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Domesication hasunderpinnedthe developmentof human civilization A growing
human populatiorand increasingly complex societieave createdntensification pressures
upon thelivestock industryFavouringof highly productive breedat the expense of the loss
of locally adapted ranmebreeds will have implications for future food security due to the loss
of genomic resourcesWith the recent availability of accessible genomic resources for
domestic water buffaloBubalus bubaljs this thesis seeks twontribute towardsquantifying
their genetic variation and adaptive potential. In Chapter Two, ancestry of two UK populations
wastracked to Italian originandwas shown tdhaveretained the majority ofgeneticdiversity
since importation. Such évels of genetic diversitprovide the opportunity for effective
selection programmedocused onproductionbased QTLs Chapter Threeanalysedand
comparednovel data froman Indianmurrah buffalopopulation to wider globapopulations
to detect selective sweepsdicative ofrecentselection Loci under selectionin nonIndian
murrah were associatedvith geneslinked todraught and meatraits instead ofthe typical
focus on nilk. SNP array data is incredibly useful for genoseiection;however,inherent
ascertainment bias createshallengedor evolutionary studies. Chapter Foattempted to
understandthe biasin the Axiom™™ Buffalo Genotyping Arrayhen analysingiver and
swampbuffaloes Results showethat patterns of variation were inconsistent between river
and svamp species, anbetweenarray and sequencing dat8haredpolymorphc markers in
the array arelikely ancestral SNPs and targets of balancing selection, thus distorting
evolutionary inferencedetween the two speciesChapter Five modkd the evolutionary
history of domestic buffaloesevealing furthersupportfor a Pleistocene divergence of river
and swamp species. Dispersal of river buffalo from Indikalylinked to maritime tradesarly
in the Common Erd&urthermae, artificial selection appea tobe a driving force for regions

of divergence between river and swamp buffalo.
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Chapter One
General Introduction
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General Introduction

1.1. Domestication

The transition from Late Pleistocene into the Holocene is underpinned by changes in
the Eartif climatic conditions. The Pleistocene is characterized by a series of major glaciation
events with the Last Glacial Maximum occurring approximately 21,000 years before present
(YBP)Clark and Mix, 2002; Clagkal., 2009; Shakun and Carlson, 2010; Hughes, Gibbard and
Ehlers, 2013)Minor cooling events culminating in the end of the Younger Dryas marked the
onset of the Holocene 11,700 YB@henget al., 2020; Shakun and Carlson, 20103n
environmental shift to a warmer, more stable climate alongside a period of megafaunal
extinctions facilitated a change in humadgmo sapiensbehaviour from nomadic hunter
gatherers to agrarian societig®iamond, 2002)Reductions in food availability caused a
subsequent broadening of diets to include more plants and small g&ieanond, 2002)
Eventually, the use of gathered plants and control of animals outside of natural habitats
generated agricultural systems in what is now known as domesticgbddemond, 2002)
Evidence suggests early farming was incredibly difficult as humans displayed poor health
However, the ability to generate a sustainable source of food gave great competitive
advantages to these populations as a whole to grow and exfaizinond, 2002)As a result,

88% of humanalivetoday spealalanguage thatan be tracedackto the earliest centres
of domestication in Eurasi@®iamond, 2002)Domesticationcan therefore be consideredsa
the most important technological advancement in human evolution, and a prerequisite for

the development of civilization and innovative societies found today.

Thefirst knownexample ofdomesticationof an animalis the dog (Canis familiaris
Domesticatiorfrom a nowextinct lineags of greywolves(Canis lupuslikelyoccurredin the
Nearor FarEast(Vilaet al, 1997; Savolaineet al., 2002; vonHoldet al., 2010; Dinget al,,
2012; Freedmaret al, 2014; Frantzt al., 2016; Bergstronet al, 2020) The interspecies
relationship between humans and prehistoric dogs rdaie back toca.31,000 YBP, with full
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domestication occurring by 14,000 YBEermonpreet al., 2009; Udell, Dorey and Wynne,
2010; Galiberet al,, 2011) Dog domesticatiors uniqueasdogs are the onljarge carnivore

to have been domesticate@Frantzet al, 2016) It has beenhypothesised that dgs were
domesticated via a commensal pathway which prehistoric dogs were sensitive to human
sociability, before becoming condition€ddell, Dorey and Wynne, 2010; Vigne, 2011; Larson
and Fuller, 2014)Subsequent major animal domestication events foddva more human
centric approachwith wild individualdbeingcaught, tamed, and then brefdr the benefit of

humansocietes

Sixteenspecies ofarge mammals (>4Kg) have been domesticated, the majority of
which are Bovidaend constrained ta few biogeographic areg§igure 1.1 Larson and
Fuller, 2014) Major centres of domestication include the Fertile Crescent (taurine cattle,
sheep, goats, pigs), Indus Valley (indicine cattle, river buffalo), Mainland Southeast Asia
(swamp buffalo, gayal, pigs, yak), and Andes (alpaca, llama) with sporadic additional
domestications elsewhere (Bactrian camel, horse, reindeer, at northernly latitudes;
dromedary camel at Arabian Peninsulajiccessful domestication of animals is r&&mond
(2002 sets outsix barriersto domesticationwith these being i) inaccessible diet, ii) slow
growth rate and long birth spacing, iii) high aggression, iv) reluctance to breed in captivity, v)
lack of followthe-leader dominance, and vi) likely to panic in enclosures or when faced with
predators. In practice, humans weable to domesticate large herbivorous bovids due to the
wide availability of grass as feed, and the ability to maintain herds within defined areas of

land.

The domestication oflogs proved thatthat other species could be controlled by
humans,however this case likely did natefine an outcome ofdomestication(Diamond,
2002) Instead,later domestication of herbivorous mammals may have been a strategic
response to overhunting, a common theme in the extinction of megafapinthe Late
Pleistocene(Larson and Fuller, 2014; Bergmahal, 2023) Archaeological studies have
revealed that overhunting was prevalent prior to domestication, and that humans began
altering huntingstrategesof wild sheep, goats, pigs, and cofgeder, 2012; Marom and Bar
Oz, 2013)By 10,000 YBP, humans were preferentially killing young males of a variety of

species and allowing females to survipeobably to produce more offsprin(Zeder, 2012;
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Marom and BaiOz, 2013) Earlydomestication events of large mammadikely orientated

around maintaining a sustainable source of f¢bdrson and Fuller, 2014)

o
© o
5 @
@
O Alpaca, Llama . Buffalo (Swamp), Gayal, Pig, Yak O Camel (Dromedary)

O Buffalo (River), Cattle (Indicine) . Camel (Bactrian), Horse, Reindeer O Cattle (Taurine), Goat, Pig, Sheep

Figure 1.1: Domestication centres of large (>40kg) mammalian livestock species. 16 species of
large mammals (excluding dogs) have been domesticated with the majority tb@ids from

Eurasia.

1.2. Livestock Production Systems

Development of agriculture has progressed to support an expanding human
population that now numbergight billion. Livestock contribute 40% of the global value of
agricultural output, directly providing 15% of energy needs and 25% protgiadple (FAO,
2009). The popularity of livestock products is rapidly increasing. Since a46@s Imilk
consumption per capita has doubled, meat consumption tripled, and egg consumption
increased by a factor of five (FAO, 2009). Post 1980s, these increases have rapidly outmatched
that of other major food commodity groups (e.g., cereals) (FAO, 2&@@&nomic growth and
the development of countries (e.g., China, Brazil) appears to be the driving force behind the
expansion of livestock industri¢Steinfeld, Wassenaar and Jutzi, 20680, 2009¢0oddeet
al., 2018) As a result, humans have bred livestock in huge numbers. For example (as of 2021),
the number of chickens exceeds 25 billion, meanwhile cattle, sheep, goat, and pigs exceed 1

billion individuals eacfFAOSTAT). These population sizes translate into 62% of mammalian
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biomass on Earth being accounted for by livestock, while 71% of biomass of avian species is
poultry (BarOn, Phillips and Milo, 2018jo accommodate such scales of production, humans
KIS NIRAOIFfte If3dSNBR GKS 9 NIKQa 0A23aLIKSNEB

Several production systems have been developed based upon-eagiogical
opportunitiesthat varyin intensity of output. Grazing systems occupy the largest land cover
estimated up to 26% of iceree surfaceandoccupying 33 million square kilometrg&sneret
al., 2004 FAO, 200p Farms within grazingystemsare differentiated between intensive and
extensive systems. Extensive farms are typically characterized by grazing ruminants on
communal or operaccess areas and frequently occur among marginal lands and sparsely
populated areas that are unsuitable for rellabcrop production(Sere & Steinfeld1996
Gandini and Villa, 200FA0, 2009Kleppel and Frank, 2022)ivestock are an incredibly
important source of food security in these areas to meet energy needs of pédpteeroet
al.,, 2013) In contrast, intensive grazing systems operate nearby areas of increased human
densities typically in temperate zones where higality grassland and fodder production
can support a larger number of animals (Sere & Steinfeld 1996). Extensive andvitensi
farming systems are dependent upon the surrounding environment and therefore livestock
that persist in these regions are typically intrinsically adapted to the conditions they persist
in (Mirkenaet al., 2010; Marshall, 2014; Biscaratial,, 2015) As a resultjvestockadapted
to these local environmentbiave small ranges anaften have strong cultural and societal
links to the communitiesvhere they occu(Gandini and Villa, 2003; Biscargtial., 2015)
Livestock within these systems show high environmental resiiemd provide sustainable

source of food.

Greater productivity of livestock rearing can be achieved with an increased input from
humans. Mixed farming systems link livestock rearing and cropping activities, being defined
Fd aGK2aS gKSNB Y2NB GKIyYy wmm: 2F Riductdfl 3G SNJ
stubble or where more than 10% of total value of production comes fromlivestock
FENYAYI FOUADGAGASEE O0C! hyE HandpT {SNB 3 {GSAyY
categorized into two forms and biogeographic areas. Rainfed sgst#mose in which more
than 90% of nodivestock farm production comes from rainfed land use, are mostly
distributed across temperate regioiiSere & Steinfeld 199&teinfeld, Wassenaar and Jutzi,

2006 FAO, 200p Meanwhile, irrigation systems, defined as more than 10% of the value of
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non-livestock farm production, are commonly found in the East and South Asia surrounding
areas of high population densif$ere & Steinfeld 199&teinfeld, Wassenaar and Jutzi, 2006
FAO, 2009 These farming systems contribute the bulk of animal products to humans, shifting
focus towards increased productivi{$teinfeld, Wassenaar and Jutzi, 2006; Heredral.,

2013) Extending this theme further, agricultural industries are now capable of regulating all
farming conditionsindustrialized systems are typically dedicated to a single species and used
to supply large dense urban centres (Sere & Steinfeld 1B8®, 200P A rapid increase in
poultry and pork production occurred alongside development of industrialized systems as
these monogastric animals have the highest growth rates and lowest costs per unit of output
(Steinfeld, Wassenaar and Jutzi, 20B80, 2000 Despite occupying smaimounts ofland,
meeting the feed requirementsf industrialised systemsieans that approximately 33% of
global agricultural cropland is used to produce animal fégiginfeld, Wassenaar and Jutzi,
2006 FAO, 200p Intensive breeding of livestodhears that environmental adaptations
become less relevantaccording to resource allocation theorfBeilharz, Luxford and
Wilkinson, 1993; Mignorasteauet al, 2005; Mirkenaet al, 2010) The resultis that
industrialized livestock are highly productive and therefore valuable across an urban

landscape.

1.3. Threats to Food Security

The development and expansion of agricultural industries to suppertemanding
human population growth haprofoundly alteed the biosphere. Despite agricultural land
cover not increasing since 1991, development of the livestock industry has continued growing
through intensificatiord h Q a | NI The aomsequences of current food production effects
an array of vital ecosystem processes. The agricultural industry is the largest contributor to
biodiversity loss through habitat destruction, intensification, and release of pollutants leading
to downstream effects such as disruption of nutrient cyclii@udley and Alexander, 2017;
Tully and Ryals, 201 7)herefore, without proper management, nutrient rich soils are quickly
depleted from grazing of livestock and extraction of crops, reducing future produce yields
(Tully and Ryals, 201 Harms overcome nutrient deficiency with the application of fertilizers.
However, excess macronutrients (e.g., phosphorus) typically leech into waterways leading to
detrimental effects such as eutrophicatiqbudley and Alexander, 2017; Tully and Ryals,

2017) Intensification of farming provides the ideal conditions for the spread of diseases. The
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dependence upon antibiotic use in the livestock sector is a leading cause of antibiotic
resistant pathogens that has major consequences for food production, public health, and
wide ecological impadWoolhouseet al, 2015; Koch, Hungate and Price, 20BfMong the

most prominent causes of concern for people and livestock is climate ci{@agengarcdet

al., 2012) The vast numbers of livestock provide a significant contributor to global
greenhouse gases (GHGSs), accounting for 14.5% of global emissions of carbon dioxide (Gerber
et al, 2013). Potent GHGs such as methanes@Hd nitrous oxide (N4p are also emitted

with CH emissions nearing double that of €®ithin livestock supply chain&erberet al,

2013 Cheng, McCarl and Fei, 2022he result of being such a contributor produces a
feedback loop that will becoméncreasingly negative for the health and productivity of

livestock.

Maintaining livestock productivity for future generations will require flexibility against
increasing climatic instability. The most prominent effect of climate change is the increasing
average global temperatures and increased frequency of extreme hepbskre to higher
temperatures pushes livestock out of their thermal comfort zone for longer and more often,
increasing the risk of temperatunelated illness and death. To compensate for this increased
stress, extra energy dhe individual is required to maintain thermoregulation resulting in
declines in productivitCheng, McCarl and Fei, 202Zhe economic consequences and
threat to food security from heat stress are huge. In the U.S alone, the livestock industry was
estimated to have lost between $1-%2.4 billion in 2003StPierre, Cobanov and Schnitkey,
2003) Since 2003, average global temperatures have continued to increase (IPCC, 2021). Heat
stress increases metabolic load on the individual enhancing reactive oxidative substance
production and thus generating oxidative stress that is damaging to (8slkadj Slimemt
al., 2016) The energy expended (e.g., increased sweating and respiration rate) controlling
these stresses means that other biological processes suffer as a result. Under heat stress, feed
intake has been observed to decrease in all livestock species further rgdecergy
availability for production(Kadzereet al., 2002; Collier, Renquist and Xiao, 2017; Cheng,
McCarl and Fei, 2022pecline in feed intake can explain approximately 35% of decrease in
milk production in dairy cows, with additional decreases in quality by reduced milk protein
and fat content(Kadzereet al., 2002; Collier, Renquist and Xiao, 2017; Cheng, McCarl and Fei,

2022) Comparatively, meat producing livestock fail to grow to their expected weights as body
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size, carcass weight, and fat thickness are all red{GmhzaleRivaset al., 2020; Cheng,
McCarl and Fei, 2022)urthermore, reproductive capabilities are reduced, and immune
systems faiwith the implicationthat maintaining a healthy stock becomes more difficult
(Kadzereet al., 2002; Bagatlet al., 2019; Chauhagt al., 2021) Certain breeds are adapted

to higher temperatures, and farmers can utiltteesealternative breeds for mitigating heat
stress, however their production yields awdten lower (RojasDowning et al, 2017)
Therefore, finding the key genetic components associated with resistance to heat stress and

productivity could prove key.

In tandem with increased temperature, many countries are seeing a decrease in water
availability. Agriculture is the single largest global water user, accounting for 69% of fresh
water withdrawalqThornton, 2010; Cheng, McCarl and Fei, 2088)temperatures increase,
greater water consumption will be required for livestq@kornton, 2010)Due to the uneven
distribution of freshwater sources, increased competition and unsustainable use will be
prevalent across water stresgregions(Thornton, 2010; Leng and Hall, 2028)rther strains
on freshwater resources will be observed via other means. As sea levels rise, an influx of
saltwater will occur into coastal freshwater sources, while inadequate waste disposal from
urbans areas contaminate waterway®ojasDowning et al, 2017) For example, the
accumulation of heavy metals in water bodies presents a major source of concern for general
health. Heavy metals can have severe detrimental effects on individuals, impairing many
biological processes, and causing serious developmenthhaalth problemgGuptaet al.,

2001; Vardhan, Kumar and Panda, 2019ombined with other stresses from increased
temperature and water issues, vulnerable individuals present opportunities for pathogenic
organisms. Changing environmental conditions, highly connected human societies,
intensification, and growing humawildlife contact all facilitate easy transfer of pathogenic
organismgTomley and Shirley, 2009; Gummow, 2010estock are now encountering new
pathogens that they are not resilient agair(3thornton, 2010; RojaBowninget al., 2017)

For example, African swine fever outbreaks have devastated global wild and domestic pig
populations since spreading worldwig®anchex,ordonet al, 2018; Luskiet al,, 2021; You

et al,, 2021) In livestock that are resistant to pathogens, constant exposure still has negative
consequences for production. For example, in a study on Australian livestock, ticks are

responsible for an 18% decrease in body we{iitihite et al., 2003)
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The popularity of livestock depends on their accessibility and profitability. Livestock
breeds typically fall into one of three categories (local, regional, or international) defined by
the range that they occupy (FAO, 2015). Local breeds occur in onlgoumtry and are
typically historic breeds that have adapted to their surrounding environment over time and
are used by local rural communities. These livestock breeds are often a very important source
of nutrition, labour, and income that can be maintathever many generation@lerreroet
al., 2013; Mapiyest al., 2020) Regional transboundary breeds can be found in many countries
within the same continental region. These breeds have likely become the most productive
and popular local breed becoming traded across larger regions. International transboundary
breeds are fond globally, and these breeds have been commercially developed to produce
great yields. For mammalian livestock species, 4,127 local breeds comprise 83.3% of total
breeds (FAO, 2015). Regional and international transboundary breeds make up small

proportions each at 8.7% and 8.0%, respectively (FAO, 2015).

Across most livestock, most local breeds are found across Europe, Caucasus, and Asia,
spanning biogeographic strongholds for domestication (FAO, 2015). In livestock, genetic
diversity increases i) closer to the domestication origin of a species, andhgse breeds
not under intense artificial selectiaiBruford, Bradley and Luikart, 2008)ost of the genetic
diversity is held across local breeds as elaged has evolvedunique adaptations to their
environments. To maintain genetic diversity for future adaptability, we need to understand
the distribution of variation across livestock and how traits are defined by underlying genetic
interactions. However, 16% of mammalidnestock breeds are classified as at risk of
extinction with a further 35% of unknown status (FAO, 2015). 11% of livestock breeds are
already extinct (FAO, 2015). Breeds at risk of extinction are spread across both local and
transboundary categories, althigh transboundary breeds are being conserved at a greater
rate than local breeds. From 1999 to 2006, 31% of transboundary breeds at risk were
reclassified to not at risk, while only 7.4% of local breeds were reclassified (FAO, 2015). The
loss of such breexil may have major consequences on future livestock adaptability, and

therefore security 6food production.
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1.4. Genetic Technologies for Livestock

The idea of applied selective breeding is considered to have begun with Sir Robert
Bakewell (1725 1795) in18" century England with the development of livestock for
increased carcass traits. Changes across farming were taking place as the conversion of arable
to grassland and the greater emergence of enclosed fields were becoming more prominent
across the countrfWykes, 2004)The greater ability to manage livestock meant farmers
O2dzt R SELISNAYSY(l 6AGK AYLINE @AY JandA DS HINBFB|R A Y
(inbreeding) to maintain desired traits within his stock and is attributed as the founder of the
Dishley Leicster sheep, Dishley Longhorn, and Black Cart h(hggkes, 20040 . | 1 S5 St £ O
original breeds have since died out, though lineages persist within English Leicester, English
Longhorn, and Shire breeds respectively. Although selection as a process is a relatively recent
concept, artificial selection has been occurringaiinghout domestication. Humans have
linked reproductive fitness of livestock to desirable traits, whether that be environmental
adaptation or productive output, resulting in phenotypic divergence of livestock from their
wild ancestors(Proudfootet al, 2020) Now in the modern day, humans are continually
understanding the complex relationship between genetic variation and phenotypic output
behind artificial selectio{Meuwissen, Hayes and Goddard, 2013; Proudftoal.,, 2020;

Saravanaret al,, 2020)

Molecular data in livestock has been present since the early 1990s allowing scientists
to characterize genetic diversity, map evolutionary history, and manage future development
(FAO, 2023). In 1993, the FAO established a global program for characteriaitarm
animal genetic resources (FanGR)sing awareness and providing recommendations for the
molecular monitoring of FANGR diversity (FAO, 2023). Initial studies relied upon
mitochondrial and microsatellite marke(8ruford and Wayne, 1993; Bruford, Bradley and
Luikart, 2003)Due to its haploid nature and absence of recombination, mitochondrialiDNA
an ideal marker to easily track phylogeny amddoing sohas revealed extensive knowledge
surrounding the evolutionary history and domestication of livest@kuford, Bradley and
Luikart, 2003; Hanotte and Jianlin, 2008 shortfalls of being a maternally inherited single
locus means that mitochondrial DNA is a poor predictor of overall genomic divi@sitiprd,
Bradley and Luikart, 2003)he use of microsatellite markersunterbalancedhis, allowing

guantification of genetic variation across livestock, the capability of discriminating between
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all levels of genetic units (e.g., population, breed, species), and detection of evolutionary
processes (e.g., bottlenecks, admixture) that impacts varigtsaford, Bradley and Luikart,
2003; Hanotte and Jianlin, 2003)Jolecular data in livestock transformed our understanding
away from thinking of breeds as static homogenous units, instead towards domestication as

being a continually shifting and dynamic process.

Molecular tools have been extensively developed in the past 15 years. The emergence
of next generation sequencing (NGS) technology has revolutionized the genomics industry,
allowing the production of accessible largeale extensive dataseamdcomplete sequencing
of entire genomes. NGS has also provided access to more molecular markers in the form of,
for example, single nucleotide polymorphisms (SNPs), structural variations, copy number
variation (CNVs), and epigenetic factors among other®(R2823). The increasing use of such
genetic technology has also been matched with developments in increased computing power,
processing software, and statistical analysihe application of these technological
developments means that considerable increas livestock productivity has been realized
as precision breeding methods such agnomic selection programmesan increase
productivity beyond that attained from conventional breeding techniquesexample, since
the 1960s, average milk yields in Holstein cattle have more than doubled from kgOt@0
more than 11,00kg per 305days oflactation. More than 50% of these gaiase attributed
solely to genetic improvement, and genomic selection typically enables a furBir dnnual
gain(Thornton, 2010; Georges, Charlier and Hayes, 2019; &rab 2021)

SNP genotyping has become the primary method of quantifying genetic diversity and
studying selection in livestoclSNPs haveseveral advantages ovenicrosatellite markers
including; i) greater abundance across the genppreviding greater genomic resolutioi)
evolutionarily stable generation to generation (i.e., change less frequently than
microsatellites) iii) simpler nomenclature andgreater suitability for high throughput
automated analysis and data interpretatian) found in coding regions of genes)d v)can
be more easily linked to QTLs and traits of iestrfor generation ohighly accurate and
targetedgenomic selectioprogrammegVignalet al., 2002; Fernandeet al, 2013; Cortes,
Cafion and Gama, 2022; Saravamdral, 2022 FAO 202B Although the cost of whole
genome sequencing (WGS) is dramatically decreasing, it is still expensive to carry out large

scale studies. In order to commercialize genomic selecgienotypingmicroarrays have been
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used as the vector of choice for SNP analysis. SNP arrays are produced by fixing a subset of
probes relating tohighly polymorphic SNPs from a population to a platform. These arrays
allow livestock breeders to avoid the expense of WGS whilst capturing a high resolution of
the genome for a large number of individuéisanet al., 2010; Gurgugt al., 2014) The highly
polymorphic state of SNPs chosen allows differentiation between individuals, and these
differences can be attributed teariationin production outputs and phenotypic changéan

et al, 2010; Gurguét al., 2014) Therefore, SNP arrays are an important method in guiding
breeding management plans and development of livestock, as well as finding target genes for

future livestock function.

Although the choice of SNPs is incredibly useful for livestock management, arrays
result in ascertainment bias and do not represent the natural levels of genetic variation
(Albrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff, 2013; McTavish and Hillis,
2015; QuinteCortéset al., 2018) Selection of SNPs for microarragoften based upon a
small number of sequenced DNA samplés.the livestock sector, SNP selection for
microarraysis usually restricted to a small number lofeeds of interest.The deliberate
selection ohighly polymorphic SNRsown from characterization of onlyfew breeds means
that these markerslikely represent ancestral variation maintained since before breed
divergerce. Furthermore, genotyping of only previously knopolymorphic sites means that
no additionalgenetic variation can bdiscovered (and hence genotypeal)ross the species
(Nielsen, 2004; Albrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff, 2013; Geibel
et al, 2021) Ascertainment biaithin arrayslead to distortions in allele frequeres, and
overinflation of statistics compared to methodsbased on sequerting data and
underrepresenation of genetic variation in populations not captured in SNP discovery for
array production(Albrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff, 2013;
Malomane et al, 2018; Benjellouret al, 2019; Geibekt al, 2021) Therefore, when

conducting evolutionary studieascertainmenbias needs to be accounted for

1.5. Application of Genomic Data in Livestock

Assessment of genetic variation is essential for livestock management. Understanding
genetic variation allows humans to mitigate harmful genetic effects such as inbreeding or

genetic erosion whilst maintaining genetically resilient and adaptable livegBrakordet al.,
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2015; Leroyet al, 2018 FAO, 2028 Estimates of genetic variation across individuals and
populations are typically calculated usistatistics such as observed heterozygosity) (H
displaying actual distributions oheasuredgenotypes, expected heterozygositye[khat is
calculated on allele frequencies, and nucleotide diversifytlat assesses the number of
differences across sequences (FAO, 2023). Maintaining a high genetic diversity typically
provides a species with the necessary genetic flexibility for adapting to different external
pressures, with livestock being no except{®totter, 1999; Barker, 2001; Ollivier and Foulley,
2009; Kristenseret al, 2015) Species with low genetic variation are often vulnerable to
extinction. Due to intensive artificial selection, many livestock breeds feature reduced genetic
variation(Leroyet al,, 2018;FAO, 2019Gicquelet al., 2020) This will eventually lead to high
levels of inbreeding which can be monitored by the inbreeding coefficignEgtimates can

be calculated SNP by SNP, comparing the proportion of observed homozygous SNPs to
expected, such as F implemented in PL{NKand Horitz, 1953 hanget al,, 2015; Dadousis

et al,, 2022) In livestock, inbreeding is now preferentially monitored by runs of homozygosity
(via inbreeding coefficient for ROHs0B that calculatesthe length of stretches of the
genome with an absence of genetic variatiod dzNA { = CSNByYy 6 {20A06 YR
et al, 2017; Ceballost al., 2018; Meyermansgt al, 2020) Increasednbreeding increases

the chancethat recessive alleles become phenotypically active throdgimozygous
genotypes,which in turn may result irharmful physicaleffects. Detrimental inbreeding
among purebred livestock is ofterealised economicallythrough reduced yields and
reproductive issueglLeroy, 2014; Doekes, Bijma and Windig, 20ZRé&covering from

inbreeding depression is easily achieved through the introduction of new genetic variation.

Further statistical analysis can be carried out to understand how genetic variation
compares and how gene flow operatesbetween populations The outputs of genetic
differentiation analysis give great insight into how best to manage interactions between
breeds and populations. Several methods are often used to delineate individuals into
genetically defined groups. Among the most used &refincipal component analysis (PCA)
and multidimensional scaling (MDSyrEvaluates the differences in allelic frequencies at
each locus and can be summarized across all markers. PCA and MDS methods meanwhile
allow for the condensing of large multicus genetic data into the generation of a few

meaningful synthetic variables, termed components (FAO, 2023). These components will
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capture variation between individuals. The level of genetic similarity between individuals is
shown via the size of distance between points with admixture shown through intermediate
individuals between ancestral populations. Modelsed clustering algoriths (e.g.,
ADMIXTURE) that test the number of appropriate genetic clusters are also available to deduce
ancestry, admixture, and relatedness between populati@iexander, Novembre and Lange,

2009 FAO, 20283

l f 6K2dAK GKS YS(iK2R&a 10620S Ifft28 AYyFSNBYy(
LI GGSNYAa YR FodzyRFyOS 2F 3ISYSGAO GBI NRFGAZ2Y S
evolutionary processes. Incorporating genetic processes such as drift, mutatenand
recombination facilitates modelling changes in genetic variation over time. For mitochondrial
5b! YR YAONRAIFIGSttAGS YI NJ SoiBoElenécKkéhd M8V& 2 F
aid in identifying historic demographic trends such as patoh expansions and bottlenecks
(Tajima, 1989; Beaumont, 1999; Piry, Luikart and Cornuet, 18689wing the production of
dense genomic SNP datasets, the popularity in using linkage disequilibrium (LD) has increased
due to its sensitivity towards genetic processes (e.g., genetic drift, sele¢Btatkin, 2008;
Qanbari, 2020)LDis typically higher between nearby lpasthe likelihood ofrecombination
increaes with physical distance along the chromosommeevaluating the rate of decline in
LD between locat varyingdistances aparand encompassing recombination rate, &n be
tracked backwards through time and reveal demographic trends and changes in genetic
diversity (Corbinet al, 2012) Among livestock SNP genotyping arrays, reconstruction of
recent demographic history is frequently accomplished usiggdlculationssuch asthat
found inSved(1971).

Exploringmore ancienttrends in Ne has been accomplished with WGS and the

generation of pairwise sequential Markovian coalescence (P@Mand Durbin, 2011With

this, demographic trends have been generated for a variety of species through the Upper
Pleistocene, revealing contraction and expansseentsin populationsoften in accordance

with glaciation periods(Frantz et al, 2013; Qiuet al, 2015; Gautieret al., 2016;
Weldenegodguackt al, 2019; Lucet al, 2020; Upadhyagt al, 2021; Robiret al, 2022)

With increased computational power, additiongenone sequencescould be included
leading to the creation of MSM(Schiffels and Durbin, 2014pther methods to model

complex demography included using the allele frequency spectrum (AFS). Here, tree models
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could be defined with fluctuating population sizes, divergence times, and gene flow and the
tree most likely to match the real data was calculated with a likelihood appr{&atoffieret

al., 2013) Likelihood approaches are computationally difficult as the defined model becomes
increasingly more complefMarjoram and Tavaré, 2006; Csillé@tyal., 2010) Approximate
Bayesian Computation (ABC) offers a flexible alternative. This method works under the
assumption that the patterns of genetic variation for the sampled data are reflective of that
of the real populations. Defined models are generated depgctimstoric events using
coalescent simulations, providing a neutral model for compar{&®saumont, 2010; Csilléry

et al, 2010) For example, in livestock, divergence times between domestic and wild species
may representtime of domestication, and gene flow into domestic species may represent
wild introgression. Millions of simulationsre generated witheach simulation sampling
different parameter values for population sizes, divergence times @&t subsequent
outputs are thenrstatistically summarized. A rejection algorithm is then applied to obtain the
most closely matched simulations (based on distances) to the observed data, and using this
sample of simulations, generate posterior distributions for each parameter showingalse

likely true valuegBeaumont, 2010; Csillémst al, 2010) A high number of different tree
models can be generated and compared using Bayesian statistics to identify the most

appropriate model{Beaumont, 2010)

Studying demography typically uses neutrally evolving loci so that genetic data fits the
assumptions ofevolutionary theories. However, the pattesrof genetic variationfound
across populations is not solely due to background processes of neutral evolution.
Populations are continually interacting with changing conditions, be that of changing
environments or interaction with new biota, or even alterations in behaviour withircigse
All these place selective pressures upon populations to adapt. Individuals with greater fitness
are more likely to successfully reproduce, contributing to future gene pools. Genetic variation
across the genome will fluctuatiepending on favourable allelesaty givertime. The result
of selective pressure on a genongan be identified by the distinct footprints they legve
which aretermed selection signatures. Understanding these signatures anduhsequent
genesthat are under selection is important for characterizing livestock and conserving

important economic traits.
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Positive, purifying andbalancing selectioare three types of selectioffFigure 1.2)All
three alter allelic frequencies across the genome resulting in phenotypic variation. Under
positive selection, the advantageous allele increases in frequéBoyveiaet al., 2014;
Qanbari and Simianer, 2014; Saravaatal., 2020) The rate of which this occurs determines
the extent that neutral variants physically linked to the advantageous allele also increase in
frequency(Gouveiaet al., 2014; Qanbari and Simianer, 2014; Saravaetaal., 2020) The
additionalselection oflinked variants either side of the advantageous allele is called genetic
hitchhiking(Gouveieet al, 2014; Qanbari and Simianer, 2014; Saravasaai., 2020) These
stretches of DNA under positive selection can be detected, as they present longer regions of
increased LMGouveieet al,, 2014; Qanbari and Simianer, 2014; Saravaetal., 2020) The
prevalence of the advantageous allele in the population can provide us with information
surrounding the strength of the selection pressure. This is considered under what is known as
a selective sweefRapid selection ofraalleleresulting in neafixation within a populationis
considered dard selective sweepdentifiable by fixated hitchhiking regiof&ouveieet al.,
2014; Qanbari and Simianer, 2014; Saravagiaal.,, 2020) Softer sweeps that occur over a
longer period allow for greater variation in neutral flanking regi¢@®uveiaet al., 2014,
Qanbari and Simianer, 2014; Saravarednal., 2020) Purifying selection operates upon
disadvantageous alleles whereby these alleles are selected against whilst generally not
affecting the surrounding genetic variatig@ouveiaet al,, 2014; Saravanaet al,, 2020) The
third main form of selection, balancing selection, maintains multiple alleles in a locus and

keeps high genetic diversifouveiaet al., 2014; Saravanaet al., 2020)
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Figure 1.2: Figer displaying how different types of selection altiele frequenciesin a
population. Redoci areallelesunder selection while grey loci are not undetextion.Positive
selectioncauses an advantageous allele to increase in frequency. The rate at which this
happens dictates whethea hard sweep (top) or soft sweep"{Zrom top) has occurred.
Positive selection will also cause nearby linked loci to inereasfrequency leaving an
extendedregion appearing under selection. Hard swegpssh allele frequencies towards
fixation across a population whereas soft sweepsdegeater variation at tk loci. Purifying
selection (2" from bottom) selects against a disadvantageous allelaving surrounding
variation. Balancing selection (bottom) maintains multiple alleles usé&rction and keeps

genetic diversity high.

