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Climate change has a significant effect on the productivity of livestock including milk, meat, and repro-
duction. This could be attributed to the internal diversion of energy resources towards adaptive mecha-
nisms. Among the climate change variables, thermal stress seems to be the major limiting factor in
animal agriculture. A better understanding of the effects of climate change-influenced ecological factors
on the genetic diversity of livestock species is warranted. Sheep is an ideal livestock species to be used in
investigating environmental adaptation due to its wide range of agroecological habitats, genetic and phe-
notypic variability. There is a heavy reliance on sheep genetic diversity for future animal protein security,
but the implications of climate change on their genetic diversity receive less attention.
Here, the potential environmental factors influencing natural selection in sheep populations are pre-

sented. We argue that prolonged exposure to these factors plays a major role in influencing the develop-
ment of adaptation traits in indigenous sheep breeds, consequently leading to the alteration of genetic
diversity at specific loci. The factors discussed include hot temperatures (heat stress), insufficient water,
low quantity and quality of forage, and prevalence of parasites, pests, and diseases. In addition, genetic
diversity, some signatures of selection for adaptation and economic angles of selection are also briefly
discussed.
A better understanding of environmental factors influencing the genetic diversity of sheep populations

will inform breeding and management programs and may offer an opportunity for greater production
efficiency with low input costs.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Animal breeding involves selecting and mating of parent ani-
mals with the desired superior phenotypes to produce the next
generation that performs better than the average of the parental
population. In the current animal farming systems, the selection
of livestock breeds is done for improved efficiency and productiv-
ity. Therefore, livestock breeders prefer the performance of supe-
rior breeds over native breeds whose production potential is
limited by their genetics. Little attention is given to adaptation
traits in the development of breeding programs (Dudu et al.,
2016). Thus, the authors have cautioned that the state of native
farm animal species and breeds is increasingly becoming uncertain
with the current breeding trend.

Genetic diversity is one of the biodiversity components along-
side ecosystems and species. It is the foundation for species sur-
vival and provides the ‘‘raw material” for adaptation. Genetic
diversity consists of variation in the sequence of four base pairs
(ATGC) which are part of the nucleic acid and a component of
the genetic code (Reed & Frankham, 2003). Genetic diversity is
required for a population or species to evolve in the presence of
changes in climatic or environmental conditions as well as to
increase animals’ fitness in the existing environmental conditions
(McNeely et al., 1990). Further genetic diversity promotes coexis-
tence between fauna within the ecosystem (Clark, 2010).

Being one of the components of biodiversity, genetic diversity
within species and among populations has attracted considerable
attention including and not limited to being included in interna-
tional agreements, for instance, sustainable development goal
(SDG) 2.5, which addresses the concerns on genetic diversity of
both domesticated plants and animal species and their relatives.
Several other international agreements like European Union (EU)
Biodiversity strategy and action plans, Global strategy for plant
conservation, and USA and Canada endangered species legislation
(Hoban et al., 2020) have also considered genetic diversity an
essential factor for sustained food security.

A larger proportion of ovine species that are genetically diversi-
fied eco-regionally are local breeds (Kusza et al., 2009; 2015). How-
ever, they are productively disadvantaged due to their genetic
potential. They face stiff competition from their commercial coun-
terparts since the latter are performance superior to the former.
Breeding programs for exotic breeds are developed to target traits
of economic importance neglecting non-additive traits like adapta-
tion traits harbored by native breeds. Objective selection in native
breeds is uncommon and when it occurs, it is usually on a small
population chosen for conservation. Most of the local breeds kept
by small-scale farmers and pastoralist communities breed anyhow
leading to inbreeding.

To improve the breeding of native breeds, their value must be
improved first. This can be done by developing value chains for
breed-specific products (Belibasaki et al., 2012), or producing local
breeds organically (Gavojdian et al., 2016) since the market for
organic products is gaining popularity. These efforts will encourage
in-situ native breed conservation by farmers. For example,
Mediterranean native sheep breeds from the Apulian region (Alta-
murana and Apulian Merino) produce milk and cheese (pugliese
2

cheese) of high nutritional and good sensory characteristics than
non-local breeds. Similarly, local goats (Girgentana) breeds in the
same region produce cheese (Ricotta cheese) with a distinguish-
able fatty acid profile with a high nutritional index and good sen-
sory properties than their exotic counterparts (Di Trana et al.,
2015). Hungarian grey, Angus, and Hungarian grey X Charolais pro-
duced meat with higher intramuscular fat content than Hungarian
Simmental and Charolais breeds (Holló et al., 2012). Intramuscular
fat beef contains high levels of Polyunsaturated fatty acids (PUFA)
and monounsaturated fatty acids (MUFA) (Troy et al., 2016) which
are beneficial to human health. Similar studies on pigs revealed
that Mangalica a native pig breed produced under the free-range
system had higher oleic acid and total monounsaturated acid,
while a cross of Mangalica and Duroc had higher linoleic acid
and total polyunsaturated fatty acid (Despotović et al., 2018). Gen-
erally, the quality of the native breed and their crosses’ products
would be advisable to promote their commercial production as
well as maintain genetic diversity. It is essential, however, that
the economic aspects of farming local breeds should be also con-
sidered, thus the farmers would be interested in breeding native
breeds. Developing marketing of local agricultural products is a
rather complex effort including several inter-dependent activities
(Karthick et al., 2020). One of its important factors is how to reach
potential customers. Using the innovations of e-commerce can be
efficient in this field (Salunke et al., 2018). Another possible way
of promoting the in-situ conservation of native breeds is to pro-
mote crossbreeding programs in which exotic sires are used to
breed native dams as terminal sires and all the crossbred progenies
are slaughtered.

