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Study material 

 

The conservation of endangered species is one of the most important goals for the current 

biological sciences sector, especially in maintaining the natural ecosystem. In the case of 

domesticated animals, a conservation program is usually initiated in breeds that present unique 

genetic and phenotypic characteristics. Traditional breeding programs are mainly based on selection 

to improve economically important traits. The consequence of this selection is to reduce the genetic 

variability of a given population. Thus, conservation programs must target breeds or species that have 

conserved significant genetic variability (FAO, 2000). The bottleneck effect is among the main factors 

influencing the loss of genetic diversity (Vicente et al., 2012). The bottleneck effect occurs when 

there is a rapid reduction in the number of individuals participating in reproduction, which leads to a 

significant reduction in population size. This population may be able to recover its population size 

during the following generations, but due to genetic drift, the genetic diversity of this population may 

change substantially, i.e., allele frequencies may change (Relichová, 2009). 

The problem of genetic diversity has become much discussed in the last few decades due to the 

increasing industrialization of agriculture and the consequent genetic uniformity of crops and 

livestock. However, the diversity of livestock breeds is essential for future adaptation to different 

diseases, production systems, and changing climatic and market conditions (FAO 2000). Therefore, 

conservation programs focus mainly on endangered local breeds (Notter 1999). These tend to be less 

well-mapped but generally show far greater genetic diversity than international breeds with unique 

economically attractive traits (FAO 2000). 

We describe biodiversity as the extent of all the diversity found in nature (Mészáros 2018). It can be 

analysed based on different characteristics: phenotypic (morphological), cytological, biochemical, 

and molecular (Saravanan et al., 2022). However, genetic diversity refers to the extent of variability 

(polymorphism) directly in the DNA sequence (Ellegren & Galtier 2016). 

From a molecular perspective, there are three main types of variability, namely single nucleotide 

polymorphisms (SNPs), deletions or insertions of different lengths, and variations in the number and 

length of repetitive sequences (VNTR) (Vignal et al. 2002). New alleles appear with each successive 



generation of spontaneous mutations due to replication errors or the action of mutagens, and thus, 

from a theoretical point of view, genetic diversity can be described as the result of a balance between 

the loss and gain of these alleles (Ellegren & Galtier 2016). The mutation rate decreases within the 

different level units of the nuclear genome from single genes to chromosomal-level variation 

(Hodgkinson & Eyre-Walker 2011), which differs significantly between autosomes and gonosomes 

(Ellegren & Galtier 2016). Significant differences in mutation rates also exist between nuclear and 

mitochondrial DNA, between gametes and somatic cell lines, and between different species (Lynch 

2010). 

Over the last century, cropland productivity has increased by 2% per year due to rapid technological 

and genetic progress. Consequently, the price of grain and other crops has decreased, making it 

cheaper for many farmers to feed on grain rather than rely wholly on grazing, dramatically changing 

entire farming systems. Newly bred, high-yielding animals and advanced breeding technologies have 

pushed traditional breeding systems to the sidelines because of their higher risk (Mendelsohn 2003). 

The inappropriate use of the BLUP model of breeding values has exacerbated the situation, leading 

to rapid loss of genetic diversity. While it maximizes the response to selection, it can lead to the 

selection of closely related individuals (van Wyk et al. 2009). The selected related individuals then 

further increase the level of inbreeding in the future (van Wyk et al. 2009). This practice could be 

better because the success of future production improvement may depend on genetic diversity, which 

appears neutral under current selection criteria and may disappear completely due to a mere failure 

to document utility (Tapio et al. 2006a).  

With the introduction of genomic selection, it was logically assumed that this consequence would 

disappear because genomic selection based on the whole genome should emphasize differences 

between siblings and thus reduce the chance of their simultaneous selection based on a more accurate 

estimate of the Mendelian heritability component and thus breeding values (Daetwyler et al., 2007). 

However, as many studies in cattle show, the opposite is often true (e.g.:Forutan et al., 2018; Scott et 

al., 2021). As a result of genomic selection, generation interval and mendelian sampling variability 

are reduced, which again leads to increased inbreeding, reduced effective population size, and random 

fixation or loss of alleles, whether due to genetic drift or selection (Makanjuola et al., 2020b). 

