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Abstract: Environmental stressors have, over generations, influenced the morphology, anatomy,
behaviour, physiology, and genetic structure of small ruminants. The widespread dispersal of small
ruminants over vast geographical areas occurred along with human migration, thereby promoting
the adaptative process to different environmental conditions mainly through natural selection. On-
going global warming prompted scientific efforts to deepen the knowledge and understanding of
adaptation traits in small ruminants. Compared to other ruminants, sheep and goats seem to have
a better adaptation ability to environmental stressors, as evident by their presence across different
geographic areas on a global level. Adaptation to a specific environment leads to variations in precise
genomic regions, allowing for the identification and selection of animals with a high capacity of
adaptation to environmental stressors. Rapid development in sequencing technologies, together
with bioinformatics tools, make it possible to analyse the genomic regions related to environmental
adaptation. Hence, the aims of this review were (i) to outline the main steps of the evolution process
in sheep and goat species, (ii) to summarise candidate genes related to environmental adaptation, and
(iii) to evaluate both selection and conservation possibilities of these genes in native small ruminant
breeds for future challenges to better face the global warming.

Keywords: sheep and goats; climate change; stressors; genetic adaptation

1. Introduction

This review attempts to consolidate the existing knowledge present in the scientific lit-
erature on genes that have a potential role in the environmental adaptation of domesticated
small ruminants within the perspective of climate change, and to highlight the underlying
genes or variants that are responsible for the evolutionary process leading to differences
and phenotypic changes.

Climate change is recognised as being a major threat to the sustainability of livestock
systems on a global level. The impact of this phenomenon on environmental stressors, such
as frequency and intensity of adverse weather events and the continuous changes in the
agro-ecological landscape, raises concerns on the repercussions on the performance and
productivity of indigenous livestock species.

The evolution of the domestic sheep and goat has been associated with marked
phenotypic changes in morphology, behaviour, physiological adaptation, reproduction,
and production parameters. Identifying the genes underlying these modifications will
elucidate the genetic mechanism responsible for successful domestication and provide a
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better understanding of the practical breeding strategies that need to be implemented to
promote the improvement of productivity and resilience to the environmental challenges.

2. Domestication and Evolution of Native Small Ruminant Breeds

The domestication of species is usually accompanied with the simultaneous grad-
ual changes in physiology, morphology, and behaviour traits compared with their wild
ancestors, a process that is also known as the “domestication syndrome” [1]. In general,
domestication is considered as a gradual and cumulative evolutionary process that, over
time on a long-term basis, leads to the establishment of a new phenotype that has adapted
to captivity and human control [2].

The genus Ovis comprises eight extant species, including the widespread domestic
sheep (O. aries) (Figure 1): argali (O. ammon), Asiatic mouflon (O. orientalis), European
mouflon (O. musimon), urial (O. vignei), bighorn sheep (O. canadensis), thinhorn sheep
(O. dalli), and snow sheep (O. nivicola) [3].
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Meanwhile, in the genus Capra, the number of species and subspecies is still under
debate, with estimates ranging from six to nine species [4,5]. Apart from the cosmopolitan
domestic goat (C. hircus), Shackleton [5] reported a further nine wild species (Figure 2):
Bezoar (C. aegagrus), Alpine ibex (C. ibex), Siberian ibex (C. sibirica), Nubian ibex (C. nu-
biana), Spanish ibex (C. pyrenaica), Markhor (C. falconeri), Walia ibex (C. walie), Kuban tur
(C. caucasica), and Dagestan tur (C. cylindricornis).

The Asiatic mouflon (Ovis orientalis) and the Bezoar ibex (Capra aegagrus) branched out
in the late Miocene era [6] to give rise to a type of sheep (Ovis aries) and goat (Capra hircus)
that were domesticated around 10,000–12,000 years before present in Southeastern Anatolia,
Mesopotamia, and Western Iran, commonly known as “The Fertile Crescent” [7–10]. From
then on, sheep and goats dispersed throughout the region, occupying an important role
in the Neolithic agricultural revolution, and thus contributing directly towards human
settlement and civilization by providing a stable source of high-quality nutritional products
based on milk and meat, with the additional benefit of also supplying wool and leather.
The extraordinary adaptability capacity and hardiness to many biotic and abiotic stressors
favoured the rapid geographic spread of sheep and goats [2].

https://www.iucnredlist.org
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Mitochondrial DNA (mtDNA) and nuclear genome analysis are very useful scientific
investigative approaches to deepen the understanding of the history of modern domestic
species through phylogenetic analysis [11]. The mtDNA technique allows for the iden-
tification of different maternal lineages present in modern breeds, which are assumed
to be derived independently from the domestication process from the distinct original
ancestral wild populations [12]. Therefore, based on this fact, it is obvious that, somehow,
the phylogenetic history for sheep and goats differs.

In the case of sheep, from a mitochondrial point of view, it is evident that at least two
independent domestication events took place, resulting in haplogroup A and B, which are
the most frequent haplogroups on a global level [13]. According to several studies, the
haplogroup B is related to the European mouflon (Ovis aries musimon) and currently is
predominant in Europe [14], while the haplogroup A is mainly present in Asiatic breeds
and descends from the Asiatic mouflon (Ovis orientalis) [13]. Different authors [9,14] have
reported that the European mouflon (Ovis aries musimon), an indigenous breed found in the
Mediterranean islands of Sardinia and Corsica, represents a primitive form of the Asiatic
mouflon. Further studies have identified the existence of other sheep clades defined as C,
D, and E. The haplogroup C is mainly present in China, whereas clades D and E, although
scarce, have been observed in Caucasus and Turkish sheep [14,15]. Moreover, a recent
study on whole genomes of domestic sheep and their wild relative species reported some
independent events of adaptive introgression from the wild sheep population into the
Asiatic and European mouflons, as well as the detection of shared introgressed regions
from both Ovis nivicola and Ovis ammon into the Asiatic mouflon population before or
during the domestication process. The European mouflons may have evolved through
hybridization events, occurring around 6000–5000 years BP, between a sheep type that is
now extinct in Europe and feral domesticated sheep [16]. The same study also revealed
the subsequent introgressions from wild sheep to their sympatric domestic relatives after
domestication. Another research, focused on the resequencing of the whole genome
in wild and domestic sheep, confirmed that the modern European mouflon is the feral
descendent of early domestic sheep, although the influence of Asiatic mouflon cannot be
excluded due to a substantial influence of the urial on the current Asiatic mouflon [17].
Moreover, the authors affirmed that retained or introgressed wild gene variants in domestic
sheep have contributed to the successful adaptation of sheep breeds in their respective
local environments.

https://www.wikiwand.com/en/Capra_(genus
https://www.wikiwand.com/en/Capra_(genus
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On the other hand, the process of the domestication of the goat involved multiple
maternal origins. Studies on ancient genomes revealed a complex contribution of mul-
tiple and genetically divergent wild lineages to the early domestic breeds [18–20]. It is
currently scientifically accepted that six divergent mtDNA haplogroups (A, B, C, D, F, and
G) contributed to the early phylogeographic structure of domestic goats. During the post-
Neolithic period, the domestic goats in the Near East and Iranian Plateau showed a collapse
of their initial mtDNA pattern, leading to the widespread dominance of A lineages [18],
which, today, characterize 91% of domestic goats on a global level [19]. The domestica-
tion processes of goat and their dispersal involved changes in several morphological and
physiological traits. Zheng et al. [21] provided evidence of an ancient introgression event
from a West Caucasian tur-like species into the domestic goats. In particular, these authors
identified two genes, one related to pathogen resistance (MUC6 gene) and the other to
behaviour linked to neural functions (STIM1-RRM1 gene), that emerged at least 7200 and
8100 years ago, respectively. Their current high frequencies in the modern domestic goat
breeds increased with the expansion of the mitochondrial haplogroup A from the Neolithic
period until present, probably resulting from the local genetic adaptations of goats.

3. Adaptation to Environmental Stressors in Native Small Ruminant Breeds

Collier et al. [22] gives a comprehensive description of the meaning of acclimation,
acclimatization, and adaptation to environmental stressors. Stress is any environmental
situation, while a stressor is any environmental factor that provokes an adaptation response
to negative effects on various factors of health, welfare, production, and reproduction in
livestock species [23]. In animal husbandry, stressors may originate from internal and/or
external factors (Figure 3). Internal factors include animal activities and housing conditions,
such as management and feeding practices, whereas the external factors consist of stressors
outside of the barn condition, such as heat waves, drought, and forage deficiency [24,25].
Environmental stress factors occur when a given animal’s environment changes and shows
enormous diversity in terms of their severity and duration [26]. A stress may be chronic,
such as in high stocking density situations and unsuitable barn design and construction
that will evoke sustained and prolonged discomfort in herds one generation after another,
or acute, as in the negative effects of transportation stress, which is abrupt, profound,
and sustained over a short time period [27]. If chronic stress due to extreme or adverse
surroundings persists over several generations, environmental adaptation is prone to oc-
curring with the necessary modifications in animal’s functional, structural, or behavioural
traits that would favour its survival or reproduction. Exposure to different environmental
conditions (abiotic and biotic factors) can induce a genotype to produce different phe-
notypes, and this ability is referred to as phenotypic plasticity. The plasticity can affect
and modify the gene expression of animal organisms, especially to overcome negative
environmental stressors [28]. This adaptation response will eventually become genetically
“fixed” through the natural selection process. Compounding available knowledge of the
different genetic parameters present in adapted animals will infer useful data on the genes
that are associated with acclimation.