Selection pressure caused by both artificial and natural selec-
tion affects sheep’s genetic diversity. Climate change is a precursor
of natural selection (Bemmels & Anderson, 2019). Furthermore, as
climate change effects are predicted to continue, even worsen in
the future (Meehl et al., 2007), sheep productivity and genetic
diversity are also expected to be affected unless contingent mea-
sures are put in place. Even though farmers may put in contingent
measures, individual animals and breeds also need to remain resi-
lient to extreme environmental conditions. In this regard, they
need to combine several adaptive mechanisms to remain produc-
tive in stressful environments (Bemmels & Anderson, 2019).

Climate change causes increased temperatures, reduced rainfall,
increased concentration of carbon dioxide in the atmosphere,
drought, flash floods, and formation of agroecological zones
(Rosenblatt & Schmitz, 2014). Prolonged exposure to these factors
exerts selection pressure causing selection sweeps and reduction
of genomic diversity at certain loci. In the long run, the genetic
architecture of the population will be altered, and thus, those indi-
viduals with the genetic background that fits the environment sur-
vive and reproduce. Several generations down the line are
expected to have similar genetic architecture within the popula-
tion, hence reduced diversity.

The present paper discusses the selected environmental factors
that could impact the genetic diversity of indigenous sheep popu-
lations. There is a consensus that fitness and adaptation to the local
environment are influenced by a myriad of factors and the process
takes several generations for certain beneficial alleles or mutations
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to be fixed in the population. The environmental factors discussed
in the succeeding section are attributed to the effects of climate
change that could impact the genetics of the sheep populations.
2. Potential climate change variables impacting on sheep
genetic diversity

A combination of climate change factors affects sheep produc-
tion and their welfare directly or indirectly. Therefore, climate
change causes several constraints that the sheep must cope with
for survival. They include (I) extreme temperatures (heat and cold
stress), (II) insufficient water, (III) low quality and (IV) quantity of
forage, and (V) prevalence of parasites, pests, and diseases that
vary with ecological zones. Such environments alter the pattern
of allele frequency within the population leading to changes in
population structure. In most cases, if the genetic pattern change
is favorable, it is expected to rapidly increase in the population
over a few generations. This would result in loss of genetic diver-
sity, alteration of haplotype structure, and recombination patterns.
Sheep populations living and performing well in such environ-
ments are most likely adapted to it. Individuals exposed to such
environmental pressure undergo natural selection pressure. Cer-
tain genes underpinning fitness in such environments come to play
in individuals with favorable genetic composition and over time,
these genes would flow within the population to fixation level
hence improving the adaptation of the population. Some of the
environmental factors are discussed and their possible influence
on the genetics of indigenous sheep populations.
2.1. Extreme temperatures (Heat and cold stress)

The thermal environment is the major limiting factor in animal
production. A heat-stressed animal will exhibit several symptoms
including increased body temperature, respiration rate, and
reduced feed intake. Increased environmental temperatures lead
to a drastic physiological response like redistribution of blood flow
and endocrine changes that negatively affect the production,
growth, and reproductive performance of an animal. The physio-
logical changes are beneficial to the animal since they aid in main-
taining normal body temperature and hypothermia prevention
(Al-Haidary, 2004).

The animal reduces or removes the impacts of extreme environ-
mental temperature stress by using increased maintenance energy
requirements, reducing the energy available for other functions
like production, growth, and reproduction leading to a decline in
production (Collier et al., 2017). According to the authors, animals’
responses to environmental stressors could be chronic or acute,
both of which require an alteration of energy balance and metabo-
lism to maintain balanced homeostasis (McManus et al., 2020).
More concerns have been raised on the implications of heat than
cold stress on animal production possibly because of the projected
rise in global temperatures, however, cold stress is equally impor-
tant in animal agriculture.