Therefore, an alternative approach to genomic selection based on the principle of contributional 

selection has been proposed to keep inbreeding under control - optimal contributional genomic 

selection (Sonesson et al., 2012; Woolliams et al., 2015). The main principle is to maximize genetic 

response under given levels of inbreeding based on the relatedness of selection candidates and 

considering their genetic contribution (Dagnachew & Meuwissen, 2016). 

 



Effective population size 

Wright (1968) defined effective population size (Ne) as the size of an idealized population that 

can provide an equal increase in the coefficient of inbreeding or the rate of change in the variability 

of allele frequencies in an observed population. This concept is a basic parameter used as a criteria 

for determining endangered status, not only in livestock (FAO, 2000). As Falconer and Mackay 

(1998) state, Ne is considered a basic parameter because of the relationship between Ne and the 

increase in inbreeding, fitness level and between the loss of genetic variability due to random genetic 

drift. 

Effective population size and idealised population (Caballero, 1994) 

 In an infinitely large population and in the absence of mutation, migration, and selection, the 

frequency of alleles and genotypes stays constant across generations. However, in a finite population, 

allele frequencies fluctuate randomly from generation to generation due to limited gene selection. 

This phenomenon is called dispersal or genetic drift. Due to this genetic drift, alleles become fixed in 

the population. Genetic drift can be evaluated in unstructured populations by a simple parameter such 

as the effective population size (Ne), which can be estimated even under field conditions. As already 

mentioned, the simplest conditions under which the dispersal process can be studied is an idealized 

population, which includes an infinite, randomly mating population that can be divided into infinitely 

many subpopulations. Each subpopulation includes a constant number of mating individuals (N) per 

generation. In each subpopulation, parents produce infinitely many male and female gametes, of 

which only 2N gametes will fuse to produce N zygotes of the subsequent generation. In an idealized 

population, all individuals survive from zygote to adult, and each individual has an equal probability 

of producing offspring. In this idealized population, no systematic allele frequency changes, 

overlapping generations, and only autosomal loci are considered. 

 In this idealized population, dispersal processes such as gamete selection or inbreeding can be 

observed, as both phenomena increase the variability of allele frequency between subpopulations. 

 Under these idealized conditions, gamete selection exhibits a binary distribution, and the 

variance of the change in genetic variability can be expressed as: 

𝜎௱௤
ଶ =

௤(ଵି௤)

ଶே
,                                                          (1) 

where q is the frequency of alleles in the infinite population, the coefficient of inbreeding in 

generation t can then be derived from a relationship where the first part represents the copies of genes 

by descent of individuals in generation t-1 and the second part represents the copies of genes of 

individuals in the previous generation. The increase in the inbreeding coefficient can then be 

expressed as: 

𝛥𝐹 =
ଵ

ଶே
,                                                             (2) 



where  

𝛥𝐹 =
ி೟ିி೟షభ

ଵିி೟
.                                                        (3) 

As a result of inbreeding, heterozygosity decreases from generation to generation according to the 

relationship  

𝜆 =
ு೟

ு೟షభ
= 1 − 𝛥𝐹,                                                     (4) 

 

or relative to the base population  
ு೟

ு೚
= 1 − 𝐹௧ = (1 − 𝛥𝐹)௧.                                                  (5) 

The relationship between allele variability across subpopulations and the inbreeding coefficient can 

then be expressed as 

𝜎௤,௧ିଵ
ଶ = 𝑞(1 − 𝑞) ൤1 − ቀ1 −

ଵ

ଶே
ቁ
௧

൨ = 𝑞(1 − 𝑞)𝐹௧,                               (6) 

where going back one generation (t-1) is because genetic drift starts 1 generation before inbreeding 

occurs if self mating is considered. If self mating is not considered (in most mammals), genetic drift 

occurs 2 generations earlier. Thus, when N individuals are randomly selected for inbreeding from an 

infinitely large population, inbreeding is not yet present, but genetic drift has already occurred. 

 Based on the findings above, the effective population size is defined as the size of the idealized 

population that provides the increase in variability in allele frequency change or increase in 

inbreeding that is obtained in the population of interest, i.e.: 

𝑁௘ =
௤(ଵି௤)

ଶఙ೩೜
మ ,  nebo 𝑁௘ =

ଵ

ଶ௱ி
.                                              (7) 

Thus, Ne evaluates the rate of genetic drift and inbreeding variation in a population (Caballero, 1994). 

