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Abstract: Human concern about the status of genetic diversity in livestock breeds and their
conservation has increased, as intense selection and reduced population sizes in many breeds
has caused losses on the global livestock genetic biodiversity. Traditionally, pedigree data provided by
the breeders were used to estimate genetic diversity parameters, but over the past decades, technology
has made possible the development of genomic markers. The result has been new opportunities to
estimate genetic diversity in more detail, and to improve selection as well as prioritizing animals
for conservation of genetic resources. The aim of the review is to summarize the evolution of
livestock genomic markers and to explore the potential of the newest high-throughput technologies
for estimation and conservation of livestock genetic diversity. More accurate diversity parameters
are observed when genomic information is used for selection decisions instead of the traditional
estimates using pedigree data. It is also possible to estimate additional parameters such as linkage
disequilibrium to calculate effective population size or to minimize the genetic relatedness among the
selected individuals based on runs of homozygosity. For long-term perspectives, new methods on
genome editing are considered as new perspectives to reach a genetic diversity balance.
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1. Animal Genetic Resources in Livestock Species

Domestic farm animals contribute daily to the livelihoods of millions of people. Around two
billion people (one third of the global population) depend on farm animals for their livelihoods.
Strikingly, it is estimated that about one third of domestic animal breeds are endangered in Europe and
the Caucasus and 16% of mammalian breeds in North America. These are the two regions with the
most highly specialized livestock industries, in which production is dominated by a small number
of breeds [1]. Over the last years, numerous countries have joined efforts to create the Commission
on Genetic Resources for Food and Agriculture in response to the concerns about the threats and
challenges that livestock species are presently facing, such as climate change, new diseases, restrictions
on the availability of natural resources and changing market demands. These efforts were taken in
order to promote the sustainable management of livestock diversity and to increase the diverse range
of Animal Genetic Resources (AnGR) available to adapt to those challenges.

The sustainable management of AnGR has been acquiring an increasing foothold on policy
agendas, as revealed in the second report of the states of the World´s Animal genetic Resources for
Food and Agriculture [1] and in the Aichi Targets draft post-2015 development goals developed at the
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Convention on Biological Diversity’s Strategic Plan for Biodiversity. Both highlight the development
of major initiatives related to AnGR, stating that 177 countries had nominated national coordinators
for the management of AnGR. [1].

Despite these efforts, the past three decades have experienced an alarming rate of livestock species
extinction and genetic erosion, estimating that approximately 200 uniquely adapted breeds have
become extinct, and up to 30% of global livestock breeds (~1.200–1.500) are currently endangered [1].
The message of the Aichi Targets was clear: if sufficient within-species genetic diversity is not conserved, the
ecological and economic effects will be widespread and catastrophic [2]. Genetic diversity can be defined as
the set of differences between species, breeds within species and individuals within breeds present
in their DNA or observed in animals as a consequence [3]. Thus, it is necessary to preserve species
and breeds genetic resources, prioritizing selection strategies to for the present-day demands, such as
adaptations to the changing environments, enhanced immune responses or consumer demands.

Other important reasons to preserve genetic diversity in livestock populations are the insurance
against the losses of genetic resources from local adapted populations with socio-economic, cultural,
historic and ecological value. Accordingly, genetic diversity analysis has been essential to reconstruct
genetic events that shaped the diversity parameters of current populations, including ancestry,
prehistoric and historical migrations, admixture events and genetic isolation [4].

Traditionally, genetic diversity parameters were performed based on pedigree records.
The probability of an individual being homozygous at a locus (inbreeding coefficient), the probability
of sampling two identical alleles in a pair of individuals (coancestry coefficient), the proportion of
genetic information in the population arising from a particular ancestor or the probability of lost
alleles are classic genetic diversity parameters that can be estimated from genealogical records or
pedigrees [4]. However, genealogical records present some drawbacks that limit their use in genetic
diversity analysis. (1) In many local breeds, because of extensive management systems, the absence of
pedigrees is common; (2) it is assumed that founders are unrelated and carry two different alleles in all
loci; (3) a common assumption when measuring genetic relationships based on pedigree information is
that full siblings share exactly 50% of their genes, but this can vary considerably; (4) in subdivided
populations without genealogical connections, it is impossible to estimate the genetic relationships
among sub-populations, such as the caste study on the Lidia breed, which we will explain later. In spite
of these drawbacks, pedigree records are still important tools in conservation genetics analysis, in a
way that they can inform on gene-mapping analyses, provide data for demographic studies and assess
population structure in advance of genotyping in those populations, to mention some [5–7].