Environmental stressors due to climate change are the most important ecological
factors determining the growth, development, and productivity of domestic animals [29].
Whether caused by natural phenomena or by human activities [28], the repercussions
of climate change are not just limited to a significant decrease in livestock welfare and
wellbeing [26], but will also have a negative impact on the environmental ecology through
reducing pasture and water availability, and also with the potential introduction of new
diseases and parasites [30].

Climate change, in addition to an increase in global warming, also manifests in an
increase in frequency in extreme weather events and conditions, such as unexpected and
unpredictable rainfall patterns, drought, and heat waves. The gradual yearly increase
in ambient temperatures is being reported as causing particular damages to the thermal
comfort zone in farm animals [26,28]. Under normal environmental conditions, livestock
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maintain a balance between heat gain and heat loss, a physiological process referred to
as thermoregulation. Excessive heat loss or gain by the animal leads to cold stress and
heat stress, respectively [31,32]. An increase in heat load mainly occurs due to the heat
increment associated with metabolic activities and exposure to high ambient temperature.
Heat-stressed animals will consume less feed and drink more to compensate for metabolic
heat production, and they will also move to avoid direct exposure to sun while seeking
air flow to facilitate heat dissipation [26,30]. Although these responses may lessen the
negative effects of heat stress, they are associated with a decrease in production and
reproductive efficiency in small ruminants, particularly due to low feed intake [33]. On
the other hand, livestock species all over the world have managed to survive and maintain
their production and reproductive parameters in the presence of numerous environmental
stressors following an adaptation and acclimation process that occurred over centuries and
was facilitated through favourable animal husbandry practices.
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Adaptation capacity is the response process at morphological, anatomical, physio-
logical, and genetic bases against different environmental conditions to maintain welfare,
survivability, and reproduction in animals [24,34]. Small ruminants are deemed to have
a better adaptation capacity than other ruminants in terms of heat stress (Figure 4), since
they possess some unique adaptive traits that allowed them to be the most acclimatised
and geographically widespread animal species [34]. Indeed, native small ruminants devel-
oped adaptation traits to specific environments over generation via the natural selection
process [35].

Additionally, these indigenous breeds could develop adaptation against a novel envi-
ronment by acclimation, i.e., the animal’s ability to co-ordinate compensatory phenotypic
response alterations due to a single stressor in the environment acting alone [36]. Climate
change is an excellent example of a stressor that evokes acclimation in native small rumi-
nants. In rangeland-based small ruminant farming systems, the native herds graze during
the season in which grass is available, thereby decreasing feed cost but, simultaneously, also
exposing animals to high temperatures and direct solar radiation. Compared to the exotic
or high-yielding breeds, indigenous animals generate less heat from metabolic activities
and, in so doing, these native breeds are less likely to be affected by high temperature and
heat stress on rangeland-based production systems. Furthermore, climate change emerged
gradually over various generations, thereby allowing these native breeds to gradually
develop an adaptation against heat stress due to this phenomenon.
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The human stewardship element in managing animal husbandry plays a key role in
diminishing the negative repercussions arising from climate change. For example, in the
poultry and broiler sector, farmers may develop and maintain a microclimate within a
totally environmentally controlled building envelope in which ambient conditions, such as
temperature, humidity, air flow, and lightning, are pre-set at optimum levels for production.
Unfortunately, creating a microclimate for native small ruminant breeds is not practical
nor feasible, since they are kept on grassland ranges and the economic burden is too heavy
to be sustained. Instead, efforts could focus to increase resistance to thermal stress with
the implementation of breeding practices in which thermo-tolerant animals are selected as
mating animals within a properly structured breeding program that aims to concentrate
and promote these traits.

4. Genes Involved in Environmental Adaptation and Acclimation

Climate is the single most important ecological factor that determines the growth,
development, and productivity of domestic animals [29]. The economic impacts of climate
changes on livestock production have been discussed in various studies [37–42]. Global
warming and its direct link to climate change brings with it great challenges, since it
adversely affects the yield, durability, and living conditions of small ruminant animals,
especially those reared on pasture. Acclimation includes the biological response to immedi-
ate or long-lasting environmental stressors and phenotypic changes. When stressors persist
for several generations, the biological response will become genetically stable through a
process of selection, either natural or as influenced by humans, and the animal will eventu-
ally adapt to the environment [22]. Small ruminants, such as sheep and goats, possess a
high level of adaptability to a wide range of agro-ecological regions. Moreover, goats have
a relatively high capacity for disease resistance, allowing them to thrive better in harsh
conditions [43].

Different strategies should be developed and implemented at the international level
to counteract the negative effects of climate change on livestock. Crossbreeding of native
sheep and goats with high-yielding breeds may play an important role in the mitigation
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process [43]. Recent advances in molecular genomic expression technologies make it possi-
ble to identify candidate gene regions associated with thermo-tolerance [44]. The inclusion
of such genetic information in the design of breeding programs may be instrumental in
developing heat-resistant breeds. In addition, genes related to acclimation and environ-
mental adaptation should be highlighted so that high-yielding animals with a resistance to
stressors linked to changing climate and harsh environmental conditions will be developed
following genomic selection procedures. Currently, there are no clear data on how these ani-
mals will adapt and survive in new and changing environments, although identifying genes
associated with the genetic architecture of adaptation is crucial for selection programs.

Some gene regions identified to be associated with environmental adaptation and
acclimation in small ruminants are summarized in Table 1.

Table 1. Genes involved in environmental adaptation and acclimation.

Features Species Breed Related Gene Detection Method References

Coat Colour Sheep Crioula sheep MCIR, ASIP, TYRP1 Sequencing [45]
High-altitude

hypoxia adaptation Sheep Tibetan sheep EPAS1, CRYAA, LONP1, NF1,
DPP4, SOD1, PPARG, SOCS2 Sequencing [46]

Adaptation to
cold climate Sheep Russian sheep NEB, APOB SNP array [47]

Protection against
pulmonary injuries Sheep Nepal, Asian and Middle

East breeds FGF-7 SNP array [48]

Coat Colour
Sheep

Lezgin, Karachaev, Karakul,
Edilbai, Romanov, Russian

Longhaired, Groznensk, Salsk,
Volgograd, Buubei, Tuva, Altai
Mountain, Krasnoyarsk, Baikal,

and Kulundin

KIT, KITLG
SNP array [49]Reproduction CMTM6, HTRA1, GNAQ,

UBQLN1, IFT88

Environmental
adaptations

EGFR, HSPH1, NMUR1,
EDNRB, PRL, TSHR,

ADAMTS5

Coat Colour

Sheep French sheep

ASIP, MC1R, TYRP1, MITF,
EDN3, BNC2

SNP array [50]Stature and morphology
NPR2, MSTN (GDF-8),

LCORL, NCAPG, ALX4, EXT2,
PALLD

Horns RXFP2
Wool IRF2BP2

Energy and regulation
activities Sheep Autochthonous sheep TBC1D12 SNP array [51]

Cold tolerance Sheep Worldwide Sheep Populations TRPM8 Sequencing [52]

Heat Stress Sheep
Chokla, Magra, Marwari, and

Madras Red HSP90AA1, HSPA1A, HSPA8 RT-PCR [53]

Tibetan sheep HSP27, HSP60 RT-PCR [54]

Altitude adaptation Sheep Ethiopian sheep populations
PLCB1, PLCE1, FHAD1,
GNA12, KLF12, SUSD4,

ZNF407
Sequencing [55]

Heat Stress Goat

Barbari, Jakhrana, Sirohi
and Jamunapari ENOX2 RT-PCR [56]

Barki EIF2B3 SNP array [57]

Karamojong KPNA4, MTOR, SH2B1,
MAPK3 SNP array [58]

Barbari HSP90, HSP70 RT-PCR [59]
Barbari, Sirohi, and Jhakrana HSP60, HSP70, HSP90 RT-PCR [60]
Osmanabadi, Malabari, and

Salem Black HSP70 RT-PCR [61]

Coat Colour
Goat Unspecified

ADAMTS20, MC1R, ASIP,
SOX18, TIMP3 SNP array [62]

Against oxidative stress GPR37L1, INS
Adaptation to hot arid

environments
Sheep and

Goat Barki BMP2, FGF SNP array [57]

Thermo-tolerance
(melanogenesis), body
size and development,

energy, and
digestive metabolism

Sheep and
Goat Barki

FGF2, GNAI3, PLCB1, BMP2,
BMP4, GJA3, GJB2, MYH,

TRHDE, ALDH1A3, GRIA1,
IL2, IL7, IL21, IL1R1

SNP array [57]