When animals are exposed to an uncomfortable environment,
they develop environmental stressors coping mechanisms to min-
imize the impacts of these stressors on their biological system
(Collier et al., 2019). Animals can either respond by acclimation,
acclimatization, and adaptation. Authors defined acclimation as
the coordinated phenotypic response developed by the animal to
a specific stressor in the environment, acclimatization is a coordi-
nated response to several simultaneous stressors while adaptation
involves genetic changes as adverse environments persist over sev-
eral generations of a species. Generally, environmental stressors
are a combination of factors and therefore, the animal undergoes
acclimatization than acclimation. However, it is important to note
3

that acclimation and acclimatization are phenotypic responses
aiming to improve tolerance of fitness to new environmental con-
ditions (Collier et al., 2019). The adaptive response to environmen-
tal stressors is long-term, it occurs when the population is exposed
to environmental stressors over a long period and through genera-
tions leading to a genetically fixed population (Collier et al., 2019).
Some physical features aiding in the adaptation of sheep breeds to
extreme environments include hair and wool, skin and coat color,
and body size as reviewed by McManus et al. (2020). These adap-
tive physical features on their own may not be adequate to sup-
press extreme environmental stress. Therefore, a combination of
mechanisms like behavioral and physiological (Dwyer &
Lawrence, 2005) will be needed to supplement physical features.

The immediate heat stress acclimatization responses are
reduced feed intake, increased respiration rate, enhanced sweating,
and panting (McManus et al., 2020). Reduced feed intake has seri-
ous implications on the intrinsic energy budget of the animal. For
example, heat-stressed animal reduces feed intake, exacerbated
by increased energy requirement for maintenance, hence reducing
the energy available for growth, production, and reproduction.
Huber (2018) illustrated the energy budget and priorities of an ani-
mal, indicating that an animal partitions its energy expenditure to
maintenance, ontogenic growth, production, and lastly reproduc-
tion correspondingly. Consequently, reproductive efficiency suffers
most in environmentally stressful conditions. The reproductive
aspects affected most are a disruption in spermatogenesis and
oocyte development, oocyte maturation, early embryonic develop-
ment, fetal and placental growth, and lactation (Hansen, 2009). The
profitability of sheep farming enterprise depends on reproductive
efficiency determined by age at first mating, age at first conception,
inter-lambing interval, litter size, number of lambs weaned as well
as service period (Rather et al., 2020).

The immunity of an animal is vital in the current state of chang-
ing climate. This is because climate change is strongly associated
with the re-emergence of different health hazards. However, envi-
ronmental stress especially heat stress compromises the immunity
of the animal. Heat stress affects the synthesis of heat shock pro-
teins (HSPs) at the cellular level. HSPs prevent the formation of
non-specific protein aggregates and assist cellular proteins in the
acquisition of native nature hence playing vital cellular homeosta-
sis (Singh et al., 2017) enhancing inert immunity which acts as a
first-level defense mechanism (Sevi & Caroprese, 2012). There
aren’t many studies on how terrestrial mammals adapt to cold
temperatures, but it is known that these adaptations entail pro-
cesses that help with thermal insulation. McManus et al. (2020)
note that larger, heavier, shorter, and woolly/hairy/fleecy breeds
are more adapted to colder climates than smaller, taller, and lighter
breeds. Prolonged exposure to cold temperatures can also cause a
variety of acclimation reactions including a rise in metabolism,
the development of fleece, a reduction in growth (Webster et al.,
1969), and possibly even reproductive rates.

It can be difficult to measure a livestock species’ tolerance to
heat stress, however some writers have suggested using indicators
such as body temperature, heart rate, respiration rate, sweating
rate and productivity on a scale of temperature to humidity
index-THI (Carabaño et al., 2019). As a result, it is possible to test
the genetics and heritability (h2) of traits associated with heat tol-
erance using progressive THI. For instance, Menéndez-Buxadera
et al. (2014) found that the comfort (THI > 47) and heat stressed
(THI > 48) zones differed in the heritability of the milk traits i.e.,
milk yield (MY), protein yield (FY), and dry matter yield (DMY).
For MY, FY, and DMY, respectively, h2 values in the comfort zone
were 0.161, 1.151, and 0.157 whereas those in the heat stress
zones were 0.0081, 0.0094, and 0.105.

Several studies on sheep have been conducted to determine
selection signatures under heat stress environments. Results infer
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that there are genes responsible for adaptation suggesting an
impact of heat on the genomics architecture of the sheep popula-
tion. For instance, Kim et al. (2016) studied signals of selection in
Barki goats and sheep indigenous to the hot environment and iden-
tified suggestive genes believed to be underlying adaptation phe-
notypes and traits. They include thermotolerance
(melanogenesis) (FGF2, GNAI3, PLCB1), body size and development
(BMP2, BMP4, GJA3, GJB2), energy and digestive metabolism (MYH,
TRHDE, ALDH1A3), and nervous and autoimmune response (GRIA1,
IL2, IL7, IL21, IL1R1). Alike, HERC2 and CYFIP1 genes that are rele-
vant to regulate innate and acquired immune responses, as well as
cytokine signaling, GJB2, and GJA3 for body size and development,
BMPR1B associated with prolificacy in sheep, TSHR gene for repro-
duction, NFI gene for litter size as well as BMP2 for prolificacy and
fecundity, were under selection in Hetian, Karakul and Yabuyi Chi-
nese indigenous sheep breeds (Abied et al., 2020).