Selective breeding in livestock typically results in the increased frequency of breeding
favourable individuals due to a beneficial trait. Therefore, artificial selection commonly
operates under positive selectidiaravanaret al., 2020) Negative and balancing selection
also operatewithin artificial selection to a lesser extent. Due to the nature of positive
selection, the haplotypesnaintained inthe genome can be easily detected within and
between populations. Detection of positive selection for these two comparisons works on the
basis of detecting haplotypes of increased frequency and LD from areas of normal genetic
variation (Qanbari and Simianer, 2014; Saravaeaml., 2020) Within- or intra-population

statistics do this across areas within a genome, whereas betweennter-population
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statistics detect this between the same area of different genon®&esveral statistics are
available to detect positive selectionithin populations Site frequency spectrum (SFS)
a0l GAaidA0a adzOK | a ¢-staisticrchniferehtiate heRvee@ bréas of y R
genome with an increased number of high and low frequency variants generated by positive
selection, compared to areas of medium dreency variant§Qanbari and Simianer, 2014;
Saravanaret al, 2020) Methods such athe extended haplotype homozygositgHiH and

the integrated haplotype scor@HS uselinkage disequilibrium to find areas of high linkage
(Sabetet al,, 2002; Voighet al., 2006) Runs of homozygosity can offer a method of detecting
positive selection as these locate long homozygous tracts of depressed genetic variation
within the genome that are maintained by selecti@anbari and Simianer, 2014; Saravanan

et al, 2020) Without selection, these tracts would be disrupted by gene flow, mutation, and
recombination. Methods have been developedidentify differencedetween populations

Fstis based on single site differences in allelic frequency and can detect older and fine scale
selection meanwhileross population (XEHH uses linkage disequilibrium agatim detect

long haplotypegSabetiet al, 2007; Qanbari and Simianer, 2014; Saravastah, 2020) The
benefits of using intepopulation statistics are that no prior history surrounding the
population is required, such as determining the ancestral alleles (e.g., required for iHS) which

can bedifficult to identify withoutancestral populations

Soft selective sweeps are more difficult to differentiate from background genetic
variation. Selection pressures for softer sweeps typically occur over a longer period of time
and in response to a variable with a large variation over a spatia Ssgavanaet al.,, 2020)
Therefore, methods have been developed to identify regions under selection in comparison
with metadata. In livestock, populations adapt to either environmental conditions or pressure
from farmers developing production traits. Isolated populations naturally diverge via
mechanisms such as genetic drift. Selection enacting differently on each population c
further diverge populations. Methods such as PCAdapt can be used to detect logighty
contributeto major axis of variation and therefore, are likedyrepresent locunder selection
(Luu, Bazin and Blum, 201However, such analysis does not include any further information
as to why these are under selection. Methods detecting selection in relation to environmental
variables include 8am ada (Duruzet al, 2019) With these, loci that enable individuals to

be more greatly adapted to different climatic variables can be identified. For example, genes
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relating to wax secretion in Moroccan sheep and heat stress in Lidia cattle were found
associated with changes in precipitation and temperature respectiii2lyuzet al, 2019)
Finding loci relating to production traits is important for maintaining development of livestock
for greater yields and efficiencyhough, determining precise genetic functions underpinning
complex biological processes is incredibly difficult due pleiotropic effects, and that
phenotypes are often determined by numerous I@oyle, Li and Pritchard, 2017; Sella and
Barton, 2019; Barton, 2022)s such, genes under selection may not make immediate sense
in relation to livestock function$&senome wide association studies are frequently conducted
in livestock allowing alleles to be identified that account for greaféectsin a desired trait
(Sharmeet al., 2015; Saravanan, Panigradtial., 2022)

1.6. Domestic Water Buffalo

Asian water buffaloes (Gen@ibalu3 evolved across Eurassince divergencérom
their African counterpartsSyncerusapproximately & 8.5 million years ag¢Tanakeet al.,,
1996; MacEachern, McEwan and Goddard, 2009a; Bibi, 20&8ay, four species of extant
wild buffaloes (all endangered) are present comprising of the wild Asian water buifalo (
arnee in Northern India, TamaravB(mindorensi} on the Philippines, and two species of
Anoa (Mountain:B. quarlesi & Lowland: B. depressicornjson the Indonesian island of
Sulawesi. Two additional domestic species of buff@ldoubali¥can be found, both of which
were independently domesticated from the wild Asian water buffdlberiverine form (B.
bubalis bubalis was domesticated in the Indus valley, Northwestern India, approximately
6,000 years ago, while the swanfigrm (Bubalus bubalis carabanengsisas domesticated
4,000 years ago in Northern Thailafidumaret al, 2007; Wanget al, 2017) The two
domestic forms can be phenotypically (e.g., size, coat colour markings) and genetically
separated. The most prominedifferencebetweenriver and swamp buffakes is thathe two
speciesfeature different chromosomahumbers (riverine 2n = 24; swamp 2n = 23), with
swamp buffalo displaying a fusion event between chromosomes 2 and 3 in river buffalo
(Ulbrich & Fischer 1967; Fischer & Ulbrich 1968; lannuzzi 1998). Despite chromosomal
differences, river and swamp buffaloeafully capable of interbreedintp produce fertile
offspring(Colli, Milanesi, Vajanat al, 2018; Zhang, Colli and Barker, 202@ss than 5,000
wild Asian water buffaloes remain, 90% of which reside along wetlands habitats in Northern

India (Kauét al.,2019). Remnant populations may exist in Thailand, Cambodia, and Myanmatr,
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however the progenitor populations to the swamp buffalo may now be extinct (&taail.,
2019).

Domestic buffaloesaumber 200 million globally (FAO STAT). The distribution of
worldwide buffalo populations can be found in Figur8. River buffaloes account for three
guarters of total buffalo population, with10 million buffaloes found in India alone.€Thver
buffalo was domesticated primarily for dairy production as a vital source of nutrition and
energy for familiegColli, Milanesi, Vajan&t al, 2018; Zhang, Colli and Barker, 2020)e
historic rangeof the river buffalo stretches west across the Middle East and coastal
Mediterranean Europe&eachingltaly and Romaniaand with populations occurringround
wetlands areas(Colli, Milanesi, Vajanaet al, 2018; Zhang, Colli and Barker, 2020;
Wordsworthet al., 2021) River buffaloes have been further transported over the course of
the 20" century, spreading further into Europe, and exported to South America and Southeast
Asia (Colli, Milanesi, Vajanat al, 2018; Zhang, Colli and Barker, 202Bgw sporadic
populations are established in Africa. Swamp buffalo make up a smaller proportion as these
were primarily domesticated for draugfZhang, Colli and Barker, 202T0heir domestication
appears to occur in tandem with the spread of rice cultivation across Southeast Asia
(Setyaningsitet al., 2019; Sun, Wangt al., 2020) The bulk of swamp buffalo population
resides in China with their distribution spreading down through continental and islandic

Southeast Asia.

Despite the relatively small population size compared to cattle (1.5bn), domestic
buffaloes are an incredibly important livestock species for people across Southern Asia
(Mishraet al., 2015) Buffaloes are renowned for their environmental hardiness. Being native
to the tropics, they are inherently adapted to the local conditions through a combination of
physiological and behavioural traits. Most importantly, domestic buffaloes are productive
under high temperatures and humiditiéslarai and Haeeb, 2010; Yafetzl., 2020) Buffalo
skin is covered with a thick epidermis with high concentrations of meldhémai and Haeeb,
2010) This combination captures UV rays to prevent penetration and damage to lower tissues
(Marai and Haeeb, 2010However, their black coloration and poor sweating capabilities
make them vulnerable to heat stress from excessive exposure to sufiliginai and Haeeb,

2010) Buffaloesare adapted to mitigating heat stress by bathingreshwaterasa sebum
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excretion providesa protective layer against water and chemical absorpt{dfarai and

Haeeb, 2010)This explains their historical distributions surrounding wetlands areas.

Figure 13: Global distribution of domestic water buffaloeBlue #$ading indicates the
absolutenumber of domestic water buffaléound in each contry. Lighter blue indicges a
fewer number of buffaloewith darkerblueindicating a greater number of buffalodsumber
of buffaloes in the &y is given in log scale.Grey countries indicate countries with zero

domesticwater buffaloes or no data present.

Tropical environments host a great diversity of pathogenic organisms that buffaloes
are frequently exposed to via freshwater sources and rural environments. The ability to resist
pathogens is a major asset for buffaldbat are frequently observed to be less vulnerakde
diseasehan cattle (Cockrill, 1981; Villanue al,, 2018;Bertoniet al.,2020;Kamaruddiret
al., 2021) This is particularly noticeable for mastitis as river buffalo appear to have a lower
predisposition to infection due to longer, thicker teats with a narrower canal and tighter
sphincter than dairy cows (Bertoeti al., 2020. Consequently, this makes milk ejection more
difficult (Bertoniet al., 2020). Wallowing behaviour may also be an important defensive
mechanism against ectoparasites by disrupting their life cycles (Bedbral, 2020).
Livestock, including buffaloes, are common among marginal lands where reliable crop growth

is not possible. Here, buffaloes excel in extracting nutrients from unproductive environments
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due to differences in digestive system morphology and microbial composition in comparison

to cattle (Bertoniet al., 2020).

Thetraits outlined abovemake swamp buffalo gesilient species for draught, while
river buffalo maintain milk production as environmental quality declifierefore,buffaloes
areimportant assets for rural families across Southern Asia. Focusing on the river buffalo, this
domestic species provides a source of high energy milk for nutrition, an economic asset down
generations, and a buffer to times of crisg¢¢anda and Nakao, 2003; Hegde, 20B)ffalo
milk is rich in fat and protein with greater mineral and vitamin concentrations than cattle milk
(Guo and Hendricks, 2010)herefore, buffalo milk is energy dense which is ideal for these
rural communitiegGuo and Hendricks, 201@amilies use this milk for sustenance, however
in times of plentiful supply, buffalo milk provides an additional source of inodfaeda and
Nakao, 2003)Livestock are an important source of weaftarticularly for rural communities
as they are an asset that can be maintained down genera{idasda and Nakao, 2003
times of crises (e.g., droughts) buffaloes can be sold and traded in order to obtain more food
for families(Clingingsmith and Williamson, 2008; Venot, Reddy and Umapathy,.2D1i8)
KFa SR (2 odzZFFfrft2Sa o60SAy3a OFfftSR | %aiA Ay 3
O0NBSRa KI @S SI NYSR (Bil& Sulsfraryaid kalkar, 20@66f Hegol¢, 2042 f R Q
Kumaret al,, 2023)

Domestic buffales are traditionally farmed by small holding landowners. Buffaloes
are largely farmed in extensive or seextensive systems as farmers allow them to freely
graze upon common land or within crop rotatiof@hantalakhana & Skunmph999;Kumar
and Singh, 201 ®Bertoniet al.,2020. As a result, buffaloes have not been subject to intense
management and have few defined breeds in comparison to more abundant livestock species
(e.g. cows). In India, home to the river buffalo, there are 13 native breeds, yet most of the
buffalo populaton has been subject to admixture as 43% are classedyp®) with a further
39% classed as graded (crossbreed) (DHAD 2013). Swamp buffalo rarely feature defined
breeds, falling under a ubiquitous term of carabao. Instead, swamp buffaloes are frequently
classed by location (e.g., Chinese provinces). In theory, the lack of intense management
should provide buffaloes with high levels of genetic variation with scope to improve

productivity through genomic selection.
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Intensification of buffalo farming has yet to occur as few modern lagde farms
exist with more than 300 individuals. This is likely due to the establishment of more popular
and productive livestock species prior to the arrival of river buffaloesxdia land Pakistan,
river buffaloes display their capabilities as livestock. River buffaloes contribute 57% and 68%
respectively of the milk produced despite only composing of 36% and 50% of the bovine
populations(Murtaza, Pandya and Khan, 20 FAOSTATHowever, with average milk yields
of 1,000 ¢ 2,500 kg milk per305-day lactation period, river buffaloes fall short of the
productivity of commercial Western taurine cattle breeds (>5,00qQkgh Arendonk and
Liinamo, 2003; Oltenacu and Broom, 2010; Borghese, 20IRsgpite this, river buffaloes
have recently been incorporated into modern farming systems. This is often under the
assumptionthat the greater protein, fat, and mineral content of buffalo milk gives a higher
quality product than cattle. For example, ltaly farms highly productive Mediterranean
buffaloes as higlguality mozzarella can be produced from their m{i&icarelli, 2004;
Borghese, 2013River buffalo numbers are increasing due to theiportanceto India and
Pakistan an@dditionaluptake in other countri&hang, Colli and Barker, 2020) contrast,
swamp buffalo are in decline as their draught use is replaced by mechanitahang, Colli
and Barker, 2020)0utside of draught, swamp buffalo are not highly valued as livestock as
their smaller carcasses produce less meat, and their low milk yield (600kg) is not competitive
(Borghese, 2011Borghese and Moioli, 2016Yherefore, farmingenterprisesfocused on
swamp buffalo are rare. However, across China and Philippines, swamp buffalo are being
repurposed into meat and milk producers via assistance through crossbreeding with river

buffaloes(zhang, Colli and Barker, 2020)

Without demand on a commercial scale, research into domestic water buffaloes and
the generation of resources hdaggedcompared tohigh-profile livestock. In the field of
genetics, studies began evaluating the phylogenetic relationships between domestic
buffaloes, and various wild species in the late 1990s through mitochondrial haplotypes and
restriction fragment length polymorphisngBarkeret al.,1996;Tanakeet al,, 1996) Through
the 2000s, genetic research began quantifying the levels of diversity across buffaloes using
microsatellite markers and expanded exploration of their domestication origins with

mitochondrial DNAKiersteinet al., 2004; Leet al, 2007; Kumaet al, 2007;Kumaret al.,
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2007; Zhanget al, 2007) However, studies had not found their way into guiding future

management and development of buffaloes as livestock.

Around 2010, the NGS revolution came into effect and the generation of genomic
resources became accessible. For livestock, the production of SNP genotyping microarrays
underpinned the development of genomic selection programs. For cattle, the Illumina
BovhneSNP50 BeadChip featured approximately 54,000 SNPs and genotyped 24 individuals at
any one timgMatukumalliet al., 2009) Sheep and pigs both had arrays in 2009, while a goat
array was developed in 201Kijaset al,, 2009; Ramost al., 2009; TosseKloppet al., 2014)

High density SNP arrays are now available with the Illumina BovineHD Genotyping BeadChip
delivering more than 777,000 SNPs, though human genotyping arrays now exceed 4 million
SNPs(Verlouw et al., 2021) Alongside this development, increasing WGS of livestock is

continuously being undertaken revealing a wealth of information for genomic research.

For buffaloes, the introduction of genomic resources began with the formation of a
completed draft genome in 2017, before a high quality genavas developed year later
(J. L. Williamet al, 2017; Lowet al, 2019) The first commercial genotyping array for
buffaloes became available in 2017 featuring approximately 90,000 SNP m@dakeastino
et al, 2017) The production of this array enabled the formation of the first genomic selection
programs led mostly by Italian and Brazilian fafohes Camarget al, 2015; lamartineet al.,
2017; J. J. Liet al, 2018; Cesaranet al, 2021; L&zarcet al, 2021) Since then,
characterization of genomic resources across domestic buffaloes has begun to take place,
exploring levels of genetic diversity worldwide, their evolutionary history, and gene under
selection or those that are commercially relevgWanget al,, 2017; Colli, Milanesi, Vajana,
et al, 2018; Mokhbeet al., 2018, 2019; Fallalet al, 2020; Lucet al., 2020; Sun, Huangt
al., 2020; Sun, Shest al., 2020; Macciottaet al., 2021) The caveat though is that genomic
studies were biased towards the more commercially relevant river buffaloes, though recent
generation ofa swamp specific reference genome aM:S has givegenomic accessibility

to swamp buffaldlamartinoet al., 2017; Colli, Milanesi, Vajaret,al., 2018; Luet al., 2020)

The incorporation of genomic research into buffalo farming will aid in fulfilling their
potential as livestock. Physiological studies are developing greater milk prod(Ciifioet
al., 2002; Salari, Altomonte and Martini, 2013; Valsatal., 2014; Costat al., 2021; Eldawy
et al, 2021) meat production(Ekizet al, 2018; Guerrero Legarretat al, 2020) feed
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efficiency(Subhashchandra bost al., 2014; Negesse, Datt and Kundu, 2016; Shaha,
2018) reproductive succegBarile, 2005; Baruseét al, 2023; Navarujilloet al,, no date)
disease resilienc@ocatelliet al., 2013; Kauet al,, 2016; Catozat al,, 2017) and heat stress
(Petrocchi Jasinskt al., 2023)among others. Genomic studies in buffaloes will unearth the

genephenotype interactions behind these observations.

As climate change enacts its effects, average global temperatures will increase,
freshwater sources fluctuate, greater exposure to pathogenic organisms, and the reliable
growth of crops become unfeasible due to extremes in weathbese effectsvill threaten
livestock productivity meaning that livestock will either need to adapt, or farmers import new
breeds and species that already feature useful adaptations. Additionally, with a growing
human population and increasing demand for livestock\waatiproducts, farms will need to
become more efficient to increase output. Water buffalo may offer a timely contribution to
future food security. Their environmental resilience is a great asset in the face of climatic
instability with heat tolerance, dissa resistance, and nutrient conversion adaptations,
particularly in those areas where crop growth declines. Farmers in the Philippines are already
switching from crops to buffaloes due to extreme weather making crop farming unviable
(Escarchaet al, 2020) Any uptake in buffalo farming may require some adaptations or
breeding to increase production. Fortunately, buffaloes are unlikely to have undergone any
intensive selection and likely harbour high levels of genetic diversity. Initial evidence suggests
that there has been continual uptake in genetic variation in river buffaloes since
domestication through genetic exchange with wild buffal@dagarajan, Nimisha and Kumar,
2015) An abundance of diversity provides an ideal foundation to generate selection programs
and target breeding towards more productive buffaloes to make commercial farming of
buffaloes more competitive with already established species. Additional traitsasitdwer
methane emissions from buffaloes compared to cattle may contribute to minimizing GHG
contributions(Mendozaet al, 2020) Recent generation of genomic resources for domestic

buffaloes means thaie potential of buffaloes can now begin to be fully realized.

1.7. Thesis Aims

This thesis contributes to the growibgdy ofgenomiaesearch surrounding domestic

water buffalees The aims surround two general themes. Firstly, the demography of various
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domestic water buffalo populationsiisconstructed to understand thprocesses thashaped
currentpatterns ofgenetic variation. The second objective is to assesadaptive potential

of buffaloes This involvesdentifyinggeneselevantfor buffalo adaptation ananay be useful

for targets ofselectionfor future buffalo function. These aims were both completed using a
commercially available AxioM Buffalo Genotyping ArrayThis arrayis currently the most
accessible means to large scale population genomic data for buffaloes and is relevant to
developing new breeding management plans utilizing genomic selection. The output of this
thesis provides characterization of genetic resources for an unaeiesd livestock species

that is crucial for people across Southern Asia.

1.7.1.Demographic Processes

Quantifying genetic diversity within a unit and understanding variation across a spatial
structure is imperative to forming management plans for conservation and breed
development. Intricate genetic, environmental, and biological processes have shapedtcurr
genetic variation, and for livestock, this is further complicated by artificial processes under
human control. Elucidating patterns of divergence and gene flow within a livestock species
aid in understanding how patterns of genetic variation were depetl. Chaptes Two and
Three identiy the pattern of genetic variation across two commercially relevant breeds, the
murrah and Mediterranean riverine buffalogdue totheir great milk yield¢Borghese, 2005
Borghese, Chietta & Barile,2022). Here, differences in genetic variation are evaluated in
the context of recent formation of new populations. Chapter Two quantifies the levels of
genetic diversity of Mediterranean buffalo retained by two farms in United Kingdom since
importation from corinental Europe, whilst Chapter Three identifies this over global
populations of murrah buffalo. This will give indications into the levels of overall genetic
diversity retained and as such, give insights into their genetic health and potential
adaptability. Population structure analysis is then completed to determine the extent of
genetic differentiation across Mediterranean (Chapter Two) and murrah (Chapter Three)
populations before calculation ofeés used to reconstruct recent trends in diversity through
time. In Chapter Two, we know that UK farmers typically import buffaloes from two sources,
Romania and Italy. Therefore, we further explore their recent history through identity by

state, and ancdsy modelling for each farm, determining genetic proportions descended
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from each reference population. This work will help guide future management plans of

buffaloes in guiding where to import new individuals from.

Chapters Four and Five expand anedyacross a global dataset of domestic buffaloes
comprising both riverine and swamp species. SNP genotyping arrays suffer from two sources
of ascertainment bias; 1) selected SNPs are typically highly polymorphic in order to
differentiate betweenclosely relatedndividuals of the same population, thus distorting allele
frequency spectrums that do not represent normal standing genetic variation, and #) sub
populations not included in SNP selection will be underrepresented in genetic diversities as
specificpolymorphicSNPs to those populations are not included. In the buffalo genotyping
array used here, this ascertainment bias is exacerbated as swamp buffalo were not included
in SNP selection, which up until genetic evidence, was unclear whether river and swamp
buffalowere of the same species or not. Chapter Four therefore investigates how to handle
ascertainment bias, and more specifically, whether differences in genetic variation between
river and swamp buffaloes can be overcome using linkage disequilibrium prursimg. the
outcome of Chapter Four, deeper evolutionary relationships between river populations and
swamp buffalo are explored using Approximate Bayesian Computation (BB€&)gence
times, gene flow, and Nbackwards through time are calculatesing ABC modellintp
decipher the extent of differentiation between riverine and swamp buffaloes. Additionally,
times of migrations out of India were tested for riverine buffaloes that established core

historical populations in the Middle East and Europe.

1.7.2.Selection Signatures

Genomic selection is integral to maximizing productivity in livestock and conserving
important regions of the genome. The majority of selection studies in livestock identify
candidate genes for production traits, however with rapidly changing climatic ittonsl,
finding alleles linked to local adaptivity of environments is vital for ensuring livestock
populations remain phenotypically plastic, healthy, and productive. In Chapter Two, regions
under positive selection are identified using runs of homozygo@ROHs) in each UK
population. Genes found within these regions were identified for gene function, protein
interactions, prevalence within biological processes, and known quantitative trait loci (QTL)

associated. This gives indication into whether UK daffare genetically responding to
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modern farming systems. Adaptation to the UK was further assessed by identifying any genes
under positive selection in both populations using-BH. To assist with identifying
hitchhiking regions, average LD was calculated across the genome for eaclpiwé&tipn,

giving additional insights into potential genomic selection efficiency. Furthermore, LD
distributions were compared between UK populations to determine whether future potential
selection mechanisms were easily transferrable between populatidressame was done for
murrah populations in Chapter Three however, results were further filtered. The goal of this
chapter was to find evidence of rapid recent selection and adaptation to new environments.
Therefore, regions under selection were only stutliethey were unique to specific murrah
populations (established <100 years). Long haplotypic methods such as ROHsEHH XP
were used to identify hard selective sweeps, meanwhile softer selective sweeps were
identified using methods such as PCAdapt &fslam ada, linking selection to population
structure and environmental adaptation, respectively. This work will add new information
into genomic adaptability of buffaloes which would back up physiological studies. Finally, as
part of Chapter Five, regions of digence or balancing selection were identified that may
provide functional reasons as to how domestic buffaloes historically diverged to become

different species yet are fully capable of interbreeding.
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Demography & Selection in UK Water Buffalo

2.1. Abstract

A few thousand Mediterranean water buffalo occupy a small sector of the livestock
industry within the United Kingdom (UK). Despite living in the UK for around 60 years, public
awareness about the species remains ldirvis imperative to support small industries and
conserve genetic diversity across livestock, aiding in breed improvement whilst preserving
GKSANI 3SYySGAO KSFEOUK YR FRFELWGAGS LRGSYGAlf
diversity, their Europearancestry, and any genes under selection. Water buffalo were
sampled across two farms in the UK (RV_UK1 and RV_UK2) and genotyped using tH& Axiom
90K Buffalo SNP Genotyping Array, generating 63,603duiglty SNP markers after quality
control. High leels of genetic diversity were found in both UK populations with no significant
decline of genetic diversity in UK buffaloes since importation. In accordance, there was no
inbreeding in the UK populations and their divergence from Europe was low to moderate
Population structure was driven by Eastern (e.g., Romania) or Western (e.g., Italy) European
origins with UK buffaloes found closely associated to Italy. Discrepancies in ancestry between
the two UK populations appears due to genetic drift in RV_UKZ &utomozygosity (ROHS)
under selection in each population suggests alternative management of populations, likely
reflecting different intensities of each farm. Quantitative trait loci (QTLS) revealed an excess
of production traits in RV_UK1 in line wiin expanding modern farm needing to generate
high yielding buffalo. Meanwhile RV_UK2 feature an excess of milk associated QTLs under
selection which would be the classical expectation of dairy buffaloes. Selective sweeps
present in both UK populations fodrseveral genes related to immunity, milk production,
and thermoregulation which may indicate important regions to increasing production in

buffaloes or adaptation from exposure to a new environment and pathogenic community.
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2.2. Introduction

Domestic water buffalo are famed for their nutrient rich milk. However, they are a
little-known domestic species across the United Kingdom (UK). This is down to their local
rarity as the population size of water buffaloes in the UK is dwarfed by traditiBntish
livestock. Since 2013, the water buffalo population in Great Britain has declined 21.5% from
around 4,000 individuals to 3,000 (Figure 2.1). In comparison, there were 9.6 million cattle
recorded in 2022 (Department for Environment Food & Ruralisf 2022). Despite a decline
in the population size, a handful of ambitious British farmers aim to establish an economically
viable buffalo farming industry amongst the UK livestock landscape. To achieve this, water
buffaloes will be pushed towards moaelargescale farming (greater than 300 individuals)
to increase productivity, a farming intensity that is uncommon across global traditional

buffalo farming.
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4000 -

3000 -
Sex
2000 - Female
II Male
1000 -

0-

Number of Individuals

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Year

Figure2.1: Water buffalo population size in Great Britain from 2Q1222 for malegblue)
and femaleqred). Data provided by th8ritish Cattle Movement Servi@nd are correct as

of 02/05/2023. Data does not include Northern Ireland.

The Mediterranean water buffals the solebuffalo breed currentlyfound in the UK.
This breed falls under the river buffalBubalus bubalis buba)ispecies domesticated from
the wild Asian water buffaldBubalus arnegin India(Satish Kumaet al., 2007; Colli, Milanesi,

Vajana.et al., 2018) Mediterranean buffalo were historically found in the Campania region
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of Italy and Romanian areas surrounding the Danube River and Carpathian Mountains. River
buffalo from India likely reached the ancient Mesopotamia region across present day Middle
East around the ® Century by way of settlement of the Indian-2utt community
(Wordsworthet al, 2021) Migration through Saracen trading routes from th& Gentury

likely facilitated establishment of buffalo populations in Italy and Romania to become the
Mediterranean breed known todagColli, Milanesi, Vajan&t al, 2018; Wordswortfet al,,

2021) It does not appear that Mediterranean buffalo have undergone any historical
admixture, however there are reports that some crusaders returned to Europe with buffaloes
in the 12" and 13" centuries(Colli, Milanesi, Vajan&t al, 2018) Expansion and trade of
water buffaloes from their European origins into modern farming across Europe and UK has
mostly occurred since the second half of thé"ZDentury, albeit slowly and in low numbers.
With more than 400,000 buffalo, Italy features by far the strongest European industry as no
other countryin Europeharboursmore than 15,000 individual@Minervino et al,, 2020;
Cesaranet al,, 2021)

Mediterranean buffaloesare among the most productiveliary buffalo breeds
alongside the murrah and nilavi of India and Pakistan, respectively. These breeds produce,
on average, more than 2,0R9 of milk per 270 days of lactation with many elite individuals
producing over 5,000kd@3brghese2005). Most buffalo outside of intensively managed herds
produce less than 2,06Q of milk per 270 days of lactatioBdrghese 2005). Buffalo milk is
valued for the higher concentration of solids than cattle milk, particularly the great fat and
protein content(Guo and Hendricks, 2010)his results in buffalo milk being a source of high
energy content understating why river buffalo are popular and vital among the rural
communities in India and Pakistduo and Hendricks, 2010 Europe, these qualities
provide ideal coagulation properties for the production of high end luxury mozzarella cheese
(Costaet al., 2020) To a lesser extent, European buffaloes are used as a source of meat.
Buffalo meatcan provide greater health benefits than cattle owing to lower fat content,
cholesterol, myristic and palmitic acids whilst retaining similar protein leg@lserrero

Legarreteet al,, 2020; Di Stasio and Brugiapaglia, 2021)

The nutrient content of buffalo milk alone has not been enough for Mediterranean
buffaloes to become a widespread domestic species in Europe. Mediterranean buffalo persist

as the only breed in Europe (Bulgarian murrah being a crossbreed between Meditamrane

30



ChapterTwo

Demography and Selection in UK Water Buffalo

FYR AYLER2NISR YdzZNN} KO FyR tA1St& KIFI@SyQl dzyRS
species have (e.g., cattle and pigs). Mitochondrial analysis of river buffaloes shows a large
variation in haplotypes and lack of bottlene@atish Kumaet al., 2007; Nagarajan, Nimisha

and Kumar, 2015)Comparatively, taurine cattle have resided in Europe since shortly after

their domestication 10,000 years ago, and as such have become integrated into society across
Europe diversifying into more than 400 breg@®jaPereiraet al, 2006; Pitt, Sevanet al,,

2019) The result of this is that cattle can be successfully farmed across all environments in
Europe and commercial breeds have undergone intense selection to maximise yields
(Consortium, 2006; Soiet al, 2012) The Holstein Friesian cattle is widely regarded as the

most productive cattle breed. The milk producing capacity of Holstein cattle vastly exceeds
that of Mediterranean buffalo at an average 10,000kg of milk per 305 days of lactation,
enabling an econoroally cheaper production of milkHansen, 1999; Breider, 2019;

t AgOl @zZzalAzr . NI21T2ga1A YR {AlG120ajAttheseh nHnT
guantities of produce, it is of no surprise that Holstein cattle are globally farmed at an

industrial scale.