Heat shock proteins (HSPs) are directly associated with exposure to heat stress caused
by metabolic activity and environmental temperature affect. The imbalance caused by the
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higher metabolic heat production than heat dissipation capacity of animals will cause an
internal heat load that manifests itself as heat stress. The first biological response of animals
exposed to heat stress is an increase in respiratory rate, rectal temperature, and heart rate,
while, at the same time, they will decrease feed intake, thereby compromising production
parameters, i.e., live weight gain, milk yield, reproductive performance, and health [33].
Fortunately, animals react to heat stress by synthesizing HSPs that are classified as HSP100,
HSP90, HSP70, HSP60, HSP47, and other small HSP proteins that are ranked according to
their molecular weight [30,63]. During the exposure to high temperatures, protein damages,
heavy metals, traumas, and starvation, the expression levels of HSP genes increase in
order to maintain homeostasis in live cells [64]. Being a family of large proteins, HSPs
allow cells to gradually develop tolerance and adaptation against changing environment
condition [65]. Indeed, Kumar et al. [60] reported higher expression of HSP60, HSP70,
and HSP90 genes in peripheral blood mononuclear cells of heat-susceptible goat breeds
(Sirhi/Jhakarana), while lower expression profiles were highlighted in the Barbari breed,
which is known to be heat-tolerant. Moreover, higher expression of HSP60, HSP70, and
HSP90 was observed during summer months when compared to thermo-neutral conditions
and winter seasons [60]. Similarly, Banerjee et al. [66] reported high expression of several
gene regions belonging to the HSP70 family (HSPA1A, HSPA8, and HSPA6) in peripheral
blood mononuclear cells of Indian goat breeds (Sirohi, Barbari, Gaddi, and Chegu) during
summer season. Besides, the authors indicated that the expression of HSP70 may be utilised
as a stress marker in different species in order to face challenges caused by climate change.
Numerous studies have also revealed that the expression patterns of HSPs are a useful
indicator to estimate intensity and duration of heat stress in small ruminants [53,67–70].

Moreover, heat stress may also be supressed or triggered by coat colour, since it is re-
lated to sunlight absorption and reflection based on fleece size, length, and depth, as well as
colour type [71,72]. Coat and skin colour in mammals are affected by two main sets of genes:
one involving pigment synthesis and the other involved in replacing melanocytes [73].
So far, more than 300 genes have been identified as having a direct and indirect effect on
pigmentation [74]. Many of these genes are involved in the production or regulation of
the two pigments, pheomelanin and eumelanin [73]. Melanocortin 1 receptor (MC1R),
agouti signalling protein (ASIP), proto-oncogene, receptor tyrosine kinase (KIT), and ty-
rosinase (TYR) are all involved in the regulation of melanin production [62]. Dark coats
are known to absorb more thermal radiation and, thus, animals with such a coat are more
susceptible to heat stress than light coat ones [75]. In fact, Ross et al. [76] reported lower
rectal temperature and respiratory rate in Blackbelly sheep under heat stress conditions.
Variations in the genomic region related to the capacity for adaptation to environmental
stressors may be used in selection strategies to develop tolerance and resistance against
these challenges. Therefore, in view of the future prospects of global warming and climate
change, heat-tolerant small ruminant breeds will occupy an increasingly important role in
the production of animal-derived protein.

5. Conservation Strategies and Current Selection Practices for Genes Related to
Environmental Adaptation

Since the onset of domestication, the genetic diversity found in livestock species is
the compound result of several factors, such as mutation, adaptation, isolation, migration,
and breeder’s preference, all of which are of great importance for sustainability and future
challenges [77,78]. Genetic diversity defines the total genomic information in a certain
species, including all breeds, subpopulations, and varieties that fall within that particular
species [79,80]. Genetic variability, a prerequisite for conservation genetics, plays a key
role in supplying and meeting demands for animal-derived products in different climatic
regions and zones across the world, and is also essential for the potential adaptation to
future changing environmental conditions [81,82].
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The present efforts of both producers and scientists have mainly focused on climate
change caused by global warming rather than addressing the decrease in natural resources
and other environmental stressors [42,83,84].

Over the last two decades, climate change caused by global warming has been closely
followed and monitored by scientists from all corners of the world. Since 1975, the global
ambient temperature has increased steadily at an average rate of 0.15–0.20 ◦C per decade
and it is predicted to rise by a further 2–3 ◦C by 2100 [83,85]. Furthermore, it is being spec-
ulated that the expected climate change phenomena will also cause a significant reduction
in biodiversity and will increase the occurrence of some diseases and pathogens [86]. In
this regard, small ruminants are being incorporated in research projects aimed at investi-
gating the capacity of farm animals to increase their adaptation capacity against extreme
environmental conditions, such as high temperature, heat waves, and drought.

Since more than 1.000 sheep and 500 goat breeds are reared in a wide spectrum of
agro-ecological zones across the globe, it is of uttermost importance to involve these small
ruminants in research studies focused on environmental adaptation [87,88]. The existence
of a significant number of subgroups (types and varieties) due to crossbreeding practices
further supports this view. Ever since the domestication of the small ruminants, genotypic
variations have evolved in response to the different geographical and climatic conditions,
as well as to the different management practices, thus offering enormous opportunities
to develop adaptation in small ruminants [82]. It is also noteworthy to mention that
native breeds that have existed in a particular geographic region for a long period of time,
eventually become part of the ecological value of that specific geographic landscape. Today,
native breeds having a high adaptation capacity are preferred by breeders [89–91].

The first step in enhancing environmental adaptations in structured breeding programs
is to detect the genomic regions associated with resistance to environmental stressors. Over
the last 30 years, PCR-based molecular techniques (RFLP, AFLP, microsatellites, etc.) have
been utilized in animal genetics studies [91–93]. These techniques were mainly used to
conduct conservation programs [94] via limited loci across the genome to detect quantitative
trait loci (QTLs) [95] and to increase the frequency of the desired genotype combinations
across populations by using the marker-assisted selection (MAS) [96]. However, analysis
of alimited number of loci in specific traits, such as environmental adaptation, which is
shaped by many genes, is a considerable obstacle for success in both conservation and
selection studies [97].

The rapid development of SNP chips and DNA sequencing technologies for livestock
species offers a novel and important opportunity to overcome these obstacles. For instance,
microsatellite-based QTL studies have been mainly carried out via 30–100 loci, whereas
50.000–100.000 SNPs could be detected by SNP arrays or next-generation sequencing (NGS)
technologies (GBS, RADseq, and ddRADseq) [98]. Similar genetic information is obtained
by a single microsatellite and three SNPs [99,100]. Compared to traditional genetic markers
including microsatellites, SNP arrays and NGS are powerful tools for genomic studies due
to their abundance across the genome. Indeed, high-density genomic data obtained from
SNP arrays and NGS technologies are commonly used to reveal genomic regions associated
with environmental adaptation [55,101,102]. Genomic regions related to environmental
adaptation detected by selection signatures and genome-wide association study (GWAS)
could be integrated in the genomic selection (GS) practices [103]. These developments in
genotyping have significantly facilitated studies that analyse the whole genome in livestock,
as well as in many other fields of science.

Many studies aimed at detecting genomic regions related to environmental adapta-
tion are available. Recently, much research has detected candidate genes related to high
altitude [101,104,105], climate change [47,55,105], and disease resistance [104] in small
ruminants by screening the genome for selection signatures using SNP arrays. Similarly,
via high-density genomic data from NGS technologies, numerous candidate genes related
to environmental adaptation (high altitude, climate change, disease resistance, etc.) have
been investigated in small ruminants [49,56,106,107].
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In conservation programs, SNP arrays are more useful than traditional molecular
markers, while they have some disadvantages compared to NGS technologies. First of all,
SNP arrays are developed based on a reference genome, which limits the detection of some
unique SNPs and rare variants related to environmental adaptation in native small ruminant
breeds and varieties. In addition, the creation of SNP arrays on exons, ignoring rare variants
(frequency less than 5%), and working based on nucleotide hybridisation leads to SNP
errors and filtration-induced locus losses. Unlike SNP arrays, the whole genome sequencing
technique (WGS) is complete genome sequence containing all the polymorphism present
on the genome. Thus, WGS does not have the problem of ascertainment biases. Therefore,
WGS analysis, even when allowing for the detection of unique SNPs and rare variants, is the
more powerful genotyping tool to reveal the total genetic diversity, as well as conservation
genetics [108,109].

After detection of candidate genes related to environmental adaptation, the priority
should be given to the conservation of these variations in small ruminants. In particular,
conservation programs should start from the populations holding a high genetic variation
and a low inbreeding level. Meanwhile, it is important to consider not only breeds but also
varieties in which unique genotype combinations with low frequencies may be available
for environmental adaptation [77,81,94].

Consequently, the frequency of desired gene combinations could be increased in the
next generation by applying suitable selection strategies, which should also be feasible
in terms of aim, time, and affordability. In small ruminants, genetic improvement is
comparatively low in traditional selection practices due to low heritability of quantitative
traits, such as longevity and disease resistance. On the other hand, MAS and GS practices
are fast and may yield more genetic improvement per generations [110,111].

It is worth noting that ongoing traditional selection practices could be easily supported
by MAS in which genes related to environmental adaptation are considered. This method
allows the development of new selection criteria, not only for the economically important
traits, but also for traits against environmental stressors. Although the traditional selection
practices supported by MAS are affordable and easily adaptable, genetic improvement will
still be insufficient due to the consideration of a low number of genes [112].