A species and/or population that is genetically endowed and has
individuals that can efficiently combine adaptation mechanisms to
adapt to the effects of climate change variables especially heat
stress which is the main limiting factor (Fig. 1), stands a chance
to survive for many generations.
2.2. Insufficient water

The animal’s live body weight is composed of 70 % water. This
implies that water is an essential requirement in animal life and
hence should be regarded as a major part of animal nutrition as
well as the greatest constraint to performance. Despite its vitality,
few studies have been conducted on the effects of water on animal
production and other related factors. Water availability can be
addressed to be either in terms of quantity or quality, both affect
the performance of livestock (Umar et al., 2014).

The capacity of sheep to endure water stress depends on the
breed hence the genetic background. Generally, indigenous sheep
breeds mostly found in arid and semi-arid regions have a more effi-
cient tolerance mechanism to water stress. The effects of water
Fig. 1. A summary of a potential model of the mod
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stress are more aggravated by heat stress (Chedid et al., 2014).
When the animal is subjected to water stress for a prolonged per-
iod, it undergoes dehydration, which is a process of losing water.

Dehydration is positively correlated with heat stress, heat stress
causes increased body temperatures which stimulates physiologi-
cal responses like sweating and vasodilation to increase heat dissi-
pation in the environment (Akerman et al., 2016), which in turn
increases water consumption by an animal. Notwithstanding the
impacts of water stress on animal production, some studies have
suggested that ruminants have developed mechanisms of coping
with the negative effects of both heat and water stress (Hussein
et al., 2020).

Furthermore, environmental water stress affects forage quan-
tity but has less effect on fodder quality depending on the type
of fodder crop. For instance, Kuchenmeister et al. (2013) and
Allahdadi & Bahreininejad (2019) found that water stress had less
pronounced effects on nutrition (crude proteins (CP), neutral
detergent fiber (NDF), and acid detergent fiber (ADF)). Affected for-
age quantity has implications on the animal’s total energy intake
which subsequently impacts animal productivity and health. Some
breeds are genetically enabled to minimize water loss and improve
water reabsorption. For example, sheep breeds that are adapted to
the arid and semi-arid regions exhibit different morphological
adaptations like different fleece colors and coats, body height,
and body size that aid in the tolerance to heat stress and water
shortage as well (Chedid et al., 2014).
2.3. Inadequate feed availability, digestibility, and absorption

Feed availability in this context refers to both feed quantity and
quality. Animal nutrition is positively correlated with growth,
reproduction, and production. Poor and/or inadequate nutrition
negatively affects the performance of the aforementioned. With
the projected increase in atmospheric CO2 and air temperatures
coupled with changed soil quality because of climate change, the
quality and quantity of forage are expected to be affected. Further,
e of action of response to heat stress in sheep.
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intensive rainfall and longer dry periods are also projected leading
to varied inter-annual precipitation variability (Grant et al., 2014).
Persistent inter-annual rainfall variability leads to a continuous
variation of soil moisture leading to crops subjected to moisture
stress (Fay, 2009).

To understand the importance of feed available on the genetic
architecture of the local sheep population, it is vital to understand
the basic ingredients of forage first. In forage, protein, digestible
energy, and the passage rate are the most important elements of
ruminant nutrition determining forage quality. Crude proteins
are converted from forage nitrogen by ruminal microbes, soluble
carbon compounds, as well as cellulose and hemicellulose, are
main sources of energy. Cellulose and hemicellulose are also diges-
tible, but the rate of passage is limiting, digestibility can be ham-
pered by the presence of lignin. The rate of passage in ruminants
is more complex, but generally, ‘‘the greater the digestibility, the
lower the lignin and the higher the rate of passage” (Milchunas
et al., 2005) hence a higher absorption.

A combination of soil water stress and warming reduces forage
quality by increasing lignin content, reducing starch and crude pro-
tein digestibility of C4 grass (Habermann et al., 2019). C4 grasses
belong to the sub-families panicoide and Eragrostoidae a Grami-
neae family. They are mainly found in cool temperate to hot-wet
tropics with a high concentration in semi-arid and arid regions
which are characterized by high solar radiation, high daytime tem-
peratures, daily and/or seasonal water stress (Doliner & Jolliffe,
1979).

Elevated carbon dioxide (CO2) concentration in the atmosphere
combined with the rise in global temperatures, affects forage qual-
ity and quantity (Babinszky et al., 2011). Forage quality is deter-
mined by the digestibility and absorption of the ingested feed.
Digestibility is one of the components of feed nutritive value,
others are feed consumption and energetic efficiency (Van Soest,
2018). Digestibility can be apparent digestibility; the balance of
feed less the feces or true digestibility; a balance between respec-
tive feed residues from the diet escaping digestion and arriving in
the feces excluding metabolic products (Soest, 1963). It is also
worth noting that plants, most importantly forage plants, respond
differently to climate change effects depending on their photosyn-
thesis types either C3, C4, or CAM (Babinszky et al., 2011). There-
fore, as the dynamics of climate change events increase, the
possibility of vegetation change also increases as more uncommon
vegetation types emerge, not used to by existing livestock species,
forcing them to either change their feeding habits, migrate, or
starve to death at the worst scenario.

