification of individuals, determination 

of parentage and relatedness, genome mapping, gene flow and effective population size 

analysis (Withler et al., 2004). 
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1.9.2.5.8  Single Nucleotide Polymorphisms (SNPs) 

 Single nucleotide polymorphism (SNP) utilizes DNA sequences that differ by a single 

base when two or more individuals are compared. The single nucleotide polymorphisms are 

responsible for specific traits or phenotypes of an organism that represents neutral type of 

variation which is useful for evaluating diversity in the context of evolution. SNPs are the 

most widespread type of sequence variation found within genomes discovered so far. About 

90% of sequence variants in humans are differences in single bases of DNA (Collins, 1998). 

Several disciplines such as population ecology and conservation and evolutionary genetics 

have benefitted from SNPs as genetic markers. There is a widespread interest to find SNPs as a 

result of they are varied in nature, more stable and probably easier to attain. Within the coding 

regions there are on average, four SNPs per gene with a frequency >1% and about half of 

these SNPs cause amino acid substitutions. Therefore they are known as termed non-

synonymous SNPs (nsSNPs) (Cargill et al., 1999).  

 SNPs are rapidly replacing simple sequence repeats (SSRs) as the DNA marker of 

choice for operational use in conservation and population genetic studies because they are 

more abundant, highly polymorphic in nature, stable/reproducible, amenable to automation, 

efficient, and increasingly inexpensive (Edwards and Batley, 2010). There are limitations to 

the invention of SNP‘s within the non-model organisms due to the expenses and technical 

difficulties concerned within the presently available SNP isolation methods (Brumfield, 

2003; Seddon et al., 2005). Conventional direct SNP discovery strategies involves 

sequencing of Locus Specific Amplification (LSA) products from multiple individuals or 

determination of sequence of Expressed Sequence Tags (EST-sequencing) (Suh and Vijg, 

2005; Twyman, 2004). Other direct strategies include whole genome Shotgun Sequencing 

(WGSS) and Reduced Representation Shotgun Sequencing (RRSS) approaches. If 

comparative sequence data are available in public or alternate databases, various sequence 

comparison algorithms can be employed that identify nucleotide differences and provide an 

alternative way to empirically discover SNP variations (Guryev et al., 2005).  

 The software applications like ‗PyroBayes‘ and ‗Mosaik‘ were widely used to 

differentiate between true polymorphism and sequence errors (Hillier et al., 2008). The new 

development in bioinformatic technologies that collect high-throughput data contributes 

substantially in the progress in evolutionary and population genomics (Gilad et al., 2009). 

The next generation sequencing (NGS) technologies have the great potential to revolutionize 

the genomic and genetic research; thus enable investigator to focus on a varied  number of 
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outstanding questions more sophistically (Rafalski, 2002). The NGS provides the capacity for 

high-throughput sequencing of whole genomes at low cost. They have advantage of 

improving the capability to finding novel variations that are not possible by genotyping 

arrays (Imelfort et al., 2009). 

 

1.9.2.5.9 Other advanced DNA Markers 

Diversity array technology (DArT) is a microarray hybridization-based technique that 

can simultaneously screen thousands of polymorphic loci in a high level of multiplexing 

without any prior information about the sequence. DArT assays generate  afingerprints of 

whole genome by scoring the presence versus absence of DNA fragments generated from 

genomic DNA samples through the method  of complexity reduction (Jaccoud et al., 2001).  

 Restriction site-Associated DNA (RAD) is a high throughput technique which 

involves digesting the genomic DNA with a particular restriction enzyme and then  ligating a 

biotinylated probe/adapters to the overhanging position of the fragment and randomly 

shearing the DNA into fragments which is much smaller than the average distance between 

restriction sites, and finally the biotinylated fragments are isolated by using streptavidin 

beads (Miller et al., 2007a). 

Single Feature Polymorphism (SFP)  is carried out  by labelling target genomic DNA 

with adapters and then hybridizing to arrayed oligonucleotide probes that are complementary 

with the  indel loci. The SFPs can be generated through sequence alignments or by 

hybridization of genomic DNA with whole genome microarrays. The presence or absence of 

a hybridization signal is scored for each SFP with its corresponding oligonucleotide probe on 

the array (Borevitz et al, 2003; Cui et al, 2005).  