In the last decade, GS practices offer huge opportunities to improve several traits in
livestock species. Since genomic breeding value (GBV) is estimated for each animal across
the entire genome, success in selection and genetic gain has been significantly increased in
quantitative traits, such as meat and milk yield and environmental adaptation [113–115].
While GS practices are promising to increase economically important traits and environ-
mental adaptation simultaneously, economic burdens of NGS technologies still cannot
be afforded by smallholder farmers [116]. Further, in underdeveloped and developing
countries, the number of qualified scientists who have the ability and/or the facilities to
conduct bioinformatics analyses via high-density genomic data may be low. Moreover, it
is a known fact that there are multiple difficulties for breeders or breeders’ associations,
especially in developing countries. Although selection for genes related to environmental
adaptation is possible for sheep and goats, there are other limiting factors to be considered
due to difficulty in collecting phenotypes and pedigree information and the costs of ap-
plying breeding schemes, especially in developing countries [117]. Moreover, an accurate
pedigree is mandatory for a correct implementation of breeding programs. Even in dairy
cattle, which have a well-established breeding program, a high misidentification rate has
been referred [118] and these pedigree errors are probably even higher in sheep and goats.

However, the decrease in the cost of SNP arrays or NGS technologies in the near
future will lead to a rapid increase in GS studies in farm animals and not only restricted to
research flocks.

6. Conclusions

In conclusion, this manuscript aimed at reviewing the genes related to environmental
adaptation in small ruminants by considering the reason for their conservation status, as
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well as usefulness in selection practices. High-density genomic data, via SNP arrays and
whole genome resequencing, are promising tools to increase adaptation capacity against
environmental stressors in native small ruminant populations. These informative data
sets are commonly utilised to estimate genetic diversity and inbreeding level, as well as
analysing the genomic regions associated to environmental adaptation in local populations.
Identifying breeds with a high ability to adapt to changing environmental conditions with
global climate change is of great importance for the sustainability of animal husbandry.

Basically, environmental adaptation could be improved by considering related genes
in crossbreeding practices. Alternatively, the frequencies of the tolerant animals may be
increased by MAS and GS studies in native sheep and goat populations. Conservation
of genomic variations in related genes will not only allow animals to develop adaptation
against future challenges, but also will support farmers in their efforts for the sustainable
use of local populations. Particularly, due to the exposure of animals to high tempera-
tures via ongoing global warming, the conservation of the genomic variations related to
environmental adaptation will be inevitable for countries in the future.

This review may serve as a guideline for the development of conservation and man-
agement practices to reduce negative effects of the increased environmental stressors in
local small ruminants.

Author Contributions: Conceptualisation, E.D., S.C., M.P. and T.K.; writing—original draft prepara-
tion, E.D., S.C., U.B., M.P. and T.K.; writing—review and editing, G.A.; and supervision, S.C. and M.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This review did not involve the use of animals. Therefore,
ethical approval was not required.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wilkins, A.S.; Wrangham, R.W.; Fitch, W.T. The “domestication syndrome” in mammals: A unified explanation based on neural

crest cell behavior and genetics. Genetics 2014, 197, 795–808. [CrossRef] [PubMed]
2. Amills, M.; Capote, J.; Tosser-Klopp, G. Goat domestication and breeding: A jigsaw of historical, biological and molecular data

with missing pieces. Anim. Genet. 2017, 48, 631–644. [CrossRef] [PubMed]
3. Rezaei, H.R.; Naderi, S.; Chintauan-Marquier, I.C.; Jordan, S.; Taberlet, P.; Virk, A.T.; Naghash, H.R.; Rioux, D.; Kaboli, M.; Luikart,

G.; et al. Evolution and taxonomy of the wild species of the genus Ovis (Mammalia, Artiodactyla, Bovidae). Mol. Phylogenet. Evol.
2010, 54, 315–326. [CrossRef] [PubMed]

4. Schaller, G.B. Mountain Monarchs: Wild Sheep and Goats of the Himalaya; University of Chicago Press: Chicago, IL, USA; London,
UK, 1977.

5. Shackleton, D.M. Wild Sheep and Goats and Their Relatives: Status, Survey and Conservation Action Plan for Caprinae; IUCN: Gland,
Switzerland, 1997.

6. Hassanin, A.; Delsuc, F.; Ropiquet, A.; Hammer, C.; van Vuuren, B.J.; Matthee, C.; Ruiz-Garcia, M.; Catzeflis, F.; Areskoug,
V.; Nguyen, T.T.; et al. Pattern and timing of diversification of Cetartiodactyla (Mammalia, Laurasiatheria), as revealed by a
comprehensive analysis of mitochondrial genomes. C. R. Biol. 2012, 335, 32–50. [CrossRef]

7. Alberto, F.J.; Boyer, F.; Orozco-terWengel, P.; Streeter, I.; Servin, B.; de Villemereuil, P.; Benjelloun, B.; Librado, P.; Biscarini, F.;
Colli, L.; et al. Convergent genomic signatures of domestication in sheep and goats. Nat. Commun. 2018, 9, 813. [CrossRef]

8. Nomura, K.; Yonezawa, T.; Mano, S.; Kawakami, S.; Shedlock, A.M.; Hasegawa, M.; Amano, T. Domestication process of the goat
revealed by an analysis of the nearly complete mitochondrial protein-encoding genes. PLoS ONE 2013, 8, e67775. [CrossRef]

9. Chessa, B.; Pereira, F.; Arnaud, F.; Amorim, A.; Goyache, F.; Mainland, I.; Kao, R.R.; Pemberton, J.M.; Beraldi, D.; Stear, M.J.; et al.
Revealing the history of sheep domestication using retrovirus integrations. Science 2009, 324, 532–536. [CrossRef]

10. Zeder, M.A. Domestication and early agriculture in the Mediterranean Basin: Origins, diffusion, and impact. Proc. Natl. Acad. Sci.
USA 2008, 105, 11597–11604. [CrossRef]

11. Di Lorenzo, P.; Lancioni, H.; Ceccobelli, S.; Curcio, L.; Panella, F.; Lasagna, E. Uniparental genetic systems: A male and a female
perspective in the domestic cattle origin and evolution. Electron. J. Biotech. 2016, 23, 69–78. [CrossRef]

http://doi.org/10.1534/genetics.114.165423
http://www.ncbi.nlm.nih.gov/pubmed/25024034
http://doi.org/10.1111/age.12598
http://www.ncbi.nlm.nih.gov/pubmed/28872195
http://doi.org/10.1016/j.ympev.2009.10.037
http://www.ncbi.nlm.nih.gov/pubmed/19897045
http://doi.org/10.1016/j.crvi.2011.11.002
http://doi.org/10.1038/s41467-018-03206-y
http://doi.org/10.1371/journal.pone.0067775
http://doi.org/10.1126/science.1170587
http://doi.org/10.1073/pnas.0801317105
http://doi.org/10.1016/j.ejbt.2016.07.001


Ruminants 2022, 2 266

12. Lancioni, H.; Di Lorenzo, P.; Ceccobelli, S.; Perego, U.A.; Miglio, A.; Landi, V.; Antognoni, M.T.; Sarti, F.M.; Lasagna, E.; Achilli, A.
Phylogenetic relationships of three Italian merino-derived sheep breeds evaluated through a complete mitogenome analysis.
PLoS ONE 2013, 8, e73712. [CrossRef]

13. Wanjala, G.; Bagi, Z.; Kusza, S. Meta-Analysis of Mitochondrial DNA Control Region Diversity to Shed Light on Phylogenetic
Relationship and Demographic History of African Sheep (Ovis aries) Breeds. Biology 2021, 10, 762. [CrossRef] [PubMed]

14. Meadows, J.R.; Cemal, I.; Karaca, O.; Gootwine, E.; Kijas, J.W. Five ovine mitochondrial lineages identified from sheep breeds of
the near East. Genetics 2007, 175, 1371–1379. [CrossRef] [PubMed]

15. Tapio, M.; Marzanov, N.; Ozerov, M.; Ćinkulov, M.; Gonzarenko, G.; Kiselyova, T.; Murawski, M.; Viinalass, H.; Kantanen, J.
Sheep mitochondrial DNA variation in European, Caucasian, and Central Asian areas. Mol. Biol. Evol. 2006, 23, 1776–1783.
[CrossRef] [PubMed]

16. Chen, Z.H.; Xu, Y.X.; Xie, X.L.; Wang, D.F.; Aguilar-Gómez, D.; Liu, G.J.; Li, X.; Esmailizadeh, A.; Rezaei, V.; Kantanen, J.; et al.
Whole-genome sequence analysis unveils different origins of European and Asiatic mouflon and domestication-related genes in
sheep. Commun. Biol. 2021, 4, 1307. [CrossRef] [PubMed]

17. Lv, F.H.; Cao, Y.H.; Liu, G.J.; Luo, L.Y.; Lu, R.; Liu, M.J.; Li, W.R.; Zhou, P.; Wang, X.H.; Shen, M.; et al. Whole-genome resequencing
of worldwide wild and domestic sheep elucidates genetic diversity, introgression and agronomically important loci. Mol. Biol.
Evol. 2022, 39, msab353. [CrossRef]

18. Daly, K.G.; Maisano Delser, P.; Mullin, V.E.; Scheu, A.; Mattiangeli, V.; Teasdale, M.D.; Hare, A.; Burger, J.; Pereira Verdugo, M.;
Collins, M.J.; et al. Ancient goat genomes reveal mosaic domestication in the Fertile Crescent. Science 2018, 361, 85–88. [CrossRef]