Also, a combination of climate change variables may alter the
forage quality since the existing forage changes may also be forced
to adjust their intrinsic mechanisms to adapt to the environmental
conditions. Furthermore, the impact of climate change on quantity
will also depend on photosynthesis pathway crops, however,
Babinszky et al. (2011) noted that C3 crops will be more negatively
affected, reducing their herbage quantity and quality in the event
of increased temperatures and reduced rainfall. This could lead to
reduced feed utilization by animals, compromising energy intake
and in the long term, the species could face risks of extinction if
it does not have an adequate adaptive mechanism. Extinction leads
to the loss of vital domestic animal genetic resources.

Prolonged exposure to elevated CO2 causes a reduction in pho-
tosynthesis leading to reduced growth in a phenomenon referred
to as photosynthetic downregulation (Sanz-Sáez et al., 2012). The
authors also emphasized that some other environmental variables
also interact with CO2 and surface temperature to affect plant
growth. They include soil nitrogen, soil water content, atmospheric
humidity, and solar radiation. Amongst them all, Nitrogen is the
limiting factor and its presence is positively correlated with forage
quality, in other words, elevated CO2 concentration with a
5

deficiency in nitrogen supply causes reduced photosynthesis hence
reduced yield (Sanz-Sáez et al., 2012). Further, nitrogen deficiency
in the soil causes reduced shoot nitrogen content under elevated
CO2 concentration, causing reduced crude protein and enhanced
fiber concentration content hence lowering forage quality. The
quality of neutral detergent fiber (NDF), acid detergent fiber
(ADF), and acid detergent lignin (ADL) (Reid et al., 1988; Sanz-
Sáez et al., 2012; Soest, 1963) determines digestibility, ingestion,
and palatability of grass forages. NDF includes cellulose, hemicellu-
lose, and lignin while ADF includes cellulose and lignin (Sanz-Sáez
et al., 2012). Some studies have indicated that elevated concentra-
tion of CO2 significantly reduces nitrogen concentration in herbage
while increasing lignin concentration and carbon: nitrogen and lig-
nin: nitrogen ratios (Cha et al., 2017) reducing forage quality and
negatively affecting digestibility.

Under heat stress, animal productivity is reduced since feed
intake, digestibility (Maia et al., 2020), and absorption (Ríus,
2019) are decreased. Further, heat stress negatively affects rumina-
tion activity, a vital activity in the digestive physiology of rumi-
nants (Maia et al., 2020; Reiter et al., 2018). Behavioral traits like
chewing and rumination play an important role in feed intake
and digestion efficiency (Beauchemin, 2018). A negative effect on
these two activities negatively affects feed intake, thereby, affect-
ing energy available for their output.

2.4. Prevalence of parasites, pests, and disease

Climate change is predicted to cause major ecological and bio-
logical changes that directly or indirectly impacts on sheep’s health
within the ecosystem. It is, therefore, unreasonable not to consider
the impacts of climate change on animal health and the possible
intrinsic mechanisms animals use to tolerate the prevalence of
health hazards. Majorly, these mechanisms are genetically driven
hence the need to have an adequate genetic base that would pro-
vide opportunities to withstand threats to animal health. In this
context, disease and parasite tolerance refer to an animal con-
stantly being productive with normal reproductive efficiency
despite the presence of parasites, pests, and disease-causing agents
and to a further extent break the life cycle of pathogens by devel-
oping internal conditions unfavorable for pathogen, survivability,
reproduction, and pathogenicity. It is challenging to select for par-
asite resistance using pedigree because several research publica-
tions suggest that the hereditability to parasite resistance is low
and may range between h2 = 0.04 to h2 = 0.16 (Pacheco et al.,
2021).