Nucleolar ribosomal DNA contains two internally transcribed spacers viz.,  ITS-

1,which is located between the small subunit and 5.8S rRNA cistronic regions, and ITS-2 

which is located between the large subunit and 5.8S rRNA cistronic regions. The two spacers 

and the 5.8S subunit are collectively known as the Internal Transcribed Spacer (ITS) region. 

The ITS regions are fast evolving due to high mutation rate and therefore may vary in length 

and sequences across individuals. The flanking regions of ITS are usually utilized to design 

universal PCR primers to ensure easy amplification of ITS regions. The number of copies of 

rDNA repeats is up to 30000 per cell (Dubouzet and Shinoda, 1999).  

Cytochrome P450 (Cyp450) mono-oxygenases gene are widely found in animals, 

plants and microorganisms (Shalk et al., 1999; Somerville and Somerville, 1999). These 
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findings lead to development of a technique called Cytochrome P450 Based Analog (PBA) 

markers  by Yamanaka et al. (2003) to create highly polymorphic fingerprints to characterize 

genetic diversity and genetic differentiation within and among populations of a wide verity of 

organisms. In the method universal forward and reverse primer pairs were designed to anneal 

to specific conserved exon regions flanking the intron of Cyp450 genes to initiate PCR 

amplification.  

  The sequence-related amplified polymorphism technique (SRAP) was developed by 

Li and Quiros (2001), which uses arbitrary primers (17-21 oligonucleotide in length) to 

generate a specific banding pattern. The forward and reverse primers are designed to contain 

GC-rich sequences and AT-rich sequences near the 3‘-end respectively. This is based on the 

fact that protein coding exons generally contain GC-rich codons, while 3‘UTRs frequently 

consist of AT-rich stretches (Lin et al., 1999). Due to several advantages this technique got 

much popularity: (a) a large number of polymorphic fragments could generated in single 

reaction and highly reproducible (b) no need for prior knowledge about sequences, cost 

effective and easy to perform (c) primers can be applied to any species, (d) PCR products can 

be directly sequenced using the original primers without cloning into a vector.  

The CoRAP technique (Wang et al., 2009) utilizes two different type of primers i.e., a 

fixed one and an arbitrary one, to detect polymorphism. The technique incorporated the 

sequence motifs in the arbitrary primer.  

Mobile element based markers have been widely used molecular tool with a great 

potentiality for investigating numerous aspects of molecular ecology, including population 

structure, conservation genetics, the genetics of speciation, phylogeography and phylogeny 

(Ray, 2007). Retrotransposons is the important group of mobile elements, provides an 

excellent basis for the development of markers systems. Retrotransposons replicate much like 

retroviruses by successive reverse transcription, and insertion of the new cDNA copies back 

into the genome, (Scheifele et al., 2009). The structure and replication strategy of 

retrotransposons make them very usefull as a molecular markers (Kalendar et al., 1999).  

 

1.9.3 Mitochondrial DNA (MtDNA) and Genetic Diversity 

1.9.3.1 Origin and Evolution of Mitochondria 

   One of the distinguishing features of a eukaryotic cell is the presence mitochondria. 

One theory proposed that previously the ancestors of modern eukaryotes did not have 

mitochondria or similar organelles but later acquired them from an outside source and 
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ultimately gets into the host cell. This theory is popularly  known as the Serial Endosymbiotic 

Theory (SET), proposed by Lynn Margulis (Margulis, 1996) which stated the xenogenous 

origin of mitochondria in eukaryotic cells. The endosymbiosis is usually a process of 

endocytosis of aerobic alpha- proteobacterium into the host cell, which ultimately lead to the 

formation of mitochondria (Martin and Müller, 1998; Lang et al., 1999). The endosymbiosis 

theory has been well supported by various recent organeller genetic and genome sequencing 

data which suggested that mitochondria are not only evolved from a common bacterial 

ancestor but more likely arose from a single ancestral source (Gupta, 2000; Lang et al, 1999). 