19. Colli, L.; Lancioni, H.; Cardinali, I.; Olivieri, A.; Capodiferro, M.R.; Pellecchia, M.; Rzepus, M.; Zamani, W.; Naderi, S.; Gandini, F.;
et al. Whole mitochondrial genomes unveil the impact of domestication on goat matrilineal variability. BMC Genom. 2015, 16,
1115. [CrossRef]

20. Naderi, S.; Rezaei, H.R.; Pompanon, F.; Blum, M.G.; Negrini, R.; Naghash, H.R.; Balkiz, Ö.; Mashkour, M.; Gaggiotti, O.E.;
Ajmone-Marsan, P.; et al. The goat domestication process inferred from large-scale mitochondrial DNA analysis of wild and
domestic individuals. Proc. Natl. Acad. Sci. USA 2008, 105, 17659–17664. [CrossRef]

21. Zheng, Z.; Wang, X.; Li, M.; Li, Y.; Yang, Z.; Wang, X.; Pan, X.; Gong, M.; Zhang, Y.; Guo, Y.; et al. The origin of domestication
genes in goats. Sci. Adv. 2020, 6, eaaz5216. [CrossRef]

22. Collier, R.J.; Baumgard, L.H.; Zimbelman, R.B.; Xiao, Y. Heat stress: Physiology of acclimation and adaptation. Anim. Front. 2019,
9, 12–19. [CrossRef]

23. Sunil Kumar, B.V.; Ajeet, K.; Meena, K. Effect of heat stress in tropical livestock and different strategies for its amelioration. J.
Stress Physiol. Biochem. 2011, 7, 45–54.

24. Niyas, P.A.A.; Chaidanya, K.; Shaji, S.; Sejian, V.; Bhatta, R. Adaptation of livestock to environmental challenges. J. Vet. Sci. Med.
Diagn. 2015, 4, 3.

25. Baxevanou, C.; Fidaros, D.; Papanastasiou, D.; Bartzanas, T.; Kittas, C. 2017. Numerical simulation of internal microclimate inside
a livestock building. Environ. Eng. Manag. J. 2017, 16, 2513–2523. [CrossRef]

26. Demir, E.; Bilginer, U.; Balcioglu, M.S.; Karsli, T. Direct and indirect contributions of molecular genetics to farm animal welfare: A
review. Anim. Health Res. Rev. 2021, 22, 177–186. [CrossRef]

27. Petherick, J.C.; Phillips, C.J.C. Space allowances for confined livestock and their determination from allometric principles. Appl.
Anim. Behav. Sci. 2009, 117, 1–12. [CrossRef]

28. Rovelli, G.; Ceccobelli, S.; Perini, F.; Demir, E.; Mastrangelo, S.; Conte, G.; Abeni, F.; Marletta, D.; Ciampolini, R.; Cassandro, M.;
et al. The genetics of phenotypic plasticity in livestock in the era of climate change: A review. Ital. J. Anim. Sci. 2020, 19, 997–1014.
[CrossRef]

29. Adams, R.M.; Hurd, B.H.; Lenhart, S.; Leary, N. Effects of global climate change on agriculture: An interpretative review. Clim.
Res. 1998, 11, 19–30. [CrossRef]

30. Perini, F.; Cendron, F.; Rovelli, G.; Castellini, C.; Cassandro, M.; Lasagna, E. Emerging genetic tools to investigate molecular
pathways related to heat stress in chickens: A review. Animals 2021, 11, 46. [CrossRef]

31. Angrecka, S.; Herbut, P.; Mishra, G.; Jena, B.; Dar, M.; Bhat, A. Conditions for cold stress development in dairy cattle kept in free
stall barn during severe frosts. Czech. J. Anim. Sci. 2015, 60, 81–87. [CrossRef]

32. Belhadj Slimen, I.; Najar, T.; Ghram, A.; Abdrrabba, M. Heat stress effects on livestock: Molecular, cellular and metabolic aspects,
a review. J. Anim. Physiol. Anim. Nutr. 2016, 100, 401–412. [CrossRef]

33. McManus, C.M.; Faria, D.A.; Lucci, C.M.; Louvandini, H.; Pereira, S.A.; Paiva, S.R. Heat stress effects on sheep: Are hair sheep
more heat resistant? Theriogenology 2020, 155, 157–167. [CrossRef] [PubMed]

34. Berihulay, H.; Abied, A.; He, X.; Jiang, L.; Ma, Y. Adaptation mechanisms of small ruminants to environmental heat stress. Animals
2019, 9, 75. [CrossRef] [PubMed]

35. Passamonti, M.M.; Somenzi, E.; Barbato, M.; Chillemi, G.; Colli, L.; Joost, S.; Milanesi, M.; Negrini, R.; Santini, M.; Vajana, E.;
et al. The Quest for Genes Involved in Adaptation to Climate Change in Ruminant Livestock. Animals 2021, 11, 2833. [CrossRef]
[PubMed]

36. Hoffmann, I. Livestock genetic diversity and climate change adaptation. In Proceedings of the International Conference on
Livestock and Global Climate Change 2008, Hammamet, Tunisia, 17–20 May 2008; Rowlinson, P., Steele, M., Nefzaoui, A., Eds.;
Cambridge University Press: Cambridge, UK, 2008; pp. 76–80.

http://doi.org/10.1371/journal.pone.0073712
http://doi.org/10.3390/biology10080762
http://www.ncbi.nlm.nih.gov/pubmed/34439994
http://doi.org/10.1534/genetics.106.068353
http://www.ncbi.nlm.nih.gov/pubmed/17194773
http://doi.org/10.1093/molbev/msl043
http://www.ncbi.nlm.nih.gov/pubmed/16782761
http://doi.org/10.1038/s42003-021-02817-4
http://www.ncbi.nlm.nih.gov/pubmed/34795381
http://doi.org/10.1093/molbev/msab353
http://doi.org/10.1126/science.aas9411
http://doi.org/10.1186/s12864-015-2342-2
http://doi.org/10.1073/pnas.0804782105
http://doi.org/10.1126/sciadv.aaz5216
http://doi.org/10.1093/af/vfy031
http://doi.org/10.30638/eemj.2017.261
http://doi.org/10.1017/S1466252321000104
http://doi.org/10.1016/j.applanim.2008.09.008
http://doi.org/10.1080/1828051X.2020.1809540
http://doi.org/10.3354/cr011019
http://doi.org/10.3390/ani11010046
http://doi.org/10.17221/7978-CJAS
http://doi.org/10.1111/jpn.12379
http://doi.org/10.1016/j.theriogenology.2020.05.047
http://www.ncbi.nlm.nih.gov/pubmed/32679441
http://doi.org/10.3390/ani9030075
http://www.ncbi.nlm.nih.gov/pubmed/30823364
http://doi.org/10.3390/ani11102833
http://www.ncbi.nlm.nih.gov/pubmed/34679854


Ruminants 2022, 2 267

37. St-Pierre, N.R.; Cobanov, B.; Schnitkey, G. Economic losses from heat stress by US livestock industries. J. Dai. Sci. 2003, 86,
E52–E77. [CrossRef]

38. Nardone, A.; Ronchi, B.; Lacetera, N.; Ranieri, M.S.; Bernabucci, U. Effects of climate changes on animal production and
sustainability of livestock systems. Livest. Sci. 2010, 130, 57–69. [CrossRef]

39. Sejian, V.; Bhatta, R.; Soren, N.M.; Malik, P.K.; Ravindra, J.P.; Prasad, C.S.; Lal, R. Introduction to concepts of climate change
impact on livestock and its adaptation and mitigation. In Climate Change Impact on Livestock: Adaptation and Mitigation; Sejian, V.,
Gaughan, J., Baumgard, L., Prasad, C., Eds.; Springer: New Delhi, India, 2015; pp. 1–23.

40. Rojas-Downing, M.M.; Nejadhashemi, A.P.; Harrigan, T.; Woznicki, S.A. Climate change and livestock: Impacts, adaptation, and
mitigation. Clim. Risk Manag. 2017, 16, 145–163. [CrossRef]

41. Escarcha, J.F.; Lassa, J.A.; Zander, K.K. Livestock under climate change: A systematic review of impacts and adaptation. Climate
2018, 6, 54. [CrossRef]

42. Wreford, A.; Topp, C.F. Impacts of climate change on livestock and possible adaptations: A case study of the United Kingdom.
Agric. Syst. 2020, 178, 102737. [CrossRef]

43. Sejian, V.; Silpa, M.V.; Lees, A.M.; Krishnan, G.; Devaraj, C.; Bagath, M.; Anisha, J.P.; Reshma Nair, M.R.; Manimaran, A.; Bhatta,
R.; et al. Opportunities, Challenges, and Ecological Footprint of Sustaining Small Ruminant Production in the Changing Climate
Scenario. In Agroecological Footprints Management for Sustainable Food System; Banerjee, A., Meena, R.S., Jhariya, M.K., Yadav, D.K.,
Eds.; Springer: Singapore, 2021; pp. 365–396.