From a meat perspective, buffalo meat has struggled to become popular as poor
sensory characteristics make for unpleasant experience. Traditionally, buffalo meat was
harvested when culling old buffaloes which generates low quality meat that is alreadyaioug
and darker than cattle meat due to its healthier properties cafiierrero Legarretat al.,

2020; Di Stasio and Brugiapaglia, 202he use of optimized diets and low slaughter age can
generate meat more comparable to cattle, however lower growth rates and dressing
percentages makes an economically viable buffalo meat production difficult to maintain

(Guerrero Legarretat al, 2020; Di Stasio and Brugiapaglia, 2021)

The strength of the buffalo industry in Italy is therefore somewhat of an outlier in the
farming landscape of Mediterranean buffalo. The productivity of Italian buffaloes is not
maintained elsewhere as, for example, Mediterranean buffalo in Eastern Ewtipe
produce approximately 1,500kg or less nfiloroiaret al,, 2011; Matiutiet al., 2020; Pop&t
al,nodate}p LGt &dQa &adz00Saa Ay o0dzZFFLE2 FIENYAYD KU
including investment, organised breeding systems, availability of appropriate pastures,
surplus of milk quotas, and value of product, and is now being further improved through

genomic selectionBorghese 2005). Italian buffalo milk is valued for its use in producing high
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gualityMozzarella di Bufala Campacdiaeese, which has been recognised underRhetected
Designation of Origin (PDO) certificatig@ostaet al., 2020; Cesararet al., 2021) This
investment into quality buffalo milk in Italy means the milk is two to three times more
expensive than many other buffalo farming countri@sanuet al, 2019) Therefore, to
establish a thriving buffalo industry in the United Kingdom, British farmers will need to
replicate the success of Italian buffalo industry, producing a highly productive herd stock and

generae a valued product.

This chapter comprises of a genetic analysis of Mediterranean water buffaloes
sampled from two farms in the United Kingdom using the AX6M@O0K Buffalo SNP
Genotyping Arraylamartinoet al,, 2017) The study here aims to genetically characterise and
evaluate the current status of British buffaloes. To do so, the sampled faerescompared
to a range of European populations, including countries of historical origin in Europe
(represented by Italy and Romania), from two previous buffalo sty@le8i, Milanesi, Vajana,

et al, 2018; Noceet al,, 2021) The specific goals of this chapter are outlined as follows.

The first goal is to determine whether British buffaloes have lost any genetic diversity
since importation to the UK. Small populations are particularly vulnerable to loss of genetic
variation with following effects typically associated with reduced fitnasd increased in
health issuegLande, 1988; Pekkagd al., 2012, 2014)The contraction of a large population
under decline, or in the example of British buffaloes, migration of a newpsyploilation can
increase the chances of deleterious alleles becoming domir{ntiazis, Wayne and
Lohmueller, 2021)Within a large population, these alleles are often hidden in heterozygous
states at low frequencies with individuals showing no health r{§lekkalaet al, 2014;
Kyriazis, Wayne and Lohmueller, 202ih) small populations, rare deleterious alleles may
persist at greater frequency and individuals carrying these alleles are more likely to
reproduce Shifts in allele frequencies that enable tphisenomenonfall under the term of
genetic drift which can be exacerbated through genetic bottlen¢ciade, 1988; Broquet
al., 2010; Angset al., 2022) Small populations such as the establishment of British buffaloes
may be vulnerable to a genetic bottleneck or detrimental drift if they failed to capture enough
diversity from the original host population. Therefore, this study firstly aims to quartgy t

amount of genetic diversity present within British buffaloes and the extent of genetic
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differentiation from continental origin populations. The outcome of this allows inference into

the genetic health and potential adaptability of British buffaloes.

Secondly, the ancestral origins of British buffalaese determined. This goal seeks
to map out their recent history uncovering any shifts in historical population sizes and any
admixture from differing populations of Mediterranean buffaknalysingrends in effetive
population sizes back through time contributes to understanding if any major events have
impacted a species current genetic variatitande, 1988; Wang, 2005; Haeal, 2011)
This knowledge provides important contributions to thorough management plans for future
development of breed¢Lande, 1988; Wang, 2005; Haeal., 2011) Farmers are likely to
import new individuals from continental Europe to restock, expand, or develop their herds.
Importation without genetic knowledge has the potential to incorporate damaging admixture
into the population that can lead to genetic erosi¢Rege and Gibson, 2003; Lemyal.,
2018)

British buffaloes are potentially composed of a mixture of Italian and Romanian
buffaloes. Although buffaloes from these countries are defined under the Mediterranean
breed, populations within these countries have possibly been separated for much of their
time in Europe andthus experienced different recent evolutionary histories. Italian
Mediterranean buffaloes have undergone large scale development to increase productivity
to become among the best buffalo milk producers, whilst Romanian buffalo may exhibit
environmental adaptabnsto the cold climate of th&Carpathian Mountain rang@orghese,
2013b; Yafeet al,, 2020; Cesaraset al., 2021) UK farmers initially imported cheap buffaloes
from Eastern Europe to set up farms before importing from Italy to increase productivity
(Borghese, 2013bBubstantial admixture between buffaloes of these two countries may lead
to intermediate phenotypes that are neither as productive as Italian buffalo, or climate
resilientlike Romanian buffalgMartinezet al, 2012; Leroyet al., 2018) This admixture is
therefore harmful to successfalevelopment of farms and genetic analysis can identify any

areas of genetic erosion that should be mitigated.

Finally, the third goal is to identify any regions across the genome under selection in
each UK population that may be of importance for livestock function and preservation.
Selection may be subjected upon British buffaloes in relation to a new envirominent

developmental pressure by humans. Identification of selection here is achieved through
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analyses of long continuous homozygous genomic segments called runs of homozygosity
(ROHSs) and signatures of recent selective sweeps via cross population extended haplotype
homozygosity (XEEHH). Directional selection over time such as artificial selelgaas to the
preference ofa limited number osuperior individuals for breedin@eripolliet al., 2017) The
continual use of thesmdividualdeads to the inheritance of large identityy-descent regions

and a reduction in the diversity of haplotypes surrounding the target I¢gPesipolliet al.,

2017) When ROHs are present at the same location across many individuals within a
population, this suggests that the locus harbours important gdiResnbertonet al., 2012)
Therefore, significant genes found within ROMere identified in British buffaloes and
functional analysiconducted ROHanalysis targets longer tracts of the genonghorter
targets of selecton were identified via signatures of recent positive selection using an
extended haplotype methodStrongpositiveselectionon a locuscancausea sudden shift in
frequency of the preferred allele towards fixatiganbari and Simianer, 2014; Saravaatn

al., 2020) The speed at which this happens causes flanking DNA to also be selegted for
leaving a highly linked detectable segmé@anbari and Simianer, 2014; Saravaearal.,

2020) This form of signature infers recent selectionvasiation in the flanking DNA that is

not under selection will be generateda recombinationover time (Qanbari and Simianer,
2014; Saravanaet al., 2020) Therefore, detection of positive selection here is used to infer

recent adaptation of buffaloes to the UK.

2.3. Materials and Methods

2.3.1.Sample Collection & Daf@eneration

Water buffalo were sampled at two farms from théKUA total of 69 water buffalo
were sampled using nasal swabs in compliance with home office laws. Farm 1 (RV_UK1
hereafter) had 41 water buffalo sampled while 28 were sampled from farm 2 (RV_UK2
hereafter). The nasal swabs were transferred to Neogene WUlsample preparation and
genotyping using the Axiol Buffalo Genotyping Array featuring approximately 90,000 SNP

markers(lamartinoet al,, 2017)

The raw genotyped data was analysed in AXténalysis Suite Software v4.03. 68

out of the 69 buffalo samples passed quality control measures for calling genotypes. 75,679
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SNP genotypes were successfully called using quality control thresholds outliredzlers.1,

and exported in the PLINK v1.9 PED/MAP fori@aanget al,, 2015) The dataset underwent
further quality control in PLINK v1.9, tailoring the dataset to the requirements of each
analytical test. SNPs were aligned to the water buffalo reference genome UOA_WB 1
(RefSeq: GCF_003121395.1with nonautosomal SNPs and those with no known
chromosomal locations being removed. SNPs and individuals with a call rate greater than 0.95
were retained, with additional removal of founders, giving an initial PLINK v1.9 QC dataset of
63,603 SNPacross 65 individualsThis dataset was udefor runs of homozygosity analysis
(Section 2.3.5) as these tests are less sensitive than assodasaal tests (e.g. genorveide
associations) to sporadic incorrect genotypes that are cautiously removed through applying a
minor allele frequency (MAFiter (Meyermanset al, 2020) A MAF filter of 0.01 was then
applied producing a dataset of 60,990 SNPs. This dataset was used for linkage disequilibrium
(Section 2.3.3) and identHlyy-descent (Section 2.3.4) analysis of UK water buffalo.

Publicly available datasets containing European water buffalo populations were taken
from two published papers for comparison against UK buffalGedli, Milanesi, Vajanat al.,
2018; Noceet al., 2021) These populations cover several European countieasuring
multiple Mediterranean water buffalo populations and one Bulgarian murrah (Table 2.1).
Populations fromColliet al, (2018 andNoceet al, (2021 underwent the same quality
control process in PLINK v1.9 producing 46,888 and 61,766 SNPs respddtcelgt al.,
(2021 was merged with the UK buffalo dataset first, retaining 53,274 SNPs present in both
datasets. Due to losing increasingly more SNPs as more datasets were combined, this dataset
was used for detecting signatures of positive selection (Section 2.3.4) deforg merged
with Colliet al., (2018). 40,695 SNPs were shared across all three datasets. This shared dataset
was used for calculating genetic diversities, population structure, and gene flow (Section
2.3.2). Linkage disequilibrium pruning was conducted to generate independent markers to
avad overestimation of statistical values through multicollinearity effects via highly
correlated SNP&Vialomaneet al., 2018) The first SNP of every linked pair of markers was
removed using a sliding window approach of 50 SNPs, step size of 10 SNPs%hceahdtd
of 0.1. This gave a dataset comprisoi@,222 SNHF®r demographic analysis across European
buffaloes. To ensure robust results, the dataset was randomly split in two with the second

dataset used to results obtained in the first dataset.
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Table 2.1: European water buffalo populations used and display of locations of each

population, breed, sample sizes, and referenced studies.

Population ID  Country Region Breed Sample Reference
Size

RV_UK1 UK Somerset  Mediterranean 38

RV_UK2 UK Somerset 27

RV_ITA Italy Mediterranean 15 (Colli, Milanesi,
Vajanaget al,
2018)

RV_ROM_CL Romania 13

RV_BUL_VAR Bulgaria Varna Bulgarian Murrah 58 (Noceet al, 2021)

RV_GER_BOR Germany Born Mediterranean 28

RV_GER_JUT Juterbog 27

RV_GER_STA Stadland 26

RV_GER_WIE Wiesenburg 28

RV_HUN_CSA Hungary Cskvar 17

RV_HUN_FOL Foldes 19

RV_HUN_TIZ Tiszataj 19

RV_ROM_MEF Romania Mera 16

RV_ROM_SEC Sercaia 47

2.3.2.Genetic Diversities & Population Structure

Geneticdiversity was summarised usimpreeding coefficient (F), observeddHand
expected (i heterozygosityor eachpopulationin PLINK v1.9. Summaries (e.g., mean) and
analysis of genetic diversities was completed in R v4R Qore Team, 2018%ing custom R
scripts. A WeK Q-test was used to test for significant differences betweeyahid Hwithin
each population because of narormal data identified using the Shapiviilk test. A Kruskal

Wallis was used to test faignificant differences indbetween all populations.

Population structure across European buffaloes was assessed using several methods.
Pairwise population 4rvalues were calculated across the dataset using Arlequin v3.5.2.2
(Excoffier and Lischer, 2010yith a neighboumet network created inSplitsTree v4.14.4
(Huson and Bryant, 2006Major divisions between individuals were assessed avia
multidimensional scaling (MDS)alysisvia PLINKizA Ay 3 NI} ¢ | I YYAYy3IQa RAA
the dataset to 20 dimensions. Genetic clustering of individuals was done using ADMIXTURE
v1.3.0 testing for the ideal number of unique ancestral genetic clusters (K) across the dataset

(Alexander, Novembre and Lange, 200@alues of K from 1 to 20 were testedth five
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repeatsfor each value of KThe preferredvalue ofK wasidentified as thevalue with the

lowest estimated crossvalidation output. An AMOVA was used to further understand the
distribution of variation observed across individuals or populations within the dataset via
Arlequin. Treemix was used to detect the presence of gene flow between populations by
incrementally adding migrationseetween populations(Pickrell and Pritchard, 2012)ike
ADMIXTURE, this tests between a defined number of migrations (K) however, the ideal value
of K was selected when variation explained across the dataset exceeded 99.8% in accordance
with (Pickrell and Pritchard, 2012)alues of K were tested from 1 to 20.

2.3.3.Linkage Disequilibrium & Persistence of Phase

[ AY1F3S RA&SI|dzAf A0 NR dzY 2Awgscalcilafed Fetvedall2z ¥ t S
pairwise SNPs separated no more than 10Mbp from each other in each UK population. This
allowed calculation of the average linkage disequilibrium across the genome for identifying
candidates of selection and visualising the recennhdgraphic history of UK water buffalo.

All linkage disequilibrium analyses p#4tINK were completed in R with custom scripts.
Average genome linkage was calculated by grouping SNP pairs according to distance apart
into 50kbp bins up to 1Mbp and taking tmeean ¢ of each bin. This was then visualised in

the form of a decay curve showing mean and variance of linkage as the mean distance
between SNPs increased. The consistency of linkage disequilibrium in each UK population was
compared using persistence of phaséaBe refers to the assignment of alleles to maternal

and paternal chromosomes, while persistence of phase evaluates the order of alleles between
populations using linkage disequilibrium. Closely related populations will likely have higher
persisterte of phase making transferability of genomic predictions between these
populations easier(de Rooset al, 2008; Wanget al, 2013) Therefore, to calculate
LISNBAAGSYOS 2F LKIFaASsE tSIENER2YQa O2NNBf A2y
PLINK) between both UK populations using custom R scripts. SNPs were grouped into 50kbp

bins, and the mean and variance plotted.
2.3.4.Ancestry

Recent history of UK water buffalo was extracted with the following methods: i)

Identity-by-descent (IBD) evaluating the relationships between all UK individuatdiriRage
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values were used to calculate effective population sizg @fl UK populations over recent
history, and iii) the proportion of the genome relating to European ancestral populations was

computed for both UK populations.

IBD between all UK individuals was calculated in PLINK and summarised in R using
custom scriptsWelcK Q-testsifdue to nornormal data) were used to determine if there was
a statistical difference in IBD between UK populations, as well as testing IBD between vs
within populations. A network of IBD relationships between individuals greater than 10% was

producedusing network R packagButts, 2008)

Population trends over time were estimated usingfdllowingMokhberet al., (2019)
This was calculated usi@yed(1971)Ne equation (1) implemented through custom R scripts
that evaluates the averagé linkage values and distance, lmetween SNPs in Morgans.

Genetic distance was converted to physical distance assuming 1cM ~ 1Mb.

P P
R S L

oMU
A sample size correction was applied4asing equation (2) below where n represents
the number of haplotypes in the sample, arfdnust be greater than 0, and less than 1.
5 ¢ anoionf

)
SZ

PO

61 1 Q0o

Nahel

p
OHU
Lastly, generation (t) corresponding to distance (c) between SNPs was calculated using

equation (3).

600
Water buffaloes from Italy and Romania have been imported to the UK. Local Ancestry
in adMixed Populations (LAMP) was used to determine the proportions of the UK populations
genomes deriving from the two ancestral origins, represented by RV _ITA (Itaty), an

RV_ROM_CL (Roman{Bpranet al, 2012) Since ancestral populations were available, the
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LAMRANC algorithm was employed. As UK water buffalo were imported later in the second
half of the 20" century, the time since admixture was set to 8 generations, where 1
generation = 6 year@Mintoo et al., 2019) Admixture proportiongequired were estimated

by running ADMIXTURE for each UK population with RV_ITA and RV_ROM_CL when K = 2.
2.3.5.Runs of Homozygosity

Runs of Homozygosity (ROH) were identified in each UK population in PLINK under
consideration ofMeyermanset al (2020) Parameters used to identify ROHs are as follows:
minimum SNP density of 80kbp, maximum gap between SNPs being 1000kbp, maximum of
one heterozygous SNP, maximum of one missing SNP, and a ROH window threshold (defined
as hit rate of a SNP in all scanningdows) of 0.05. The minimum number of SNPs per ROH
[0 Ay SFOK LRLJz A2y gl a OFfOdz  G6SR dzaAy 3
percentage of false positive ROH (0.05 herggpresents the number of SNPsthre number
of individuals within he population, and het equals the mean average heterozygosity across

all SNP¢Lenczt al., 2007; Purfieleet al,, 2012)

o E Qe
e P MO
onvu
The minimum number of SNPs per ROH for each UK population resulted in 38 for
RV_UK1, and 36 for RV_UK2. ROH PLINK outputs were anaipsedetectRUNs package in
R (Biscarini et al, 2019etected ROHSs in each UK population were summarised using length,
total number, ROH inbreeding coefficienkff equation 5), number of ROH per class.
BYO 0'QeMo
%50 'Gat ¢ m@etno

L
As ROHSs can be large and contain many genes, identifying the exact genes under
selection is difficult. Therefore, a series of functional analyses were conducted to infer
biological relevance. The top 0.01 SNPs occurring within ROHs across each UK populatio
were retained as candidates of selection. Genes found close to these significant SNPs
underwent the following analyses. i) Gene ontology using G(Eitlanet al., 2009)was used

to identify any enriched biological pathways. ii) Protein interactions between genes were
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guantified using STRING (available at stdbgrg) to detect genes that had numerous and
strong interactions with other genes within ROHSs. Lastly, quantitative trait loci (QTLs) that
overlapped significant SNPs were identified. QTLs have not yet bemmsesdly identified for

water buffalo so instead, cattle QTLs that have been mapped to the water buffalo genome
were used(Nascimentcet al, 2021) These QTLs were identified frddos taurudJMD3.1.1
reference genomgRefSeq: GCF_000003055/66 CA aKSNDa SEIOG GSai
significant over and underrepresentation of each QTL class overlapping ROHs. The test

evaluated the relationship between QTLs in ROHs and total number of QTLs.
2.3.6.Signatures of Selection

Crosspopulation extended haplotype homozygosity {€RH) implemented in selscan
(Szpiech and Hernandez, 20%4s used to identify recent positive selective sweeps that have
occurred in UK buffaloes. X#HH is a bidirectional test that compares the strength of
selection between two populations. RV_GER_STA was chosen as the reference population
here due to its sintarity to UK buffaloes (see Section 2.4.2). RV_UK1, RV_UK2, and
RV_GER_STA were all phased in BeagléB&®&ning and Browning, 20Q&ach of the two
UK populations were then tested against RV_GER_STA uditdgtXénder default settings in
selscan. The results of X&MH were then standardized across the genome according to allele
frequency bins using the norm package in selscan.8NRs were ranked in descending order
according to the selection score and avgue generated. This-yalue was then converted
into negative log values, and a Manhattan plot was generated showing the strength of
positive selection across each UK population. The top 0.01 SNPs with the greatest negative
logio values in each test were chosen as candidates for selection for each UK buffalo
population.To reduce the risk of false positives, osélection signatures that occur in both
UK populations were retained and inferred as adaptations to the UK. Genes linked to SNPs

were reviewed to infer adaptations and livestock function.
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2.4. Results

2.4.1.Genetic Diversities

Observed heterozygosity across European river buffalo populations ranged between
0.368 (RV_HUN_TIZ) and 0.442 (RV_ROM_CL) with a mean of 0.398 (+0.019), as seen in Table
2.2. All populations featured a highep than H:(ranging from 0.33¢, 0.409; mean = 0.39
+0.019), though no significant differences were found. The greatev&lues were reflected
in the inbreeding coefficient, F, which was negative across all populat@i$8¢ -0.013),
thus indicating an absence of inbreeding. As expected, bothdpklations were among the
lowest Rbwith 0.392(+0157) and 0385(x0.174) for RV_UK1 and RV_UK?2, respectively. Both
Ho (.2 = 488.08, df = 13, p < 0.0001) and(H = 799.74, df = 13, p < 0.0001) significantly

differed across populations.

Table 2.2:Genetic diversities across European water buffalo populations= KDbserved

HeterozygosityH = Expected Heterozygosity, F = Inbreeding Coefficient.

Population Ho (£SD) He (xSD) F(xD)

RV_UK1 0.392+ 0.157 0.387+ 0.140 -0.013+ 0.049
RV_UK2 0.385+ 0174 0.371+ 0149 -0.038+ 0.086
RV_ITA 0.389+ 0182 0.378+ 0144 -0.028+ 0.056
RV_ROM_CL 0442+ 0214 0.383+ 0145 -0.168+ 0.184
RV_BUL VAR 0.420+ 0135 0409+ 0117 -0.026+ 0.046
RV_GER_BOR 0.404+ 0162 0.398+ 0136 -0.016+ 0.058
RV_GER_JUT 0.400+ 0184 0.358+ 0148 -0.120+ 0.099
RV_GER_STA 0.392+ 0167 0.387+ 0140 -0.015+ 0.082
RV_GER_WIE 0416+ 0172 0.394+ 0140 -0.058+ 0.054
RV_HUN_CSA 0.373+ 0186 0.364+ 0155 -0.027+ 0.073
RV_HUN_FOL 0.390+ 0191 0.361+ 0156 -0.081+ 0.063
RV_HUN_TIZ 0.368+0.191 0.339+ 0166 -0.087+ 0.078
RV_ROM_MER 0402+ 0172 0.395+ 0135 -0.017+ 0.080
RV_ROM_SEC 0.396+ 0166 0.377+ 0144 -0.051+ 0.046

2.4.2.Population Structure & Gene Flow

Relationships between populations was observed using a varietyetiiods. First,
pairwise krwas calculated between each populatiohhe nean Fkracross all pairwise
combinations was 0.08(&0.035 andranged between 0.008 (RV_HUN_GF HUN_FOL)
to 0.180 (RV_HUN_TtRV_GER_JUTThe neighbounet network summarisingdrresults
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can be seen in Figure 2.2. The network shows a clearVitest trend with Hungary and
Romanian populations featuring on an opposing end to the Western Italian population. Both
UK populations are placed closed to the Italian population, with RV_diKd QF009) sitting
more tightly than RV_UK24f= 0.061) to RV_ITA.

RV_GER_JUT

RV_ROM_SEC
RV_BUL_VAR

RV_HUN_TIZ
RV_UK2
RV_HUN_CSA
RV_HUN_FOL
RV_UK1
RV_ROM_MER RV_ITA

RV_GER_BOR RV GER STA
RV_ROM_CL Ry GER_WIE

Figure 2.2: &network showing relationships between European buffalo population. Network

produced using neighbouret method in SplitsTree4.

Following on from this, major variation across the dataset was extracted and lineated
using an MDS. The first three components are plotted in Figure 2.3. Component 1 captured
19.9% of variation across the dataset and featured an-B&st trend like Erresults.
Components 2 (14.1%) and 3 (10.3%) separated the Eastern populations in Bulgaria, Hungary,
and Romania. Again, like therFesults, RV_UK1 is almost indistinguishable to RV_ITA, with
RV_UK2 sitting nearby. Full breakdown of eigenvalues by eachooemipcan be found in
Table 3.2.

Attempts to define genetic clusters were done using ADMIXTURE (Figure 2.4). At K =
2, an EasWest split is also observed with both UK populations associated with RV_ITA. At
K=3, the Hungarian populations split from Eastern populations. Both UK populetinas

clustered with RV_ITA until K = 6 where RV_UK2 splits to form its own unique cluster. Cross
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validation revealed that the most efficient and preferred model was K = 20 whereby a lot of
intra-population variation is observed (e.g., RV_BUL_VAR, RV_ROM_SEC). At K = 20, RV_UK2
still presents a unique genetic cluster while RV_UK1 remains clustere@®WwitirA. AMOVA

results confirm that a large amount of variation is present within individuals as 93.57% of

variation is observed at this level (Table S2.3).
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Figure 2.3: Multidimensional scaling plot showgenetic structure acros&uropeanbuffalo
populationsfor axis 3. Component 1 captured 19.9% of total variation and separates
populations by an EastWest split. Component 2 (14.1%) and component 3 (10.3%)

separates Eastern European populations. FID = Family ID (i.e. population).
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Figure 2.4: Admixture plots showing European water buffalo population structure across
different values of K (2, 3, 6, and 20, respectively). K = 2 shows th&VEasEuropean split
between populations, K = 3 shows splitting of Hungarian populations Eastern cluster. At
K =6, RV_UK2 splits from Italian cluster, remaining unique in the most appropriate model of

K = 20 whereas RV_UK1 remains clustered with Italy throughout.
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Finally, the presence of migrations between populations was tested by adding nine
migration vectors to the tree involving animal movement between the majority of the
European populations. 99.8% of the variation across the dataset could be explained (Figure

2.5). UK populations had connections with Romanian and German populations.

RV_HUN_FOL

RV_HUN_CSA

RV_HUN_TIZ

RV_ROM_MER

RV-ROM_CL
RV_GER_BOR

RV_ITA

RV_UK2

RV_GER_STA

RV_BUL_VAR

T T T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Drift parameter

Figure 2.5: Treemix model explaining 99 @%ariation captured acrosbe dataset after the
addition of migration edgesNine migrations were found to be the magbpropriate model

involving almost all European populations.
2.4.3.Linkage Disequilibrium & Persistence of Phase

Linkage disequilibrium across the genome was summarised for both UK populations
and a decay curve plotted from up to 1Mb away from a SNP can be seen in Figure 2.6. Both
UK populations begin with approximately afvBlue of0.37for markers separated by 50kb.

The LD in both populations then declines with RV_UK1 declining at faster rate with bwer R
values at all points after 50kb indicating that RV_UK1 has a greater level of genetic diversity
than RV_UK2. Average€ Ralues appeared to asymptote a0.079 aml 0119 for SNPs
separated by 1Mb for RV_UK1 and RV_UK2 respectively.
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Figure 2.6: Linkage disequilibrium decay curve for UK populations. Both populations show
similar levels of average linkage away from a SNP with RV_UK1 showing less linkage at greater

distances than RV_UK2. FID = Family ID (i.e. population).

Since the average linkage in both UK populations is similar, persistence of phase was
used to determine if the pattern of linkage disequilibrium was consistent across both
populations (Figure 2.7). High values daRall distances would indicate that two populations
are near identical and therefore future genomic selection programmes would be highly
transferrable between populations, while lower values imply genetic separation of
populations due to different demogphic histories. Persistence of phaséegins at 0.482 at
50kb away from a SNP and finishes at 0.145 at 1Mb. These values are in line with results from
comparisons of different buffalo breedBenget al., 2019; Mokhbeet al., 2019) Therefore,

RV_UK1 and RV_UK2 are kept as separate populations for future analysis here.
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Figure 2.7: Persistence of phase between UK buffalo populations. UK populations do not show
high persistence of phase levels and instead the extent of differences of linkage patterns

across the genome are similar to that of between Iranian buffalo breeds.

2.4.4. Ancestry

The differences observed so far between RV_UK1 and RV_UK2 suggest that both
populations have not had identical recent histories. Therefore, genetic ancestry was assessed
using several methods. Mean proportional IBD was calculated for all pairs of Ukosiffal
IBD wassignificantly higher (W = 101743, p < 0.001) in RV_UK2 (mean = 0.103 +£0.124) than
RV_UK1 (mean = 0.035 £0.058). In addition to this, IBD was significantly great2®9a02,

p <0.001) within farms than between farms. These results are ctftk in the network
showing IBD > 0.1 between individuals produced in Figure 2.8. Each population mostly
separates from one another, and the relationships between individuals in RV_UK2 are

typically greater than between individuals in RV_UK1.

48



ChapterTwo
Demography and Selection in UK Water Buffalo

Figure 2.8: IBD network showing relationships (IBD > 10%) between UK buffalo individuals.
IBD is significantly greater in RV_UK2 than RV_UK1 and most individuals show relationships
within their respective farm. Points with no line attached feature an IBD1<to all other

individuals and appear unrelated. FID = Family ID (i.e. population).

Ne (Figure 2.9) follows the trend of differing recent histories between UK populations
as fom generation5 to 250, RV_UK1 features a greaterallall timepoints. RV_UK&tarts
at an N of 215 compared tan Ne of55 for RV_UK2After 250 generations ago, both UK
populations share similardNprobably as they converge into the same ancestral population.
RV_UK2 features an often seen edecreasing slope up until the present day whereas
wx P! YMQa O dektiiledn gedferdations 118zid 100, suggestsome influx of new

genetic diversity present in its history.

LAMRANC was used to determine the ancestral origins across each UK populations
genome. Each UK population was compared to RV_ITA and RV_ROM_CL, representing the
initial founding populations of European buffaloes in the East and West. Results of ancestry
across each chromosome for each UK population can be found in Figure 2.10. RV_UK1
displayed 80.5% RV_ITA ancestry, and 19.5% RV_ROM_CL, whereas RV_UK2 showed an
ancestry of 93.0% RV_ITA, and 7.0% RV_ROM_CL. Despite the differences in ancestry
proportions, egions of RV_ROM_CL in RV_UK2 occur in the same places as in RV_UK1
suggesting some form of shared historic ancestry. Interestingly, the ancestry here contrast

with prior results that suggest RV_UKL1 is more closely related to RV_ITA than RV_UK2.
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Therefore, due to the greater levels of IBD seen in RV_UK?2, it is speculated that the greater

RV_ITA ancestry in RV_UK2 is due to genetic drift and not true ancestry.
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Figure 2.9: Ntrend of UK populations over recent histoNs was calculated using Sved

(1971)equation as used iMokhberet al., (2019) FID = Family ID (i.e. population).

To back up this claim of genetic drift on RV_UKR@Q0 bootstrap replicates ofsf
(compared to RV_ITA and RV_ROM_CL) and avekagedirics were conductedRigures
2.4 ¢ 2.6). RV_UK24r(mean = 0.050; 0.046 0.062 95% CI) compared to RV_ivas
greater than RV_UK1 vs RV_[f#ean = 0.024; 0.02¢ 0.029 95% CWith no overlap of
distributions Meanwhile there isargeoverlap in krdistribution for RV_UK1 (mean = 0.070;
0.062¢ 0.077 95% CI) and RV_UK2 (mean = 0.067; @.@5977 95% CI) vs RV_ROM_CL.
Replicates of donreveal that RV_UKZ&x(mean = 0.159 £ 0.018) is significantly highg=
20933Q p < 0.001) than RV_UK1 (mean = 0.142 * 0.010). Therefore, due to i) greater IBD in
RV_UK?2, ii) smalleeM RV_UK2, iii) greaterdy and iv) greaterd&vs RV_ITA, it appears the
difference in ancestry results in the UK populations is potentially due to geneticirdrift
RV_UK2
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Figure 2.10: Karyotype plots showing ancalsproportions calculated in LAMRNCacross
chromosomesfor RV_UK1 (left) and RV_UK2 (rigli?prk blue areas indicate Romanian
ancestry while light blue indicates Italiaancestry Grey patchesndicate chromosonal

regions with missing data, i.e., no SNP markers present.
2.4.5.Runs of Homozygosity

Numerous ROHs were found across the genomes of both UK populations (Table 2.3).
RV_UK2 featured a nesignificantly higher (W = 506, p = 0.798pHwith a mean of 0.159+
0.070) comparedto 0.142 (x 0.041) forRV_UKL1. Hon was significantly correlated to
inbreeding (F) coefficient (Section 2.4.1) for both RV_UX10(1900, 49, 37= 12.548, p < 0.001)
and RV_UK24r 0.981, #725= 24.984, p < 0.001), showing that both statistics reflected one
another despite differing values and SNP subsets. Thegedength of ROHs were also Ron
significantly higher in RV_UK2 at 3.58Mbj5 (#5) compared to RV_UK1 average of 2.77Mbp
(x 3.13)RV_UK1 typically feated more shorter runs while RV_UK?2 haalincreased number
of long ROHsThough a chsquared test across average number of ROHs per class between
UK populations showed no significant over underrepresentation.¢ = 3.432, df = 4, p =
0.488). Comparing the sum of ROHSs versus the total number of ROHSs per individual, it is seen
that both UK populations lean towards a smaller effective population size and show a

presence of consanguineous mating (Figure S2.7).
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Table 2.3: ROH metrics across both UK populations.