The paper is divided in eight sections. First, we present the advances of genomic tools and a brief
discussion about the term “breed” as traditional conservation unit in livestock (Sections 2 and 3). Then,
we grouped the genomic diversity measurements in three broad categories: Heterozigosity (Section 4),
Linkage disequilibrium (Section 5) and Runs of Homozygosity (Section 6), providing a case study on
the Lidia breed (Section 7). Finally, we discuss strategies of genomic diversity measurements based on
Next Generation Sequencing and genome editing (Sections 8 and 9).

2. Genomic Tools in Livestock Genetic Resources Conservation

The fast development of molecular genetics has made possible to directly study and quantify
genomic diversity instead of using the statistical inferences based on pedigree information. This is
true even in populations without genealogical records [8,9]. Molecular genetic markers are at present
one of the most powerful tools for genome analysis and allow the study of the association of heritable
traits with underlying genomic variation. This is important not only to analyze a population’s genetic
diversity, but also to study the genetic relationships among them.

Before the introduction of DNA analysis, biochemical polymorphic characters were traditionally
used to study genetic differences between and within populations and to estimate genetic divergence [10].
A large number of studies, particularly during the 1970s, analyzed the genetic variability among
livestock populations through the use of blood groups and allozyme systems [11]. These studies
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became necessary to improve selection strategies on farm animals given the fact that some polymorphic
alleles may be connected or linked with economic-important traits.

However, the development of automatic or semi-automatic DNA polymorphism screening
techniques prompted the substitution of protein polymorphism by DNA polymorphisms as the
markers of choice for genetic diversity studies [12]. At present, genetic diversity parameters can be
estimated directly from DNA providing accurate outputs of the genetic variations between and within
breeds, populations and individuals.

Beginning in 1990, microsatellite molecular markers became very successful and extensively
used for parentage testing, individual identification, and breed allocation in domestic animals, and
were used for genetic diversity characterization studies [13–19]. The developments of microsatellite
marker maps became available to estimate additive genetic effects of markers and were routinely
used, for example, for Quantitative Locus (QTL) detection in most livestock species. This resulted in a
breakthrough in genetic diversity analyses [20–23].

In the past decade modern genetic analyses arose with the emergence of high-throughput
sequencing, obtaining genomic information such as single nucleotide polymorphisms (SNPs) and
shotgun whole genome sequencing (WGS). SNPs are single mutations of the genome sequence located
in coding and non-coding regions, so that both neutral and functional genetic variation can be analyzed
with them [24]. The availability of automation, their low cost and their high frequency in domestic
animal genomes have favored their used in livestock genetic studies. Currently, commercial SNPs high
throughput arrays are available for the majority of the livestock species, targeting genetic variants
widely spread along their entire genomes. Importantly, commercial breeds are used to design the
arrays; thus, there is some ascertainment bias regarding local breeds [25]. Complete genome-reference
assemblies of livestock species are continuously being updated, as well as commercial SNP chips
(Table 1).

The latest advances and increasing economic accessibility of WGS brings new perspectives for
genetic diversity conservation. Unlike SNPs, WGS is the complete genome sequence containing all
the polymorphism present on the genome. Thus, WGS does not have the problem of ascertainment
biases. Another advantage of WGS is that it contains information on rare variants and their causal
mutations, and it maps genomic regions highly affected by selection pressure, for example, the potential
causal mutation for dwarfism in the Miniature Shetland pony [26], and novel mutations associated
with polledness in cattle [27]. Conservation of rare variants has received little attention due to the
inaccessibility through SNP arrays. As WGS data capture both common and rare variants, its usage
opens new possibilities for programs on conservation of genetic diversity. This is especially the case for
rare variants, which may represent one of the major goals of genetic diversity management in livestock
species, for both long- and short-term perspectives [24,25,28].
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Table 1. Whole genome assembly references and the most recent single nucleotide polymorphism (SNP) commercial Beadchips in livestock species.