Climate change affects the distribution, prevalence, and season-
ality of parasites, pests, and diseases. Pathogens and vectors habi-
tats change with the climate, thus, with the projected increase in
changing climate events, the distribution, prevalence, and season-
ality of pests and diseases are also projected to change (Medlock &
Leach, 2015), especially vector-borne diseases that have seasonal
and spatial patterns influenced by environmental heterogeneity
(de La Rocque et al., 2008). IPPC report of 2007 envisaged an
increase in the spatial distribution of animal disease-causing vec-
tors that are most sensitive to temperature changes (IPCC, 2007),
inferring the role of climate change to the spread of infectious dis-
eases by allowing disease-causing agents e.g. ‘‘Fungi, Viruses, bac-
teria and protozoa” to move to new ecosystems where they can
cause harm to livestock, humans, and wildlife. Furthermore, the
recent spread of vector-borne diseases such as trypanosomiasis,
Lyme disease, tick-borne encephalitis, blue tongue, and dengue
(de La Rocque et al., 2008) was linked to climate change. For
instance, Higher temperatures have a greater impact on the lifecy-
cle of disease-causing pathogens like aiding in shortening the incu-
bation period of pathogens, increasing the incubation rates, and
enhancing the chances of the vectors to live longer to transmit
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infections (Kutz et al., 2005). The authors averred that an increase
in temperature by 1 �C shifted the protostronglid nematodes (U.
pallikuukensis) larval development from 2 years to a 1-year cycle,
expanded the period of transmission of the third stage of larvae
development (L3) in slugs, and increased larvae infectious period.
Some studies have shown a positive linkage between temperature
and expansion of geographical ranges of arthropod vectors like
bluetongue virus while others infer a contrasting trend like tsetse
flies in sub-Saharan Africa. Moreover, there is a reported positive
association between extreme events (cold and hot) and disease
outbreaks, such as Rift valley fever outbreaks in East Africa (Bett
et al., 2017; Kutz et al., 2005). Distribution, prevalence, and season-
ality of pests, parasites, and diseases are not influenced by climate
change alone, but other factors both biophysical (i.e. land cover,
landscapes, and host abundance) and directly anthropogenic (i.e.
public health, diet, socio-political, and other human behaviors)
modulate contact between pathogens, vectors and reservoirs shift-
ing disease behavior (de La Rocque et al., 2008).

Individual differences in immune responses are observed
widely and many studies have associated them with genetic differ-
ences between individuals. Therefore, understanding the gene and
environment interaction and its role in generating immune
response variation within and between populations is important
for sustained sheep breeding and selection. It would be much more
judicious, therefore, to consider the importance of having the ani-
mal genetic base that would be a backbone for sustainable produc-
tion in the presence of these health risk challenges, thus sheep
populations that are more genetically diverse provide opportuni-
ties for improved adaptation. Breeding for resistance will minimize
drug use, ultimately enhancing food safety by reducing drug resi-
dues in sheep products (Aguerre et al., 2018). Recently, a consensus
on the possibility of genetic selection for immunity response in
sheep was reached and some studies reported successful experi-
ments in this effect e.g. (Bouix et al., 1998; Gauly & Erhardt, 2001).

An example of a major disease of concern and whose immunity
and genetic architecture are widely studied is mastitis. Mastitis is a
disease-causing inflammation of mammary glands and causes
major economic losses in the sheep industry (Giannakopoulos
et al., 2019; Larsgard & Vaabenoe, 1993). The disease is environ-
mentally influenced hence climate change catalyzed. Due to its
economic importance and the risk, it poses to the affected popula-
tion, genetic diversity within and among populations would
enhance the survivability of the breed in the face of climate change
events. Recently, studies on the genetics of disease resistance have
been performed. For example, Larsgard & Vaabenoe (Larsgard &
Vaabenoe, 1993) estimated heritability from ewe’s resistance to
mastitis to be 0.13 (±0.16) by the LS-method and 0.49 by the non-
linear threshold method. Conington et al. (2008) have reviewed
and discussed extensively breeding for mastitis resistance and its
economic ramifications. Further use of marker-assisted selection
for resistance has been embraced in the past few years with the
aim of enhancing genetic improvement as well as maintaining
genetic diversity, an opportunity for sustained production in the
current uncertainties of climate change. Using genome-wide asso-
ciation studies, genes SOCS2, CTLA4, C6, C7, C9, PTGER4, DAB2,
CARD6, OSMR, PLXNC1, IDH1, ICOS, FYB, and LYFR were identified
based upon analysis of an ovine transcriptional atlas and transcrip-
tome data derived from milk somatic cells to be under selection
confirming the presence of animal genetic variability in mastitis
resistance among 609 ewes of the Greek Chios breed (Banos
et al., 2017). Other studies and evaluations of the role of sheep
genetics on adaptation were conducted on nematodes. Different
sheep breeds, like Rhön sheep, which a local sheep breeds in Ger-
many (Gauly & Erhardt, 2001), and Polish longwool sheep from
Poland (Bouix et al., 1998) have been evaluated on their resistance
to nematodes facilitating selection for resistance.
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3. Sheep genetic diversity and potential selection signatures for
adaptation traits