Two contrasting hypothesis were put forward for the origin of eukaryotic cell by 

endosymbiosis which helps to understand the evolution of modern eukaryotes. Firstly, if the 

endosymbiosis happened very early and when the host cell was a primitive archeaon, then the 

endosymbiosis of the alpha proteobacterium could have had a crucial role in evolution of 

eukaryotic cells (Martin and Müller, 1998; Lang et al, 1999). Secondly, if the endosymbiosis 

occured later stages, perhaps after the early eukaryote like cells had already developed true 

eukaryotic properties and phagocytic cytoskeletal system then maybe the endosymbiosis 

wasn‘t truly a major factor in eukaryogenesis (Cavalier-Smith, 2002).  

  However, there are some competing hypotheses viz., the Archezoa hypothesis, 

the hydrogen hypothesis, and the syntrophic hypothesis about how the process of 

endosymbiosis actually occurred during mitochondria evolution and about what specific 

types of ancient cells were involved in the process. The Archezoa Hypothesis suggests that 

there was an amitochondriate eukaryote and it was a direct descendent of a prokaryote 

(domain-archaea) and it was proved by the fact that the nuclear genes of the recent 

eukaryotes are very similar with that of the archaea (Margulis, 1996; Doolittle, 1999). The 

study of the small-sub-unit rRNAs (SSU rRNAs) of the archaeal lineage shows a striking 

similarity in replication and protein synthesis system to eukaryotes (Doolittle, 1999); and 

genes for enzymes involved in cytosolic metabolism in the eukaryote lineages are of bacterial 

origin or homologs to bacterial genes (Doolittle, 1999). The presence of these bacterial genes 

is attributed to lateral gene transfer (LGT), where the archeaon would engulf the bacteria and 

acquire small amount of bacterial genetic material, the process is known as ―ratcheting‖ 

(Doolittle, 1998). The most common occurrences of this LGT are between the housekeeping 

and catabolic genes (Doolittle, 1999). The Syntrophic hypothesis suggests that ―synthophy‖ 

(first symbiosis) of two proteobacteria endosymbionts (one methanogenic archaea and other 

sulphate-reducing myxobacteria or delta- proteobacterium) were involved in the generation of 

mitochondria (López-García, 1999). This concept of syntrophic endosymbiosis was evident 
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from the classic fusion model which describes exchange of many homologous gene viz., 

genes involved in signalling pathways, lipid systhesis pathways, DNA related enzymes and 

histones (Gupta, 2000). The hydrogen hypothesis suggests there is only one endosymbiosis 

event took place between proteobacterium i.e., between an alpha-proteobacterium and an 

obligatory anaerobic autotrophic methanogenic archaeon that required hydrogen and CO2 

from the environment for its survival (Martin and Müller, 1998). The autotrophic archaeon 

receives hydrogen and CO2 from the alpha-proteobacterium and the alpha-proteobacterium 

received methane from autotrophic archeon in turn.   Consequently, the symbiont gave rise to 

the nuclear envelope, mitochondria, and other features of hypothetical early eukaryotic cell 

all at once.  

 

1.9.3.2 Nuclear integration of Mitochondrial genome 

 Mitochondrial genomes are the descendants of free-living non-symbiotic 

proteobacteria and most of the coding sequences have been lost from the proteobacteria 

(Gray et al., 1999). Two distinct hypothesis have been put forward regarding the modes of 

genetic loss and this reduced genetic potentiality have further curtails the coding capacities of 

mitochondrial genomes from the non-symbiotic ancestor to modern mitochondrion. One is 

that the reduction of genes that encode the biosynthetic activities of the cell could be 

eliminated from the mitochondrial genome by random mutations that are finally eliminated 

by purifying selection (Gray 1992). The second mode of genetic loss involves the lateral 

transfer of essential genes from the mitochondrial genome to the nuclear genome. Indeed, 

nearly all of the genes needed for the function and propagation of mitochondria unremarkably 

reside within the host nucleus (Gray 1992). 