POPULATION FroH ROH AVERAGE NUMBERR®H PER CLAGEB) PER INDIVIDUAL
MEAN
LENGTH
1-2 2-4 4-8 8-16 >16
RV_UK1 0.142 277 620 50.3 11.0 2.7 1.1
(£0.041) (¢ (#11.3)  (+9.6) (£4.4) (£2.7) (+1.9)
3.13)
RV_UK2 0.159 358 531 37.0 12.1 4.3 3.7
(£0.070) (¢ (£9.0) (£10.3)  (6.4) (£4.6) (£3.6)
5.15)

The persistence of reoccurring ROHs across a population indicates consistent regions
under selection that are eliminating genetic diversity. Toge 0.01 SNPs occurring in ROHs
across each UK population were identified as outliers and therefore potential candidates of
selection (Figure 2.11). The thresholds (proportion of individuals with ROH in a population)
for each population were 43.6% and 51.9%RY_UK1 and RV_UK2 respectivéfl genes
associated wittoutlier SNPs were identified in RV_UK1 acroésehions, whilst 128 genes
across 15 regions were found in RV_UKAL list of genes inferred as candidates of selection
can be found in Table S2.8.

Gene ontology revealed several enriched biological processes in each UK population
(Table 3.9). Three enriched biological pathways were found in RV_UK1 which were
GO0:2000564 Regulation of Cp@&sitive alphabeta TFcell proliferation, G0:0046328
Regulation of JNK cascade, and GO:0015824 Proline transport. Meanwhile, RV_UK2 gave 15
enriched pathways swounding metabolic activity (GO:0005986, GO:0006543, GO:0005985,
G0:0009312, GO:0006537, GO:0046351, GO:0042132, GO:0004359), muscular (GO:0016459,
G0:0003774G0:0030898), and signalling activity (GO:0007259, GO:0097696, GO:0014037).

Highly connected genes were identifiating STRING to reveal the interactions
between gene proteins in each UK population(53.5%)genes interacted with at least one
other genefound in outlier ROH¢between 18 interactions) in RV_UK1. Among these, a
highly connected clusteon chromosome Gs observedthat largely surrounds immune
responses and reproductive functioAP4B1(Adaptor Related Protein Complex 4 Subunit
Beta 1; BBUG6: 29,303,28329,313,751) encaek a subunit that contributes to targeting

proteins from the trangGolgi network to the endosomdysosomal systertEbrahimiFakhari
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et al, 2018) PHTF1(Putative Homeodomain Transcription Factor 1; BBU6: 29,448,577
29,530,219)is highly expressed in the testis and operatesthe cisGolgi network and
endoplasmic reticulum membran@yhenartet al., 2003) RSBNXRound Spermatid Basic
Protein 1; BBUG6: 29,403,113 29,446,217)is a testis-specifichistone demethylase that
modulates chromosome architectu(®. Wanget al, 2021) MAGI3(Membrane Associated
Guanylate Kinase, WW and PDZ Domain Containing 3; BBUG6: 29,5252901088,113)
protein acts as a scaffolding protein at eedlll junctions(Kotelevets and Chastre, 2021)
OLFML3(Olfactomedin Like 3; BBU6: 41,072,042 1,293,983) encodes an extracellular
matrix glycoprotein facilitahg protein-protein interactions, cell adhesions, and intercellular
interactions (Tomarev and Nakaya, 200BCL2L1§BCL2 Like 15; BBUG6: 29,5321,%26
29,328,426)meanwhile participates inregulaing cell death by controlling mitochondrial
outer membrane permeabilizatiofThanet al,, 2019; Miyai, Hendawy and Sato, 2023YT6
(Synaptotagmin 6; BBU6: 29,054,8§429,121,528) acts in synapse regulating neuronal

transmissionDe Leoret al., 2021)

93 (72.7%)enes had at least one interaction (betweei8 Interactions)n RV_UK2
Of the most connected genghiree small clusters of genesgere found The first of the three
clustersincluded genes of varying associationSBXW4(FBox and WD Repeat Domain
Containing 4; BBU23: 22,171,5022,254,838)nduces protein degradation andirsvolved
in normal limb developmen{Q. Hanret al., 2020) POLLDNA Polymerase Lambda; BBU23:
22,140,608; 22,149,066¥unctions in base excision repair and Rleomologous engoining
and is involved in DNA damage tolerarf@arciaDiazet al., 2005; Nemeet al., 2016) DPCD
(Deleted in Primary Ciliary Dyskinesia Homolog; BBU23: 22,1492X)371,083) is involved
in the generation and maintenance of ciliated céllee, 2013)OGA(O-GIcNAcase; BBU23:
22,330,809¢ 22,359,629) modifies cytoplasmic and nuclear proteassociated with
homeostasis(Zhanget al, 2014) BTRQBetaTransducin Repeat Containing E3 Ubiquitin
Protein Ligase; BBU23: 21,946,8312,120,070) is anbox protein involved in the Wnt/Beta

Catenin signalling pathwaiat is relevant to reproductive pathwayMareteet al., 2018)
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Figure 2.11: Manhattan plots showing tpeoportion that a SNRs found in a ROH for each
UK buffalo population. 0.0thresholds were 43.6%0r RV_UKA&nd 51.9% for RV_UK2. 101
genes associated with significant SNPs were identified in RV_UK1 across 17 regions, whilst

128 genes across 15 regions were found in RV. UK2

Second tuster includedERBB3ErbB2 Receptor Tyrosine Kinase 3; BBU4: 62,971,471
¢ 62,992,692)s an essential regulator of cell growfguyenet al., 2018) Also in this cluster
is multiple STAT (Signal Transducer and Activator of Transcription) genes that are a family of
transcription activators that are all involved in immune responses through theSTal
pathwayd + A€ £ I NAY 23 Y I Y. BPAT geyieR foim@ifi R\VS UK2 RGHS B 1)
(BBU2: 132,434,018132,474,613)STATZBBU4: 63,197,550 63,212,979) STAT4BBU2:
132,486,904; 132,623,372)STAT§BBU4: 63,946,07063,960,143)

The remaining laster is linked to the second cluster viaA2G4(Proliferation
Associated 2G4; BBU4: 62,993,6633,001,142) This gene@ncodes an RNBinding protein
that is involved in growth regulatioand has been shown to interact witARBB (Stevenson
et al, 2020) SUOXSulfite Oxidase; BBU4: 62,889,0662,893,453) protein is localised to
the intermembrane space of mitochondria and catalyzes the oxidation of sulfite to s(Ifate

et al,, 2021) MARSXMethionyHRNA Synthetase 1; BBU4: 64,301,863,329,569) encodes
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a component of multRNA synthetase complex that catalyses the ligation of methionine to
tRNA moleculegSyedet al, 2023) RPS2GRibosomal Protein S26; BBU4: 62,925,¢26
62,928,063) is a ribosomal protein componavith roles in ribosome assembly and protein
translation (Chen et al, 2021) and two unknown genes of XP_006054002.1, and
XP_006069518.1.

Numerous cattle QTLs overlapped with the candidate regions identified here. 249
QTLs were identified across RV_UK1 while 414 were identified in RV_UK2. The distribution of
QTL classes across significant R@H®ach populationcan be foundin (Figurs .10 &
S2.1D0 ® C Jexadt ®dIvas used to determine oveand underrepresentation of QTLs
found in each population (Tabled). Four of the six QTL classes were found to be significantly
over- or underrepresented in RV_UK1. Milk amgbroduction traits were underrepresented
with odds ratios (OR) of 0.538 and 0.522 respectively, while exterior (OR = 1.875) and
production (OR = 2.265) traits were overrepresented. In RV_UK2, milk (OR =1.231) traits were

overrepresented while productioOR = 0.513) QTLs were underrepresented.

Table Y CAaKSNNa 9EIFOG GSad NBadzZ Ga 2F ve[ Of
{AIAYATFTAOLI YU NBadzZ G§ax I FG§SN . 2)07S Ndi@optaied O2 NI
from Bos taurusUMD3.1.1 reference genome (RefSeq: GCF_000003055.6) that have been
mapped to water buffalo reference genoméOA WB 1 (RefSe@CF_003121395.by
Nascimenteet al (2021).Definitions and taits for each QTL class can be foundCaittle QTL

Database (animalgenome.org)

QTL Class Population  Total Number QTLs in Odds Ratio P-Value

of QTLs ROHs
Exterior RV_UK1 5329 49 1.875 0.000
RV_UK2 51 1.071 0.644
Health RV_UK1 1509 12 1.495 0.207
RV_UK2 10 0.727 0.404
Meat & Carcass RV_UK1 1376 9 1.216 0.572
RV_UK2 16 1.305 0.307
Milk RV_UK1 20830 77 0.53 0.000
RV_UK2 209 1.231 0.037
Production RV_UK1 6796 70 2.265 0.000
RV_UK2 34 0.513 0.000
Reproduction RV_UK1 10097 32 0.52 0.000
RV_UK2 94 1.043 0.721
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2.4.6.Signatures of Positive Selection

Recent adaptation to the UK by buffaloes was inferred through the detection of
positive selection. Each UK population was compared to the closely related RV_GER_STA
population and significant regions under positive selection in both UK populations was
consdered aspotential adaptations to UK. Six significant regions under positive selection
were present in both UK populatioasnounting to 24 gene@ able2.5). 43 significant regions
comprising of 213 geneagere found for RV_UKT1 in total while 47 regionth 255 genesvere
found in RV_UK2 (Tabl2.&).

Multiple genes were found on the region under selection on BEB1B7578102;
187861398) Of these, two geneSSLC37Aand PDE9Ahave been associated with milk traits
(Yanget al,, 2015; Ravest al,, 2016; Sanchezt al.,, 2021) SLC37A(Solute Carrier Family 37
Member 1)is a glucos&-phosphate antiporterwhile PDE9A(Phosphodiesterase 9A
hydrolyses the secondary messenger cGWBteraet al, 2010; Paret al, 2011) The
remaining genes appear to be associated with cellular processes and stress resDridé.
forms a complex wittMETTL10 exert its effects on a variety of cellular proces¢Rsiiz
Arroyoet al,, 2023) NDUFV3ncodes an accessory subunit of the mitochondrial respiratory
chain NADH dehydrogenase (Complex 1) which is involved in ATP prodi@&tierrerc
Castilloet al,, 2017) PKNOX{PBX/Knotted 1 Homeobox 1) is a transcription activator and is
a regulator of oxidative phosphorylation componen{Kanzleiter et al, 2014) CBS
(Cystathionine Bet&ynthase) is active in production of taurine which has cellular roles of
electrolyte balance, immune response, and antioxidant funcfi¢imouet al., 2017; Darangt
al., 2022) U2AF1(U2 Small Nuclear RNA Auxiliary Faclas Involved in mediation of RNA
splicing(Dutta et al., 2021) CRYAACrystallin Alpha A) is a members of heat shock protein
(HSP20) family and is a major structural protein in eye lefGGleancet al., 2022)

TUT7 (Terminal Uridylyl Transferase 7) &#AS1(Growth Arrest Specific 1) were
found under glection on BBU3142275429¢ 14253205). TUT7which is expressed in
macrophages impacts innate immune responses and shows antiviral fungorwsket
al., 2017) GASIs involvedin growth suppression by blocking entry of the cell cycle into S
phase(Martinelli and Fan, 2007CYLC2Cylicin 2).TRABD2BTraB Domain Containing 2B),
and CSNK1G@asein Kinase 1 Gammav&re under selection on BBU3, BBU6, and BBU9
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respectively. CYLC specifically expressed in testis and is part of the cytoskeletal calyx of
mammalian sperm headdlouet al, 2019) TRABD2Bnables Wnprotein binding activity

and metalloendopeptidase activity and therefore is involved in various regulatory pathways
(Grainger and Willert, 2018)CSNK1G®hosphorylates and conducts post translational

modifications of caseins in catt{Buitenhuiset al., 2016)

Table 25: Regions of genome under selection in both UK populations when compared to
RV_GER_STA, and associated gebest and end positions relate to positions on each
chromosome wher&NPsvithin (identified using XHEHH are under positive selectiorGenes
listed are those that are found within or overlapping the start and end positiShN& were

mapped to water buffalo reference genome UOA WB_1 (RefS€§: 003121395.1

Chromosome Chromosome Chromosome Genes
(BBU) StartPosition EndPosition
1 187578102 187861398 SLC37A1, PDE9A, WDR4, NDUFV3
PKNOX1, CBS, U2AF1, CRYAA
3 142275429 142532051 TUT7, GAS1
154753980 155514138 CYLC2
6 97852006 - TRABD2B
9 81392762 81472090 CSNK1G3
11 90784888 90819545 CLIPPDCD7UBAP1LKBTBD13,
RASL1SLC51BUTFMT, SPG21,
ANKDD1APTGERZXNDC16

BBU11 90784888¢ 90819545 provided a region under selection featuring multiple
genes akin to BBUL1. Genes found in this region were often associated with immunity,
inflammation among other body function€LIRCartilage Intermediate Layer Protein) is an
abundant protein in cartilage and is a mediator of extracellular matrix remodeliag
Nieuwenhovenet al,, 2017) PDCD{Programmed Cell Death 7) promotes apoptosis when
overexpressedGhafouriFard et al, 2022) UBAP1L(Ubiquitin Associated Protein 1 Like)
enables ubiquitin binding activity and mutations are linked to neurodegeneration mediated
by apoptosiqLinet al, 2019) KBTBD18Kelch Repeat and BTB Domain Containing 13) has
cytoskeletal regulation with implications gkeletal muscle morpholognd cardiomyopathy
(Gaoet al, 2020; de Winteet al., no date) RASL1ZRAS Like Family 12)ascytoplasmic
GTPase recruited to microtubules with varying cellular eff¢bisanaramaret al, 2020)
SLC51BSolute Carrier Family 51 Subunit Beta) is essential for intestinal bile acid absorption

and dietary lipid absorptioiiBallatoriet al., 2013) MTFMT(Mitochondrial MethionytRNA
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Formyltransferase) formylates methiom@NA infor mitochondrial protein synthesig¢La
Pianaet al, 2017) SPG21SPG21 Abhydrolase Domain Containing Maspardin) is involved in
repression of T cell activatiqZeitimannet al., 2001) ANKDD1A4Ankyrin Repeat and Death
Domain Containing 1A) plays a rolgumour suppressor in glioblastoma multiforme and is
tightly associated with T cell@haoet al., 2021) PTGER®Prostaglandin E Receptor )
expressed in the endometrium and is involved in tissue reffa&oet al, 2017) TXNDC16
(Thioredoxin Domain Containing li6)an endoplasmic reticulum luminal glycoprotéiarz

et al, 2014)

2.5. Discussion

The access of genomic data is greatly assisting the development of all major livestock
species through targeted artificial selectiiRothschild and Plastow, 2014; Georges, Charlier
and Hayes, 2019)Husbandry programmes are able to precisely target genomic regions
around desired traits while monitoring the genetic health of populatifidayeset al., 2009;

Jonas and Koning, 201%8lany commercial livestock breeds have already undergone rapid
genomic improvement in pursuit of greater livestock yields and as a result, they have lost
much of their genetic diversityMeuwissen, 2009; Eusebi, Martinez and Cortes, 2020)
However, those breeds and species that have yet to be subjected to intense selection may
have wealth of valuable genetic diversftylschewsky and Hinrichs, 202Cprrect utilisation

of this genetic diversity is key for retaining the adaptive potential of livestock whilst improving
productivity and resiliencéMeuwissen, 2009; Boettchest al,, 2015; Eusebi, Martinez and
Cortes, 2020)The study here evaluates the current standing genetic variation in UK water

buffaloes to aid initiation of incorporating genetic data into buffalo development.
2.5.1.Genetic Diversity, Population Structure & Gene Flow

Water buffaloes occur in low numbers in the UK compared to other livestock species
that may be problematic if their genetic effective population size also reflects this. Small
populations are susceptible to genetic bottlenecks, genetic drift and inbreetbpgession
leading to an increased chance of fixation of harmful deleterious a{Elasazis, Wayne and
Lohmueller, 2021)Positively, there was a high level af & 0.392 and 0.385 in RV_UK1 and
RV_UK2 respectively. Both UK farms largely reflected their continental counterparts in their

level of genetic diversity with only a marginal decline ¢ Hb was greater than Hand as a
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result there was no evidence to suggest any presence of inbreeding among the farms. Due to

their lack of inbreeding and a greater observed heterozygosity than expected, this suggests

an isolate breaking effect caused by recent influx of new genetic diygelikely through the

importation of buffaloes from different supopulationsé 2 | Kf dzy R wmétmay T ~y 2 ¢
2021; Kanakat al., 2023)

The extent of allelic differentiation between UK and European buffaloes was examined
through a series of populatiebhased test. Despite the high and similar levels of genetic
diversity across buffaloes, there was a moderate amount of differentiation atirestataset.
Fstresults gave a mean difference of 0.087 (Rand®@@B to 0.180). This level ofdris within
the range of breed differences in other European livestock species which range between
0.026 ¢ 0.068in Spanish cattlCafiasAlvarezet al, 2015) 0.014 ¢ 0.168 in Northern
European cattlgSchmidtmanret al., 2021) 0.013¢ 0.164in Italian goatgNicolosoet al,,

2015) 0.020¢ 0.201in Welsh sheefgBeynonet al., 2015) and0.085¢ 0.161 and0.088¢
0.202in European piggMunoz et al., 2019; Bovoet al, 2020) Therefore, it is likely that
buffalo populations across Europe have been separated for some time and divergence
between these suipopulations is possibly at or nearing breed level. An-Béesst structuring

is observed within European water buffaloes wiflangarian and Italian populations taking

up polar ends. The remaining populations take up positions between thesreet al., (2021)

notes that the Hungarian populations present a uniquely genetic group that may have had
less contact with outside populations. Therefore, isolation of these populations may have
allowed greater genetic drift leading to an increaseg Nevertheless, the result of the

network appears to show a gradient of genetic difference across Europe.

The split in buffalo populations in Europe likely represents their origins. Water
buffaloes reached Europe via Saracen trade routeg 8th centuries established between
the Middle East and Europg&/ordsworthetal., 2021yp 5dzS (2 &I G SNJ odzZFFI f
to wetlands such as wallowing and surviving of-lquality vegetation, wetland areas in Italy
and Romania facilitated buffalo rearing in Europe in areas where cattle could not {Brsist
la CruzCruzet al, 2014; Yaneet al, 2020; Wordsworttet al,, 2021) River buffaloes have
not been used for long distance trade like cattle or horses and as such, Eastern and Western
buffaloes probably did not share much historical interaction after their separation. Both UK

water buffalo populations sit tightly to thedlian population with low & scores (0.009 &
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0.061) showing that both populations descend from lItalian sto€kss resultwas similarly
shown in theMDS analysiasEastern and Western populatiomgere separded with German
populations falling between. Again, UK buffaloes sit tightly with Italian individuals, although

in both lstand MDS, RV_UK2 shows greater deviance.

Following on from this, clustering of genetically similar populations and the presence
of gene flow was tested for. Admixture clustering analysis again displayed théVeéassplit
at K = 2. RV_UK1 remains clustered with RV_ITA throughout the analysisiméxpectedly
RV_UK2 separates to form its own cluster that is retained to the final nfiideR(. The final
admixture model featured the identification of clusters within populations and an abundance
of variation across the dataset. AMOVA results show that this is due to the overwhelming
majority of variation being present within individuals which is expected ttuthe use of
commonly polymorphic SNPs in arrays skewing the allele frequency distribution towards
variants with average higher minimum allele frequenc{eachance and Tishkoff, 2013;

Malomaneet al., 2018; QuinteCortéset al., 2018)

The abundance of variation across individuals can also be explained by migration
between populations preventing a clear distinguished structuriag. unrooted tree for
Treemix was used hegss it is known that all European buffalo originally descend from India,
therefore no outgroup is neede(Colli, Milanesi, Vajana&t al, 2018) Whilst the unrooted
GNBES R2SayQi RSGSNNYAYS S@2ftdziAzyl NBE 2NRSNJ
surrounding the relationships between the populatiofiseemix results showed numerous
migration connections (K = 9) between populations with the majority involving populations
featuring excess observed heterozygosity. UK populations again sit close to lItaly in the
topology of the outputted tree. Migration egks between UK and European populations occur
with German and Romanian populations fitting with prior importation of Romanian buffalo
(Borghese, 2013b)This abundance of variation across European buffaloes and numerous
migrations could potentially be explained by the lack of a breed system in European buffaloes.
Other European domestic species feature a large number of breeds with little crossbreeding
enabling the retention of unique characteristics (Community Based Management of Animal
Genetic Resources, 2001). Meanwhile, Mediterranean water buffaloes are largely the only

breed available in Europe, except for the Bulgarian murrah which is a crossheteeeln
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Mediterranean and murrah breeds. Therefore, farmers may obtain new individuals from

various populations as phenotypically, buffaloes across Europe appear largely the same.
2.5.2.Linkage Disequilibrium & Ancestry

The patterns of nomandom association between alleles at different loci across the
genome can be used to deduce the evolutionary history of populations via linkage
disequilibrium(Slatkin, 2008) Both UK populations showed similar levels of linkage with
RV_UK1 descending to a slightly lower level at 1Mb than RV_UK2 indicating a marginally
greater amount of genetic diversity in line with heterozygosity results. Average linkage in UK
buffaloes wassimilar to other buffalo populations, again indicating that there has been no
dramatic change in genetic diversiipenget al, 2019; Mokhbert al., 2019) Despite the
similarity in linkage decay between both populations, persistence of phase indicated
substantial differences in the linkage pattern across the genome of both populations. Results
showed a similar level of difference as comparisons betweandnabreeds indicating that
genomic selection schemes upon one UK farm may not transferrable to ditleidhberet
al., 2019) Starting at ¥ < 0.5 at 50kbp between UK buffalo (within breed) is lower than
between breed estimates for other livestock speckes: example, correlations of r (at 50kbp)
between HolsteirFriesian, Jersey, and Angus cattle has been fotéirdit6(de Roost al,,

2008) r° > 0.8 between Hereford and Bradford cat(Biegelmeyeret al., 2016) r> > 0.6
between Spanish breed€afiasAlvarezet al., 2016) r2 > 0.7 between Yorkshire, Landrace,
and Duroc pig breedéGrossiet al, 2017) and ¢ > 0.5 between Sunite, German mutton

merino, and dorper sheefZhaoet al.,, 2014)

The recent Nin UK buffaloes was estimated from their linkage disequilibriugn. N
between UK buffaloes diverge from 250 generations ago to present, suggesting shared
ancestry before this poinReproductive age remains highly variable in buffaloes due to issues
such as delayed maturityherefore the majority of calving occurs arai5/6 years (Ingawale
& Dhoble 2004Ibrahim 2012Borghese, Chiariotti and Barile, 202d¥ing a generation time
of six years, this suggests a divergence starting ~1,250 years ago (~{dMin@ie) et al,,

2019) This falls in line with expansion of buffalo across Middle East and Europe via the
SaracengWordsworth et al, 2021) From 250 generations ago to the present, RV_UK2

presents a continually diminishing trend suggesting isolation of the population which over
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time will lead to greater vulnerability of genetic drift and inbreeding depres@iekkalaet

al.,, 2012; Angset al., 2022) At the most recent estimate of three generations ago, RV_UK2
has an Nof 55. An Nbelow 50 is typically considered as endangered and can lead to declining
fitness within the populatiorfTaberletet al., 2008; Kristenseet al,, 2015) However, RV_UK2

is a small farm and the ratio between Bind census size {Ngreatly favours Nsuggesting

high variation within the population in line with genetic diversity results. Any -tenq
isolation of this population can be easily managed with addition of unrelated individuals from
other farms as the breewide N of Mediterranean buffalo is likely much great@ngstet

al., 2022) Meanwhile, RV_UK1eMid not seem to decline until about 40 generations ago
suggesting a maintenance of genetic diversity or potentially some influx near the point for the
Ne estimate showing a bump in the trend. It is known that RV_UK1 is an expanding farm and
that is regularly obtaining new individuals from Italy. The high genetic diversity and increased
Ne suggests that RV_UK1 may be a suitable population where selection intensity can increase
without threatening putting at risk the populations genetiversity and adaptive potential
(Hayeset al, 2008; Rexroad and Vallejo, 200%pollowing implementation of selection
programme and stability déreeding herd, it would be expected that Neclines in the near
future as fewer lineages with favourable traits are selected(Riegelmeyeret al., 2016;
Makanjuolaet al., 2020) The differences in dwvere reflected in IBD as RV_UK2 featured
significantly higher IBD than RV_UK1. Like population structure results,-ANEBhowed
strong Italian ancestry within UK buffaloes, however differences in ancestry proportions,
unique clustering of RV_UK2, and gmaller Nsuggest genetic drift is present within this

population.
2.5.3.Runs of Homozygosity and Candidate Genes of Selection

RV_UK?2 featured a greatekdrnand longer ROHs on average compared to RV_UK1
following expectations from linkage disequilibrium results, however these statistics were non
significant.Fronvalues of 0.142 an@.159for UK buffaloes were similar te:érvalues across
European buffaloes fitting that UK buffaloes have not lost genetic divéidagciottaet al,,

2021; Nocestal, 20210 Ly O2YLI NAY3I Wadzy 2F whl aQ F3IFAy
populations sat to the upper right of x =y line indicating some presence of consanguineous

breeding and leaning towards a smaller effective population size. This occurs in livestock
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species as breeding of individuals is biased towards the small number individuals with the
greatest preferred traitgKirinet al, 2010; Purfiellket al> H A MH T CHENRYIS |1 2 OA 0
Peripolliet al,, 2017)

Generation by generation, genetic diversity is generated through new mutations and
distributed in a population via recombination during meiosis as individuals reprdtiicght,
2005; Webster and Hurst, 2012; Ardedlen and Simchen, 2019he expectation from this
observation would be that genetic variation is randomly distributed across the genome. ROHs
go against thisas positive selectiopreserves long stretches of the genome without any
genetic variationQuilezet al., 2011; Bosset al,, 2012; Kelleet al,, 2012; Pembertort al.,
2012) The presence of selection on these regions implies that the underlying functions are
important for that population or species in questidReripolliet al., 2017; Rebelato and
Caetano, 2018)Candidates of selection within significant ROHs were identified in both UK
populations, giving 17 and 15 ROH regions in RV_UK1 and RV_UK2 featuring 101 and 128
genes. Functional analysis of these genes showed that there was greater connectivity among
geres in RV_UK2 than RV_UK1 in both prefemtein interactions, and gene ontology. From
Ne analysis, RV_UK2 appears to have a more isolated population and therefore a possibly
more stable genomic landscape. The absence of new genetic diversity will lethe to
retention of ROHs within the population, which is beneficial when ROHs surround targets of

selection.

With new genetic diversity in the population, ROHSs in regions without shared ancestry
will be broken down due to the presence of different alleles. Admixed populations typically
feature low levels of ROHSs through influx of genetic variation from the nepulption in
regions that were previously homozygous, which may disrupt targets of sel¢Ciadrallo®t
al., 2018; Szpiecht al,, 2019; Yoshidat al., 2020) Although not an admixed population in
terms of crossbreeding, RV_UK1 has obtained individuals from different farms which to some
extent may berom different subpopulations. As such, different sources of genetic diversity
may disrupt interacting ROHs. Over time, more targets of selection may be revealed as
unneeded genetic variation is filtered out. QTL results surprisingly show that milk QTLs are
underrepresented in RV_UK1 whilst production and exterior based traits are
overrepresented. Mediterranean buffaloes are farmed for the highly nutritious milk that is

rich in fat and protein for mozzarella and as such, the quality of the milk is alreadyWérar
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0 dzF F I £ 2 S dsthat B&iranylkFyleltishre lower than that of commercial cattle. Thus,
increased selection on productidrased traits mayncrease growth rates of buffaloes and

yields in order to become economically viable in comparison to commercial cattle farms.

In addition to identifying candidate genes in ROHs, genes under recent positive
selection were detected. Populations introduced to new environmental conditions can be
subjected to new selective pressures and undergo rapid adapté§@ambari and Simianer,
2014; Pitt, Brufordet al,, 2019) This often occurs through positive selection whereby the
favourable allele rapidly nears fixation across the population and in doing so, causes near
fixation of flanking genomic regions, leaving a detectable signature through long haplotypes
(Sabetiet al., 2006; Qanbari and Simianer, 2014PEHH was used to detect recent positive
selection in UK buffalodsy testing against Mediterranean buffalgpopulation from outside
of the UK The logic here being that thariation across thgenome will beconsistentexcept
for those regions under selectiomhere allele frequencies will near fixation in offabetiet
al., 2007) Signatures of positive selection found in both UK populations were inferred as
potential candidates of UK adaptation. Six regions totalling 24 genes (Tapleeze found
under selection in both populations. Functions behind these genes often fell into a number
of reoccurring categories of whicincluded milk production, immune pathways and
antioxidant functions among othergshese functions are biologically relevant to buffaloes due

to their dairy and immunity traits.

Several candidate genes under selection were associated with milk traits, such as milk
production or associated with mammary tissues. As primarily a dairy livestock species, this is
to be expected as farmers select for the most productive individuals vihicthn leads to an
underlying selective pressure upon genes involved in milk production although these
candidate genes may indicate recent changes in milk production as you would expect historic
selection of milk associated genes would be close to Gratind therefore, ability to detect
selection using long range methods have reduced po{@abetiet al, 2007; Hayeet al.,

2008) In the ROH gene cluster in RV_UBQIl.2L16as been found to increase in expression

in mammary tissue during lactation in sheep compared to pregnancy suggesting a role in
maintaining milk secretory cells and milk production, whilst in goats, depletiddCaf2L15
reduced endometrial receptivity through activation 8TATnd STATdathways(Patenet

al.,, 2015; Yanet al., 2020)
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TheBTREandidate of selection in RV_UK2 is associated with milk production across
a number of cattle breeds. Across Holstein and Jersey dairy cattle, this gene was associated
with milk production traits and within a highly significant fat kg (Raveret al., 2016) BTRC
functions within the Wnt-catenin signalling pathway and indirectly activates nuclear factor
kappaB (NFkB) which is relevant in mammary development and pregndRaywenet al.,
2016) This gene was also found to be significantly associated with udder morphology in
Holstein, Montbeliarde, and Normand#airy cattle, and present in ROHs acrbkdstein
Friesian(Redand-White variety), WhiteBacked, Polish ReahdWhite and Polish black and
white and attributed to mammary gland developme(Mareteetal> Hnmy Tet@ll YI {2 Ol
2019) BTRGas also been found associated with body size and leg conformation in Brown
Swiss cattle and is known to be behind sphind and foot malformationgvan den Bergt
al.,, 2014; Fang and Pausch, 201®)ERBB3ve see a gene involved in regulation of cell
proliferation and differentiation, therefore has a wide range of biological effdeRBB®as
been found to be a crucial in proliferation of the alveolar mammary epithelial cells in clinical
mice trials and its function through the PI3K/Akt pathway supports and regulates milk
production (Ollieret al,, 2007; Let al, 2016; M. M. Williamet al, 2017) PA2G4similarly
regulates cell proliferation and differentiation and interacts WwiERBB3o enact its function
(Ollieret al., 2007; Stevensoet al., 2020; Alan Harrist al,, 2023) RPS26as been associated
with fat yield in Brazilian buffaloes milk and decreased expression during lactation in sheep

(de Camarget al,, 2015; Wangt al., 2020)

Further milk associated genes were found in theBXH results shared in both UK
populations. SLC37AZfeatures increasedexpresson in the bovine mammary glandasnd
associated with milk yield, composition, mineral content, somatic cell s(®agenet al.,

2016; M. M. Williamst al., 2017; lunget al,, 2019; Sanchea al., 2021) This gene along with
PDE9AN the same selection signature has been shown to be under positive selection in
murrah buffalo(Tyagiet al., 2021) This region may be retained in Mediterranean buffalo
since domestication in India or these genes are important for greater milk production as
murrah,and Mediterranean buffalo are the two most productive river bregd8.SXGrowth
Arrest Specific 1), is involved with growth suppression by blocking entry of the cell cycle into
S phaseGASlhas been shown to be linked to mammary gland development, alpha casein

synthesis, and is a candidate gene for mast{iaderiet al, 2018; N. Songet al, 2022)
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CSNK1GBhosphorylates and conducts post translational modifications of caseins in cattle
(Buitenhuiset al., 2016) Phosphorylation of such caseins is important for calcium inamnitk
CSNK1GRBas been suggested as a candidate gene behind economic focus on protein yields in
cattle milk (Bijl et al, 2014; Kim, Sonstegard and Rothschild, 2038 C51BSolute Carrier
Family 51 Subunit Beta) is essential for intestinal bile acid absorption and dietary lipid
absorption(Ballatoriet al., 2013) Expressionf this gene is significantly associated with lipid
droplet area and inflammation it is highly likely linked to bovine milk fatty acid composition
(Gebreyesust al., 2019; HerreraVlarcoset al., 2022) PTGER@rostaglandin E Receptor 2)

is a metabolite of arachidonic acid and has different biological activities in a wide range of
tissues.PTGERDB expressedn the endometrium and contributes to endometrial growth in

cattle, therefore important in pregnancy (Atli et al., 2010; Gao et al., 2017).