44. Moran, D.S.; Eli-Berchoer, L.; Heled, Y.; Mendel, L.; Schocina, M.; Horowitz, M. Heat intolerance: Does gene transcription
contribute? J. Appl. Physiol. 2006, 100, 1370–1376. [CrossRef]

45. Cavalcanti, L.C.G.; Moraes, J.C.F.; Faria, D.A.D.; McManus, C.M.; Nepomuceno, A.R.; Souza, C.J.H.D.; Caetano, A.R.; Paiva, S.R.
Genetic characterization of coat color genes in Brazilian Crioula sheep from a conservation nucleus. Pesq. Agropec. Brasil. 2017, 52,
615–622. [CrossRef]

46. Wei, C.; Wang, H.; Liu, G.; Zhao, F.; Kijas, J.W.; Ma, Y.; Lu, J.; Zhang, L.; Cao, J.; Wu, M.; et al. Genome-wide analysis reveals
adaptation to high altitudes in Tibetan sheep. Sci. Rep. 2016, 6, 26770. [CrossRef] [PubMed]

47. Yudin, N.; Larkin, D.M. Shared Signatures of Selection Related to Adaptation and Acclimation in Local Cattle and Sheep Breeds
from Russia. Russ. J. Genet. 2019, 55, 1008–1014. [CrossRef]

48. Gorkhali, N.A.; Dong, K.; Yang, M.; Song, S.; Kader, A.; Shrestha, B.S.; He, X.; Zhao, Q.; Pu, Y.; Li, X.; et al. Genomic analysis
identified a potential novel molecular mechanism for high-altitude adaptation in sheep at the Himalayas. Sci. Rep. 2016, 6, 29963.
[CrossRef] [PubMed]

49. Yurchenko, A.A.; Deniskova, T.E.; Yudin, N.S.; Dotsev, A.V.; Khamiruev, T.N.; Selionova, M.I.; Egorov, S.V.; Reyer, H.; Wimmers,
K.; Brem, G.; et al. High-density genotyping reveals signatures of selection related to acclimation and economically important
traits in 15 local sheep breeds from Russia. BMC Genom. 2019, 20, 294. [CrossRef] [PubMed]

50. Rochus, C.M.; Tortereau, F.; Plisson-Petit, F.; Restoux, G.; Moreno-Romieux, C.; Tosser-Klopp, G.; Servin, B. Revealing the selection
history of adaptive loci using genome-wide scans for selection: An example from domestic sheep. BMC Genom. 2018, 19, 71.
[CrossRef]

51. Lv, F.H.; Agha, S.; Kantanen, J.; Colli, L.; Stucki, S.; Kijas, J.W.; Joost, S.; Li, M.H.; Ajmone Marsan, P. Adaptations to climate-
mediated selective pressures in sheep. Mol. Biol. Evol. 2014, 31, 3324–3343. [CrossRef]

52. Fariello, M.I.; Servin, B.; Tosser-Klopp, G.; Rupp, R.; Moreno, C.; International Sheep Genomics Consortium; San Cristobal, M.;
Boitard, S. Selection signatures in worldwide sheep populations. PLoS ONE 2014, 9, e103813. [CrossRef]

53. Singh, K.M.; Singh, S.; Ganguly, I.; Nachiappan, R.K.; Ganguly, A.; Venkataramanan, R.; Chopra, A.; Narula, H.K. Association of
heat stress protein 90 and 70 gene polymorphism with adaptability traits in Indian sheep (Ovis aries). Cell Stress Chaperones 2017,
22, 675–684. [CrossRef]

54. Wen, Y.; Hu, J.; Wang, J.; Liu, X.; Li, S.; Luo, Y. Effect of glycolysis and heat shock proteins on hypoxia adaptation of Tibetan sheep
at different altitude. Gene 2021, 803, 145893. [CrossRef]

55. Wiener, P.; Robert, C.; Ahbara, A.; Salavati, M.; Abebe, A.; Kebede, A.; Wragg, D.; Friedrich, J.; Vasoya, D.; Hume, D.A.; et al.
Whole-Genome Sequence Data Suggest Environmental Adaptation of Ethiopian Sheep Populations. Genome Biol. Evol. 2021, 13,
evab014. [CrossRef]

56. Kaushik, R.; Dige, M.S.; Rout, P.K. Molecular characterization and expression profiling of ENOX2 gene in response to heat stress
in goats. Cell Dev. Biol. 2016, 5, 1–5.

57. Kim, E.S.; Elbeltagy, A.R.; Aboul-Naga, A.M.; Rischkowsky, B.; Sayre, B.; Mwacharo, J.M.; Rothschild, M.F. Multiple genomic
signatures of selection in goats and sheep indigenous to a hot arid environment. Heredity 2016, 116, 255–264. [CrossRef] [PubMed]

58. Onzima, R.B.; Upadhyay, M.R.; Doekes, H.P.; Brito, L.; Bosse, M.; Kanis, E.; Groenen, M.A.M.; Crooijmans, R.P.M.A. Genome-wide
characterization of selection signatures and runs of homozygosity in Ugandan goat breeds. Front. Genet. 2018, 9, 318. [CrossRef]
[PubMed]

59. Yadav, V.P.; Dangi, S.S.; Chouhan, V.S.; Gupta, M.; Dangi, S.K.; Singh, G.; Maurya, V.P.; Kumar, P.; Sarkar, M. Expression analysis
of NOS family and HSP genes during thermal stress in goat (Capra hircus). Int. J. Biometeorol. 2016, 60, 381–389. [CrossRef]

60. Kumar, D.; Yadav, B.; Choudhury, S.; Kumari, P.; Madan, A.K.; Singh, S.P.; Rout, P.K.; Ramchandran, N.; Yadav, S. Evaluation of
adaptability to different seasons in goat breeds of semi-arid region in India through differential expression pattern of heat shock
protein genes. Biol. Rhythm Res. 2018, 49, 466–478. [CrossRef]

http://doi.org/10.3168/jds.S0022-0302(03)74040-5
http://doi.org/10.1016/j.livsci.2010.02.011
http://doi.org/10.1016/j.crm.2017.02.001
http://doi.org/10.3390/cli6030054
http://doi.org/10.1016/j.agsy.2019.102737
http://doi.org/10.1152/japplphysiol.01261.2005
http://doi.org/10.1590/s0100-204x2017000800007
http://doi.org/10.1038/srep26770
http://www.ncbi.nlm.nih.gov/pubmed/27230812
http://doi.org/10.1134/S1022795419070159
http://doi.org/10.1038/srep29963
http://www.ncbi.nlm.nih.gov/pubmed/27444145
http://doi.org/10.1186/s12864-019-5537-0
http://www.ncbi.nlm.nih.gov/pubmed/32039702
http://doi.org/10.1186/s12864-018-4447-x
http://doi.org/10.1093/molbev/msu264
http://doi.org/10.1371/journal.pone.0103813
http://doi.org/10.1007/s12192-017-0770-4
http://doi.org/10.1016/j.gene.2021.145893
http://doi.org/10.1093/gbe/evab014
http://doi.org/10.1038/hdy.2015.94
http://www.ncbi.nlm.nih.gov/pubmed/26555032
http://doi.org/10.3389/fgene.2018.00318
http://www.ncbi.nlm.nih.gov/pubmed/30154830
http://doi.org/10.1007/s00484-015-1035-5
http://doi.org/10.1080/09291016.2017.1377984


Ruminants 2022, 2 268

61. Aleena, J.; Sejian, V.; Bagath, M.; Krishnan, G.; Beena, V.; Bhatta, R. Resilience of three indigenous goat breeds to heat stress based
on phenotypic traits and pbmc hsp70 expression. Int. J. Biometeorol. 2018, 62, 1995–2005. [CrossRef]

62. Bertolini, F.; Servin, B.; Talenti, A.; Rochat, E.; Kim, E.S.; Oget, C.; Palhière, I.; Crisà, A.; Catillo, G.; Steri, R.; et al. Signatures of
selection and environmental adaptation across the goat genome post-domestication. Genet. Sel. Evol. 2018, 50, 57. [CrossRef]

63. Roti Roti, J.L. Cellular responses to hyperthermia (40–46 ◦C): Cell killing and molecular events. Int. J. Hyperth. 2008, 24, 3–15.
[CrossRef]

64. Wang, Q.; Wang, J.; Wang, G.; Wu, C.; Li, J. Molecular cloning, sequencing, and expression profiles of heat shock protein 90
(HSP90) in Hyriopsis cumingii exposed to different stressors: Temperature, cadmium and Aeromonas hydrophila. Aquac. Fish.
2017, 2, 59–66. [CrossRef]

65. Hoffmann, A.A.; Sørensen, J.G.; Loeschcke, V. Adaptation of Drosophila to temperature extremes: Bringing together quantitative
and molecular approaches. J. Therm. Biol. 2003, 28, 175–216. [CrossRef]

66. Banerjee, D.; Upadhyay, R.C.; Chaudhary, U.B.; Kumar, R.; Singh, S.; Polley, S.; Mukherjee, A.; Das, T.K.; De, S. Seasonal variation
in expression pattern of genes under HSP70. Cell Stress Chaperones 2014, 19, 401–408. [CrossRef] [PubMed]

67. Hooper, H.B.; dos Santos Silva, P.; de Oliveira, S.A.; Merighe, G.K.F.; Negrão, J.A. Acute heat stress induces changes in
physiological and cellular responses in Saanen goats. Int. J. Biometeorol. 2018, 62, 2257–2265. [CrossRef] [PubMed]

68. Mohanarao, G.J.; Mukherjee, A.; Banerjee, D.; Gohain, M.; Dass, G.; Brahma, B.; Datta, T.K.; Upadhyay, R.C.; De, S. Hsp70 family
genes and hsp27 expression in response to heat and cold stress in vitro in peripheral blood mononuclear cells of goat (capra
hircus). Small Rumin. Res. 2014, 116, 94–99. [CrossRef]

69. Volloch, V.; Rits, S. A natural extracellular factor that induces Hsp72, inhibits apoptosis, and restores stress resistance in aged
human cells. Exp. Cell Res. 1999, 253, 483–492. [CrossRef] [PubMed]

70. Rhoads, R.P.; Baumgard, L.H.; Suagee, J.K.; Sanders, S.R. Nutritional interventions to alleviate the negative consequences of heat
stress. Adv. Nutr. 2013, 4, 267–276. [CrossRef] [PubMed]

71. Silanikove, N. Effects of heat stress on the welfare of extensively managed domestic ruminants. Livest. Prod. Sci. 2000, 67, 1–18.
[CrossRef]

72. Naandam, J.; Assan, I.K. Effect of coat color, ecotype, location and sex on hair density of West African Dwarf (WAD) goats in
Northern Ghana. Sky J. Agric. Res. 2014, 3, 25–30.