 

Difference in the number of males and females (Caballero, 1994) 

 Let us assume differences between the number of males (Nn) and females (Nm) that are 

constant over generations. Half of the genes in any generation (e.g., t-1) come from the fathers, and 

the other half come from the mothers. The probability that two alleles in generation t-1 that merge in 

population t into an offspring (zygote) come from a single individual in generation t-2 is 
ଵ

ସ
 and the 

probability that they come from a sire is therefore 
ଵ

ସ
𝑁௡(similarly for females). Thus, the probability 

that two alleles that merge at generation t in a zygote come from the same individual (regardless of 

sex) is  
ଵ

ସ
𝑁௡ +

ଵ

ସ
𝑁௠.In an idealized population this probability is equal 

ଵ

ே
,what means that 

ଵ

ே೐
(Wright, 

1938). From this relationship it is then possible to obtain that  



𝑁௘ =
ସே೙ே೘

ே೙ାே೘
.                                                            (8) 

It follows from the above that 𝑁 = 𝑁௡ + 𝑁௠, 𝑛௦ =
ே೙

ே
, 𝑚 =

ே೘

ே
,hense Ne = 4nsmN, which means that 

Ne is maximal (and corresponds directly to N) when 𝑛௦ = 𝑚 =
ଵ

ଶ
. In other cases is Ne < N. 

Furthermore, the above shows that the less numerous genders has a higher impact on the value of Ne. 

For example, if 

 ns = 0.01 i.e.. Nn = 0.01N hence Nm = 0,99N, hence Ne ≈ 0.0N = 4Nn. 

 

Population size over generations (Caballero, 1994) 

 In an idealized population, mating individuals are constant (N, or Nn, Nm) over generations. 

If we consider the situation where the number of individuals varies over generations with Ni 

individuals per generation i, the expected heterozygosity in generation t expressed relative to the 

heterozygosity in the base generation is 

ு೟

ு೚
= 𝛱௜ୀଵ

௧ ቀ1 −
ଵ

ଶே೔
ቁ.                                                       (9) 

If we replace Ne with N in relation (48) and (51) we get 

ு೟

ு೚
= ቀ1 −

ଵ

ଶே೐
ቁ
௧

.                                                        (10) 

If the population is large and the number of generations small, this relationship can be adjusted to 

ଵ

ே೐
≈

ଵ

௧
𝛴௜ୀଵ
௧ ଵ

ே೔
(Wright,1938).                                         (11) 

Taking into account the different number of males and females (8), the relation (11) can be adjusted 

to: 

ଵ

ே೐
≈

ଵ

௧
𝛴௜ୀଵ
௧ ൬

ଵ

ସே೙,೔
+

ଵ
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൰.                                                  (12) 

Since this is a harmonic mean, two important points follow from the relationship: 

1) Maximum Ne occurs when  𝛴௜ୀଵ
௧ 𝑁௜is a constant population size across generations. 

2) Ne is significantly affected by the reduction in the number of individuals in one period. 

 This suggests that the bottleneck effect, which caused an increase in the value of inbreeding, 

cannot be compensated for by a subsequent increase in population size. This is because the frequency 

of possible mutations is low even in large populations.  

 As already mentioned, genetic drift occurs two generations earlier than inbreeding. If the 

population size changes over generations, genetic drift depends on the number of individuals in a 

generation. Whereas inbreeding depends on the number of individuals in the grandparents' generation. 

 



Estimation of the effective population size from the actual population 

 As mentioned, the above procedures are derived from an idealized population. For example, 

equation (8) represents the possibility of accounting for the different numbers of males and females 

in the population. In addition, equation (12) accounts for possible fluctuations in the number of 

individuals from generation to generation. However, these relationships do not consider relatedness 

between individuals and consider male and female individuals unrelated. However, Cervantes et al. 

(2008) state that the assumption of an idealized population helps derive the effective population size 

in a real population in which selection, non-random mating, and overlapping generations occur. 