In the recent past, scientists have developed interest in studying
the genetic diversity of different animal species globally using dif-
ferent genetic markers. These studies aimed at elucidating either
the origin, migratory paths, genetic diversity status within the
breed and among populations resulting in classifying breeds
according to extinction risk status and recommending conserva-
tion measures if need be. Little attention has been placed on the
effects of genotype – environment (GxE) interaction on the loss
of diversity in different species. Since domestication, sheep have
been subjected to forces of natural and artificial selection leading
to several mutations, allele realignment and frequencies in several
generations in response to changing environmental conditions
resulting from climate change (Gauly & Erhardt, 2001). These
genetic changes were meant to align animals to meet the produc-
tion needs of the environment as well as the farmer. However, due
to the increased demand for animal products in the recent past,
pressure for improved production has ensued, leading to enhanced
selection intensity, especially in exotic sheep breeds. An intensive
selection coupled with reduced population size leads to a loss of
diversity (Eusebi et al., 2020). Previously, the emphasis was put
on breeding strategies that ensured the maintenance of heterozy-
gosity disregarding ‘‘allelic diversity”. Allelic diversity in this con-
text refers to a full range of potentially adaptive alleles in the
species (Notter, 1999), but this was less useful since heterozygosity
did not effectively address genetic diversity corresponding with
the changing environmental conditions. Intensive selection for
additive traits of economic importance alongside inbreeding are
the possible causes of declining allele diversity (Caballero et al.,
2020; Simm et al., 1996). Another cause of declining genetic diver-
sity is reduced effective population size (Zhao et al., 2014). The loss
of genetic variability has also been greatly impacted by the transfer
of breeds to new environments without taking GxE interaction into
account. According to the fundamental theory of the GxE interac-
tion, phenotypes of one breed may vary between two different
environmental situations (Gavojdian et al., 2014). Hence, introduc-
ing breeds in new production environments may lead to decreased
fitness traits, putting the breed at risk of extinction. Diversity loss
reduces the breed and species’ ability to withstand the extreme
environments caused by climate change.

Identification of differences in allele frequencies and genetic
diversity at a specific genomic region has enabled the possibility
of associating the selection pressure to different ecological regions.
Evidence of selection pressure for adaptation has been investigated
recently and several genomic regions underlying adaptations have
been detected. Analysis of allele frequencies between populations
to infer selective pressure in one population and analysis of the
reduction of genetic diversity at a certain genomic region are the
main methods of detecting selection signatures. The latter method
allows detection of possible ‘‘selective sweeps” arising from the
regions where favorable alleles have risen in frequencies hence
reducing levels of diversity in that genomic region or locus
(Saravanan et al., 2020).

Among many genetic markers used in mapping out genomic
variations and loss of diversity at a particular locus, single nucleo-
tide polymorphisms (SNPs) are currently widely used. The bioin-
formatics analysis methods use the information from thousands
of SNPs along the whole genome to estimate their effect to identify
or select loci involved in the phenotypic variation. In other words,
SNP markers are used to identify candidate genes whose nucleo-
tides influence trait differences are located (Cardona Tobar et al.,
2020). Selection signatures studies have been contacted in multi-
ple domestic animal species for several adaptation traits e.g., cattle



Table 1
Selection signatures responsible for indigenous sheep adaptation.

Breeds Country Gene Function Reference

Prairie Tibetan, Valley Tibetan, Oula, Ayinbuluke, Cele Black, Hu, Tan, Small
Tail Han, Wuzhumuqin and Australian Merino sheep

China RXFP2 Horn phenotype Pan et al.,
2018MITF, MSRB3, SLC26A4 Hearing

SMDC1, SOX6 Muscle development
PRD-SPRRII Rumen development

Kefis, Adane, Arabo, Gafera-Washera, Molalu-Menz, Bonga, Gesses, Kido,
Doyogena, ShubiGemo and Loya

Ethiopia ALX4, HOXB13, BMP4 Limp development and Tail
formation

Ahbara et al.,
2019

NPR2, HINT2, SPAG8, INSR Growth traits
TRPM8 Regulation of body

temperature
DNAJC18 Response to heat stress

Barbarine, Noire de Thibar and Queue fine de l’Ouest Tunisia CDS2, PROKR1, BMP2 Lipid storage /Tail fatness Baazaoui
et al., 2021

Changthangi, Deccani,and Garole India TRPM8 Cold adaptation Saravanan
et al., 2021Garole RAD1 Immunity

Changthangi and Deccani IL2, JADE2, FGF2, SPP2,
RMI1 and TSHR

Growth and body growth

Bariga Negra, Morada Nova, Rabo Largo, Santa Ines and Somalis. Brazil GNG2; PTGDR; PLEKHO2;
USP3; APH1B; RAB8B

Immune response Paim et al.,
2022

PTGDR; PLEKHO2; ZNF609,
CAPSL; IL7R;

Inflammation response

CA12 Dehydration and Kidney
function, water balance

PTGDR Body Temperature;
Thermogenesis

Adane, Arabo, Bonga, Doyogena, Kefis, Segentu, Gesses, Kido, Menz, Shubi
Gemo and Washera

Ethiopia ITPR2, FAM162A, GATA6,
GNGT1 and HIF3A.