73. Hubbard, J.K.; Uy, J.A.K.; Hauber, M.E.; Hoekstra, H.E.; Safran, R.J. Vertebrate pigmentation: From underlying genes to adaptive
function. Trends Genet. 2010, 26, 231–239. [CrossRef]

74. Cieslak, M.; Reissmann, M.; Hofreiter, M.; Ludwig, A. Colours of domestication. Biol. Rev. 2011, 86, 885–899. [CrossRef]
75. McManus, C.; Paludo, G.R.; Louvandini, H.; Gugel, R.; Sasaki, L.C.B.; Paiva, S.R. Heat tolerance in Brazilian sheep: Physiological

and blood parameters. Trop. Anim. Health Prod. 2009, 41, 95–101. [CrossRef]
76. Ross, T.T.; Goode, L.; Linnerud, A.C. Effects of high ambient temperature on respiration rate, rectal temperature, fetal development

and thyrold gland activity in tropical and temperate breeds of sheep. Theriogenology 1985, 24, 259–269. [CrossRef]
77. Groeneveld, L.F.; Lenstra, J.A.; Eding, H.; Toro, M.A.; Scherf, B.; Pilling, D.; Negrini, R.; Finlay, E.K.; Jianlin, H.; Groeneveld, E.;

et al. Genetic diversity in farm animals—A review. Anim. Genet. 2010, 41, 6–31. [CrossRef]
78. Mahmoudi, B.; Bayat, M.; Sadeghi, R.; Babayev, M.S.; Abdollahi, H. Genetic diversity among three goat populations assessed by

microsatellite DNA markers in Iran. Glob. Vet. 2010, 4, 118–124.
79. Fabuel, E.; Barragan, C.; Silio, L.; Rodriguez, M.C.; Toro, M.A. Analysis of genetic diversity and conservation priorities in Iberian

pigs based on microsatellite markers. Heredity 2004, 93, 104–113. [CrossRef] [PubMed]
80. Karsli, T.; Demir, E.; Fidan, H.G.; Aslan, M.; Karsli, B.A.; Arik, I.Z.; Semerci, E.S.; Karabag, K.; Balcioglu, M.S. Determination of

genetic variability, population structure and genetic differentiation of indigenous Turkish goat breeds based on SSR loci. Small
Rumin. Res. 2020, 190, 106147. [CrossRef]

81. Toro, M.A.; Caballero, A. Characterization and conservation of genetic diversity in subdivided populations. Philos. Trans. R. Soc.
B 2005, 360, 1367–1378. [CrossRef]

82. Karsli, A.B.; Demir, E.; Fidan, H.G.; Karsli, T. Assessment of genetic diversity and differentiation among four indigenous Turkish
sheep breeds using microsatellites. Arch. Anim. Breed. 2020, 63, 165–172. [CrossRef]

83. Malhi, G.S.; Kaur, M.; Kaushik, P. Impact of climate change on agriculture and its mitigation strategies: A review. Sustainability
2021, 13, 1318. [CrossRef]

84. Cheng, M.; McCarl, B.; Chengcheng, F. Climate Change and Livestock Production: A Literature Review. Atmosphere 2022, 13, 140.
[CrossRef]

85. Lewis Baida, B.E.; Swinbourne, A.M.; Barwick, J.; Leu, S.T.; van Wettere, W.H. Technologies for the automated collection of heat
stress data in sheep. Anim. Biotelemetry 2021, 9, 1–15. [CrossRef]

86. Reynecke, D.P.; Waghorn, T.S.; Oliver, A.M.B.; Miller, C.M.; Vlassoff, A.; Leathwick, D.M. Dynamics of the free-living stages of
sheep intestinal parasites on pasture in the North Island of New Zealand. 2. Weather variables associated with development. N.
Z. Vet. J. 2011, 59, 287–292. [CrossRef] [PubMed]

87. Guerrero, A.; Campo, M.D.M.; Olleta, J.L.; Sanudo, C. Carcass and meat quality in goat. In Goat Science; Kukovics, S., Ed.;
IntechOpen: London, UK, 2018; pp. 154–196.

88. Mohapatra, A.; Shinde, A.K. Fat-tailed sheep-an important sheep genetic resource for meat production in tropical countries: An
overview. Indian J. Small Rumin. 2018, 24, 1–17. [CrossRef]

http://doi.org/10.1007/s00484-018-1604-5
http://doi.org/10.1186/s12711-018-0421-y
http://doi.org/10.1080/02656730701769841
http://doi.org/10.1016/j.aaf.2017.03.001
http://doi.org/10.1016/S0306-4565(02)00057-8
http://doi.org/10.1007/s12192-013-0469-0
http://www.ncbi.nlm.nih.gov/pubmed/24114386
http://doi.org/10.1007/s00484-018-1630-3
http://www.ncbi.nlm.nih.gov/pubmed/30368674
http://doi.org/10.1016/j.smallrumres.2013.10.014
http://doi.org/10.1006/excr.1999.4682
http://www.ncbi.nlm.nih.gov/pubmed/10585271
http://doi.org/10.3945/an.112.003376
http://www.ncbi.nlm.nih.gov/pubmed/23674792
http://doi.org/10.1016/S0301-6226(00)00162-7
http://doi.org/10.1016/j.tig.2010.02.002
http://doi.org/10.1111/j.1469-185X.2011.00177.x
http://doi.org/10.1007/s11250-008-9162-1
http://doi.org/10.1016/0093-691X(85)90190-6
http://doi.org/10.1111/j.1365-2052.2010.02038.x
http://doi.org/10.1038/sj.hdy.6800488
http://www.ncbi.nlm.nih.gov/pubmed/15150539
http://doi.org/10.1016/j.smallrumres.2020.106147
http://doi.org/10.1098/rstb.2005.1680
http://doi.org/10.5194/aab-63-165-2020
http://doi.org/10.3390/su13031318
http://doi.org/10.3390/atmos13010140
http://doi.org/10.1186/s40317-020-00225-9
http://doi.org/10.1080/00480169.2011.610280
http://www.ncbi.nlm.nih.gov/pubmed/22040333
http://doi.org/10.5958/0973-9718.2018.00020.X


Ruminants 2022, 2 269

89. Mapiye, C.; Chikwanha, O.C.; Chimonyo, M.; Dzama, K. Strategies for sustainable use of indigenous cattle genetic resources in
Southern Africa. Diversity 2019, 11, 214. [CrossRef]

90. Monau, P.; Raphaka, K.; Zvinorova-Chimboza, P.; Gondwe, T. Sustainable utilization of indigenous goats in southern Africa.
Diversity 2020, 12, 20. [CrossRef]

91. Aslan, M.; Demir, E.; Karsli, T. Microsatellite diversity and restriction enzyme-based polymorphisms of MHC loci in some native
Turkish goats. J. Agric. Sci. 2022, in press.

92. Ajmone-Marsan, P.; Negrini, R.; Crepaldi, P.; Milanesi, E.; Gorni, C.; Valentini, A.; Cicogna, M. Assessing genetic diversity in
Italian goat populations using AFLP® markers. Anim. Genet. 2001, 32, 281–288. [CrossRef]

93. Bozzi, R.; Alvarez, I.; Crovetti, A.; Fernande, I.; De Petris, D.; Goyache, F. Assessing priorities for conservation in Tuscan cattle
breeds using microsatellites. Animal 2012, 6, 203–211. [CrossRef]

94. Karsli, T. Assessment of genetic diversity and conservation priorities in some Turkish indigenous Hair goat populations by
microsatellite loci. Indian J. Anim. Sci. 2020, 90, 728–733.