Gutiérrez et al. (2003) proposed a procedure applicable in a real population that takes advantage of 

the increase of inbreeding by year of birth (relationship 7), where 𝛥𝐹 =
ி೟ିி೟షభ

ଵିி೟షభ
,where Ft and Ft-1 the 

average inbreeding coefficients are in the year (generation) t and t-1. However, Gutiérrez et al. (2008) 

report that this method may not be reliable when there is a change in the mating system. For example, 

if after a period when close relatives were mated, a change occurs and less closely related individuals 

are mated, this method may provide unrealistic negative values of Ne. Gutiérrez et al. (2008) 

subsequently derived a relationship to estimate the realized effective population size corresponding 

to the actual populations. This method can be derived as follows: 

 Assume a population of population size N corresponding to the conditions of the idealized 

population. Under these conditions, the value of the inbreeding coefficient of the hypothetical 

generation t can be obtained from the equation: 

𝐹௧ = 1 − (1 − 𝛥𝐹)௧.                                                        (13) 

 This idea is based on the inbreeding coefficient values and the equivalent of non-overlapping 

generations (Maignel et al., 1996) for each individual included in the reference population. Suppose 

it is further assumed that all individuals in the reference population have the same value of the 

inbreeding coefficient (Ft=Fi). In that case, the increase in the inbreeding coefficient can be defined 

as: 

𝛥𝐹௜ = 1 − ඥ1 − 𝐹௜
ಶ೜ಸ೔షభ ,                                                         (14) 

where EqGi, in this case, represents the equivalent of the completeness of ancestral generations 

(Maignel et al., 1996). The average value of the completeness equivalent of ancestral generations 

(Maignel et al., 1996) corresponds to the number of generations in discrete (non-overlapping) 

populations (Wooliams & Mäntysaari, 1995). This implies that the relationship can be applied to real 

populations. The set of ΔFi values estimated for each individual in the reference population is then 

used to estimate the Ne of the reference population. The realized Ne is then directly derived from the 

average value of ΔFi according to the relation: 



𝑁௘ி =
ଵ

ଶ௱ி
.                                                             (15) 

 Another method that corresponds to real populations was proposed by Cervantes et al. (2008). 

This method is based on the increase in the value of the coancestry coefficient: where the increase in 

the value of the coancestry coefficient (fXY) for all individuals j and k (ΔCjk, Cervantes et al., 2011) is 

used to realize the effective population size, taking into account ∆𝐶௝௞ = 1 − ඥ1 − 𝐶௝௞

ಶ೜ಸೕశಶ೜ಸೖ
మ , where 

EqGj and EqGk are the equivalent complete generations (Maignel et al., 1996) of individuals j and k, 

ΔCjk is the increase in the coancestry coefficient between a pair of individuals j and k, and Cjk is the 

inbreeding coefficient of the possible offspring of individuals j and k. The realized effective 

population size can be estimated using the equation (Cervantes et al., 2011): 

 

𝑁௘஼ =
ଵ

ଶ∆஼
,                                                             (16) 

where ∆�̄� is the average increase in the coancestry coefficient between individuals j and k in the 

reference population. 

Differences between the estimates of effective population sizes based on the increase in the 

inbreeding coefficient (NeF) and the increase in the coancestral coefficient between two individuals 

(NeC) provide information about possible non-random mating between individuals in the population 

or subpopulations under study and possible reduction in the value of genetic diversity in subsequent 

generations due to combinations of parental pairs. If the population were considered as an idealized 

population, NeF and NeC should have identical values. A discrepancy between these parameters 

indicates a preference for the selection of parental pairs. In other words, comparing NeC and NeF values 

allows the characterization of the effect of preferential mating in the population (Cervantes et al., 

2011). Suppose the values of the NeC/NeF ratio are less than 1. In that case, there is no preferential 

mating in the population under study, which would split the population into other subpopulations. 

Conversely, if the NeC/NeF ratio values are greater than 1, it would indicate that preferential mating is 

occurring in the population, resulting in the population being split into other subpopulations. Within 

these subpopulations, the relatedness values would be higher than between subpopulations, and 

therefore, the overall relatedness would be lower than the average inbreeding coefficient.  

The realized effective population size can be interpreted as the total effective size over time 

that led to the current level of the inbreeding coefficient from the founder population.  
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