Species Assembly ID Fold Coverage Genome Length (bp) Release Year URL Latest SNP Bead Chip Eersions

Cow
(Bos taurus) bosTau9 80.0x 2,715,853,792 2018

https://www.ncbi.nlm.nih.
gov/assembly/GCF_

002263795.1/#/st

Illumina: BovineSNP50 v3 (53,714 SNPs)
Illumina: BovineHD (<777,000 SNPs)

Affymetrix: Axiom Genotyping Array (54,560)

Sheep
(Ovis aries) oviAri4 166.0x 2,615,499,683 2015

https:
//www.ncbi.nlm.nih.gov/

assembly/GCF_000298735.2/

Illumina: OvineSNP50 (54,241 SNPs)
Affymetrix: Axiom Genotyping array: 54,236 SNPs

Goat
(Capra hircus) ARS1 50.0x 2,922.813,246 2016

https:
//www.ncbi.nlm.nih.gov/

assembly/GCF_001704415.1

Affymetrix: AxiomGenotyping array60,034 SNPs
Illumina GoatSNP50 (59,000 SNPs)

Pig
(Sus scrofa) susScr11 65.0x 2,501,912,388 2017

https:
//www.ncbi.nlm.nih.gov/

assembly/GCF_000003025.6/

Illumina PorcineSNP60 v2 (64, 232 SNPs)
Affymetrix Axiom Genotyping array 658,692 SNPs

Horse
(Equus caballus) equCab3 88.0x 2,506,966,135 2018

https:
//www.ncbi.nlm.nih.gov/

assembly/GCF_002863925.1/

Illumina EquineSNP50 (54,602 SNPs)
Affymetrix Axiom Equine HD Array (670,000SNPs)

Chicken
(Gallus gallus) galGal6 82x 1,065,365,434 2018

https:
//www.ncbi.nlm.nih.gov/

assembly/GCF_000002315.6

Illumina 60k SNP BeadChip (57,636 SNPs)
Affymetrix 600 K (+/- 600,000 SNPs)

https://www.ncbi.nlm.nih.gov/assembly/GCF_002263795.1/#/st
https://www.ncbi.nlm.nih.gov/assembly/GCF_002263795.1/#/st
https://www.ncbi.nlm.nih.gov/assembly/GCF_002263795.1/#/st
https://www.ncbi.nlm.nih.gov/assembly/GCF_000298735.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000298735.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000298735.2/
https://www.ncbi.nlm.nih.gov/assembly/GCF_001704415.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_001704415.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_001704415.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_000003025.6/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000003025.6/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000003025.6/
https://www.ncbi.nlm.nih.gov/assembly/GCF_002863925.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_002863925.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_002863925.1/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000002315.6
https://www.ncbi.nlm.nih.gov/assembly/GCF_000002315.6
https://www.ncbi.nlm.nih.gov/assembly/GCF_000002315.6
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3. Breeds as Conservation Units

The last 250 years have seen unprecedented opportunities for livestock genetic diversity. Systematic
performance recording, identification of animals and pedigree recording managed by breeders’
associations and documented in their herd books, have led to the development of more homogenous
populations. Explicit breeding objectives accentuated the existing differences between geographically
separated populations [1]. This not only led to the fixation of population-specific traits, coat color
being the easiest target, but also to an increase in production traits [29]. These events culminated in
the formation of numerous structured breeds used for a wide variety of purposes and with different
performance levels. Over time, domesticated livestock species have evolved into more or less distinct
subgroups, or “breeds,” traditionally used as the basis of genetic diversity conservation. However
the question “What is a breed?” has no simple answer and many definitions have been proposed [30].
Some definitions involve concepts other than those related with genetic characterization, for example:
“A breed is either a sub-specific group of domestic livestock with definable and identifiable external characteristics
that enable it to be separated by visual appraisal from other similarly defined groups within the same species,
or a group for which geographical and/or cultural separation from phenotypically separate groups has led to
acceptance of its separate identity” (FAO). Others are more simple and ethereal like “A breed is a breed if
enough people say it is”. The aim of this review is not to propose a definition of breed, but it does use
breed as the classical unit of conservation. However, “livestock population” could also be used for
our purposes.