A host of genes relating to immune and inflammatory responses were found under
selection in UK buffaloes. In RV_UK1, the ROH found on chromosome 6 was additionally found
under positive selection in river buffalo that largely comprised of Italian Mediteaa(Sun,
Shen.et al, 2020) Notably the overlapping genes wefd*4B1PHTFInd BCL2L15Whilst
PHTFEandBCL2L1Kave been linked with general immunity and apoptotic functiohB4B1
is associated with Bovineesukaemia/irus in Holstein cows. This genas been found to be
involved in activation of nuclear factor kappa B (NFKB) and becoming highly expressed in B
lymphocytes upon stimulatioriBrymet al, 2016; LobeAlves, de Oliveira and Pettler,

2019) This selection signature in RV_UK1 is therefore most likely derived from its original
Italian population and has so far been maintained. Mediterranean buffalo directly contributed
approximately 700 million Euros to the Italian economy and any prevalehaefectious
diseases in buffalo can contribute to significant economic losses through reduced yields,
culling, and a decrease in market value of rfNklanuevaet al., 2018; Chironet al,, 2022;
Vecchicet al,, no date) The Italian buffalo industry has invested in improving Mediterranean
0dzFFlI £t 25SaQ KSIFIfUK FYR YAf] @ASftRa UGKNRIAKEI
optimization, and genomic selectigBiffani, Gomez and Cesarani, 2021; Cesataali, 2021;
Salzancet al, 2021, 2023; Gowane and Vohra, 2022; Vecetial, no date) Underlying
selection in immunity genes contribute to resistance of disease outbreaks that occur on large
farms. In the case obvine herpesvirus 2which Italian buffalo can contract, there is an

absence of rapid disease spread to all individuals appear to suggest some form of innate
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immunity within herdgRozins and Day, 2016; Amoroso, Galiero and Fusco, 2017; Frrara
al., 2023) Therefore, maintenance of selection signatures like this may be of importance in
UK buffalo in developing resistant largeale farmsRSBN,IMAGI3 andOLFMa3are further
found within this selection signature and associated with immune functions. Chromatin
remodelling geneRSBN1s upregulated upon infection with Type 1 PRRSV strains and is a
target of HIV1 (Kaminsket al., 2016; Crisaet al., 2020) MAGI3features links to immunity
through ATK3 gene and interactions with Humastell leukaemiavirus type 1 Tax
oncoprotein(Ohashiet al., 2004; Farmanullabkt al, 2020) While OLFM3s associated with
microglia functiongNeidertet al,, 2018; Chemt al,, 2020; Toedebuscét al,, 2021)

Regarding RV_UK2 ROHX)LLappears linked to reduced-&ll diversity and
prevalence in deficient mice an®PCDis upregulated during ciliogenesigee, 2013;
Ovsyannikoveet al, 2016) Four STAT genes were found within RV_UK2 R&JAS. genes
are a family of transcription activatotisat operate through the cytokine stimulated JAK/STAT
pathway. This pathway can regulate cellular processes such as growth, proliferation,
differentiation, and apoptosis but is prominently involved immune responsé€Villarino,
YEYY2 YR hQ{KSIX wnmtTT hgSyedal 200PSTAFHE ¢ | yF
involved in regulation of cell growth, tumour inhibition and regulation of the immune system
(Owen, Brockwell and Parker, 2019; &tual,, 2021) Reduced or loss of function 8TAT1
increases susceptibility to pathogenic diseases of all Kiddst al., 2021) In buffaloesSTAT1
has been found to be 99% identicalBos taurusand is expressed mostly in the lymph tissues.
Further expression is found in the mammary tissues leadin§TtAT being described as a
candidate gene for milk production traif®enget al., 2015, 2016) This follows the same
trend seen in cattle as variants surround®gAThave been associated with a variety of milk
traits in Holstein, Jersey, Brown Swiss, and Czech Fleckvieh(Gabanoglwet al., 2006;
Askarietal> H A mo T eval,QKLE; Ozgen@bbanogiial, 2016; Pegolet al., 2016)
Additionally,STAT Inay regulate the endometrium during pregnancy in cafidcksoret al.,

2022) Interferon pathways involvin§TAT &re upregulated during pregnancy and associated
with lower conception rates in cattle under heat strd€&atozziet al, 2020) One study in
buffaloes showed that almost all buffalo cows that stopped reproducing, and therefore,
stopped producing milk showed moderate to severe endometriosis, a disease which increases

growth of the endometriun{Salzanet al., 2020) Although unclear as to ho®TATelated
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pathways may be involved in endometrio@ttouet al., 2022; Park and Han, 202Zhe other
STAT genes found within RV_UK2 ROHs B@®T2STAT4and STAT6STATZorms a
complex withSTATX&nd operates within its immune response, grdlammatory, and anti
tumour pathways whil&STAT4mmune response involves T cell activat{ghllarino, Kanno
FYR hQ{KSIZ HnanmTT hgSys etadlR@])ASoughinvofedint I NJ SN
immune responseSTAT®as been found within ROHSs of Iranian buffalo and under selection
within Brazilian murrah buffaloes and is thought to increase resilience of buffalo cows to
negative energy balandg&horeishifaret al., 2020; de Araujo Netet al., 2022) This occurs
when energy expenditure of an individual is greater than its intake and dairy cows are
susceptible after giving birth causes detrimental effects to their health and milk production

(Mozduri, Bakhtiarizadeh and Salehi, 2018)

Several genes involved in immune response were found under positive selection in
both UK populationsTUT7is expressed in macrophages and impacts innate immune
responses, showing antiviral functiofisozlowskiet al., 2017; Le Peet al., 2018) PDCD7
promotes apoptosis when overexpressethis gene is induced by glucocorticoids and is
involved in regulation of -€ells whilst a target of influenza and staphylocd¢guanet al.,

2019; Shaohua Wareg al., 2021; GhafoufFardet al,, 2022) ANKDD1Aneanwhile is tightly
associated with T cells that function in immune responsetuinour growth (Zhaoet al,
2021)

As seen, many of the genes found in ROH arBEXIR analysis are associated with milk
production and immunity in UK buffaloes which follows two of the key traits of keeping
buffaloes as livestock. Genes surrounding antioxidant and thermal regulation were
additionally found that may support the health and productivity of water buffaloes. Under
selection in both populationsCBSs active in the production of taurine that produces an
antioxidant function by preventing the buHdp of reactive oxygen substances the
respiratory chain and participates in energy homeostégimuet al,, 2017; Lopreiat@t al.,
2020; Daranget al, 2022) Found alongsideCBS NDUFV3is directly involved in ATP
production due to being an accessory subunit of mitochondrial Complex I. This gene has been
found under selection in finevool sheep in cold climates suggesting adaptive role in
thermogenesis(T. Guoet al, 2021) PKNOX1meanwhile is a regulator of oxidative

phosphorylation component§Kanzleiteret al., 2014) CRYAAn the same region is a heat
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shock protein that is a major component within the eye lens that maintains transparency and
refractive power(Changet al, 2022; Chakraborty, De and Saha, 20€BRYAAalong withCBS
NDUFV3andPKNOXare found in the same region under selectionPI3E9Avhich is seen

under selection in murrah buffal@Tyagiet al., 2021) Therefore, it may be automatically
assumed that this region is key to milk production in tropical climate how&/eN¥ AAs has

been shown to be robust across a variety of temperatures and is adaptable across organisms
in different environmental temperaturegosneret al, 2012; Malilet al., 2021; Changt al.,

2022) This region may present an opportunity to identify environmental adaptation in river

buffaloes.

The genes highlighted above show associations with relevant biological functions for
livestock that can be used to maintain productive and healthy stock. Water buffaloes originate
from topical/subtropical Asia and as such are adapted to these climatestefdre, since
residing in Europe, water buffaloes likely largely still possess these tropical adaptations. They
may, however, be evolving to European conditions if natural and artificial selective pressures
are present or buffaloes are resilient to enviroental change through phenotypic plasticity
(Foxet al, 2019) For example, water buffalo calves are born with fur all over however into
adulthood they lose this fur to help with heat regulation in Ind¥afiezet al., 2020)
Meanwhile in colder European climates, this hair is not completely(M&hezt al, 2020)
5dzS (2 LalrfteQa 2NBIYyAASR o0dzZFTI 2 Ay Rdza (0 NB >
Mediterranean buffaloes for improvement of the local industry. Recently, it was found that
Mediterranean buffaloes are productive at a temperatdmemidity index (THI) ab@ 60
(Materaet al., 2022) Belowthis, general declingin productivityare observable asilk yield
declines and somatic cell score increa@dateraet al., 2022) Somatic cell score is a major
milk indicator for dairy livestock as the majority of cells comprising this statistic are leukocytes
(Bradley and Green, 2005; Lindma&fiénssoretal> HnncT {FyiQ!yyl FyR t
2011) An increase in somatic cell score in milk suggests greater vulnerabilities to infections,
particularly mastitis, and other implications such as greater level of inflamm#Bcedley
and Green, 2005; LindmaNanssonetal> HnanncT {FyiQ!yyl | y.R tF NI
The UK has an average THI of 59 and as such, buffaloes in the UK face conditions at times of
the year that are not ideal for productivifpunnet al., 2014) Therefore, the genes found

under selection may suggest the UK buffaloes are adapting to the UK through immunity
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related genes to overcome greater susceptibility to infection, therefore minimizing any
potential loss in productivity. Lastly, a region under selection that features linked milk
production and thermoregulatory genes may indicate additional adaption toew n
environment, however further analysis is required to decipher whether this region has been

maintained from India or if divergence is present.
2.6. Conclusion

The results found in this study reveal the extent of genetic variation among UK buffalo
for the first time. The generation of novel genomic data can uncover the evolutionary history
OSKAYR 'Y o0dzFFI{2S5aQ 3ASYySiGAO RADEiNMpoiantd >
regions for preservation. As such, these can aid in initiating development of genomic data into
management plans to ensure adaptable, robust, and productive buffaloes for the future. High
levels of genetic diversity in UK buffaloes show thedpite their low numbers of individuals,
they have avoided any potential harmful genetic effects such a bottlenecks and inbreeding
depression. This is likely due to the lack of intense artificial selection in the history of river
buffaloes that other commercial livestock breeds have faced. Additionally, despite UK
buffaloes being almost entirely of Italian descent, imported individuals have likely come from
a range of lineages maintaining variation across the genome. This variation likely means that
there is a great potential to shape UK buffaloes to their surrounding environment and to
improve their productivity. The advent of genomic data means that this can be planned
thoroughly as to minimize loss of genetic diversity and risk of genetic inbreedidigdeto
health problems. A range of candidate genes were identified that may be of importance to
buffaloes in the UK. Several genes were found relating to milk production, immunity,
antioxidant, and thermoregulation, all of which would be expected giveer rbuffalo are
known for their milk, disease resistance, and adaptations to tropical climate. Interestingly
though, UK farms displayed little consistency in their underlying regions of selection.
Functional analysis of QTLs showed an excess of produatswotiated regions in RV_UK1
which is the productiororientated farm, whilst more classical milk associated regions were
found in RV_UK2, the hobloyientated farm. This implies that despite the relatively little

amount of time of water buffalo in the Ukhey are able to genetically respond to differing
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selective pressure and this evidence of adaptability provides encouragement for future food

security and changing climate in the UK.
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Recent Selection and Adaptation Murrah Water

Buffalo

3.1. Abstract

The murrahbuffalo breed comprisesapproximately 25% of the globpbpulation and
is the most important riverine breed. The productivity of this dairy breed has led to its global
transportation in the past century, therefore exposing the breed to new biota, environments,
and differingdemands fronpeople This chaptegenotyped a novel Indian murrah population
and performed acompamtive analysigo global murrahbuffalo populations tounderstand
changes in genetic variation and identifyenomic regions of recent adaptatiorll
populations featured high levels of heterozygosityexpected due to originating from Indian
stock where genetic diversity is greatest for river buffaMn incidences of increased
inbreedingwere found in newly established populatiofidlowing exportation out if IndiaA
population expansion was observed within Indian murrah buffalpessiblyrepresentng a
potential historical admixture event ~250 years abat led to breeding with local buffalo
breeds. Sulpopulation structuringfound within the novel Indian murrah population may
indicate development of the breed witthose genes under selection relating to milk and
reproductive functions. Genes linked with energy regulatiare found in Brazilian murrah,
a population farmed in modern, commercial farming -ses. Selection for alternative
livestock traitsvere found inColombian buffalo that have ancestry in the dgat buffalypso
breed, andin Bulgarian murrakascoat colour related genes that may be linked to energy
demands for meat and deeght. Lastly, evidence of adaptations to new environmené&se
identified through genes relating to neuronal, vascular, and metabolic functions that may
enable buffaloes to alter their behaviour and homeostatic processes in resgeasalts from

this chapter indicated thabuffaloes caradaptto differing selective pressures
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3.2. Introduction

Approximately 97% of the global water buffalo population is found across tropical and
subtropical Asia with greater than 50%, totalling 110 million heads, residing in India alone
(FAO STAT; DAHD 2023). The extensive use of buffaloes in Southern Aseerhas b
underpinned by their adaptations to a tropical and dwoipical climate. Buffaloes feature
both physical, and behaviouradaptations that enable them to reduce stress and remain
productive under harsh conditior(¥ afiezt al., 2020; Bertonet al., 2021; MotaRojaset al.,

2021) For example, buffalo breeds in India feature high melatonin levels to cope with high
temperatures and exposure to sunlight, whilst always losing fur in adultifyédezet al.,

2020) Behaviourally, buffaloes thrive alongside water as wallowing is needed to overcome
overheating due to their inability to sweat whilst mud helps to resist diseases and parasites
(Yanezt al, 2020; MotaRojaset al., 2021) Due tothe need forbuffaloesto remain near

water bodies, there has been little historical movement out of their natural domestic range
in Southern AsigDther livestoclspecies such as cattle or equids are more capable of moving
large distances across dry lands at quicker speeds (National Research Council 1981; Siddiky
and Faruque, 2017). Historical migrations of domestic buffaloes only led to the founding of
sporadic poplations across wetlands areas of the Middle East and Mediterrari€aiii,
Milanesi, Vajanaget al, 2018; Zhang, Colli and Barker, 2020; Wordsweittlal, 2021)
Development of the modern world and globalization over the past 100 years has enabled easy

transfer of goods and services around the world with livestock being no exception.

Water buffaloes have been transported across the globe, albeit in very small numbers,
reaching countries such as Brazil and Colombia in South America, Cuba in the Caribbean,
Mozambique in Africa, Australia, and Central Eur@Pelli, Milanesi, Vajanat al., 2018;

Zhang, Colli and Barker, 2020hese countries have imported buffalo largely for their milk
production, but also for beef and draught. Countries importing livestock in modern times have
had the luxury of importing the most suitable and productive breeds, and with technology
such as asisted reproductive technologies (ART), there is greater access to highly valuable
individuals(Hansen, 2014, 2020; Gelayenew and Asebe, 20M&@ ability to specifically
choose the best breeds and individuals typically leads to a small number of international
breeds within a livestock speci@doffmann, 2011; Biscariet al., 2015; Sponenbergt al.,,

2018) Well known examples of this are the Holstéinesian cattle and Large White pigs
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(Marshall, 2014)In water buffalo, the murrah breed from India is the most frequent and
globally traded breed, whilst the Mediterranean buffalo from Italy, and-R&Vi breed from
Pakistan are used to a lesser ext¢haheswarappeaet al, 2022) The murrah buffalo as a
breed falls under the riverine buffalo speci®ibalus bubalis bubajideriving from the Jind,
Hisar, and Rohtak districts of the Haryana province in Nedhktern India(Pawar, 2012;
Singh, 2014; Kumat al., 2019)

Murrah buffalo account for 44% (48 million) of the Indian buffalo population (Table
3.1) and their dominance as a breed has been due to their greater milk yields and productivity
(DHAD 2013). No other breed in India makes up greater than 4% of the budjaldation,
with only nondescript buffaloesnatchinga similar sharat 43%of the population(DHAD,
2013). Murrah buffalo on average exceed 2,000kg per 305 days of lactation with elite milkers
producing up to 5,000k{Borghese, 2013b; Thiruvenkadanal., 2014; Vermaet al.,, 2016;
Kumaret al,, 2019; Zhang, Colli and Barker, 2020; Bharaéival., no date; Jakhar, Vinayak
and Singh, no dateBuffalo in India are effective milk producers, contributing approximately
55% of the total milk production, despite comprising of 35%taitl cattle (Geetha,
Chakravarty and Kumar, 2006; Cruz, 2007; Valslah, 2014) Their milk is rich in protein
and fat therefore providing an important energy sourgarticularly forrural communities
(Nanda and Nakao, 2003; Kunedral, 2019) Buffalo in India are integral femalholders as
more than asource of foodBuffalo areknownas a living bank, anare generally considered
as an important asset for family weal(Nanda and Nakao, 2003)he majority of buffaloes
are kept by small holdings that mostly keep a few individuals in low external input systems
(Debet al,, 2016) Larger commercial operations such as those seen in developed countries
are rare(Kumaret al, 2019) Therefore, despite the development of murrah buffalo, this
breed still does not matcthe outputsof industrial cattle breeds that have access to modern
optimized farming systems and sophisticated breeding management schemes including
genomic selectioriZhang, Colli and Barker, 2020)ith the movement of buffalo today and
ease of access to geneticalimprove individuals through ART, farmers and countries can
invest into murrah buffal@and thereforecontinue to develoghe breed In their native India,
murrah buffalo are frequently bred with local buffalo to produce a cross termed graded
murrah (Kumatet al.,2017). This increases the productivity of the local buffaloes, but also

helps to retain some local adaptations and disease resistance. This theme and purpose of
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crossbreeding is common among all countries of importation. Brazil primarily import murrah
buffaloes and, to a lesser extent, other breeds such as Mediterranean and swamp carabao to
establish an organised farming systea Silvaet al, 2021) The majority of murrah
importations are for the purpose of improving local breeds and populations through

crossbreeding.

Table 3.1: Number of buffaloes per breed in India as of livestock census 2012 (Taken from

DHAD 2013)Graded buffaloes arerossbred individuals of mixed ancestry.

Breed Number of Number of TotalNumber  Proportion of
Purebred Graded of Individuals Total Indian
Individuals Individuals per Breed Buffaloes (%)
(Pure + Graded
Murrah 11,686,198 36,568,676 48,254,874 44.39
Surti 1,886,280 2,006,614 3,892,894 3.58
Mehsana 2,676,699 948,426 3,625,125 3.33
Jaffarabadi 571,077 1,200,421 1,771,498 1.63
Bhadawari 583,599 1,170,188 1,753,787 1.61
Nili Ravi 129,411 547,834 677,245 0.62
Pandharpuri 287,751 195,987 483,738 0.45
Banni 239,572 142,550 382,122 0.35
Marathwadi 278,502 98,093 376,595 0.35
Nagpuri 73,584 117,410 190,994 0.18
Khalahandi 115,213 26,802 142,015 0.13
Toda 3,003 2,533 5,536 0.01
Chilika 2,599 787 3,386 0.00
Non-Descript 47,142,313 43.37
Total 18,533,185 43,023,385 108,702,122 100.00

Bulgaria imported murrah in 1962 to cross with their indigenous Mediterranean
buffaloes, forming the Bulgarian murrah breed that has since been maintgBedhese,

2013b) With development of this new breed, milk yields increased proving the programme
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to be successfulBorghese, 2013a)Similarly, the Philippines imported a large number of
Indian and Bulgarian murrah to cross with their swamp carabao buf@alaz, 2007)Swamp
buffaloes were historically domesticated for draught however recent mechanisation across
South East Asia has led to a continuing decline in populatioiGiae, 2007; Zhang, Colli and
Barker, 2020 herefore, swamp buffaloes have recently been repurposed for gréatet
production. At an adult size of 258D0kg, they are far smaller than river buffaloes (450
600kg), producing less beef (Cruz 2009). Additionally, swamp buffaloes produce little milk at
400-800kg per lactation cycle, far less than 1500kg of undeveloped buffalo (Cruz 2009).
Crossbreeding with murrah buffalo greatly increases the productivity of swamp buffalo for

food production, with hybrids typically producing an intermediate phenotype.

Newly established murrah populatiswill encounter new environmental and farming
pressuresTherefore, this chapter looks to identify recent adaptations occuaargss global
murrah buffaloes This includes the addition afnewly genotypedindian murrahpopulation
to the growing data generated using the AxiBhBuffalo Genotyping Array. This novel Indian
population was compared to five populations from South America, Philippines and Bulgaria
depicting the most prominent murrah utilizing countries. The stheg two aims The first
aim wasto genetically characterize murrgbopulations, assessing differences in levels of
genetic diversity and inbreedintrong selection for increased yielgstypically found in
tandem with declines in genetic diversity asdividuals regarded to be of less merit are
removed from the breeding pogBlackburn, 2012; Leroy, 2018educed diversitgan lead
to reduced adaptability or an increase in inbreeding depresg@aublet et al, 2019)
Examples of this has been obsenmather livestockspecieshrough increased incidence of

reproductive issues that decreases productiyMalhadoet al., 2013; Manogt al., 2017)

The secondiim of the studywasto identify unique regions under selection in each
population. Recent adaptations can occur through a variety of selective pressures between a
livestock population, its environment, and production system. ldentifying the underlying
genetic changes behinadaptations will aid in conservation of genetic resources in livestock
and improve breed management for future economic goals andironmental resilience
(Biscariniet al., 2015) Selection is expected to leave distinct footprints on the genome,
however detecting these can be challenging due to a variety of factors including

recombination, selection intensity, demography, and admix{#etchard, Pickrell and Coop,
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2010; Hermisson and Pennings, 2Q1&X)range of methods have been produced to study
selection, of which several are employed here. Hard selective sweeps can be identified
through long haplotypic methods that detect alleles nearing fixation across a population due
to a rapid shift in the frquency of a beneficial alle{@anbari and Simianer, 2014; Saravanan

et al, 2020) These sweeps typically cause linked flanking regions to also appear under
selection(Qanbari and Simianer, 2014; Saravamearal., 2020) Contrastingly, soft sweeps
affect shorter regions, and typically leave more standing genetic variation across the
population, making them harder to dete¢Garavanaret al, 2020) Several studies have
focused on selection in buffaloes using runs of homozyg@iyoudiet al., 2020; Fallahet

al., 2020; Ghoreishifaet al., 2020; Macciottaet al, 2021; Nascimentet al., 2021; Noceet

al.,, 2021; S. Liat al,, 2022) long haplotypic methodéokhberet al., 2018; Liet al., 2020)

and association studies with livestock trajtle Camarget al, 2015; Cesarart al,, 2021)

This study attempts to include finer scale selection occurring in buffaldg@sh may
represent local adaptations. The use of spatial and landscape genomics will be critical for
maintaining productivity of domesticated species in differing environments to avoid reduced

or low-quality yields from maladapted individugldayes, Lewin and Goddard, 2013)

3.3. Materials and Methods

3.3.1.Sample Collection & Data Generation

A total of 156 Indian murrah buffalo were sampled across central India. Samples were
processed and genotyped binited Biologicalsising the Axiorf" Buffalo Genotyping Array
(lamartinoet al, 2017) The raw genotyped data was analysed in AXlbrnalysis Suite
Software v4.03 along with the UK buffaloes studied in Chapter One. 148 samples successfully
passed genotyping to give 75,679 SNPs, and 130 samples for 63,603 SNPs after quality control
in PLINKChanget al,, 2015) All quality control parameters used in genotyping and PLINK can
be found in Section 2.3.1 of Chapter One.

Likewise with Chapter Two, Indian murrah buffalo dataset was merged with public
datasets ofColliet al.,, (2018 andNoceet al., (2021) to obtain five additional murrah derived
populations from South America, Europe, and Philipp{fi@ble 3.2). The combined datasets
resulted in a total of 40,695 SNPs genotyfed232 individuals This dataset was used for

Sections 3.3.8 3.3.6.An independent set of SNPs was generated via linkage disequilibrium
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pruning in PLIN#Or analysis of genetic diversity and population structure (Section 3.Bli&)

first SNP of every linked pair of markers was removed usstigiag window approach of 50
SNPs, step size of 10 SNPs and?dhrBshold of 0.05 above which markers were considered
in LD; this pruning resulted in 6,510 SMEmQ retained To determine that the results were
repeatable the dataset was randomly split in two and analyses were run on each dataset to

checkthat results were consistent acrogsth.

Table 3.2: Murrah derived buffalo populatioasalysed in this chaptetocations oforigin,

breed, sample size, and referenced studiesgfach populatiorare given

Population ID  Country Region Breed Sample Reference
Size
RV IND India Karnataka, Murrah 130
Andhra
Pradesh,
Tamil Nadu
RV_BRA Brazil Murrah 15 (Colli, Milanesi,
Vajanaget al,,
2018)
RV_COL Colombia No Description 12
RV_PH_BUL  Philippines Bulgarian Murrah 11
RV_PH_IND  Philippines Murrah 6
RV_BUL_VAR Bulgaria Varna Bulgarian Murrah 58 (Noceet al, 2021)

3.3.2.Genetic Diversity & Population Structure

Observed (P and expected (Bl heterozygosity along with inbreeding coefficient (F)
were calculated for each population in PLINK v1.9 and analysed in R WR.G@rd Team,
2018 using custom R scriptdn ANOVA was used test for significant differencesn Ho
across populationgrhile a WetK Q-test (honnormality determinedusing Shaipo-Wilk test)

tested for significantlifferences between bland Hwithin each population.

Genetic differentiation between murrah populations was assessed using pairgtise F
Pairwise populationdrwas calculated using Arlequin v3.5.2EXcoffier and Lischer, 201@)
neighbournet networkto illustrate the relationships between groups of murrah buffaloes
wascreated inSplitsTree v4.14.@Huson and Bryant, 2006%enetic clustering of individuals
was done using ADMIXTURE v1(Alkexander, Novembre and Lange, 2Q0G8¥ting for the

ideal number of unique ancestral genetic clusters (K) across the dataset. Values of K from 1
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to 20 were tested. A crosglidation method, implemented within ADMIXTURE, was used to

determine the most suitable value of K in the data.

3.3.3.Linkage Disequilibrium & Effective Population Size

t SFNE2Yy Qa 02 NNEBletwéen @ays of SRS Was kaldladey i PLINKIor
each population. SNP comparisons were calculated between adjacent SNPs and SNPs
separated by up to 10Mbp to estimate average linkage across the genome. Linkage decay was
estimated up to 1Mbp using bins 6Dkbp intervals. The distance whehequalled 0.2 for
each population was taken as the linked flanking distance away from a SNP to detect genes

under selectior(Mokhberet al, 2019)

Effective population size gNwas calculated following the method $fed (1971) used
in Chapter Two (Section 2.3.4, Equations 1, 2 @®khberet al., 2019) In summarySved,
1971N. equations evaluates the averagdinkage value§adjusted for unequal sample sizes)

and distance, dyetween SNPs in Morgans.

3.3.4.Runs of Homozygosity

Runsof Homozygosity (ROH) were calculated in PLINK. Parameters used to identify
ROHSs can be found in Chapilewo Section 2.3.5, briefly: the minimum number of SNPs per
ROH in each population was calculated using Equation 4 in Section 2.3.5 (Lencz et al., 2007;
Purfield et al., 2012). The minimum number of SNPs per ROH for each murrah population
resulted in counts bieveen 23¢ 34 (RV_BRA =31, RV_BUL VAR =34,RV_COL=29,RV_IND_1
=29, RV_IND_2=30,RV_IND_3=34, RV_PH_IND = 23, RV_PH_BUL = 27). ROH PLINK outputs
were analysed and summarised using detectRUNs package in R (Biscarini et al, 2019). An
ANOVA was condted to test for significant differences in botlkdrand length of ROHs

between populations in R.

To identify areas of divergence in murrah buffaloes that may relate to recent selection,
pairwise population & values were calculated for all population comparisons: ias
calculated in a windowed manner using Y@fs (Danecek et al 2011). Window sizes were
1Mbp with a step size of 100kbp. Windows with highV@alues occurring in ROHs within
populations may indicate areas of divergence and underlying adaptive regions. Genes within
ROHs featuring highsFwere identified as candidate genes of selection, and their functions

were identified.
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3.3.5.Environmental & Spatial Selection

PCAdapiLuu, Bazin and Blum, 201wgas used to find SNPs under selection while
accounting for population structure among murrah buffaloes, ar8aR ada (Stuckiet al,,
2017; Duruzet al, 2019) was used to identify SNPs associated with differences in
environmental variables between the countries. Using PCAdapt, the dataset was summarised
into 20 principal components (PC) before identifying the ideal number of PCs that reflected
population structizNBE dza Ay 3 /I GGStfQa Nz S ! FGSNI NBGI A
each PC were checked for even distribution.-#afyie was generated from theymlues for
each SNP by applying a false discovery rate (FDR) of(Li$6 Bazin and Blum, 2017)
Retained SNPs had their associated PC identified and genes within 120,000bp either side were

identified as being linked and potentially under selection.

Selection occurring in buffaloes relating to environmentalriables was conducted
using RSam ada Coordinates for murrah populations taken fr@vlliet al., (2018 andNoce
et al, (2021) were approximated by taking primary regions of buffalo industry in said
countries as follows; RV_BUL_VARZ3607327.84434, RV_BRAZ3.563483-46.730364,
RV_COL(2.576514 -77.870693, RV_PH_BUL and RV_PH_INB.78717 120.936379.
Environmental variables were obtained from WorldClim v2.1
(https://worldclim.org/data/worldclim21.htm), at aspatialresolution of 5 minutes to allow
for a regional average dhe surrounding area. Various metrics measuring temperature and
precipitation were obtained from the WorldClim dataset. Collinearity was reduced from the
dataset of environmental variables by removing the second variable of pairs wit>ah 8,
leaving nine variables (Longitude, Latitude, biol, bio2, bio3, biol3, biol4, tmax7, precll).
Population structure was accounted for in the analysis via a PCA method implemented within
R-Sam ada. Six PCs were used in line with population structure results from ADMPARdR
PCAdapt analysis here (Sections 2.4.1 & 2.4.4). After applying an FDR of 10%, the most
significant SNPs for each environmental variable were analysed for their nearest gene to

identify potential adaptive propertied_uu, Bazin and Blum, 2017; Duatal.,, 2019)

3.3.6.Signatures of Positive Selection

Crosspopulation extended haplotype homozygosity {€RH) implemented in selscan

(Szpiecrand Hernandez, 2014) was used to identify recent positive selective sweeps unique
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to each murrah population. All populations were phased in Beagle v3.3 (Browning and
Browning, 2007), before calculation of pairwise-B#PH scores using standard settings.
Pairwise comparisons for all population combinations were computede X scores wer
normalised using the norm package of selscan. The median value was calculated for each SNP
of all pairwise comparisons for each population to identify SNPs persistently under selection.
Median XPEHH scores were then converted intev@lues and negatividgio values. SNPs
featuring a pvalue below 0.001 (extreme outliers), and with anrB4fH score greater than 2

were considered as candidates of selection and associated genes were identified.