95. Mateescu, R.G.; Thonney, M.L. Genetic mapping of quantitative trait loci for milk production in sheep. Anim. Genet. 2010, 41,
460–466. [CrossRef]

96. Chen, X.; Sun, H.; Tian, S.; Xiang, H.; Zhou, L.; Dun, W.; Zhao, X. Increasing litter size in a sheep breed by marker-assisted
selection of BMPR1B A746G mutation. J. Genet. 2015, 94, 139–142. [CrossRef]

97. Allendorf, F.; Hohenlohe, P.; Luikart, G. Genomics and the future of conservation genetics. Nat. Rev. Genet. 2010, 11, 697–709.
[CrossRef] [PubMed]

98. Yan, Z.; Wang, Z.; Zhang, Q.; Yue, S.; Yin, B.; Jiang, Y.; Shi, K. Identification of whole-genome significant single nucleotide
polymorphisms in candidate genes associated with body conformation traits in Chinese Holstein cattle. Anim. Genet. 2020, 51,
141–146. [CrossRef] [PubMed]

99. Weller, J.I.; Seroussi, E.; Ron, M. Estimation of the number of genetic markers required for individual animal identification
accounting for genotyping errors. Anim. Genet. 2006, 37, 387–389. [CrossRef] [PubMed]

100. Fernandez, M.E.; Goszczynski, D.E.; Liron, J.; Villegas-Castagnasso, E.E.; Carino, M.H. Comparison of the effectiveness of
microsatellites and SNP panels for genetic identification, traceability and assessment of parentage in an inbred Angus herd. Genet.
Mol. Biol. 2013, 36, 185–191. [CrossRef] [PubMed]

101. Edea, Z.; Dadi, H.; Dessie, T.; Kim, K.S. Genomic signatures of high-altitude adaptation in Ethiopian sheep populations. Genes
Genom. 2019, 41, 973–981. [CrossRef]

102. Cao, Y.H.; Xu, S.S.; Shen, M.; Chen, Z.H.; Gao, L.; Lv, F.H.; Xie, X.L.; Wang, X.H.; Yang, H.; Liu, C.B.; et al. Historical Introgression
from Wild Relatives Enhanced Climatic Adaptation and Resistance to Pneumonia in Sheep. Mol. Biol. Evol. 2021, 38, 838–855.
[CrossRef]

103. Garner, J.; Douglas, M.; Williams, S.R.O.; Wales, W.J.; Marett, L.C.; Nguyen, T.T.T.; Reich, C.M.; Hayes, B.J. Genomic Selection
Improves Heat Tolerance in Dairy Cattle. Sci. Rep. 2016, 6, 34114. [CrossRef]

104. Jin, M.; Lu, J.; Fei, X.; Lu, Z.; Quan, K.; Liu, Y.; Chu, M.; Di, R.; Wei, C.; Wang, H. Selection Signatures Analysis Reveals Genes
Associated with High-Altitude Adaptation in Tibetan Goats from Nagqu, Tibet. Animals 2020, 10, 1599. [CrossRef]

105. Ahmad, S.F.; Mehrotra, A.; Charles, S.; Ganai, N.A. Analysis of selection signatures reveals important insights into the adaptability
of high-altitude Indian sheep breed Changthangi. Gene 2021, 799, 145809. [CrossRef]

106. Yang, J.; Li, W.R.; Lv, F.H.; He, S.G.; Tian, S.L.; Peng, W.F.; Sun, Y.W.; Zhao, Y.X.; Tu, X.L.; Zhang, M.; et al. Whole-Genome
Sequencing of Native Sheep Provides Insights into Rapid Adaptations to Extreme Environments. Mol. Biol. Evol. 2016, 13,
2576–2592. [CrossRef]

107. Sweet-Jones, J.; Lenis, V.P.; Yurchenko, A.A.; Yudin, N.S.; Swain, M.; Larkin, D.M. Genotyping and Whole-Genome Resequencing
of Welsh Sheep Breeds Reveal Candidate Genes and Variants for Adaptation to Local Environment and Socioeconomic Traits.
Front. Genet. 2021, 12, 612492. [CrossRef] [PubMed]

108. Perez-Enciso, M.; Rincon, J.C.; Legarra, A. Sequence- vs. chip-assisted genomic selection: Accurate biological information is
advised. Genet. Sel. Evol. 2015, 47, 43. [CrossRef] [PubMed]

109. Eusebi, P.G.; Martinez, A.; Cortes, O. Genomic Tools for Effective Conservation of Livestock Breed Diversity. Diversity 2020, 12, 8.
[CrossRef]

110. Stranden, I.; Kantanen, J.; Russo, I.R.M.; Orozco-terWengel, P.; Bruford, M.W.; The Climgen Consortium. Genomic selection
strategies for breeding adaptation and production in dairy cattle under climate change. Heredity 2019, 123, 307–317. [CrossRef]
[PubMed]

111. Osei-Amponsah, R.; Chauhan, S.S.; Leury, B.J.; Cheng, L.; Cullen, B.; Clarke, I.J.; Dunshea, F.R. Genetic selection for thermotoler-
ance in ruminants. Animals 2019, 9, 948. [CrossRef] [PubMed]

112. Wakchaure, R.; Ganguly, S.; Praveen, P.K.; Kumar, A.; Sharma, S.; Mahajan, T. Marker assisted selection (MAS) in animal breeding:
A review. J. Drug. Metab. Toxicol. 2015, 6, e127. [CrossRef]

113. Chang, L.Y.; Toghiani, S.; Ling, A.; Aggrey, S.E.; Rekaya, R. High density marker panels, SNPs prioritizing and accuracy of
genomic selection. BMC Genet. 2018, 19, 4.

114. Zhang, F.; Zhu, F.; Yang, F.X.; Hao, J.P.; Hou, Z.C. Genomic selection for meat quality traits in Pekin duck. Anim. Genet. 2022, 53,
94–100. [CrossRef]

http://doi.org/10.3390/d11110214
http://doi.org/10.3390/d12010020
http://doi.org/10.1046/j.1365-2052.2001.00789.x
http://doi.org/10.1017/S1751731111001443
http://doi.org/10.1111/j.1365-2052.2010.02045.x
http://doi.org/10.1007/s12041-015-0470-8
http://doi.org/10.1038/nrg2844
http://www.ncbi.nlm.nih.gov/pubmed/20847747
http://doi.org/10.1111/age.12865
http://www.ncbi.nlm.nih.gov/pubmed/31633203
http://doi.org/10.1111/j.1365-2052.2006.01455.x
http://www.ncbi.nlm.nih.gov/pubmed/16879353
http://doi.org/10.1590/S1415-47572013000200008
http://www.ncbi.nlm.nih.gov/pubmed/23885200
http://doi.org/10.1007/s13258-019-00820-y
http://doi.org/10.1093/molbev/msaa236
http://doi.org/10.1038/srep34114
http://doi.org/10.3390/ani10091599
http://doi.org/10.1016/j.gene.2021.145809
http://doi.org/10.1093/molbev/msw129
http://doi.org/10.3389/fgene.2021.612492
http://www.ncbi.nlm.nih.gov/pubmed/34220925
http://doi.org/10.1186/s12711-015-0117-5
http://www.ncbi.nlm.nih.gov/pubmed/25956961
http://doi.org/10.3390/d12010008
http://doi.org/10.1038/s41437-019-0207-1
http://www.ncbi.nlm.nih.gov/pubmed/30886391
http://doi.org/10.3390/ani9110948
http://www.ncbi.nlm.nih.gov/pubmed/31717903
http://doi.org/10.4172/2157-7609.1000e127
http://doi.org/10.1111/age.13157


Ruminants 2022, 2 270

115. Zhang, M.; Luo, H.; Xu, L.; Shi, Y.; Zhou, J.; Wang, D.; Zhang, X.; Huang, X.; Wang, Y. Genomic Selection for Milk Production
Traits in Xinjiang Brown Cattle. Animals 2022, 12, 136. [CrossRef]

116. Granleese, T.; Clark, S.A.; van der Werf, J.H. Genotyping strategies of selection candidates in livestock breeding programmes. J.
Anim. Breed. Genet. 2019, 136, 91–101. [CrossRef]

117. Zvinorova, P.I.; Halimani, T.E.; Muchadeyi, F.C.; Matika, O.; Riggio, V.; Dzama, K. Breeding for resistance to gastrointestinal
nematodes–the potential in low-input/output small ruminant production systems. Vet. Parasitol. 2016, 225, 19–28. [CrossRef]
[PubMed]

118. Schiavo, G.; Bovo, S.; Ribani, A.; Moscatelli, G.; Bonacini, M.; Prandi, M.; Mancin, E.; Mantovani, R.; Dall’Olio, S.; Fontanesi, L.
Comparative analysis of inbreeding parameters and runs of homozygosity islands in 2 Italian autochthonous cattle breeds mainly
raised in the Parmigiano-Reggiano cheese production region. J. Dairy Sci. 2022, 105, 2408–2425. [CrossRef] [PubMed]

http://doi.org/10.3390/ani12020136
http://doi.org/10.1111/jbg.12381
http://doi.org/10.1016/j.vetpar.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27369571
http://doi.org/10.3168/jds.2021-20915
http://www.ncbi.nlm.nih.gov/pubmed/34955250

	Introduction 
	Domestication and Evolution of Native Small Ruminant Breeds 
	Adaptation to Environmental Stressors in Native Small Ruminant Breeds 
	Genes Involved in Environmental Adaptation and Acclimation 
	Conservation Strategies and Current Selection Practices for Genes Related to Environmental Adaptation 
	Conclusions 
	References