4. Heterozygosity: An Estimator of Genetic Diversity

The classical measures of genetic diversity estimated from molecular information include some
essential parameters including observed and expected heterozygosity, and allelic diversity or number
of polymorphic alleles by locus. Probably the most widely used is the expected heterozygosity (He) that
was defined by Nei in 1973 [31] as the probability that two alleles chosen at random from a population
are different. Alternatively, it may also be defined as the proportion of heterozygous individuals
in a population at Hardy-Weinberg equilibrium with the same allelic frequencies as observed in
the actual population [32]. The classical formula to estimate it is: HE = 1 −

∑
p2, where p is the

frequency of all the alleles at that locus. It is assumed that populations with higher He are genetically
more diverse and hence, more capable to adapt to changes and to respond to selection (natural or
artificial) [33]. Complementarily, Observed Heterozygosity (HO) is a measure defined as the frequency
of heterozygotes in a population. It is correlated negatively to inbreeding depression, which is the
performance decline of a trait due to the expression of deleterious recessive alleles in homozygotes [32].
In general, natural (finite) populations are not assumed to be at Hardy-Weinberg equilibrium so the
relationships between He and HO can reveal a deficit of heterozygosity. This can be used to estimate a
population’s inbreeding through the estimation of FIS (FIS =

HE−HO
HE

).
Microsatellites have traditionally been used to estimate genetic diversity and genetic relationships

between breeds. One major problem surrounding those analyses is the comparison between them if
different numbers or subsets of microsatellites are genotyped. Fortunately, large-scale microsatellite
analyses have been developed in livestock breeds [19,34–37].

Gradually, SNP markers replaced microsatellites for various reasons. SNPs are available in
higher numbers and more broadly across the genome, which makes it possible to evaluate genetic
diversity more precisely and separately for each specific segment of the genome [38,39]. It is expected
that neighboring SNPs show differences in diversity, and therefore, it is difficult to identify specific
regions with higher or lower diversity based on individual SNPs or on average estimates of diversity
parameters through the genome. Thus, to identify differences in diversity at specific chromosome
regions, He can be estimated through defining sliding windows of specified size and, for each sliding
window, estimate the He by considering the average of all SNP values lying within that window [40].
Accordingly, conservation efforts may focus either on regions with reduced diversity or on those
regions where diversity is disappearing. It is also possible to differentiate among regions related to
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diversity in traits and non-functional diversity. From a conservation point of view, this procedure also
allows identifying differences in diversity for specific chromosome regions, even among closely related
populations. This can be valuable when animals need to be selected for maintaining diversity in a gene
banks. For example, we can identify conserved diversity across the genome preserved in a gene bank
and add candidates with different diversity. Furthermore, as SNPs are located mostly in non-coding
regions but also in regions that affect traits of interest, they can be used as a measure of non-neutral
genetic diversity. This information can be used in conservation programs in order to maintain genetic
diversity but also to assure performance in functional or fitness related traits, which may improve the
probability of survival of the population itself.

Traditionally, genetic diversity was estimated by pedigree records based on coefficient of inbreeding
and kinship, as the proportion of the genome that it is expected to be identical by descent (IBD)
within and between individuals respectively. Animals with the least pedigree relatedness were
selected for conservation purposes. This commonly used method is called the optimal contribution
method [41,42]. However, genealogical information has several disadvantages as it is biased by the
depth of information, and mendelian sampling variation it is not considered. The development of
high throughput SNP arrays favored new and more accurate estimates of genome-wide diversity with
specific genome regions showing a more detailed picture. An important difference among pedigree-
and molecular-marker-based diversity is related to founder populations. With pedigree records, it is
assumed that all alleles are defined as being not IBD, while with molecular markers, all alleles that
are identical by state (IBS) are assumed to be IBD [43]. Consequently, pedigree- and marker-based
diversity is estimated on a different scale, as pedigree-based diversity reflects only diversity as a result
of recent and documented ancestry.