 It was reported in several vertebrates and invertebrates the mitochondrial-like 

sequences were observed in the nuclear genomes. This incorporation contains several genes 

encoding mitochondrial proteins, ribosomal RNAs (r-RNA), transfer RNAs (tRNA) and also 

a deleted D-loop region (Smith et al., 1992; Lopez et al., 1994; Collura et al., 1995; Zischler 

et al., 1995; Sunnucks and Hales, 1996; Gellissen et al., 1983; Hadler et al., 1983; Tsuzuki et 

al., 1983; Quinn, 1992). Such a nuclear integration are the result of a relatively recent (about 

two million years ago) inter-genomic transfer. In human nuclear genome several 

mitochondrial gene like sequences have also been found and some insertions were observed 

to have very high number of copies about hundreds to thousands (Fukuda et al., 1985 and 

Kamimura et al., 1989). 
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Nuclear insertions show numerous degrees of similarity with their mitochondrial 

counterparts; for instance, the nucleotide divergence between the mitochondrial COI-COII 

gene sequence and its nuclear homologue in aphids was less than 1% (Sunnucks and Hales, 

1996) and in primates the Cytb sequences shows a divergence of greater than 25% (Collura 

and Stewart, 1995). The presence of homology of DNA sequences of mitochondrial origin 

with that of nuclear genome through the result of intergenomic transfer is the critical 

corollary of the endosymbiotic phenomenon of the origin of mitochondria.  

 

1.9.3.3 Biology and genetics of Mitochondrial genome 

 Mitochondrial DNA (mtDNA) has been widely used as a molecular marker to study 

molecular diversity in animals by population geneticists and molecular taxonomists (Avise et 

al., 1987 and Moritz et al., 1987). All the molecular study of animal species has been carried 

out by haplotyping of mtDNA and the mitochondrial cytochrome oxidase subunit 1 (COX 1 

or COI) has been widely accepted molecular tool for molecular taxonomical and 

identification studies (Ratnasingham and Hebert, 2007). The main reason behind selecting 

mtDNA as a molecular tool is that the cistron content of mitochondrial DNA is powerfully 

preserved across animals; with little or no duplication, lack of intron, and really short 

intergenic regions (Gissi et al. 2008). mtDNA has terribly high rate of mutations and due to 

this, it shows high level of variability across natural populations, which may generate some 

signal regarding population history over a brief period of time. The highly variable regions 

are flanked by extremely preserved regions (e.g. ribosomal DNA), this conserved regions are 

used to design the specific primers for amplification of the variable region (Bensasson et al. 

2001). Thus mtDNA is the most convenient, reliable and least expensive molecular tool to 

research or genetically explore any new species within the wild. 

 Several specific and fundamental biological properties of mtDNA make it an 

appropriate marker of molecular biodiversity studies (Ballard & Whitlock 2004; Ballard & 

Rand 2005). Firstly its clonal/maternal mode of inheritance, which means that the whole 

mtDNA genome acts like a common-nonrecombining geneological unit. Thus helps the 

investigator to analysis the intra-species variation data. Secondly, it‘s the neutral mode of 

evolution; and involvement in basic metabolic and cellular functions. Therefore 

mitochondrial genes have been considered as more adaptive than other cellular genes. 

Finally, the clock-like evolutionary rate of mtDNA genome; thus only neutral and slightly 

deleterious mutations accumulate in time by positive selection process.  
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1.9.3.3.1 mtDNA is clonally inherited: 

 In animals the mtDNA is maternally transmitted, and therefore it shows clonal 

inheritance, (Birky 2001). The diversity of organisms is negatively affected due to the strong 

bottlenecking effect in the female germline (Shoubridge & Wai 2007). A distinct mtDNA 

lineages can co-occur within the zygote because of paternal inheritance is missing, which 

prevents effective recombination process. The lack recombinational process the within-

species evolutionary history can be appropriately represented by a unique phylogenetic/ 

phylogeographic tree based on mtDNA sequence analyses, which traces the ancient origins 

and geographic migration of maternal lineages (Avise et al. 1987). Although mtDNA 

recombination was reported in many population based studies like in mussel (Ladoukakis & 

Zouros 2001), a butterfly (Andolfatto et al. 2003), scorpions (Gantenbein et al. 2005), a lizard 

(Ujvari et al. 2007) and fish (Hoarau et al. 2002; Ciborowski et al. 2007), based either on 

linkage disequilibrium or discovery of noticeable recombinants.  

 

1.9.3.3.2 mtDNA is neutral in nature: 

 The neutral nature of mtDNA is widely assumed during the population genetic studies 

especially when diversity patterns are ascertained in terms of demography, migrations, 

genetic diversity and founding events. The neutral, adaptive or deleterious mutations 

mtgenome are spread through positive selection but rapidly removed by the purifying 

selection. But the linked sites are unaffected as these are involved in the genetic variability. 