3.4. Results

3.4.1.Genetic Diversity & Population Structure

Genetic diversity was high across all murrah populationsratged from 0.448
(RV_BRA) to 0.506 (RV_PH_IND) with a mean of 0.469 (+0.020) across all populations (Table
3.3). kb was nonsignificantly higher than gfor all populations. There was no presence of
inbreeding in any population as F was negative across all populattb@4Z¢ -0.007). k(.
=189.77, df =5, p < 0.000dnd H(.?= 786.43, df = 5, p < 0.000gignificantly differed across

the six murrah populations.

Table 3.3: Genetic diversities acrossnurrah buffalo populations. H = Observed
HeterozygosityH: = ExpectedHeterozygosity, F = Inbreeding Coefficient. Bal& Hk values
are significantly different (P < 0.05). An ANOVA @fddults showed that RV_PH_BUL and
RV_PH_IND had significantly greatecbimpared to the other populations.

Population Ho (SD) He (xSD) F(xD)

RV IND 0.465+ 0.090 0.462+0.078 -0.007+ 0.032
RV_BRA 0.448+ 0.145 0.437+ 0.089 -0.025% 0.067
RV_COL 0.462+ 0.160 0.442+ 0.087 -0.045+ 0.034
RV_PH BUL 0.474+0.178 0.432+ 0.097 -0.120+£ 0.176
RV_PH_IND 0.506+ 0.239 0.432+ 0.097 -0.242+ 0.158
RV_BUL VAR 0.459+0.121 0.441+ 0.097 -0.039£ 0.039

Average Ervaluesacross all pairwise combinations were lowast average 00.022
(£0.011), ranging from 0.007 (RV_PH_INRV_IND) to 0.049 (RV_BUL_\ARV_BRA}A

neighbournet network generated from pairwisBstscoresis shownbelow (Figure3.1). The
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networkshows a simple pattern as Indian murraie found at centrally while South American

and Bulgarian populations are found at opposing ends.

RV_IND RV_PH_IND

/ RV_BUL_VAR
RV_BRA & V

RV_PH_BUL
RV_COL

Figure 3.1: &network of murrah buffalo populations. Indian murrah sits at the centre of the

network with Bulgarian murrah and South American murrah sitting at opposing ends.

Genetic clusteringFigure3.2) usingADMIXTURE revealedat K=6 was the most
preferred solution (CV values found in Figure S3.1). Howewesly sub structuring of
RV_BUL_VAR and RV_INas found Populations of RV_BRA, RV_COL, RV_PH_BUL, and
RV_PH_IND remained genetically clustered with the main group of RVSUN3tructuring
of RV_BUL_VAgtcurredat K=2 and K=3. RV_INDb structuring occurredt K= 4 and K=5
Further sub structuring of RV_BUL_Mi#d&scapturedat K=6 Sub structuring oRV_IND was
accounted for byseparation ofits three genetic clusterfor selection studiesRV_BUL_VAR

was not split up due tonosaicisnrather thanunderlying genetic structure.
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Figure 3.2: ADMIXTURE plehowing genetic clustering of murrah buffalo populatidos
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K=2 to K=6K=6provided the most efficient solution according to cresgidation results.
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3.4.2.Linkage Disequilibrium & Effective Population Size

Average linkage disequilibrium rangebletween 0.240 (RV_IND_3) to 0.415
(RV_PH_IND) at 50kbp from the SNguastion (Figure3.3). All populationsLDdescened
towards a plateau at 1IMhRV_IND_3 was found to have the lowest level$,afaclining to
0.018 as RV_PH_IND was found with the highédevels of0.270at 1Mbp. RV_PH_IND
features far greater levels of linkage between SNPs than the other populations owing to its
small sample size (n = 6). When adjusted for sample size as used in Neallnes are 0.298
(50kbp) and 0.123 (1Mbp). The majority of murrah populations showed similar levels of
linkage disequilibrium across the genome however, the crossbred RV_BUL VAR -and sub
populationof RV_IND_3 showed lower levels. Linkage disequilibrium was used to estimate
the length of flanking regions either side of SNPs under selection for each populatfon at r
0.2. Lengths ranged fronapproximately 75kbp (RV_IND_3) to 175kbp (RV_PH_BUL),
excluding RV_PH_IND, with a mean of approximately 128&kyss murrah buffalo.

0.4-
FID
®0'3' RV_BRA
= RV_BUL_VAR
S ; RV_COL
= 00- : - RV_IND_1
o . - RV_IND_2
RV_IND_3
RV_PH_BUL
0.1- . e dd RV_PH_IND
0.0_ 1

0 200 400 600 800 1000
Distance from SNP (Kb)

Figure 3.3: Averagekagedisequilibrium between SNPs over 1Mbp away from a locus across
each murrah buffalo population. Average linkage disequilibrium ranges @240
(RV_IND_3) to 0.415 (RV_PH_IND) at 50kbp from a SNP declining to 0.018 (RV_IND_3) to
0.270 (RV_PH_IND) at 1Mbp. RV_PH_IND higher linkages is likely due to small sample size (n
= 6).FID = Family ID (i.e. population).

Ne (Figure3.4) rangedrom 19 (RV_PH_IND) to 1,744 (RV_IND_3) 5 generations ago.

The majority of murrah populations showed similar trends of decliniegrdin past to
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present except RV_IND_3. This Indian population showed a spike peaking at 32 generations
ago reaching an \bf 3,619, indicative of a population expansioefore declining until the
present day. All populations converge after 250 generations ago towards anofN

approximately 1,500 at 1,000 generations ago.

L ]
t FID
. RV_BRA
X RV_BUL_VAR
@ 2000 - = RV_COL
pa . 1 + RV_IND_1
. . * RV_IND_2
1 * RV_IND_3
1000 - co 8 RV_PH_BUL
_g0? RV_PH_IND

0 250 500 750 1000
Generation

Figure 3.4Effectivepopulation sizes of each murrah buffalo population over the last 1,000
generations. Most populations displayed the typical declining trend from past to present
except RV_IND_3 that presented a peak at 32 generations ago indicating a population

expansionFID = Family ID (i.e. population).

3.4.3.Runs of Homozygosity

The lengths and frequencies of ROHSs differed between the populatongverview
is shown inTable3.4. Froxwas low across all populations although significant differences were
found between populations for bothrbr(F22,7= 11.55, p < 0.001) and length of ROHs.{f
= 30.88, p < 0.001)r&+featured an average of 0.02% (.035) across all buffaloes, ranging
FNRY nodnmo OowxyLb5¢gm0 (i(ZablaI2)showedihatRY .BRA andd ¢ dz]
RV_BUL_VAR both had a significantly greater proportion of their genomes as ROHSs, and
significantly longer ROHs than other populations. Murrah populations outside of RV_BRA and
RV_BUL_VAR were dominated by short ROHs with a nsaned of long ROHSs.
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Table 3.4: ROH metrics across murrah populations.ideing the inbreeding coefficient for
ROHs.

Population FroH Mean Average Number of ROHs Per Class (b))
Length Individual
1-2 2-4 4-8 8-16 >16
RV_BRA 0.071 7.50 5.07 8.80 3.40 3.33 2.73

(+0.058) (+10.02) (+2.49) (£3.00) (+2.10) (+2.97) (+3.03)
RV_BUL_ VA  0.049 6.47 1.93 862 386 253 1.74
(+0.036) (£7.11) (+1.30) (£2.57) (+3.03) (2.13) (+2.19)

RV_COL 0.027 3.38 8.25 8.42 1.33 158  0.42
(+0.018) (£3.48) (£2.34) (£4.27) (+150) (*2.11) (+0.79)
RV_IND_1 0.013 2.38 6.36 636 093  0.14  0.00
(+0.002) (£1.15) (£2.24) (£1.98) (+1.00) (+0.36) (+0.00)
RV_IND_2 0.022 3.68 5.59 7.00 141  0.41 0.29
(£0.034) (£7.57) (*2.76) (£2.15) (+1.46) (1.22) (+1.21)
RV_IND_3 0.014 3.73 2.19 566  0.90  0.34  0.24

(£0.024) (£5.57) (1.44) (£2.22) (+1.01) (*0.72) (+1.48)
RV_PH_BUL  0.039 3.84 1120 1020  1.30 1.70  0.50
(+0.034) (£8.92) (£5.92) (£5.61) (+1.34) (+1.89) (+0.97)
RV_PH_IND  0.019 200 1767 433 050 050  0.00
(+0.015) (+1.65) (+10.91) (£3.20) (+0.84) (+1.22) (+0.00)

Extreme (top 1% SNPs) ROHs were identified in all populations. The nuniigi of
outliers rapidly increased as sample size decreased. The population with the most samples,
RV_IND_3 (n = 99), featured 13 ROHs meanwhile RV_PH_IND (n = 6) presented 113 ROHs.
This is due to threshold for a ROH to be considered significant being increasinglyt@asier
exceed at small samples. For example, RV_PH_IND only required a ROH to occur in one
individual. Therefore, it is important to take results cautiously at small sample sizes that may
not have strong populatiovased evidence. Following the application Ff scores, the
number of ROHs showing higbrBcores(indicating potential divergengavas far lower in
line with low divergence between populations. Diverging ROHs may infer regions of
adaptations in murrah populations. Proportion of divergent significant ROHs for each
population can be found iffable3.5. All populations showed similar numbers of diverging
ROHSs (@ 10). OnlyRV_IND_8eatured zero diverging ROHs

86



ChapterThree
RecentSelectiorand Adaptatiorin Murrah Water Buffalo

Table 3.5: Number of divergent significant ROHs per populafiovergent ROHs were
determined as regions whei@gh lsTSNPs overlapped with ROH outliers.

Population Number of Number ofDivergent Percentage of
Significant ROHs ROHSs Divergent ROHs (%
(ROH & &routliers)
RV_BRA 23 5 21.74
RV_BUL_VAR 15 3 20.00
RV_COL 49 3 6.12
RV_IND_1 35 4 11.43
RV_IND_2 14 4 28.57
RV_IND_3 13 0 0.00
RV_PH_BUL 16 4 25.00
RV_PH_IND 113 10 8.85

The 1ll table of diverging ROHs and the genes found within these caadaein Table
3.3. One region on chromosome 9 appeared in three populations that were RV_BRA,
RV_IND_2, and RV_PH_BUL, whilst one region on chromosome 2 appeared in both RV_IND_2
and RV_COL. Genes found within diverging ROHs were studied through scientific literature to
identify putative environmental or livestock adaptive properties. RV_BRA showed gene
functions relating to reproducton (BBU9: 58046218& 62175428), brain and CNS
development (BBUL: 471328@ 49099346), and growth (BBU12: 468481048349500)
functions, whilst South American counterpart RV_COL ROH (BBU2: 456628391313)
featured severalmuscle andgrowth traits. RV_IND_2 ROHs overlapped with RV_BRA and
RV_COL, however further ROHs featured functionseproduction (BBU14: 7775304¢
80039684; BBU17: 2891028430395257). Whilst additional Indian population RV_IND_3
showed no divergent ROHs, RV_IND 1 featured genes retatimgmunity, reproduction,
and milk production. Bulgariamurrah populations of RV_BUL_VAR and RV_PH_BUL

meanwhile featured genes frequently relatinggoowth.

QTLsoverlapping divergent ROHs were identified acrosp@ulations (Table 33).
Thenumber of QTL traits found across populations ranged ffbto 113.QTL traits were
typically spread across Exterior, Milk, Production, and Reproduction QTL classes, while Health,
and Meat & Carcass rarely featured. Contrastingly, RV_IND_3 and RV_PH_IND featured no
QTLs, despite being on opposing ends of the spectrumuotber of divergent ROHs. Due to
featuring no QTLs for RV_IND_1 and RV_PH_INDsguare was rufior the remaining six
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populations. Chsquare test returned a nosignificant result(=22.92s, p = 0.582. Counts

of QTL traits for each population can be found able S.4.

3.4.4.Environmental & Spatial Selection

PCA results reflected those of ADMIXTURE. Of 20 principal components initially
computed, 6 were carried forwarébr identifying significant SNPs relating to population
structure. These 6 PCs captured a total of 80.6% of variation across the dataset. PC1 (18.2%)
and PC2 (14.4%) largely separated RV_BUL_VAR from the remaining populations (Figure 3.5).
PC3 (13.3%) splihé subpopulations within RV_INDwvhilst PC4 (12.3%8eparatedSouth
American populationfom Indian PC5 (11.7%) showed further variation within RV_BUL_VAR
and PC6 (10.7%) again showing separation of RV_IND and RV_BRA.

Genotype
u
LY l
0 I .J. * 0
[} N .
0.0 = .2

Population

RY_BRA

pPCc2

RW_BUL_VAR
RY_COL

® RV_ND_1

® RV_ND_2

® RV_ND_3
RW_PH_BUL

RW_PH_IND

PC1

Figure 3.5: PCA plot displaying population structure across murrah buffalo populations. PC1
captured 18.2% of variation across the dataset, while PC2 captured 14.4%. Genotypes for
significant SNP A35052722 are displayed via shapes with 0 being homozyajtee A, 1

being heterozygote, and 2 meaning homozygote allele B.

PC loadings were evenly distributed across all SNPs with no particular genomic regions
dominating Therefore the full SNP dataset was retained. 405 SNPs were retained as the top
1% most significant SNPs associated with the PCs. After generatathges via application of
a false discovery rate of 10%, 8 SNPs remained. 6 of the 8 SNPs were significantlyedssociat

with PClthat separat Bulgarian murrah from pure murrah. One SNP was associated with
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PC4 and PC6 each. Significant SNPs and associated genes are found in Table 3.6. PCA plots
showing all distribution of genotypes for significant SNPs can be fouridumes 3.5 & .5
¢ 3.11).

Table3.6: Significant SNPs related to population structure across murrah buffaloes. SNPs are
associated with different retained principal components after filtering vialyes applying a
false discovery rate of 10%. Associated genes were identidun 120,000bpflanking

regions of the SNP in question.

SNP Chromosome Position  Principal Genes
Component

AX85115728 1 61409049 4 TRNAGSCA

AX85126364 11 23558419 1 RAD51B, ZFYVE26

AX85042861 11 48810245 1 PRTG, NEDD4

AX85052722 11 97245872 1 HRH2, CPLX2, THOC3

AX85136739 12 2572267 6 ARID5A, KANSL3, FER1L5, LMAN2L, CNI
CNNM3, ANKRD23, ANKRD39, SEMA4C,
FAM178B

AX85112690 16 10093932 1 TSPAN18, CD82

AX85114321 16 14825721 1 -

AX85092744 19 62289241 1 DAP, ANKRD33B

A total of 11 known protein coding genes were associated with PC1l across
chromosomes BBU11, BBU16, and BBU19 covering a range of functions. These genes featured
several functions such as DNA repair (RAD51B), embryonic CNS development (PRTG), protein
degradation (NEDD4), transcription export complex (CPLX2, THOC3), and cell death (DAP). No
genes were found associated wif¥85114321on BBU16 at position 14825721. The closest
gene LRRCA4C (Leucine Rich Repeat Containings 4Cinember of netrin family of axo
guidance moleculesOne gene was found linked to the SNP at BBU1 61409049 associated
with PC4, appearing linked with South American populations of RV_BRA and RV_COL. Only
TRNAESCA was found in this region however the nearest ggae NCAM2 (Neural Cell
Adhesion Molecule 2), an immunoglobulin membrane pratehmat has previously been
associated with milk yields in Brazilian bufféde Camarget al, 2015) Several genes were
found associated with PC6 on BBU12 (position 2572267) with thasgoningacross energy

metabolism and reproduction.

RSam ada analysis revealed a multitude of SNPs associated with the environmental

variables used (Correlations between environmental variables shown in Figures S3.12 and
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S3.13). The top outlier SNPs for each environmental variable were analysed for their nearest
gene. An example of this is shown in Figure 3.6 showirajugs of SNPs in relation to average
precipitation in November (mm). Investigated SNPs and genotypesafdr environmental

variable and their nearest gene canfoeind in Table $14.
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Figure 3.6: Manhattan plot showing SNRajues calculated from-&core for association with
average precipitation in November (mm). The red line indicates the threshold for top 0.1%
SNPs, and the red dot shows SANR85126469where the genotype GG is highly associated
with precipitation. The SNPs is nearby the gene CHL1 which has thermotolerance functions.

Density of plot includes all three genotypes for eémtus

Functions relating to regulation of lipid metabolism involved TBC1D4 (G&<at
85059527; Longitude),YPLALL (TT AX85142269; Latitudg RAB18 (AA aX%85104855;
bio3), IRS1 (GG ax85105029; bio3). Several gerfesind haveassociations witliunctions
surroundinghigh altitude or cold temperatureThese wereTENM2 (GG aAX%85106286;
Longitude) NBEAL1 (TT AX85061534; bio2)HS3ST4 (CCAX85098066; bio2)and CHL1
(GG atAX85126469; prec11)An example of the distribution of the genotype of GG for SNP
AX8512646%cross murrah buffaloes is plotted in Figure 3.7. This SNP was nearby the CHL1
gene and associated with average precipitation in November (mm). 31.5% of Indian murrah

(RV_IND) featured the GG genotygeat was rare amongst other populations (9.8%).
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Additionally, different environments host a variety of alternative diseases and pathogens, and
genes with functions relating to immune response were found such as TENT5A AXA at

85094684, bio2)MFSD1 (CC ax85130232; bio14)IGSF21 (CC AK85045997; tmax7).
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Figure 3.7: Plot showing presence/absence of GG genotype aA%B®126469n murrah
buffalo that was associated with Average Precipitation in November (ptatled against
longitude GG genotype is frequent among Indian (RV_IND) populations. Populations displays

as clusters using geom_jitter GGPIot2 to reduce overlapping of points.

3.4.5.Signatures of Positive Selection

Regions under positive selection were identified in all populations. The distribution of
these regions can be seen in Figure 3.8. The full list of regions under selection and the genes
associated can be found in Table S3.15. RV_IND_3 featured the fewds¢nof SNPs at 17,
whilst RV_IND _1 featured the most at 26 SNPs. Gene ontology analysis was carried out and

enriched pathways can be found in Table S3.16.
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Figure3.8: SignificanSNPs under selection in each murrah population. Median was taken
from XREHH scores computed across all pairwise combinations beferalugps were
generated for each SNP. The top 0.1% (red line) and SNPs withE#HX§core greater than

2 were taken asignificant candidates of selection.
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3.5. Discussion

Intense selection uporproductive breeds often leads to a reduction in genetic
diversity (FAO, 2007Groeneveldet al., 2010) Murrah buffalo arehe most productive and
popular buffalo breedKumaret al, 2019; Zhang, Colli and Barker, 20Bycause of this,
they have been transported across Asia, South America, and Europe to establish new
populations or improve local buffaloes through crossbreeding. Having unlikely undergone
intense selection for commercial purposesurrah buffalo maystill possess high levels of
genetic diversity thamay be associated witlocal adaptiongGroenevelcet al,, 2010; Naskar
et al, 2012; Hoffmann, 2013; Biscariei al, 2015; Velada\lonso, MoralesCastilla and
GomezSal, 202Q)This study analysed murraluffalo from five countries to assess the levels
of genetic diversity and identify any unique regions of genome that could suggest recent

adaptations within the breed.

3.5.1.Genetic Variatioand Population Structure

Genetic diversity was high across all populations with an averagarging from
0.448 (RV_BRA) to 0.506 (RV_PH_IND). The Philippine populations of RV_PH_BUL and
RV_PH_IND featured unusually high lkbwever this may be due to uneven sampling or small
sample sizes as theieMere the two lowest. Neverthelessgttas also high (0.410.462)
across all populationdurrah originate from the Haryana region of Noittest India, nedry
the putative domestication centrglndus valley for river buffalo(Satish Kumaet al., 2007;
Colli, Milanesi, Vajanat al., 2018) Genetic diversity is typically highest at the domestication
centre, therefore the murratbuffalo here likely capture a large proportion of this original
standing variatior{Bruford, Bradley and Luikart, 2003; Gepts and Papa, 2003; Colli, Milanesi,
Vajanaset al,, 2018) Genetic diversity in river buffalo has also been supplemented via gene
flow with the wild Asian water buffaloBubalus arnegesince domesticatiofSatish Kumagt
al., 2007; Kandedt al., 2019) OnlyPhilippine populationsignificantly differedn Hoto other
populationsindicating that exported populations hawgenerallycaptured enough genetic
diversity from their stock population in India. In tandem with high levelsgtliere was an

absence of inbreeding in all populations.

Expectedly, there was low divergenoetween the populations with an averagerbf

approximately 2%. Divergence among river buffalo breeds is typicalfKlomaret al., 2006;
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Colli, Milanesi, Vajanat al., 2018; Thakoret al, 2021) The greatest differencéound
between populations was between RV_BRA and RV_BUL_VAR at 4.9%. As both populations
share no relation to each other since being established, this increase may be due to several
reasons. For example, i) each population likely captured a marginally diffsvdaset of
diversity from stock populationgBruford, Bradley and Luikart, 2003)) RV_BUL_ VAR
features unrelated Mediterranean ancestBorghese, 2013a)iii) enacting evolutionary
forces such as drift and selectigwilli et al., 2007) This translates to the pattern revealed in

the Fstnetwork as Indian populations sit at the centre whilst South American and Bulgarian
murrah populations oppose each other. The ADMIXTiéREtsfurther explainthis pattern
(Figure 3.9)RV_BUL_VAR produces intrapopulation variation, showing ancestry from three
genetic sources. This is likely splitting the individuals by the proportions of murrah and
Mediterranean ancestry that features in the genome. Homogenous clustering would be
expeded over time aghe key genetic diversity for the Bulgarian murrah breed is retained,
and anyunwanted murrah and Mediterranean ancestsremoved. The majority of RV_IND
showed genetic similarity; however, two small clusters of individuals became distinguishable.
Individuals within these clusters occurred at limited sites at the edge of the sampling range.
These cluster may relate to underlg population structure, isolation of breeding individuals,

or potential selection and breed development. South American and Philippine populations
did not become distinguishable from the majority of Indian murrah buffalo highlighting low
levels of divergnce in line with &rresults. Therefore, RV_PH_BUL is likely dominated by

murrah ancestry as opposed to Mediterranean.

The absence of inbreeding and high levels of genetic diversity were reflected in the
linkage disequilibrium results. All populations bar RV_PH_IND started with? af r
approximately 0.3, descending to <0.15 by 1Mb. RV_IND_3 features the |civwesues
starting at 0.240 and descending to 0.018 indicating the great variety of individuals within this
population. This translates to a far greater effective population size for RV_IND_3 starting at
1,744 (5 generations ago). Interestingly, a peak seoled inRV_IND_3 at 32 generations
ago reaching anaximumNe of 3,619, indicating an increase in genetic diversity at thigtim
before declining Since, underlying population structure has been accounted for according to
ADMIXTURE results here by way of separation of RV_IND, this expansion event is potentially

due to an admixture event in the history of murrah buffalo. The expansion observed
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corresponds to a time point around 1800(¢f€neration time=6 year$. This corresponds to

a periodof power transfer from the Mughal and Maratha Empitescolonisation by the
British in the 19 century (Guha, 2019)This tansfer of power coincid® with a period of
drought in India leading to the decline in agricultural outp@tingingsmith and Williamson,
2008) The drought led people to move fromural areas to urban defensive centres
(Clingingsmith and Williamson, 2008) lack of crops and labourers in rural areas, facilitates
farmers selling livestock to raise cash for fq@lingingsmith and Williamson, 2008; Venot,
Reddy and Umapathy, 2010)his theme still occurs today as livestock are used as a source
of wealth and a buffer to crisis in Indi@/enot, Reddy and Umapathy, 201®erhaps
admixture within murrah buffalo has been triggered by societal and environmental factors

that led to the dispersal of murrah and subsequent contact with other breeds or populations.

‘ .
a
d \
(g
a4 ab ¢
d'
d g

Figure3.9: Map of average ancestry (calculated from ADMIXTURE redlts 6)across
murrah populationsBlue countries indicate countries possessing mudetived populations

used in this studyCharts are placed in their approximate geographic locations.
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Murrah buffaloes are frequently crossed with local buffaloes across India, producing
graded buffaloes. The purpose of these crosses is to upgrade yields of local buffaloes whilst
retaining some local adaptations and disease resili€kegnaret al., 2017) From Table 3.1,
there is a 1:3 proportion of pure to graded murrdh.Qa € A1 St & GdKId GKS Yd:
have previously mixed with local buffaloes which would explain why the population expansion
is only observed in RV_IND_3, and not all murrah populations here. Although RV_IND_3
appears homogenous, incorporation ofrigion from populations outside of original murrah
lineages will inflate estimates of N®rozceterWengel, 2016)Following this logic, it may be
expected to observe this signal in RV_BUL_VAR that is a known crossbreed. In this case, not
enough time has passed to observe an expansion (nRecent crossing between two
populations results in long tracts of ancestry pertaining to each sofHeeris and Nielsen,

2013; Lotet al,, 2013; Jiret al., 2014; Korunes and Goldberg, 2022yer time, recombination

will break down and mixed these ancestral tracts and an expansion event will become visible
(Harris and Nielsen, 2013; Leh al, 2013; Jiret al,, 2014; Korunes and Goldberg, 2021)
Remaining populations meanwhile are probably founded from purebred murrah and

therefore will not show an expansion event ig. N

3.5.2.Signatures of Selection

India

River buffaloes have persisted in India for the past 6,000 years since domestication in
the Indus valley regio(Batish Kumaet al., 2007) Murrah buffaloes rose to prominence due
to their greater milk production capabilities, becoming the most popular buffalo breed
(Kumaret al,, 2019) As such, murrah buffaloes are inherently adapted to being productive in
tropical and suHropical climates(Yafiezet al, 2020) In the Indian murrah (RV_IND)
populations here, particularly that of RV_INDI@y levels of linkageadisequilibrium were
observed along with high levels of heterozygosity translating into the absence of long
homozygous tracts such as ROHs. These observations can be explained by frequent uptake of
new genetic diversity through further breeding with wild buffaloes and crosg#s local
buffaloes across India. Adaptations of river buffalo to India are likely older, enabling
recombination to break down any selective sweeps to shorter regions surrounding the
beneficial locugStephan, 2019)RV_IND populations were among the shortest lengths for

ROHs, ando unique ROHsvere found in RV_IND_ B comparison with other murrah
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buffaloes. This is likely because RV_IND_3 shares genetic variation with all populations
making it unlikely to harbour large unique genomic regions and is probably the closest
population in this analysis to a de facto stock population of which other myroglulations

are founded from. Furthermore, significant SNPs in the PCAdapt analysis appear driven by

other isolated populations.

This trend continued in XPHH results as RV_IND _3 featured the fewest SNPs under
aStSOGA2yd | 26SOSNE (KS&S NBIA2ya F2dzyR F2f
popularity. On BBUM{7237918¢ 4759618047715670¢ 47750793, OLIG2, PAXBP1, SYNJ1,
CFAP298, and EVAC1 are all involved in the development of the central nervous system (CNS)
and this region has been associated vitik polled horn phenotype in cattle and yaftdeijer
et al, 2012; Lian@t al., 2016; Stafuzzat al,, 2018; Wangpt al., 2019; H. Jianet al., 2022)

OLIG2 generates motor neurons and oligodendrocytes that form myelin sheaths, increase
neuronal impulse speeds through saltatory conduction of action potefiialjeret al.,, 2012;
Komatsuet al., 2020) OLIG2 is involved in horn ontogenesis of taurine cattle, and horn bud
differentiation and frontal skin in cattl@AllaisBonnetet al,, 2013; Wiedemaet al., 2014;
Stafuzzaet al., 2018) PAXBP1 (PAX3 and PAX7 Binding Protein 1) is expressed in the cerebellar
hemisphere and cerebellum and muscle precursor cells and potentially has a role in facial
bone developmen{Mohammadparaset al,, 2014; Alharbet al., 2017; Aldersegt al., 2020;
Zhouet al, 2021) SYNJ1 (Synaptojanin 1) meanwhile plays a role in phosphorylation and
recycling of synaptic vesicl¢al Zaabi, Al Menhali and-3&smi, 2018)CFAP298 (Cilia and
Flagella Associated Protein 298) controls spinal cord formation and functionality of cilia in
central canal in zebrafisfBearceet al,, 2022) These cilia ensure circulation of cerebrospinal
fluid in the lumen of brain and spinal cord cavities, and mutations result in scdllasis
deformities of the spine in zebrafi§Marie-Hardyet al,, 2021) EVAC1 (EvhHomolog C) is
involved with neuron survival and growth and development of olfactory and optic sensory
axons and neural structureflameset al, 2013; Castdrebolloet al, 2020) The polled
phenotype is not present in buffaloes unlike cattle and yak, however murrah feature altered
horn morphology with small, curled horns. Selection on horn size and the central nervous
system typically occurs in livestock to increase docility raaahlice risk of harm to humans

(Haskell, Simm and Turner, 20Nbrriset al.,2014;Simon, Drégemdller and Luhken, 2022;
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Algraet al,, 2023) This region may contribute to the ease of handling of muresulting in

their popularity across India.