It is often of interest to combine different sources of information in conservation programs.
If pedigree information is available, a first analysis of the least related animals following their
genotyping with a high density SNP chip and optimal contribution analysis based on molecular
information allows a better identification of those animals that most contribute to the genetic diversity
of the population. Subsequently, as the SNP analysis is a sampling of the total genome, those animals
selected can be sequenced in order to identify specific favorable alleles, related to traits of interest or to
non-functional alleles, in order to preserve them.

5. Linkage Disequilibrium: Understanding the Demographic History and Selection

Linkage disequilibrium (LD) refers to non-random association between alleles at different loci
within a population, resulting in a higher frequency of certain haplotypes at a locus than expected by
chance. Genomic linkage disequilibrium is a consequence of different genetic forces, such as selection,
mutation, drift and non-random mating, and can also be due to non-genetic causes. Traditionally, LD
has been measured by the estimation of |D´| and r2. |D´| is overestimated in small samples and in the
presence of rare alleles; r2 is the correlation between two loci and is usually preferred for association
studies [44]. The r2 values depend mostly on the population size, fraction of recombination and
time [45]. Numerous studies have been conducted to estimate the LD pattern in livestock species [46–50].
These results shown that LD in livestock populations are more extensive than in human populations as
a consequence of their smaller effective population size and their recent strong directional selection [51].

The availability of high-throughput SNP arrays favored the analysis of LD patterns across the
genome. When a polymorphism is under balancing selection the LD rates will decrease over the
time but may increase in a transient phase. Thus, specific allelic combinations are inherited over
generations more often than the expected by chance. This information has become in an important
tool for genomic selection, genome-wide association studies (GWAS) and QTL mapping for complex
traits. Positive selection leaves a recognizable haplotype structure until the polymorphism is fixed, and
several statistical methods have been developed for detecting selection based on LD patterns [52–54].
However, in those studies, it is necessary to determine which pair of chromosomes holds each allele
(persistence of phase). The persistence of a linkage phase can explain why the linkage between a
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marker and a QTL detected in a population is not always validated in another. While the r2 statistic
between two SNP markers at the same distance in different breeds or populations can be the same
value even if the phases of the haplotypes are reversed, they will only have the same value and sign for
the r statistic if the phase is the same in both pairs of breeds or populations. In addition, the correlation
between marker pairs of a given distance is equal to the correlation of the effects of the marker between
both populations, assuming the same distance to the QTL of both markers [55].

Generally, as the distance among markers increase, the LD among them decreases. This trend was
previously detected in goats [56], sheep [57], cattle [58] and pigs [46]. Additionally, the LD patterns
have shown clear differences among species. In sheep and goats, the LD levels are lower than in cattle,
pig and dogs [59], probably due to comparably lower selection intensities. However, it is important to
consider that LD patterns and scale within and between populations/breeds are influenced by several
factors such as marker allele frequencies, selection history, population structure and effective size,
marker type and density, as well as which LD measure is used. Thus, an appropriate comparison
between studies must consider the methodology used, and hence, these factors should be considered
when conclusions are drawn from comparisons between different studies.

LD patterns and effective population size (Ne) have recently received special attention due to their
relationships with demographic processes, such as migration and admixture, their implications for
understanding the architecture of the animal genome and for conservation purposes [60]. During the
1960s, the first methodologies describing the relationships among Ne an LD were developed [45,61–63],
followed by several modifications introduced in the early 21th century [64,65]. The methodologies are
based on the correlation between alleles at different loci to estimate Ne. The analysis of unlinked or
linked loci reflects the inbreeding effective population size in the last generation or over long periods
of time, respectively [66]. Even a recent methodology based on SNP data allows the Ne estimation
over a range of time points from a single sample for population [67]. However, methodological aspects
can substantially affect Ne estimations from LD patterns and have been taken into consideration [67].
For example, small sample sizes leads to LD estimation biases; thus, it has been postulated that a
minimal sample size of 55 was required to accurately estimate LD by r2 [44].