Neutralist theory of molecular evolution suggested that the variation observed in 

mitochondrial genome is due to the neutral processes (Kimura 1983). A meta-analytical study 

over 1600 vertebrates and invertebrates suggested that he average intra-species mtDNA 

diversity is significantly similar across all animal phyla (Bazin et al., 2006). Theoretical 

relationship showed a contrasting correlation between population size and genetic diversity 

between nuclear and mitochondrial genome. The adaptive evolution or recurrent selective 

sweep theory suggested that the nuclear genomic diversity is greater in invertebrates, in 

marine animals and in small organisms than in vertebrates, in terrestrial animals and in large 

organisms respectively (Bazin et al., 2006). This hypothesis is in corcordance with the 

Gillespie‘s (2000) ‗genetic draft‘ model which explains the selective sweep increased with 

genetic hitch-hiking that affect the mtDNA evolution in species with larger population sizes 

which lead to recurrent decline in diversity of whole genome level. 
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1.9.3.3.3 Mutation rate of mtDNA is constant: 

 High substitution rate of mtDNA make it a widely used phylogenetic marker to 

construct evolutionary tree and molecular dating. The earlier attempt to calibrate 

mitochondrial molecular clock has been carried out in primates (Brown et al., 1979). They 

used a logical reference of ―2% per million years‖ for calibration when relevant fossil data 

was missing in mammals including in vertebrates. A vast array of phylogenetic analyses 

showed that the evolutionary substitution rate of mtDNA is insignificantly variable (between 

fast evolving and slow-evolving lineages) across all taxa in vertebrates (Martin 1995; Gissi et 

al. 2000; Bininda-Emonds 2007).  

 

1.9.3.4 mtCOI gene and Barcoding  

 The planet earth carries range of life forms and it underpins all biological studies, but 

it is also make a extreme burden. Moreover, biologists cope with with the aid of hundreds of 

thousands of species and their characterisation isn't always an easy assignment. Hawksworth 

& Kalin-Arroyo (1995) had suggested that taxonomists can seriously perceive more than 

0.01% of the expected 10-15 million species. Moreover, the identity of this quantity of 

species has 4 great limitations. First, the genetic and phenotypic plasticity within the 

characters employed for species characterization can cause wrong identifications. Second, 

this identification technique fails to check the morphologically cryptic taxa, which are not 

unusual in many organizations of species (Jarman & Elliott 2000). Third, seeing that 

morphological system of identification is often powerful simplest for a selected degree of 

existence or gender, many people can't be diagnosed or faultily identified. Finally, although 

modern-day interactive variations and advances of species identification and the usage of 

keys often need any such excessive stage of understanding that misdiagnoses are common. 

The barriers in morphology-based identification systems glide the identity science to a new 

technique to taxon popularity. Microgenomic stage identity systems permit discrimination of 

taxons via the analysis of a small phase of the genome; constitute an incredibly promising 

technique to the analysis of organic diversity. This concept has already applied for viruses, 

micro organism and protists, wherein morphological identification is debatable (Allander et 

al. 2001; Hamels et al. 2001). In reality, studies confirmed that there are huge evidences 

wherein DNA-based totally identification structures have been carried out to better organisms 

(Trewick, 2000; Vincent et al., 2000). 

 Genomic techniques take advantage of the massive DNA sequences to pick out the 

taxon variety and the sequences used as a genetic ―Barcode‖ that is embedded in each cell of 
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the individuals (Wilson, 1995). Genomic barcodes have best 4 alternate nucleotides bases at 

each function and the massive stretch of DNA have been used for investigation. Therefore, 

the survey of simply 15 of those nucleotide bases creates the opportunity of 4
15

 (1 billion) 

codes, a hundred times the range that would be required to discriminate the numerous 

lifeforms forms if every taxon was uniquely barcoded.  