Hypoxia Wiener et al.,
2021

RXFP2: Relaxin Family Peptide Receptor 2, MITF: Melanocyte inducing transcription factor, MSRB3: Methionine Sulfoxide Reductase B3, SLC26A4: solute carrier family 26
member 4, SMDC1: SAYSVFN motif domain containing 1, SOX6: SRY-Box Transcription Factor 6, PRD-SPRRII: Small proline-rich protein type II, ALX4: Aristaless-Like
Homeobox 4, HOXB13: Homeobox Protein Hox-B13, BMP4: Bone Morphogenetic Protein 4, TRPM8: Transient Receptor Potential Cation Channel Subfamily M, member 8,
NPR2: natriuretic peptide receptor 2, HINT2: Histidine Triad Nucleotide Binding Protein 2, SPAG8: Sperm Associated Antigen 8, INSR: Insulin Receptor, DNAJC18: DnaJ Heat
Shock Protein Family (Hsp40) Member C18, CDS2: CDP-Diacylglycerol Synthase 2, PROKR1: Prokineticin Receptor 1, BMP2: Bone Morphogenetic Protein 2, RAD1 Checkpoint
DNA Exonuclease, IL2: interleukin 2, JADE2: E3 Ubiquitin-Protein Ligase Jade-2, FGF2: Fibroblast Growth Factor 2, SPP2: Secreted Phosphoprotein 2, RMI1: RecQ Mediated
Genome Instability 1: TSHR: thyroid stimulating hormone receptor, GNG2: G Protein Subunit Gamma 2, PTGDR: Prostaglandin D2 Receptor, PLEKHO2: Pleckstrin Homology
Domain Containing O2, USP3: Ubiquitin Specific Peptidase 3; APH1B: Aph-1 Homolog B, Gamma-Secretase Subunit, RAB8B: Ras-Related Protein Rab-8B, PTGDR: Pros-
taglandin D2 Receptor; PLEKHO2: Pleckstrin Homology Domain Containing O2, ZNF609: Zinc Finger Protein 609, CAPSL: Calcyphosine Like, IL7R: Interleukin 7 Receptor,
CA12: Carbonic Anhydrase 12, ITPR2: Inositol 1,4,5-Trisphosphate Receptor Type 2, FAM162A: Family With Sequence Similarity 162 Member A, GATA6: GATA Binding Protein
6, GNGT1: G Protein Subunit Gamma Transducin 1 and HIF3A: Hypoxia Inducible Factor 3 Subunit Alpha.
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(Shen et al., 2020), goats (Guo et al., 2018), buffaloes (Mokhber
et al., 2018), and sheep (Wiener et al., 2021).

Studies on the genetic diversity of worldwide indigenous sheep
populations by Kijas (2009) revealed clustering based on geo-
graphic origin and known breed history while Ethiopian sheep
breeds demonstrated clustering based on morphology (tail type)
and geographic origin for example, short fat-tailed (very cool high
altitude), long fat-tailed (mid to high-altitude) and fat-rumped
(arid low-altitude) (Edea et al., 2017). Thus, suggesting possible
structuring based on allele frequencies and realignments influ-
enced by ecological conditions. Further, it was reported that simi-
lar populations had high levels of SNP diversity (Kijas et al., 2012),
suggesting a wide range of genomic diversity between populations,
possibly due to the natural selection pressure.

Several selection signatures (Table 1.) believed to be responsi-
ble for indigenous sheep adaptation have been identified in sheep
breeds inferring the existence of genetic variation for adaptation
traits among populations. This offers a good opportunity for breed-
ing for adaptation traits that would aid in breed adapting to
extreme environments resulting from climate change. It is worth
noting that selection signatures differ between populations, even
in populations exposed to similar ecological conditions.
4. Conclusion

Climate change tremendously effects animal agriculture, most
importantly sheep production. Furthermore, climate change leads
to the formation of agroecological regions that experience different
levels of climatic conditions. Among the climate change variables
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affecting sheep production and genetic diversity are droughts
affecting water availability and increased surface temperatures,
elevated levels of carbon dioxide affecting the quality of forage,
and most importantly, heat stress that triggers all physiological
and behavioral responses in animals to minimize and tolerate
effects of extreme weather stress.

Genetic diversity is the foundation for the evolution and is the
primary tool for the adaptability and survival of species in several
generations. Moreover, since climate change is an essential player
in natural selection, which leaves genomic signatures associated
with selection sweeps at a specific locus, it is worthy to maintain
genetic diversity for sustained production. It is believed that native
sheep breeds, most of which are reared in Africa and Asia by pas-
toral communities are important genetic resources because they
are adapted to extreme local conditions. These communities
depend on native sheep breeds for meat, milk, and income thus,
losing the breeds to forces of climate change will be detrimental
to them.

Studies on selection signatures for adaptation offer an opportu-
nity to improve sheep breeding programs to include selection for
adaptation traits. Production of adapted breeds improves animal
welfare and ensures environmental sustainability in the long term.
Although commercial sheep breeders target genetic improvement
for additive economic traits, they should include non-additive
genes in their breeding program for sustained food security in
the face of climate change.

To ensure the goals mentioned in the previous paragraph, it is
indispensable to make farmers interested in breeding adaptive (lo-
cal) breeds. Therefore, local breeds products and value chains
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should be advertised among consumers, and marketing efforts of
these products may be supported by National Governments. These
steps could lead to developing more sustainable agricultural man-
agement as well.

Multi-institutional collaboration is required for the success of
the selection of eco-friendly traits in sheep. For instance, popula-
tion geneticists should collaborate with quantitative geneticists,
farmers, meteorologists, the natural resource management depart-
ments, and other stakeholders to ensure sustained food security in
the wake of climate change.
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