6. Runs of Homozygosity: Inbreeding Measurement

The outcome of consanguineous mating is offspring with increased rates of identical genomic
segments, known as identity by descent (IBD) genomic regions. The length of this identical genomic
segments is proportional to the nearest of its common ancestors because recombination events interrupt
long chromosome segments. In this context, long identical genomic segments are expected to have
a recent common ancestral origin. On the contrary, short segments arise from remote ancestors.
The availability of denser genome-wide microsatellite scans led to the detection of uninterrupted
long runs of homozygous genotypes, commonly known as runs of homozygosity (ROH) defined as
continuous and uninterrupted stretches of DNA sequences without heterozygosity in the diploid
state [68]. The use of high-density SNP arrays opened the possibility to develop new approaches
to study the ROH patterns across the genome related to demographic variations of populations.
In outbred populations, the number of ROH is associated with the effective population size, with
smaller populations tending to have more ROH and larger populations fewer. On the contrary,
populations with high inbreeding rates have much longer ROHs segments as a consequence of deep
parental relatedness. Admixed populations have fewer ROH segments comparing with their respective
parental populations. After a bottleneck effect, the number of ROH increases while the length decreases.
The greatest burden of ROH is expected in populations with low effective size in the past and recent
inbreeding. Several studies analyzed the ROH distribution pattern across the genome in livestock
populations to explain their demographic history and provide insights to propose strategies to their
conservation management [69].

One of the first examples in which SNP data were analyzed to address important questions
in conservation genetics matter was performed in domestic and wild pigs [70]. The simultaneous
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analyses on LD to estimate past and present Ne, and ROH, provided valuable insights to settle future
management strategies in Iberian Peninsula pig breeds. Further studies developed in cattle, goats and
sheep allowed the detection of selection signatures based on common shared runs of homozygosity
(ROH islands) [69,71–73]. As selection is distinguished by local reductions in haplotype diversity,
depending on the distribution of ROH patterns across the genome, results allow the identification of
genomic regions that have been subjected to either recent and/or ancient selective pressure events [74,75].
These regions also allow, through gene ontology and enrichment analyses, identifying of candidate
genes associated with selection for different traits, highlighting those of economic-interest in different
livestock populations such as horses, cattle, sheep and poultry [76–79].

It is well known that the frequency of homozygotes increases in relation to the inbreeding values
in a population and, as a consequence, this information can reveal the harmful effects of recessive
deleterious variants present within the ROHs. This effect, known as inbreeding depression, affects
population fitness, and consequently, also affects traits of economic interest. Therefore, the estimation
of the inbreeding coefficient (F) is crucial to breeding schemes and strategies for conservation purposes.
Traditionally, F has been estimated from pedigree data (FPED), but estimates from SNP markers are
substantially more accurate and less biased than FPED, even when large pedigrees are considered [80].
Accordingly, ROH have been proposed as an effective way to estimate F (FROH), defined as the
proportion of the genome within these segments. It should be noted that, because FROH values are
obtained from molecular information, they are based on the observed homozygosity instead of the
FPED, whose values are obtained from probabilities. Based on FPED, it has been documented that recent
inbreeding is more harmful than ancient inbreeding in milk production traits [81]. Deleterious allele
frequencies decrease over time as a result of selection and strengthened by purging, which is more
effective under strong selection and slow accumulation of inbreeding over generations. However,
studies of the relationship among long (recent inbreeding) and short ROH (ancient inbreeding) with
inbreeding depression revealed different results [82,83]. While Szpiech et al. [84] predicted higher
deleterious variants in long ROH than in shorter segments in human populations, Zhang et al [85]
stated that short and medium sizes of ROH are associated to significant enrichment of deleterious
variants comparing to longer segments in cattle breeds. It has also been suggested in dogs that the
ROH of all sizes may contribute to inbreeding depression.