However, the estimation of the nucleotide variation needs to be very robust due to the 

fact there are some constant functional constraints lie within the nucleotide positions. The 

impact of useful constraints can be minimized by using pinpointing in a protein-coding gene, 

because most shifts at the third nucleotide function of codons are weakly limited by selection 

pressure due to their 4-fold degeneracy. Naturally a large fragment of DNA stretch of 

hundred of base pair is used for sequence evaluation that appreciably lessen the useful 

constraint. Two different aspects of longer sequences needs to be taken into consideration 

while analyzing the animal taxa viz., firstly nucleotide composition at third-position 

nucleotide is regularly biased (A–T in arthropods, C–G in chordates), that lessen the 

information content of the sequence in problem and secondly maximum nucleotide positions 

are steady in comparisons to closely associated species that lessen the potential information 

capability (Hebert, 2003). However, no simple formulation is available that can expect the 

length of the sequence that ought to be analyzed to ensure species investigation, because 

molecular evolutionary rate differ across segments of the genome and taxa. Moreover the 

evaluation of unexpectedly evolving gene areas across taxa will help the prognosis of 

lineages with brief evolutionary histories of reproductive isolation (Hebert, 2003). 

 The mitochondrial genome of animals is a higher target for analysis of genetic 

variability than the nuclear genome due to its lack of introns, its confined exposure to 

recombination methods and its uniparental mode of inheritance (Saccone et al. 1999). 

Moreover, development of precise primers additionally permits the standard amplification of 

specific segments of the mitochondrial genome for analyses (Simmons & Weller 2001). The 

13 protein-coding genes within the animal mitochondrial genome are higher targets because 

insertions and deletions are uncommon due to the fact most lead to a shift inside the reading 

frame. A quick DNA collection of 600 base pairs (bp) in the mitochondrial gene encoding 

cytochrome c oxidase subunit 1 (CO1) has been regular as a sensible, standardized, species-

level DNA barcode for plenty groups of animals (Hebert and Barret, 2005). Moreover,  the 

cytochrome c oxidase I gene (COI) does have two crucial benefits. First, universal primers 

can be used that permit to extend of its 5ʹ end from representatives of maximum animal phyla 

(Folmer et al. 1994; Zhang & Hewitt 1997). Second, COI genes have a greater range of 
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phylogenetic informations than some other mitochondrial gene. Moreover the nucleotide 

substitution of its third position is greater than that of 12S or 16S rDNA genes and this lead to 

about three times greater rate of molecular evolution (Knowlton & Weigt, 1998). 

Importantly, the rate of evolution of this COI gene is rapid enough to allow the discrimination 

of not only closely related species, but also phylogeographic or allopatric groups within a 

single species (Cox & Hebert, 2001; Wares and Cunningham 2001).  Recent population 

divergence can be resolved by using this gene very sophisticatedly because this gene is more 

likely to provide clearer phylogenetic insights than different options together with 

cytochrome b (Simmons & Weller 2001), due to the fact the amino-acid sequence changes 

occur slowly than different alternative of mitochondrial genes (Lynch & Jarrell 1993). 

 

 1.9.3.5 mtCOI in fish genetic diversity study 

 Recent studies have suggested that a DNA-based identification system, based on the 

mitochondrial cytochrome oxidase subunit 1 (COI) gene can aid the resolution of this 

diversity. Hebert et al. (2003) shed light on this discussion by proposing that a DNA 

barcoding system for animal life could be based upon sequence diversity in COI gene. They 

established that diversity in the amino acid sequences coded by the 5ʹ section of this 

mitochondrial gene was sufficient to reliably place species into higher taxonomic categories 

(from phyla to orders). They also argued that a COI-based identification system could be 

developed for all animals groups. The use of classical biodiversity indices viz., species 

richness, Simpson‘s index and Shannon‘s index, could be complemented by new indices 

evolved to take advantage of the information contained in entire collection sets obtained from 

a single source. Thus, the estimation of biodiversity indices may be based totally on 

Molecular Operational Taxonomic Units (MOTU) detected the usage of the barcoding 

technique  wherein the relative abundances of each sort of DNA series (MOTU) update the 

classical relative abundance of each species envisioned from the range of individuals (Blaxter 

et al., 2005). COI gene sequence has been analyzed to investigate the phylogenetic 

relationship and variation patterns in the yellowfin (Thunnus albacares) and longtail tunas 

(Thunnus tonggol) (Kunal and Kumar, 2013), seven sturgeon species (Acipense rschrenckii, 

A. baerii, A. gueldenstaedti, H. dauricus, A. ruthenus, A. sinensisand  A. stellatus), ten 

interspecific hybrids in China (Zhang et. al., 2013) and five Indian Mahseer (Tor putitora, Tot 

tor, Tor khudree, Tor chelynoids and Neolissochilus hexagonolopis) (Sati et. al., 2013). COI 

gene sequence has been used to study the genetic as well as mitochondrial gene diversity of 