A host of genes found under selection in RV_IND_3 appeared to be involved in
metabolic activitiesvhich mayrelate tomurraho dzF ¥ £ 2SaQ FtoAf AGe (G2 NB
stressful conditionsGRPEL2 (GrpE Like 2, Mitochondrial; BB&éfulates the mitochondrial
import process to maintain mitochondrial homeosta¢¥anget al, 2023) The encoded
protein acts as a sensor of oxidative stress and interadtis mtHSP70 in states of high
oxidative stress to prevent misfolding of mitochondrial imported protg@svastaveaet al.,

2017; Konovalovat al., 2018; Hera$Molina et al, 2022) Increased expression has been

found coinciding with times of greater lipid oxidation in pjgerasMolinaet al., 2022) AUP1

(AUPL1 Lipid Droplet Regulating VLDL Assembly Factor) meanwhile regulates Rtg3 required for
stationary phase in mitophagy and may function to transduce a signal from specific
hyperoxidized proteins to activate the retrograde response that impact bwia states

(Journo, Mor and Abeliovich, 200€henet al., 2022) MRPL53 (Mitochondrial Ribosomal

Protein L53) encodes a large subunit of mitochondrial ribosome 39S and gegto&chinery

for the mitochondrial oxidative phosphorylation system whilst INO80B (INO80 Complex
Subunit B) is a DNA damage repair géperberet al, 2016; Let al,, 2022) DCTN1 (Dynactin

Subunit 1) is an axonal transport gene for maintaining motor neuaodéas been associated

with milk yield in murrah buffalo further highlighting the importance of this region in the

breed (Kumaret al., 2023) Increased stress on livestock reduces productivity, anal&ny

buffalo, a reduction in milk yield®e Ros&t al, 2009; Caropreset al., 2010; Pawar, 2012;

de la CruLruzet al, 2019; Sagqilet al, 2022) Oxidative stress occurs when reactive oxygen

species are not effectively removed following metabolic processassing cellular damage,

and activating apoptotic pathwayst dzLJLIS€ X Y I LJdz& ( | . ThisystResstalzdd & Za 1 |
exacerbated through environmental conditions such as heat or poor(féedlillo and Aitken,

2009; Pedernerat al., 2010; Z. Guet al, 2021) Genes such as these may underline murrah
0dzZFFI £ 2SaQ oAt Ale (G2 NBYFAY LINRRAZOUGAGBS Ay f

The genetic separation of RV_IND_1 and RV_IND_2 may indicate murrah buffalo
lineages and individuals that are being selected for and developed. Unlike RV_IND_3, these
two populations did feature unique ROH=r RV_IND 1, genes found within divergent ROHs

surrounded immunity and production. ALCAAtfivated Leukocyte Cell Adhesion Molegule
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and CBLBEJbl ProteOncogene Bare markers for mastitis and are important for cell adhesion
and signalling in-Cells respectivelyLkhagvadorgt al., 2010; Jwet al,, 2018; S. Haet al.,
2020; Dysin, Barkova and Pozovnikova, 202D@7 (CD47 Molecule) is an immune response
gene that becomes upregulated in lactating mammary gldBdchytaet al, 2003)
TNFRSF13TNF Receptor Superfamily Member 18@codes a receptor for B cell activating
factor (Demasiuset al,, 2013) Increased BAFF expression was found in infected dairy goats
spleen(Fuet al,, 2022) Nearby, SHISAS8I{isa Family Member) & associated with somatic
cell score in Brazilian murrah buffglloazarcet al., 2021) In the same region, GRARZRB2
Related Adaptor Protein)2s upregulated in buffalo milk somatic cells and functions in the T
cell receptor signalling pathway while immursated gene MTMR1Myotubularin Related
Protein 1) has additionally been observed under selection in river buffaldetawatet al,,
2021; Ravi Kumaet al,, 2023) The ROH on BBUG6 features TENT5C, VTCN1, TRIM45, CD101,
and CD2, all of which have immune functigBsymet al., 2016; Dagt al., 2019; Simonst

al., 2019; Liudkovsket al., 2022; Etcheverst al., 2023) Many genes across the ROHs were
linked to milk production in livestock. SREBF&eiol Regulatory Element Binding
Transcription Factor)2regulates expression of lipogenic genes and is involved in milk fat
synthesis in buffaloe@iantoniet al., 2010; Yet al., 2022) Further lipid metabolic genes for
dairy cattle include POLR3H, EP300, ANXA9, CkRigat al, 2010, 2013; MartineRoyoet

al., 2010; Romaet al,, 2014; PuigDliveraset al,, 2016; Ricet al,, 2016; Palombet al., 2018;
McFadden and Rico, 2019; Hual,, 2021; Peck¥ A ®ftaf 2021) CTSK on BBUS6 has been
found under increased expression in mammary glands during lactation in buf{8odkiet

al., 2023)

The balance between immunity and milk production is importanefmynomic output
as both processes are energetically expensive to dairy livestock. High yielding dairy cattle have
been shown to feature defective inflammatory responses and reduced immunity owing to
intense metabolic changes around calv{Bgonzoet al,, 2020) Infection in cows can lead to
great economic loss through reduced milk yields, veterinary costs, and loss of livestock
(Bronzoet al., 2020) Milk yields are reduced as greater energy and nutrient demands are
placed on producing immuniselated cells(Rauw, 2012) The calorific requirements are
increased in infected cows which are met by utilising energy stores such as fat régaves

2012) Additionally, integrity of the bloodhilk barrier is impaired, preventing the required
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nutrients being transferred to milk secreting cgW¥ellnitz and Bruckmaier, 2021 ffective
immune systems leads to lower somatic cell counts in milk, meaning higher quality and longer
lasting productgAlhussien and Dang, 2018glection of immunity and milk production genes
may explain why this genetic cluster is found across several locations as farmers may be
identifying the most productive and resilient murrah buffalo€sirther evidence of these
results occurs in XBHH regions in the form of PTARL (virus resistance), MAMDC2 (Antiviral
response in microglia), MORN2 (facilitates phagocytosis), RFXAP (regulates MHC Il genes), and
SKAP2 (modulates immunitf})/u et al, 2008; Butteet al,, 2012; Abnavet al,, 2014; Chet

al.,, 2014; Hanna and Etzioni, 2014; Rib&tal., 2016; Tumasiaat al,, 2021; Yiliang Waref

al., 2022) These immunity genes can be found alongside production associated genes such
as ALG5. This gene is differentially expressed at different stages of lactation and participates

in lipid biosynthesis and glycerolipid metabolic proceg§&breyesust al,, 2019)

RV_IND_2 has two ROHSs that overlapped with RV_COL and RV_BRA populations, while
additional ROHs further highlight reproductive functions. On BBU14, JaGded Canonical
Notch Ligand Jloperates via the Notch pathway, a conserved pathway crucial to embryonic
development. This gene has shown signalling function in embryogenesis and has been
associated to reproductive function in Nellore cattle, and promotion of mammary cell
proliferationduring early lactation in cow@ripuraniet al., 2011; Wangt al., 2012; Sbardella
et al, 2021) Genes on BBU17 include ZNF84 (Zinc Finger Protein 84) that is a key regulator in
ovaries of Brahman cattle with expression changes in uterine tissues associated with puberty
(Nguyeret al, 2017; Forte®t al,, 2018) Associations with puberty have also been observed
in the adjacent ZNF605 (Zinc Finger Protein @@diteset al, 2018) Furthermore, GUCY1A1l
is associated with litter size in sheep and ASIC5 variants linked to pregnan@ IQstani
et al, 2021) ASIC5 has previously been found under selection in river byfaavanan,
Rajawat,et al, 2022) Further reproductive genes were found in-BAH results as TUSC3
(Tumour Suppressor Candidate 3) is expressed in spermatocytes, inducing sperm
differentiation and maturationZhou and Clapham, 2009; ¥ual., 2017; Suret al.,, 2023)

GRHL1 (Grainyheddke Transcription Factor 1) functions in placenta development and has
been associated with litter traits in pigs while the absence of TAF1B {daXTi#inding protein
associated factor, RNA polymerase | Subunit B) causes the accumulation of late stage egg
chambers in ovarie@inget al,, 2021; SY. Cheret al,, 2022; X. Wangt al., 2022) Analysis
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of mMRNA expression of this gene corresponds with successpoédwant heifergDickinson

et al,, 2018; Moorey and Biase, 2020)AF1B also is associated with body weight of yaks at
the time weanindJiaet al., 2020) Similarly, TDO2 (Tryptophan )8oxygenase) is also linked
with weaning weight in Charolais cattlg&arzaBrenner et al, 2020) These genes may
indicate potential development of murrah buffaloes in RV_IND_2 for increased reproductive

and infantile developmental success.

India has been upgrading buffaloes through national programmes to increase milk
yields and avoid unproductive buffaloes via genetic erosion. Uninformed admixture
outbreeding) idrequent in rural areas as buffaloes are grazed in common lands allowing free
admixture ofbreeds. Uninformed admixture results in reduced productivity through erosion
of beneficial haplotypes maintained by breed selection. In a bid to reduce the impact of
genetic erosion (and improve milk yiekda more efficient selectioyof buffaloes in India, the
government began implementing ART schemes since the 1@0gh and Balhara, 2016)
The first strategic artificial insemination programme (1951956) targeted 150 key villages
to improve cattle and buffaloe€Singh and Balhara, 2016)he current National Dairy Plan
now incorporates 14 major milk producing states accounting for more than 80% of the
O2dzy iNEQa OIF0GGtS YR o6dzZFFLE2 LRLMzZA I GA2YZ
production (Singh and Balhara, 201@)he scheme uses a strict number of breeding buffalo
bulls produced through progeny testing and pedigree selection programi@egh and
Balhara, 2016)Throughmodernisationand greateruse of ARTh India, highly productive
buffaloes can balevelopedmore easilyvia selection @ elite individuals The two unique
clusters within India murrah buffaloes may be evidence of lineages being selected for

improved milk production and reproduction success.
South America

Numerous livestock species have been imported into the Americas and have
successfully adapted to its climafehe evolution of Creole cattle is an example of this. Iberian
cattle were imported to central America late 1%entury, and these adapted to various
ecotypes forming the creole bree@Bittet al., 2019) Adaptations of creole cattle include the
thermoregulatory slick hair phenotypgitt et al, 2019) Buffalo arrived in South America
later, being imported to Brazil from the 1890s onwafda Silvaet al,, 2021) The majority of
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these were either Mediterranean buffalo from Italy or murrah of Indian ori@vamp
buffaloes have also beenmported to a lesser extentUnlike previous livestock species,
buffaloes were imported for their natural tropical adaptatiodglaptations to hot climates,
pathogenic resistance, and productivity in harsh conditions are ideal for use in South America.
Buffaloes werehereforeimported to replace locally adapted but low productive breeds such
as creole cattlgda Silveet al,, 2021) Although both RV_BRA and RV_COL are genetically
similar to their Indian ancestors, regions under selections suggest that sesent

adaptationto South America

Divergent ROHs in RV_BRA were foassbciatedvith neural development, energy
metabolism, reproduction, milk production, and immune response. The ROH on BBU1
overlapped with XHEHH results in RV_IND_3 including genes OLIG2, PAXBP1, SYNJ1,
CFAP298, and EVACL1. Additional genes captured in the longer Rai¢ id&B1 (URB1
RibosomeBiogenesisiomolog), MRAP (Melanocortin 2 Receptor Accessory Protein), MIS18A
(MIS18 Kinetochore Protein A), HUNK (HormonalWRegulated NetAssociated Kinase), and
SCAF4 (SRelated CTD Associated Factor 4) all of which are expressed in the brain and CNS.
MRAP ad SCAF4 have been shown to be involved with regulation of metabolism, appetite,
and food intake(Webb and Clark, 2010; Zhamg al., 2021; Novoet al, 2022) SOD1
(Superoxide Dismutase 1) and TIAM1 (TIAM Racl Associated @é&i€ a)so found in this
regionand both genes have been linked with heat stréb$oriet al., 2012; Lopreiat@t al.,

2020; Kharet al,, 2021; Zengt al,, 2022) Therefore, thicluster of genes under selection
may allude to behavioural adaptations in murrah buffalo through improved management of
buffaloes. In this case, for example, stress may be reduced through increased {Caitiayrio

et al, 2013; Friedrich, Brand and Schwerin, 2015zarovet al., (2021) found SNPs
surrounding URB1 and MIS18A were linked with somatic cell score in Brazilian buffaloes.
Reduced stress through docility and thermotolerance would reduce the release of stress
hormones leading to a reduction in inflammatory signalling and imnmesponse therefore
reducing number of white blood cells in mfRauw, 2012; Alhussien and Dang, 2018; Matera

et al, 2022)

BBU9 revealed a range of genes associated with thermoregulation and reproduction.
DELE1 (DAP3 Binding Cell Death Enhancer 1) responds to mitochondrial stress and is able
upregulate heat shock proteingesslert al., 2020; Gucet al,, 2020; Girardiret al., 2021,
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Huynhet al, 2023) TAF7 (TABox Binding Protein Associated Factor 7) can regulate heat
shock proteins and enhance efficient recovery of cells to thermal s(Nmsgashimadat al.,

2018; Y. Liet al, 2022) Expression of CD14 (CD14 Molecule) has been linked with tropical
thermal stresqAlhussienet al., 2018) TMEM173 (Also known as STING1) has been found
under selection in Fuzhong swamp buffalo, a place that faces hot and humid suifBnars
Huang.et al,, 2020) Selection of this gene has additionally been found in Southern Chinese
cattle (Y. Liuet al, 2022) ECSCR (Endothelial Cell Surface Expressed Chemotaxis and
Apoptosis Regulator) encodes a protein primarily found in endothelial cells and blood vessels,
and therefore may have a role in tolerance to heat stress in c@itexipolliet al., 2018)
Reproductive genes include GNPDA1 (GlucosaiiPleosphate Deaminase 1) which is
upregulated in pLH blastocysts under ARYcket al., 2014) HDACS3 (Histone Deacetylase 3)

has been shown related to competence of bovine oocytes, and higher transcripts in cows
suggest importance for preparation of oocyt€Silvaet al., 2019; Kawamotet al., 2022)
Furthermore, expression of this gene is linked with improvement of bovine embryo
production and preimplantation developmeii8ilvaet al, 2019) HBEGF (Heparin Binding

EGF Like Growth Factor) has shown evidence for pregnancy s(8éekghcet al., 2017;
Doleboet al, 2019) Other genes such as EGR1 and KDM3B have been linked to {&ftliay

et al, 2017; Dolebet al,, 2019; Kangtal, 2022 . NI} T Af FNB FY2y3a (KS
of ART to support their meat and dairy production that rank$ ghd 3" in the world,
respectively(Sartoriet al., 2016) Year on year increases in artificial inseminations, embryonic
transfers, and somatic cell nuclear transfers have been obse(8edtori et al, 2016)
Therefore, it is of no surprise that genes relating to success of pregnancy are observed under
selection. The additional occurrence of thermotolerance genes in this region may help
mitigate additional stress on cows that can occur from increase metabatés during
energetically expensive processes such as reprodu¢@amtwrightet al, 2023) This ROH

was additionally found in RV_IND_2 and RV_PH_BUL, likely being used in a similar context,
particularly that of RV_PH_BUL which also resides in hot and humid conditions. On BBU12,
EIF2AK3 and FABP1 may have roles in energy balance while FQii&segair follicle
development(McCarthyet al., 2010; Shahzaet al., 2015; Guaet al., 2016; Diniet al., 2020;
Bolormaaet al., 2021; Garci&ocheet al, 2021)
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Regions under recent selection in RV_BRA froAEMR results may further add to
these themes. VPS13A (Vacuolar Protein Sorting 13 Homolog A) encodes the protein chorein.
This protein is chief moderator of secretion and density of blood platelets. Heasstagses
platelet numbers of blood density which raises danger of cerebral and coronary thrombosis.
Therefore, this gene may act to mitigate risk of damage from increased (#eatri
Ghanatsamaret al, 2023; Zhonget al., 2023) CSNK1G1 (Casein Kinase 1 Gamma 1) is
associated with cattle temperament whilst GRM7 (Glutamate Metabotropic Receptor 7)
operates in excitatory glutamatergic synapses and is associated with behavioural neurological
disorders such as autism and ADKlvarengaet al., 2023) PCAdapt revealed a SNP
associated with RV_BRA. NCAM2 (Neural Cell Adhesion Molecule 2) was the closest gene and
has previously been associated with dairy cattle and gq@tmg et al, 2022; Amiri
Ghanatsamaret al, 2023) This gene has also been found associated with milk, fat, and
protein yield in Brazilian buffaloes indicating that selection on livestock traits is affecting

genetic structuring of murrah populatiorf¥'enturiniet al., 2014)

In the Colombian population, the few genes found within R@pfsearedto revolve
mostly around growth. On BBU2, genes were found associated with body and carcass traits
relating to fat (LRRC1, HCRTR2, HMGCLL1, BMP5), and muscle (MLIP, FAM83B, COL21A1)
functions (Ahmadyet al,, 2011; Shaet al, 2011; Teten®t al,, 2015; FalkeGieskeet al.,

2019; Ghoslet al,, 2019; Tangt al, 2019; Yuart al, 2019; Chert al., 2020; Sigdedt al,,
2020; Parket al, 2021; Tumasiaet al, 2021; Ramo®t al, 2023) Meanwhile CACYBP
(Calcyclin Binding Protein) on BBUS relates to skeletal muscle function in Holstein cattle
(Yougbaréet al, 2021) Although not defined as a breed @olliet al, (2018) RV_COL is
genetically very murrafike. Water buffalo were originally imported to Colombia from the
1970s (Zava, 2009)Buffaloes were obtained from nearby countries such as Trinidad &
Tobago, before defined breeds such as murrah were imported from neighbouring(Beaal|
2009) Here in the Caribbean, river buffalo of Indian origin.(ermrrah and Jafferabadiyere
developed for draft power and greater meat production leading to buffaloes with increased
muscle mass, coined the buffalypso (Bennett, Garcia & Lampkin, 2Q0'8suits insection
3.4.2 show elevated &Nfor RV_COL, though not a distinctive population expansion like

RV_IND_3, which could be explain by breeding between closely related gene pools, e.g.,
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closely related Indian breed3hakoret al., 2021) Therefore, these genes relating to growth

functions may be traces of alternative use from dairy to draught in river buffaloes.

Colombian buffalo revealed little information on potentiatlaptations to South
America in lieu of XEHH results. Of the genes found under selection, STXBP5L (Syntaxin
Binding Protein 5L) is associated with skin photoaging, while its paralog STXB5 promotes
platelet secretion(Le Cleret al, 2013; Gorsket al, 2019) Adjacent to this is POLQ (DNA
Polymerase Theta), which participates in DNA repair. Loss of POLQ in humans and mouse cells
causes sensitivity to ionizing radiatipviousefzadeh and Wood, 2018SDME (Gasdermin E)
is key for induction of pyroptosis, a form of cell death regulated via inflamm@tidama and
Morimoto, 2023) On BBU9, EDIL3 (EGF Like Repeats And Discoidin Domain 3) mediates
angiogenesis and participates in inflammatory pathwégasceaet al., 2020; Beckeet al.,

2022; Sokolovat al., 2023) GLRB (Glycine Receptor Beta) and GRIA2 (Glutamate lonotropic
Receptor AMPA Type Subunit 2) are neuronal genes both of which are associated with flight
speed and temperament in cattle, respectivé§antoset al., 2017; RukDeLaCruzet al.,

2023) These genes indicate increased exposure to solar radiation. Several buffalo farms can
now be found in states (e.g., Antioquia & Santander) at higher altitudes, where cooler
temperatures mean that buffaloes may not need to wallow, and as such, are mposex

to solar radiation. Alternatively, in tandem with neuronal genes and growth traits from ROHSs,

these genes may further contribute to adaptation to draught usage.
Bulgaria

Buffalo in Europe almost entirely comprise of the Mediterranean breed that adapted
to Europe over the past 1,500 yegiSolli, Milanesi, Vajanat al., 2018; Zhang, Colli and
Barker, 202Q) Although Italy has bred Mediterranean buffaloes to be among the most
productive breeds of river buffalo, those in Eastern Europe lacked significant improvement in
milk production. Farmers in Bulgaria proceeded to import murrah buffaloes to improve milk
production and increase disease resistance within the bi@mdghese, 2013aYhe result of
this crossbreed formation has produced a higher frequency of longer ROHs compared to other
murrah populations. This may be due to regions of either Mediterranean or murrah buffalo
being selected for, or not enough time has passed to breakrdthese regions from

recombination. Most significant SNPs identified from PCAdapt analysis likely relate to
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Mediterranean ancestry as PC1 distinguishes between pure murrah and the crossbred
murrah. Several SNPs relate to genes associated to growth traits. Local Bulgarian buffaloes
prior to crossbreeding were additionally used for draught and meat purposes anahaong

the fastest growing and largest of riverine buffald@stonio, 2010; Borghese, 2013a; Noce

et al, 2021) RAD51 (RAD51 Recombinase) ZRYVE26 (Zinc Finger FYYje Containing

26) have been associated with carcass fatness in Nellore cattle and residual feed intake in
pigs, respectivelyDoet al., 2014; Martinset al., 2021) PRTG is associated with back fatness

in Nellore cattle and average daily gain in Italian beef céltlmioret al., 2016; Manciret al.,

2022) NEDD4 has been found associated with meat traits in Nellore eatiesheep, and is
involved in promotion of bone development, cellular growBarneset al,, 2019; Bakoeet

al., 2020; Frezarinet al., 2022; Krivoruchket al., 2023) Other genes found in this analysis
include TSPAN18, CD82, ANKRD33B all may play roles in inflammation and immune response,
while CPLX2 is a encodes a presynaptic protein and this gene is found under selection Bashan

cattle, known for their gentle temperameitSunet al., 2023)

Genes associated with growth traits and immunity are further observed in
RV_BUL_VAR within divergent ROHs and under selectionBRMPesults. Within the ROH
on BBU4, RBFOX2 (RNA BindinglFbomolog 2) regulates MERX3 which promotes
differentiation of chicken myoblasts, while knockouts in mice disrupt SLC25A4 involved in
energy production, leading to heart and skeletal muscle def¢Cmyanget al., 2020;
Wierzbickaet al., 2023) This gene has been under selection in Boer goats that excel on growth
performance over other breedéruanet al, 2022) Interestingly, on BBU14, a QTL for coat
colour pigmentation in cattle is found. This corresponds with the gene ATRN (Attractin) that
has been shown to influence coat colour in mice, and linked to pigment switching in Holstein
and Hanwoo cattl¢Secet al., 2007; Pauscét al,, 2012) River buffaloes typically feature near
black coat phenotypes, however brown coats have previously been developed in Bulgarian
buffaloes(Borghese, 2013bATRN is a receptor for the ASIP protein that is well known for
coat colour phenotypes in anima(¥. Liwet al,, 2018) Also, ATRN can promote degradation
of melanocortin receptors which influences intracellular cCAMP levels. Increased cAMP is able
to influence lipolysis in adipose tissue and energy metabolism in liver and nf¥stlieet al.,
2018) Therefore, development of the brown coat phenotype may be potentially linked to

selection of any growth or energy related traits.
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The remaining genes observed were frequently associations with the following:
SIGLEC1, MAVS, DMBT1, CPXM2, ABRAXAS2 with immunity; HSPA12B, PANK2, PCNA,
SLC23A2 for thermotolerance; and BMP2, PROKR2, CDS2, PRDX3, GRK5 BAG3, ACADSB,
CTBP2, ADAM12 associateith various lipid and metabolic functions. Notably, CRLS1
(Cardiolipin Synthase 1) is involved in mitochondrial membrane function and is predominantly
expressed by tissues with high levels of energy metabolism and has been linked with cold
adaptation(Trovatoet al,, 2015; Youet al., 2020) The SNP under selection485452290n
BBU23 overlapped with ROH results for RV_BUL_VAR. Within this, we fine2 NIKK1
Homeobox 2) that promotes adipogenesis and inhibits osteoblastogenic differentiation, and
differential methylation of this gene can be observed at lower temperaturesq@38C) in
humans (Chenet al, 2019; Xuet al., 2020; Wanget al, 2023) Adjacent to this, LHPP
(Phospholysine Phosphohistidine Inorganic Pyrophosphate Phosphatase) catalyses hydrolysis
of imidodiphosphate which is essential for maintaining mitochondrial membrane potential
(Conteet al,, 2021) This gene is expressed in mammary glands of Holstein cows and ewes
where metabolic changes are highly regulated at a transcriptional (@l@thet al., 2012;

Conteet al, 2021) Genes under selection in Bulgarian murrah buffaloes appear related to
energy homeostasis. Whether this is due to adaptation to a colder environment, greater milk
production from crossbreeding Mediterranean and murrah buffaloes, or additional selection

on growth traits can be further investigated.
Philippines

The Philippines is within the historic range of the swamp buffalo having been
introduced to the islands post domestication 4,000 years @goker, 2014; Colli, Milanesi,
Vajanaset al,, 2018) With the decline in swamp buffalo population owing to mechanization
of farming and low production (milk and meat) capabilities, the Philippines have established
river buffalo populations to hybridise with swamp buffaloes. Due to increasing frequency of
typhoons, flooding, and droughts ruining crop production, smallholders in Philippines are
increasingly swapping crop production to livest¢Blscarchat al., 2020) With the help of
CDP, river buffalo are used to increase growth speeds¢(42@0% increase) and milk
production (200¢ 300% increase) of local swamp buffaloes to increase income for families
across Philippines (Cruz, 2015). Murrah buffaloes from IndidBaigaria are the main source

of river buffalo genetic variation used for crossbreeding. Although one Philippine murrah
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(RV_PH_IND) populations is of small sample size, the Philippine Bulgarian murrah population
still revealed regions under selection. Across ROH on BBU8 in RV_PH_BUL, several genes
relate to growth traits. PPP1R3A (Protein Phosphatase 1 Regulatory Subusii@les a

subunit of PP1 involved in insulin signalling pathway promoting glycogen synthesis and has
shown to be downregulated in cattle with restricted feédeoghet al, 2015) LSMEM1
(Leucine Rich SingRass Membrane Protein 1), IFRD1 (Interferon Related Developmental
Regulator 1), ZNF277 (Zinc Finger Protein 277), DOCK4 (Dedicator of Cytokinesis 4), LRRN3
(Leucine Rich Repeat Neuronal 3) all have roles in cellular growtiifepation,
differentiation, and apoptosi€Chenget al., 2014; Wang, Chen and Wang, 2019; Y. $bal

2022; Téteatet al, 2023) IFRD1 in particular has been associated with average daily gain in
Nellore and Marchigiana cattle whilst expression differed in rapid growth Dorset sheep
compared to slow growth small tail han she@piao, Luo and Qin, 2015; Sorbokial.,, 2017;
Peripolliet al, 2018) This gene may also potentially be involved in the double muscle
phenotype in Charolais catti@dahueyMartinezet al,, 2019) Therefore, this region could be

a useful candidate region for increased growth of buffalo in the Philippines. The ROH on
BBU20 meanwhile provided MPHOSPH10-P{Mse Phosphoprotein 10) and MCEE
(MethymalonytCoA Epimerase), both of which have been attigloto adipose functions in

cows and piggMoisaet al., 2017; Y. Jiargf al,, 2022)

Again, a gene relating to coat colour was found under selection. This time, in
RV_PH_BUL, FOXP2 (Forkhead Box P2) was found within the ROH on BBU8. FOXP2 is a well
known language and speech related gene in humans that is integral to brain development
(Dediu and Christiansen, 2016Jowever, this gene has additionally been linked to coat colour
in Vrindavani cattlgChhotarayet al., 2021) TRPM1 (Transient Receptor Potential Cation
Channel Subfamily M Member 1) was additionally found, this time in the ROH on BBUZ20.
TRPML1 is a calcium channel where knockdowns in the gene causes an influx of calcium ions
into melanocytegDeviet al,, 2013; Shenyuan Wagal., 2021) Signalling through €asuch
as level of exposure to solar UV radiation, controls cellular melanoge(®si®no and
Oancea, 2014; Dumbuya, Hafez and Oancea, 2020)ants in TRPM1 are responsible for
spotting phenotype in horses while high expression in goats corresponded with brown skin

(Penget al, 2017; Derks and Steensma, 2Q2Alpong with the gene in RV_BUL_VAR, these
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genes can be explored in the future to determine if they feature any further functionality or

purely visual.

XREHH results in RV_PH_BUL revealed further metabolic and grelated genes.
SLC13Al1 (Solute Carrier Family 13 Member 1) that encodes a renal sodium/sulphate
cotransporter and is involved in sulphate homeostd8eegheimet al, 2017) Sulphate is
essential for several processes such as cellular metabolism and growth. SLC13A1 has been
associated with bone disorders in Simmental cattle, and sulphated proteoglycans are
essential for maintaining normal structure during bone and cartifagmation (Bordbaret
al., 2019) Within the same region, IQUB (IQ Motif and Ubiquitin Domain) was found and
knockdowns of this gene can preventnyc expression, a muscle regulator gefiget al.,

2018; Bordbaret al, 2019) NDUFA5 (NADH: Ubiquinone Oxidoreductase Subunit A5)
participates in transportation of electrons in mitochondria and therefore energy production
while GRIA4 (Glutamate lonotropic Receptor AMPA Typer Subunit 4) may additionally be
involved in metabolic hoeostasis as this gene has been linked with cold adaptation in
Siberian cattlgBordbaret al,, 2019; Igoshiret al, 2019, 2021; Swartet al, 2021) ASB15,
LMOD2, and WASL all have roles in muscle develop(Mgidaneld, Hancock and Moody,
2004; Ywet al,, 2007; McDaneld and Spurlock, 2008; Yamasdtiral., 2012; Bordbaet al.,

2019; Langet al, 2021) RV_PH_IND revealed various genes related to livestock productivity

however with no clear pattern.
Environmental Adaptations

Selection in livestock is largely dictated by pressures on production traits. Declines in
productivity are realised when livestock encounter environments that they are not adapted
to as energy is required to maintain bodily functions under stressful congdi(Niyaset al,,

2015; Bernabucci, 2019; Passamatitial, 2021) In response, individuals with beneficial
alleles may display greater productivity due to being more resilient and better adapted, i.e. a
higher fithesgKawecki and Ebert, 2004; Savolainen, Lascoux and Merila,. ZDI&}) time,

this will lead to a population or breed becoming locally adapted to the new environment
(Passamontt al, 2021; VeladaAlonso, MoralesCastilla and Gome3al, 2022)The top SNPs

associated with environmental variables tested here elucidated potential environmental
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adaptability capabilities in domestic buffalo for the first time. Associated genes appear to

mostly relate to thermoregulation and altitudaccording to current literature

TENM2 Teneurin Transmembrane Protein), 2Zassociated with temperature and
longitude, is a nerve system gene found under selection in high altitude ranging feral Andean
horses (Hendrickson, 2013) This gene is involved in embryogenesis and neuronal
development. Changes surrounding TENM2 may vyield altered behavioural responses as
differences in methylation were found in algae eating rock dweller cichlids compared to other
speciegVernazet al,, 2021) Under colder conditions, buffaloes increase food consumption
to increase metabolism, alter resting behaviours and maintain close body contact with other
individuals(Yéafiezt al., 2020) NBEAL1 (Neurobeachin Like 1) has previously been linked to
high altitude adaptation in several livestock species and features in thermal adaptation via
regulation of synaptic transmissid®erranitoet al,, 2021) NBEALL1 is abundantly expressed
in arteries and involved in cholesterol metabolism which may explain links to thermal
adaptation(Bindesbglkt al., 2020) CHL1 (Cell Adhesion Molecule L1 Like) is vital for brain
and neural development, but is also found expressed in the carotid ddgnget al., 2013;
Fischer and Drago, 201MResults show this genotype frequent in RV_IND individuals and
associated with low precipitation. CHL1 recruits heat shock protein Hsc70 (HSP70) to the
synaptic membrane and vesicleg S & K Oé &l.y2806)1A Istudy on buffaloes at different
altitudes showed that low altitude populations are vulnerable to chronic heat stress, and this
would be exacerbated in areas of low precipitatiican et al., 2022) HSP70 has been
associated with vascular diseases such as strdkebtaet al,, 2005; Allendet al,, 2016; Kim
et al, 2018) Therefore, changes in CHL1 function may assist against neuronal and vascular
diseases under heat stress. TBC1D4 (TBC1 Domain Family Member 4) and HS3ST4 (Heparan
SulfateGlucosamine Bulfotransferase 4) have both been associated with cold adaptation.
TBC1D4 found under selection in Beringia humans from the arctic region and is likely involved
in fat metabolism and changes due to low carbohydrate diet (McGarrah, 2017). HS3ST4
meanwhile, produces heparan sulfate that affects blood thickness and is algo sgldction
in arctic inuit population(Reynoldset al, 2019) Another gene relating to coat colour was
found dominated in Bulgarian murrah. ADAMTS20 (ADAM Metallopeptidase With
Thrombospondin Type 1 Motif 20) regulates melanocyte colonization of skin and is associated

with coat colour variation in goa{®©get, Servin and Palhiére, 2019)
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Although recent changes mostly link to production traits in buffaloes, these genes
indicate that buffaloes can adapt to different climates. Changes in neuronal, metabolic, and
vascular genes may help buffaloes alter their behaviour and maintain homeobtadic
function to mitigate stress. This capability makes them potentially ideal livestock species for
changing future climatic conditions in addition to their current traits of being disease resistant

and maintaining productivity in low quality conditions.