There are several aspects that affect the accuracy of ROH estimates and, as a consequence, its
further analyses and interpretations. First, the parameters settled to define the ROH are essential
and vary significantly in both, amount and distribution through the genome. Rodríguez-Ramilo and
Fernández [86] stated that minimum length, minimum number of SNPs, minimum SNP density and
maximum distance between two adjacent SNPs are the parameters with higher influence in FROH

values. Lencz et al. [87] proposed a new formula to estimate the minimum number of SNPs needed to
define the ROHs based on the availability and density of the SNPS. Additionally, Purcell et al. [88]
developed a new method to remove those SNPs in linkage equilibrium in order to avoid false ROH.
Second, the density of the SNP parelationel is important, because panels shorter than 2 Mb may result
in a higher rate of false positives [85]. Thus, efficient estimation of ancient inbreeding requires higher
resolution panels. Finally, the recombination rate across the genome it is not uniform; thus, ROH
with the same length located in genomic regions with different recombination rates reveals a different
inbreeding history, but these are considered as equal FROH estimations.

7. Case Study: Example of the Lidia Breed

The Lidia bovine breed is one of the most successful domestic local breed among any Spanish
cattle breeds, being one of the most popular and most inclusive intergrading bovine breeds (Figure 1).
It has spread through some European countries, such as France, Portugal and Spain, and numerous
Central and South American countries. This breed is one of a kind among bovine populations for
being selected for behavioral traits with a long history of isolation [89]. Different types of traditional
popular events demand different types of behavior, with a desirable common pattern of aggressiveness
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present in the behavior of the whole breed. These variations in behavioral needs have been one of
the principal reasons why this racial group is fragmented into small lineages, traditionally called
encastes, with different levels of gene flow among them and different behavioral traits favored in each
one. Some of the more isolated lineages, with a low number of animals contributing to the gene pool,
can suffer from a loss of genetic variation and inbreeding depression, while others are the result of a
mixture of ancestral lineages. The genetic diversity within lineages has been analyzed using pedigree
records [90,91]. However, the genetic relationships among lineages can only be achieved by molecular
data due to the absence of pedigree connections between lineages. Microsatellite markers and SNPs
have achieved high genetic differentiation between lineages (average FST = 0.18) and have also allowed
the analysis of the genetic relationships among herds located in different countries such as Spain
and Mexico [89,92]. Results are revealing the fact that the population subdivision has been, in an
unintended way, a powerful mechanism to maintain genetic richness, because different alleles at a
locus can be fixed in different lineages and kept as variation source [91,93].
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can only be achieved by molecular data due to the absence of pedigree connections between lineages. 
Microsatellite markers and SNPs have achieved high genetic differentiation between lineages 
(average FST = 0.18) and have also allowed the analysis of the genetic relationships among herds 
located in different countries such as Spain and Mexico [89,92]. Results are revealing the fact that the 
population subdivision has been, in an unintended way, a powerful mechanism to maintain genetic 
richness, because different alleles at a locus can be fixed in different lineages and kept as variation 
source [91,93]. 
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8. Next Generation and DNA Sequencing: Past and Present

The novel Next Generation Sequencing (NGS) techniques have evolved rapidly, allowing, in
contrast to the SNP beadchips, unbiased and comprehensive analysis of genetic diversity parameters.
Genome sequences provide individuals´ entire genetic information of neutral loci and coding regions,
thus, demographic parameters related to selective or adaptive processes can be estimated more
accurately. In addition to simple measures of genetic diversity, such as the number of polymorphic
nucleotides or nucleotide diversity, whole genome sequences (WGS) offer new possibilities in genetic
diversity analysis, such as (a) the detection of other types of polymorphisms such as Copy Number
Variants (CNV); (b) the discovery of new causal mutations associated with traits of interest in livestock;
(c) the identification of rare genetic variants with minor allele frequencies [93]. Rare variants represents
an important source of variation with higher probabilities to be lost than common variants due to
genetic drift or natural or artificial selection. However, conservation of rare variants has received little
attention because are not included in commercial SNPs chip in spite of could be important in future
breeding programs. Different selection strategies results in dramatic losses of rare genetic variants,
up to 72%, that are negligible when SNP data are used because they are focused on more common
variants [94].
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Animal selection for breeding purposes is commonly based on the estimation of genetic
relationships and inbreeding coefficients of the population under study. In this context, inference of
genetic relationships estimations has evidenced significant changes when alleles with a frequency lower
than 5% were removed for the analysis [94]. The results evidenced that genetic diversity conservation
procedures could be affected by these differences, especially in long-term scenarios. Thus, methods
that weigh rare genetic variants are preferred in order to conserve such variants for future settings.
A key factor in WGS analysis is the sequencing coverage, which directly affects the genotyping quality,
especially in rare genetic variants. The accuracy of genetic variants identified from WGS data is greatly
dependent on the sequencing depth, defined as the average number of times each base is sequenced.
The proportions of transitions versus transversions, called transitions/transversions ratio (Ti/Tv), have
been proposed as a measure of the quality assessment of SNPs inferred from sequencing data; they are
in a higher ratio associated with higher accuracy [95]. Recent studies with pig data have achieved that
a depth of 10× ensures good SNP validation, while 4× is the low boundary for reasonable sequencing
quality [96].