Malaysian indigenous Mahseer, Tor douronensis from eight different populations in Sarawak 
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river basins (Nadiatul et. al., 2011), Humpback Grouper (Cromileptes altivelisin) Asia Pacific 

region (Susanto et. al., 2011), Tor tambroides Valenciennes (Cyprinidae) from five natural 

populations in Malaysia (Esa et. al., 2008). Mitochondrial DNA CO1 gene region was 

sequenced for 7 scorpion fish species from the Far East of Russia and compared with 15 other 

sequences of Scorpaeniformes comprising altogether 29 scorpion-like fish sequences and two 

outgroup sequences (Cypriniformes) to analyze the phylogenetics status and taxonomic 

categorization. (Kartavtsev et. al., 2009). 

 COI-primarily based DNA barcoding is extensively used to discover and study 

distinctive specimens to recognize and compare genetic range of species inside itself and in 

an atmosphere. Moreover, DNA barcodes offer beneficial facts for conservation and 

management, considering the fact that taxonomist ought to become aware of and decide 

species and its groups quickly and conservationist may want to use barcode facts to determine 

the right measures to prioritise conservation practices (Francis et al. 2010). Subsequently, the 

most great contributions of DNA barcoding are in the conservation of known biodiversity. 

Rubinoff (2006) said that mitochondrial DNA (mtCOI gene) may be used as a powerful 

device to discover species, to analyze their phylogenetic relationships with each other, and 

threatened or endangered populations with divergent genetic architecture for conservation 

interest. Indeed, the use of mtDNA for species identification has been claimed to have high 

rate of achievement e.g., a 93 % achievement was observed in figuring out Canadian 

freshwater fish (Hubert et al., 2008). The finest strength for DNA barcoding initiatives is that 

genetic and molecular information have the capacity to beautify conservation techniques at 

exceptional levels of analysis (DeSalle and Amato, 2004); from nice-scale control of coral 

reefs (Neigel et al., 2007) to regional management of fisheries (Swartz et al., 2008).  

 The most vital contribution of barcoding to biodiversity conservation is facilitating 

the management of species in extinction/ extirpation cascade and evaluation of biodiversity in 

affordably and fast in which monetary assets are restrained.   This is especially important 

because in our country India and in other developing countries, where resources for 

comprehensive biodiversity assessments are lacking. There have been several notable 

conservation successes for rapid classification of 99 % of 210 chondrichthyan species from 

36 families in Australia using barcoding technique (Ward et al. 2008 Barcoding can also act 

as a device to actively prevent or punish environmental criminals offering forensic evidence, 

for example  the illegal sharkfin trade, which is a significant threat to biodiversity in many 

coastal African countries where barcoding technique can identify different critically 

endangered and legally protected shark species (Swartz et al. 2008). Faith and Williams 
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(2005) reported that DNA barcoding is critically used to measure the phylogenetic diversity 

by improving and speeding up the process of diversity assessments. Therefore, a venture for 

DNA barcoding may be to combine genetic information into the broader context of clinical, 

social, reasonable and political elements for powerful conservation and management of 

biodiversity.  



Page | 66  
 

1.10 Objectives of the study 

The objectives of my study were: 

I. To standardize isolation of genomic DNA (gDNA) from minute quantity 

of fish tissue samples for PCR-based genetic analyses. 

II. To standardize and perform Random Amplified Polymorphic DNA–PCR 

(RAPD-PCR) amplification with selective random/arbitrary decamer 

primers. 

III. To standardize and perform Inter Simple Sequence Repeat–PCR (ISSR-

PCR) amplification with selective ISSR/microsatellite primers. 

IV. To ascertain the genetic diversity within individuals (heterozygosity), 

intra- and inter population diversity at significant number of loci through 

RAPD-PCR and ISSR-PCR analyses in different populations of 

threatened ornamental fishes Badis badis and Amblyceps mangois in the 

river systems of Terai and Dooars region of North Bengal, India. 

V. To map genetic hierarchy and perform cluster analyses in these two 

species through the assessment of among-population divergence in 

selected geographic populations along the major river systems of Terai 

and Dooars region of North Bengal.  

 

  