Adaptation to climate changes or to extreme environments, loss of genetic diversity, effects of rare
alleles in genomic relationship estimations or genomic diversity characterization of livestock breeds
are relevant areas of WGS application. Furthermore, the development of sequencing technologies
has prompted floodgates to other research areas previously closed. Prior to the development of Next
Generation Sequencing (NGS), ancient DNA (aDNA) analysis were limited to mitochondrial DNA or
small genomic regions due to the inherent difficulties of the paleo genomics field to obtain fossil DNA
of good quality and quantity. In this regard, the novel methodologies of DNA extraction, libraries
preparation and NGS techniques have increase genomic studies of extinct species or ancient samples
of current livestock breeds. NGS has provided unique glimpses into (human-mediated) population
dynamics since domestication in horses [97,98], pigs [99], sheep and goats [100] and chickens [101],
as well as into functional gene changes associated with domestication [102]. Additionally, WGS
analysis have improved our understanding of the degradation processes that aDNA undergoes over
time. Cytosine deamination [103], resulting in C>U changes at regular cytosines and C>T changes at
5-methylated cytosines [103]. In addition, epigenetic modifications and microbiome alterations have
been recently considered when discussing the evolutionary history of a particular species, mainly
because they have the potential to add new insights into the modern synthesis [104].

9. A New Era of Genetic Diversity Improvements: Synthetic Biology

Recent advances in genome editing methods like CRISPR/Cas9 allow the deletion, addition or
change of alleles at specific locations in the genome of a cell. If made in germline cells, those changes are
permanent and heritable. These advances have attracted interest in using this technology to accelerate
genetic gain in breeding programs [105].

At present, there are several genome editing applications in livestock addressing simple traits
that are controlled by a small number of causal variants with large effects, such as the myostatin
gene responsible for the "double muscling" in cows, pigs and sheep [106], the introduction of
the polled (hornless) gene in cattle [107], and in pigs, the pre-determination of sex [108] and
resistance to certain viral diseases such as the Porcine Reproductive Respiratory Syndrome and
African Swine Fever [109,110]. However, livestock breeding improvement programs are oriented to
traits of quantitative interest, probably affected by multiple causal variants with small effects. In this
regard, the novel editing strategy called PAGE (promotion of alleles through genome editing) allows
editing a small number of causal variants, doubling the rate of genetic gain in the short and long term
compared to traditional selection [105].

Beyond selection, genome editing techniques could be used for genetic diversity re-introgression
when it has fully disappeared from the population, or even for the artificial addition of variations of
interest. For example, Shen et al. showed that CRISPR/Cas9 could allow the rapid introduction of
genetic diversity in crop breeding [111].
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Genome editing has the potential to create a major change in how we perceive and implement
genetic diversity improvement of livestock species; however, genome editing is still challenging, with
an uncertainty about future acceptance of application of the technique in animal breeding. An ethical
debate is needed on when and why the application of genome editing in livestock breeding is desired,
and if accepted, the potential costs and benefits of need also need to be considered [112].
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