3.6. Conclusion

The findings presented here show the level genetic variation across murrah buffaloes
and reveal potential adaptations occurring across the globe. All populations featured high
levels of heterozygosity with low levels of genetic differentiation between patmns as
expected. As such, the majority of murrah buffaloes clustered together except for the
crossbred RV_BUL_VAR, and two small groups of individuals within RV_IND. Genes identified
under selection may relate to how each population has been usedféWheegions under
selection in RV_IND_3 were associated with oxidative stress in addition to brain and CNS
development, which may relate to temperament and adaptation to low quality environments.
RV_IND_1 and RV_IND _2 differed in that their genes undertsei appear associated with
milk production, reproduction, and immunity, suggesting potential development of the
breed. RV_BRA shared similarities in terms of genes geared towards productivity with buffalo
farming in Brazil taking place in a larger sagperation. Colombian buffalo featurelbci
under selectiorassociated with muscle development which may relate to ancestry from the
buffalypso breedthat was usedin draught. Meanwhile genes affecting coat colour were
identified across all selection methods in Bulgarian murrah that uniquely features the brown
coat colour. Evidence of adaptations to the environment were found in relation to neuronal,
vascular, and metabolic furions that may help buffaloes regulate homeostasis under
different conditions. In summary, a range of potential population specific candidate genes
and genomic loci have been identified aiding in understanding the adaptive potential of

buffaloes.
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Mitigating the Effects of Ascertainment Bias using
Linkage Disequilibrium Pruning

4.1. Abstract

SNP genotyping arragse comprised ohighly polymorphic markerthat can discern
between closely related individuals at an affordable costis is beneficial for linking
differences in SN§with phenotypic variationThough useful for genomic selection within the
commercial livestock sector, evolutionary studiase biasas natural genetic variatiooften
features an abundance of lowly frequency allelEsirthermore, for theAxiom™ Buffalo
Genotyping Arrayswampbuffalo were not included in SNP selection. Thésates further bias
in the array aghe genetic variation irswamp buffab is underrepresented.This chapter
evaluatesascertainment bias within thAxiom™ Buffalo Genotyping Arraiyp comparison to
whole genomesequencing datar his chapter additionally attempts teducebiasin the array
for swamp buffalo by usintinkagedisequilibriumto prune overrepresented low frequency
SNPsMAF distributions revealethe disparity in allele frequencies between the two species
and between data typeas an abundance of high frequency alleles were found in the river
buffalo array dataAscertainment biasvas evident across most statistical analysis as river
buffalo array data was unaffected by LD prunimgle swamp and WGS data fluctuated
pruning didreduce ascertainment bias as differendetween river and swamp buffalo could
be minimized with swamp diversity increasiftus trendwasnot shared by WGS data where
results are mirrored depending on the LD pruning target. Therefore, LD pruning in WGS data
captured uniquegenetic variation specific to either speci®githout unique swampvariation,

LD pruningn the SNP arragetained ancestral SNPs that have remained in both sped&s
processes such as balancing select®BC results showed that the consequences vibat

geneticrelationships between river and swamp buffappeaed closer. Studies using the
Axiom™ Buffalo Genotyping Array should only focus on river buffalssweamp buffalo

require a new arrayhat incorporaesthe speciesunique variation
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4.2. Introduction

The abilityto sequencegenomes rapidly expanded our understanding of genetic
variation and its effects on biological processes across a range of s(iegresnghanet al,,
2019; Gianket al,, 2020) Thegreatest impactn humans, thehas been irmedicinewhere
genetis hasimproveddiagnostic services and treatments of many dised8ésnolioet al.,
2019; Greeret al,, 2020) Elsewhere, access to genomic information for the livestock industry
provides the raw material for formation of precision breeding plans, targeting alleles that
express a desired trafMeuwissen, Hayes and Goddard, 2013; Georges, Charlier and Hayes,
2019; Burrow and Goddard, 2028Yhole genomesequencindor livestock species provides
the full complement of genetic variation, howevaequencingas data storage and
processing infrastructures costlyfor large numbersUtilising genomics without substantial
monetary backing is therefore challenging, though lasgale sequencing projects do exist
(Daetwyleret al., 2014) The production of single nucleotide polymorphism (SNP) genotyping
arrays (henceforth referred to as SNP arrays) offers a cost effective and reproducible vector
of genomiadatathat maintains a highesolution(Syvanen, 2005; Gurgetial., 2014; Georges,
Charlier and Hayes, 201®s of 2016, over 1.2 million dairy cattle have been genotyped using
SNP arrays in the US alofWwigganst al., 2017)

SNP arrapanelsmay feature upwards of hundreds of thousands of nucleotide probes
that hybridise to complementary regions of the tested DNWiltiple microarray technologies
have been developed with Affymetrix and Illlumina being the major producers. Affymetrix
microarray technology functions esprobe-pairs that compose of a perfect match probe and
a mismatch probelifferingin a single nucleotidd_aFramboise, 2009Alternative binding of
the complementary DNA to the different probes produces detectable difference in signal
intensities. In comparison, Illumina microarrays use extensions of fluorescently labelled
nucleotides, conveying SNP genotypes through colotiogglLaFramboise, 2009)The
allocated probes are predefined based on informative polymorphic SNPs selected through the

SNP discovery procedadure 4.1).

Selection of SNPs for microarrays are often based upon a small number of sequenced
DNA samples. In the livestock sector, these samples will usually cover breeds of interest.
Following sequencing and SNP detection, several stages of filtering and valigatilst also

considering practical factors such as cost, occur to obtain to final SNP set for microarray
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production (Geibelet al., 2021) Importantly, the resultingset of SNB from this process
captures tens of thousands of evenly distributed polymorphic SNPs across the genome
providing ahigh resolutionfor which differences in variation between individuals can be
guantified and attributed to functional trait&urgulet al,, 2014; Georges, Charlier and Hayes,
2019; Berry and Spangler, 2023he first commercial high density SNP array for livestock
produced was the Illlumina Bovine SNP50 BeadChip for ¢dtdtukumalliet al., 2009)This
array contained 54,001 SNPs thahabled the selection of highly desirable individuals on a
commercial scale throughgeneration of genomc estimated breeding values (EBVS)
developed by Meuwisseet al, (2001). Production of various SNP array platforms have been
extended to a variety of livestock species, e.g., sh#gjaset al., 2009) goats(TossetKlopp

et al, 2014) and pigs(Ramoset al., 2009) facilitatingthe genetic improvemenof livestock
andintensification of thandustry(Hayeset al., 2009; Hayes, Lewin and Goddard, 2013; Stock
and Reents, 2013; Gorjaetal., 2015; Britcet al,, 2021)

The Axiom™ Buffalo Genotyping Arrappecame commercially available in 2017,
featuring89,988 SNP marke(samartinoet al, 2017) This markd the first opportunity for
largescale genomictesting of domestic buffaloes, leading to the formation and
implementation of genomic selection programmes. Outside of commercial interest, the cost
effective and reproducible state of SNP arrays makes the buffalo array an attractive source of
genomic information fostudying the global patterns of genetic variation andestigation of
their evolutionary historyfAutonet al., 2009; Kijast al., 2009; OrozcdéerWengelet al., 2015;
lamartinoet al., 2017; Colli, Milanesi, Vajaret,al., 2018; Rougemont and Bernatchez, 2018;
Mufoz et al, 2019; Pittet al, 2019; Eusebi, Martinez and Cortes, 2020; Olschewsky and
Hinrichs, 2021)Both river and swampbuffalo derive from the same wild ancestor and are
able to hybridise to produce fertile offspringet there are substanti@enomic,phenotygc,
and livestocktrait (i.e., milk or draughtdifferences(Colli, Milanesi, Vajanat al., 2018;
Zhang, Colli and Barker, 2020nderstandinghe genetic variation within domestic buffaloes
will greatly contribute to the effective management of genetic resources across the two
species. In turn, this will guide breeding of genetically healthy and productive livestock while
avoidingany detrimental effects such as inbreeding or genetic erodrastow, 2016; Rauw,
2016; Lopest al, 2017; Georges, Charlier and Hayes, 2019; Meb@é, 2019; Wu and Zhao,
2021)
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SNP 4 Discovery populations sequenced:
Discovery Mediterranean, Murrah, Jaffarabadi, Nili-Ravi

SNP 30% Mediterranean, 30% Murrah
Weighting 20% Jaffarabadi, 20% Nili-Ravi

SNP Assess performance of SNPs:
Filtering Binding energy, GC content, removal of repetitive regions,
removal of closely clustered interfering SNPs

SNP Choice of highest performing SNP sets
Validation Removal of unsuitable SNPs for probe choice

Down Selection of equally spaced reduced SNP set for array
Sampling production
Production of probe-pairs on 31 Buffalo populations:
array - 15 River
-16 Swamp
- 1 Cape buffalo
TA TA -1 Anoa
CG AG
GC GC

Figure 4.1: Flowchart of SNP genotyping array desigthéorAxionTM Buffalo Genotyping
Array. Informationin figureon array desigimas been obtainedrom lamartinoet al., (2017)

Four river buffalo populations were used to identify potential SNPs for the buffalo array. A
series of filtering, validation, and down sampling procegaesy design indicated bylue
background)ake place to select final SNP subset. Array was prod(eredy production &
assessment in grey background3ing Affymetrix probepair technology and 31 buffalo
populations were used to assess the performance of the ar&gges are in order and

direction isshown via arrowsGraphic adapted fronGeibelet al.,, (2021)
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Representative samplesre required to obtainaccurate statistical outputs and
interpretations ofthosepopulationsstudied.Geneticstudies require a representative sample
of the standing genetic variatioWhile SNP genotyping arrays provide ample benefits, they
however do not typically represent standard levels of genetic varigédiorechtsen, Nielsen
and Nielsen, 2010; Lachance and Tishkoff, 2013; Benjedtoal) 2019; Geibeét al., 2021)
SNP arrays ardeliberatdy produced withan abundance of hidi polymorphicSNPs with
rarer SNPs avoide(Nielsen, 2004; Albrechtsen, Nielsen and Nielsen, 2010; Lachance and
Tishkoff, 2013; Geibat al., 2021) This form of ascertainment bias leads to distortions in
allele frequency and overinflation of statisti¢dlbrechtsen, Nielsen and Nielsen, 2010;
Lachance and Tishkoff, 2013; Malomaeteal., 2018; Benjellouret al,, 2019; Geibeét al,,
2021) For example, allele frequency distributions produce a signal more akgenetic
bottlenecks due to the absence of rare alleles, while estimates of heterozygosity and
divergence are frequently over or undexpresentedin comparison to WG@ielsen, 2004;
Albrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff, 2013; Malenan2018;
Benjellouret al,, 2019)

Satistics such as principal component analysis (P&#®&)more robust against
ascertainment bias, therefore providing possibilities to reduce its impact on réMudfBavish
and Hillis, 2015)inkage disequilibriunis usedover frequencybased methodsor identifying
regions under selection in SNP arralige to the bias in allelic frequersQanbari and
Simianer, 2014)However, theskewedallele frequencies in SNP arrays is not the only bias.
The SNPs in théxiomn Buffalo Genotyping Arrawere selected on Murrah (30%),
Mediterranean (30%), Jaffarabadi (20%), and-Ravi (20%), thus, the genetic variation
present in the SNP array represents polymorphisms found in these bfeadartinoet al.,
2017) When genotyping breeds and populations outside of those in the discovery panel, no
further variationunique tothose breeds can be capturéBérezEnciso, Rincon and Legarra,
2015; Eusebi, Martinez and Cortes, 2020; Olschewsky and Hinrichs, R@2&hntly diverged
and isolated populations will share tmeajority of their genetic variation, and therefore will
be minimally affected in statistical analysRopulationsthat are less relatedi.e. older
divergencewill shareless genetic variatiowith respect to that captured by the SNP array,
and the SNPwwill largely appear as monomorphic or rare allel@fhese genotyped

populations willconsequentlyappear as though they possess little genetic diversity when, in
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reality, their diversity is simply not captured by the ar(Alyelsen, 2004; Albrechtsen, Nielsen
and Nielsen, 2010; Malomaret al., 2018) The four breeds that founded the buffalo array

are allriverinebreeds thusa bias ixreated against swamp buffalo.

This chapterevaluatesascertainment bias between river and swamp buffaloes
present in theAxiomn Buffalo Genotyping Arragnd attempsto minimize its effects through
alternative selection of independent SNPs. Several strategies have been suggested to
minimize bias in arrays. Some studies use quality control filtering such as minor allele
frequencieso remowe rare alleles oSNPs out of Harédd SA Yy 6 SNHQa 91j dzA £ A 6 NA d:
usestatisticsresistari to bias(Albrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff,
2013; Malomaneet al., 2018) Other studies specifically model ascertainment bias in their
analysis, thus matching neutral models to observed @ ainto-Cortéset al., 2018) The use
of linkage disequilibrium (LD) pruning is used within this chapter and has been previously
suggested to reduce the effectsadcertainment biaacross populations of wild and domestic
chicken(Malomaneet al, 2018) The rationale behind this is that LD pruning removes nearby
SNPs that reflect the same genealogical history, i.e. are linkad. method may aid in
removal of the excess of monomorphic and rare alleles that are not reflective of their natural
genetic variation. Here, LD pruning is alternatively conducted on thedimvoestic buffalo
species ando understand if ascertainment bias can be remoyedtending using LD to
mitigate ascertainment bias to two different speciedhisstrategywas replicatedn WGS

data tocompare to the array data

4.3. Materials and Methods

4.3.1.Sample Collection & Data Generation

15 Indian murrah buffaloes generated in Chapter Three were chosen and added to
Colliet al, (2018) global buffalo SNP array dataset. In line with previous Chapters, the SNP
array dataset featured 40,695 SNPs. Quality control filters to obtain this number of SNPs can
be found in Chapter Two Section 2.3.1. Populations that were present irtLaip(2021)
whole genome sequencing dataset were kept for comparative analysis between arrays and
WGS. The full breakdown of populations used in this chapter and sheiple sizesan be
found inTable 4.1. Sevenver buffalo populations and six swamp buffalo populations were

available across both datasets. Both species featured populations covering their core historic
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range. l.e., river buffalo populations represented India, Pakistan, Middle East, and Europe,

while swamp populations represented China, Thailand, Philippines, and Indonesian islands.

The fullAxiomu Buffalo Genotyping Arrafeatures up to89,988 SNPsAnalysis was
carried out to check that the distribution of SNPs between the full probe map and the reduced
genotyped data were similar across chromosomes. The full annotation was acquired from
ThermoFisher Scientific (available at:
https://www.thermofisher.com/order/catalog/product/55043)L SNPs were removed if they
were missing chromosomal locations, present on {aomosomal chromosomes, or were
duplicated quality control probes so to ntht the genotyped data. The distances between
SNPs on the probe map and genotyped data were computed and summarised using R (R Core
¢SIFEY Hamyo® ! tSENER2YQa NIyl O2NNBfFGAZ2Y (S
probe map and present genotyped data fbe total number of SNP markers present on each

chromosome.

Table 4.1: Buffalpopulation details and samples sizes available across both SNP array and
WGS datasets. RV_IND was produced within this thesis (see Chapter Three Section 3.3.1 for
further details), all other populations were obtaindém Colliet al, (2018) and Luet al,

(2021).

Population Species Breed ID SNP Array WGS
Sample Size Sample Size
India River Murrah RV_IND 15 3
Pakistan Aza Kheli RV_AZA 3 5
Kudhi RV_KUN 10 5
Nili-Ravi RV_NR 15 8
Iran Khuzestani RV_KHU 10 5
Mazandari RV_MAZ 8 4
Italy Mediterranean RV_MED 15 13
River Subrotal 76 43
China Swamp Guizhou SW_GZ 11 12
Hunan SW_HUN 15 5
Philippines SW_PHI 15 5
Indonesia SW_SUL 11 5
SW_SUM 13 5
Thailand SW_THA 6 5
Swamp SulTotal 71 37

WGS data obtaineffom Luoet al, (2021)contained33,516,506 SNP markers. To

remove the excessive difference in resolutions between WGS thadAxionu Buffalo
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Genotyping Arraya pseudeSNP array datasetas generated using WGS data. A gamma
distribution was fitted to the distribution of distances between SNPs in the probe map using
the fitdistplus R package (Deligneftéuller & Dutang, 2015). Using this gamma distribution,

a vectorof 72,434randomly generated SNP distances were sampled. These distances were
used to extract SNPs from the WGS data, producing a psaudyp thatwith SNP markers
distributed approximately equally to the AxierrBuffalo Genotyping Array.

To evaluate ascertainment bias within the SNP array, subsets ofdbidsed from
different populations were generated using linkage disequilibrium (LD) pruning using PLINK
(Changet al,2015). LD pruning was conducted using the settings of window size of 50 SNPs,
window step size of 10 SNPs, afAthresholds set at 0.01, 0.05, 0.1, 0.2, 0.5 and 0.8. Multiple
datasets were generated at theséthresholds targeting different species and populations
(Figure 4.2). The following LD pruning sets were formed: No LD pruning (referred to as all no
pruning- ALL NPA = 1.00), LD pruning acesll samples (ALL), LD pruning across all river
samples (RIVER), LD pruning across all swamp samples (SWAMP), LD pruning across
population representative of river domestication centre (RIVPK_NIL), LD pruning across a
population representative of riveran-domestication centre (RIVIT_MED), LD pruning across
a population representative of swamp domestication centre (SWATH_THS), and LD pruning
across a population representative of swamp raymestication centre (SWACN_GUI). The
number of SNP markers retaitheacross all datasets can be foundSopplementary Table
S4.1. Duéo the number of repetitive datasets formed, this report henceforth refers tiatp
as being either SNP array or WGSjatasetbeing how the data was LD pruned (e.g., ALL,
RIVER, SWAMP), andrfithreshold as the ? (0.8, 0.5, 0.2 etc) used in LD pruning.
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“ River )
' LD Pruning
“ Swamp Dataset
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s b b h_&_§&_| SWAMP

\_“ RIVPK_NIL/

' RIVIT_MED

ALL

T -
\_ - SWATH_THS/

SWACN_GUI

Figure 4.2. Species and populatotargeted for generating each LD dataset. Same
populations were used for SNP array and WGS &ater (blue) and swamp (red) are defined

by the different colours. Each buffalo represents a single populafiba.number and colour

of populations shown foeachdataset indicates which populations were used in selecting
SNPs by linkage disdtjorium (LD)pruning. Dataset names are linked to the populations that

LD pruning was used on, i.e. ALL = LD pruning on all buffalo populations, RIVIT_MED = LD

pruningonly on the river population from lItaly.

4.3.2.Genetic Diversity & Population Structure
Genetic diversities across all LD datasets were measured using a variety of metrics.

PLINK was used to calculate minor allelic frequenci®dq) and both observed @ and
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expected (H) heterozygosity -thardy) across all SNPs per population per dataset. The
inbreeding coefficient (F) was calculated using moments of method calculatioet, (
Equation 1) across all polymorphic SNPs per populatid?LINK. Abutputs were analysed
in R using custom scripts. Choice @€3t was determined through use of Shapinlks test
for normality (P < 0.05 being nerormally distributed) and equal variances test (P < 0.05
being unequal variances between groups) were canted for each comparison. ANOVAs
were used to test for significant differences acrosthresholds within a dataset, and across
datasets of the same threshold.
0 Qi QIOEHE ¢ 0@é 60 DOWN QABEBE & OIE 6 VO
Y€ OlAd I G QQI0 N QAEBEBGBER d O &E 6 RO
1)

Pairwise population &t comparisons were calculated within each dataset using
VCFools (Daneceket al, 2011). Parametric and negparametric Fests were used to
determine significant differences between species and data. Parametric angarametric
T-tests and ANOVAs were used to analyse differences across species, data, dataséts and r
thresholds. Erresults were further analysed viaS I NR 2 y Qa O 2oNR@rhiedf A 2y {0 ¢
the same patterns in genetic variation were present between datasetgalles from
correlation test outputs were adjusted using the false discovery rate (Eb&)count for
multiple testing. Consistency of population structure was further analysed using a non
multidimensional scaling (NMDS) analysis in PLINK to supperesults. 20 synthetic
components were computed in PLINK and NMDS outputs were analysed using custom R
scripts. Correlation tests were completed to identify significant correlation across major axis

between datasets, with®alues adjusted for multiple téisg using FDR.

4.3.3.Runs of Homozygosity

Runsof homozygosity (ROH) provided a statighat is calculated per individual
instead of being population based. ROHs were calculated in PHERK@zyg) using settings
found in(Macciottaet al,, 2021)hat were done using the Codt al, (2018) SNP array dataset.
Outputs were analysed in R using the package detectRBiB&(inet al,2019). The settings
used to calculate ROHs were 1Mb minimum ROH length, 15 SNPs minimum number of SNPs

in ROH, 0 heterozygous or missing SNPs in ROH. ROHs were summarised by three metrics
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being i) Number of ROHSs, ii) Length of ROHSs, and iii) Distribution of ROH classes. Parametric
and nonmetric Ftests were usedto determine significantdifferencesin these measures

between species and between datasets, again accounting for normality and equal variances.

4.3.4.Demographic Modelling

Approximate Bayesian Computation (ABC) was used to observedliferent LD
datasets affected demographic modelling. No evolutionary model has currently been
produced for domestic water buffalo, therefore the simplest of models was generated for this
analysisOneriver andone swamp population were usethat joined at some point back in
time. The two populatios used were aMediterranean river buffalo (RIVIT_MED) population
composing of 13 individuals and a Chinese swamp buffalo population (SWACN_GUI) of 11
individuals Populations were selected by way of the largest WGS populations available, and
datasets were randomly sampled for 2,500 SNP markers to reduce computational time for
ABC simulations. Three models were simulated being i) no migration, ii) river to swamp
migration, and iii) swamp to river migration. The ABCtoolbox pipeline was(Mgegmanret
al.,, 2010) ABCsampler implemented within ABCtooolbeas used to randomly sample
parameter values from defined prior ranges for effective population sizes @Nergence
time, and migration rategTable 4.2)One million backward coalescent simulations were
generated using FastSimCoal v2.6 with summary statistics of the simulated genetic variation
calculated using Arlequin v2.6.2Excoffier and Lischer, 2010; Excoféeml, 2013, 2021)

The closest 1,000 simulations by distance to observed summary statistics were retained for

generating posterior distributions using ABCestimator within ABCtoolbox.

Table 4.2: Prioranges and distributions for parameter sampling

Parameter Abbreviation Parameter Sampling Minimum Maximum
Distribution
Effective Population Size Rivi NR Logo 2 7.5
Effective Population Size NS Logo 2 7.5
Swamp
Effective Population Size Wil NA Logo 2 8
Ancestor
Divergence Time T-Split Logo 1 6
Migration Rate River to MRS Logo -6 0
Swamp
Migration Rate Swamp to MSR Logo -6 0
River
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4.4, Results

4.4.1.Dataset Generation

123,040 SNRmarkers werefound inthe full Axiomu Buffalo Genotyping Arragrobe
map. After removal of markers such as duplicated quality comtratkers and those with
missing locations/2,434autosomal SNP markers remained for further filtering. 40,695 SNPs
remained in the observed SNP array dataset following quality control filtering and merging of
datasets (Chapter Two, Section 2.3.1). The distribution of SNPs across chromosomes for the
full probe map and genotyped dataset can be se@efigure 4.3. SNdistributions between
the probe map and observed SNP data significantigrelated (¢ = 0.999, p < 0.0001).
Therefore, despite the loss of SNPs in the observed genotyped data, the distribution is still

representative of the full probe map.

12 13 1
Chromosome
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4000~
2000- “““
12 3 4 s 6 T & 3 10

Data

B cenotypea
. Probe Map

Freq

Figure 4.3Total number of SNP markers found across each chromosome in tiAioriv

Buffalo Genotyping Arrgyrobe map (blue) and present genotyped buffalo populations (red).

Reduced numbers of SNPs in the observed data led to larger distances between SNPs
(Figure 4.4). Observedenotyped data featured an average distance of 60.7kkgv.G)
between SNPs, compared to 34.2kbp (£20.4) infaigorobe map. A gamma distribution was
fitted to the probe map, giving a shape 5.59 and rate of 0.00016@lhich 72,434 SNRgere
randomly extracted from WGS dataset according to distances similar to that of the SNP array.

Datasets for SNP array and WGS array then underwent linkage diseguonlpruning. The
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number of SNP markers retained in each LD dataset can be fouBwdpplementary Table

S4.1.

10000 -
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Figure 4.4: Distributioof distances between SNPs in the fdkionn Buffalo Genotyping
Array probe map (blue) and present genotyped dataset (red). Reduced SNP markers led to
larger SNP distances in the genotyped dataset increasing from approxirBéat2kbp to 60.7

kbp.

4.4.2. GENETIOIWVERSITIES

It is well known that allele frequencies in SNP arrays typically do not represent that of
natural genetic variation owing to the selection of SNP markers with higher frequencies
(Nielsen, 2004; Clagt al.,, 2005; Lachance and Tishkoff, 2013; Benjelktuad., 2019) Minor
allele frequencies (MAF) were calculated across all populations for all datasets for both SNP
array and WGS data. MAF distributions for river and swamp buffalo in all SNP markers for SNP
arrayand WGS data, and LD prunetiH0.2) data are shown Figure 4.5River buffalo MAFs
in the SNP array are uncorrelated with the majority of WGS comparisons (Supplementary
Table S4.2). SNP array and WGS MAF distributions become significantly correlated when LD
pruning is carried out on specific populations (RIVIT_MED/BR NIL) and lowthresholds
(>KD.1) within RIVER LD dataset. Swamp buffalo MAFs between SNP array and WGS data are
significantly correlated for all LD datasets barr0.01 and%=0.05 in the ALL LD dataset

(Supplementary Table S4.2). Natural genetic variation typically shows an abundance of low
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frequency alleles as seen across WGS. Instead in SNP arrays, an abundance of higher
frequency allelesvas observed as seatross all SNP array dataset for river buffaléegure

4.5).A large majority of low frequency alleles are observed across most WGS datasets. MAF
distributions shift towards higher frequencies in a species astti@eshold becomes closer

to 0 when LD pruning is conducted on that same species (i.e. higher allele frequencies found
in river buffalo when LD pruning targets river buffalo). When LD pruning does not include a
species, the MAF distribution remains shiftesvards an abundance of low frequenaleles.
Therefore, MAF distributions between species within WGS data are only correlated in the ALL
LD dataset that incorporates both river and swamp buffalo (Supplementary Table S4.2). River
buffalo MAF distributions are largely unaffected by LD pruivindpe SNP array and remain
uncorrelated with swamp buffalo MAF distributions until LD pruning is specifically conducted
of swamp buffalo (SWAMP, SWACN_GUI, SWATH_THS; Supplementary Table S4.2).

A similar patternwasfound in heterozygosityesults (Supplementary Tables S4.3,
S4.4, S4.7, and S4.8). Bothdtid Hzremained high across all LD datasets ahthiresholds
for river buffalo in the SNP array dataset(d.373¢ 0.472; H: 0.352¢ 0.444). In contrast &
and Hgreatly fluctuatel in the swamp buffalo SNP datacfH.115¢ 0.429; H: 0.112¢ 0.421)
and both species in WGS data (River }H125¢ 0.473; River H 0.112¢ 0.416; Swamp &
0.094¢ 0.423; Swamp #10.089¢ 0.408) depending upon the LD dataset ahthreshold Ho
and Hare shown for both species across SNP array and WGS data for no LD prunig and r
0.2 forALL, RIVER, and SWAMP LD datas€igures4.6and Figure 4.7, respectivelyp and
He wassignificantly greater (P < 0.05) in SNP array data for river buffaloes than WGS data for
the majority of LD datasets bar lowerthresholds in RIVER, RIVIT_MED, and RIVPK_NIL LD
datasets (Supplementary Tables S4.11). In SNP array datmdH becamesignificantly
greater as fthreshold decrease in RIVER, RIVIT_MED, and RIVPK_NIL LD datasets, while there
was no effect in other datasetsSupplementary Tables S4.1H, and H:for river buffalo
becamesignificantly greater in all LD datasets in WGS data? aleareases, as a wider
spectrum of allele frequenciewas included. This effectvas far larger in ALL, RIVER,
RIVIT_MED, and RIVPK_NIL, compared to SWAMP, SWATH_THS, and SWACN_GUI LD
datasets. This tren@vas not consistent in the SNP array probably because the SNPs in the
array are selected for alleles occurring at medium to high frequencies. Swamp buffatal H

Hetypically only increasewhen included in LD pruning in both SNP array and WGS data.
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Figure 4.5: MARequency distributions across river (left) and swamp (right) buffalo for SNP
array (red) and WGS (blue) data. First row features all SNPs with no LD pruning, second row
features LD pruning across all buffalo individuals, third row features SNP obtaimed_D
pruning across river buffalo, and fourth row from LD pruning across swamp buffalo. Rows two

to four are LD pruning with ar threshold of 0.2.

Ho and Hwas significantly greater in river buffaloes than swamp buffaloes in SNP
array data acrossnost LD datasets ancf thresholds(Supplementary Tables S4.3 & S4.4),
although at low £ thresholds in swamp pruned LD datasets, this difference rapidly deatease
or waseven overturned. For example, SWAMR 0.01: Swamp &+ 0.429, River &+ 0.396,
while in comparison blacross the original nepruned SNP dataset is 0.397 for river buffalo,

and 0.118 for swamp buffalo. The samd dot occur in WGS data where river buffaleamd
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Hewas greater across aff thresholds in ALL, RIVER, RIVIT_MED, and RIVPK_NIL LD datasets,
whereas swamp sland Hwasgreater in SWAMP, SWATH_THS, and SWACN_ Galak€&rs
(Supplementary Tables S4.7 & S4Sgynificant differences ind&nd Hwerefound between

SNP array and WGS data in swamp buffaloes except for when LD pwasmegpnducted

solely on swamp buffalo (SWAMP, SWACN_GUI, SWATH_THS LD datasets) (Supplementary
Tables S4.11pwamp buffalddo and H:was highest whemiver buffalo wereexcluded from

LD pruning
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Figure 4.6: Observed heterozygosity for river (left) and swamp (right) buffaloes in SNP array
(red) and WG®lue) data across ALL (NP?&10.2), RIVER, and SWAMP (béth0.2). River
buffalo Hbremains high across all SNP array datasets whilst swamp buffalordases when
incorporated in LD pruning.disuallyincreases in the species the LD pruning is usefbion
WGS data.
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Figure 4.7: Expected heterozygosity for river (left) and swamp (right) buffaloes in SNP array
(red) and WGS (blue) data across ALL (NE&12), RIVER, and SWAMP (béth0.2). River
buffalo H:remains high across all SNP array datasets whilst swamp buffadoreases when
incorporated in LD pruningde usually increases in the species the LD pruning is used on for

WGS data.

In contrast to the fluctuations found ind#nd Hacross data and species, F remained
stable across datasets and thresholds (Reduced plot in Figure 4.8). Inbreeding was
effectively near absent across both river and swamp buffaloes across all data, datasets and r
thresholds, on average being found approximately O or negative. F was on average higher for
both river and swamp buffalo in SNP array data compared to WGS data (Supplementary
Tables S4.6 & S4.10). Sporadic significant differences were folnalien comparing river
and swamp buffaloes in both SNP array and WGS data though the general trends were i)
swamp buffalo featured a marginally higher F than river, ii) SNP array data featured higher F
values than WGS data, and iii) F was largely unaffiebte LD pruning anc? thresholds
(Supplementary Table S4.6, S4.10 & S4.11).
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Figure 4.8: Inbreeding coefficient for river (left) and swamp (right) buffaloes in SNP array (red)
and WGS (blue) data across ALL (NP £0.2), RIVER, and SWAMP (béth 0.2). F was
largely unaffected by LD prunipgnd most LD datasets for both river and swafopnd that

FXX), indicatingan absence of inbreeding across both species.

Fstvalueswere minimally affected within species, however interspecies comparisons
fluctuated greatly (reduced plot Figure 4.9). No significant differences were found for river
river comparisons between SNP array and WGS data, LD dataset thresholds
(Supplementary Table S4.12). Swaswamp pairwise &t results were additionally
unaffected by LD pruning though thresholds of 0.01 and 0.05 did produce significant
differences across LD datasets (Supplementary Table S4.13)sWamap krvalues were
frequently found to be significantly lower in WGS data compared to SNP array data
(Supplementary Table S4.14) for ALL, RIVER, RIVIT_MED, and RIVPK_NIL LD datasets.
However, in SWAMP, SWACN_GUI, SWATH THS LD datasetsr HRver-swamp
comparisonswere significantly greater in WGS data than SNP array dRddterns of Er
between data and LD datasets became uncorrelated as LD pruning specifically targeted

species and at lower thresholds.
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Figure 4.9: Average pairwiserfralues for riveriver (left), riverswamp (central), and swamp
swamp (right) buffaloes in SNP array (red) and WGS (blue) data across ALL? NB.&),r
RIVER, and SWAMP (bott¥r0.2). Erwas unaffected by LD pruning for both within species

pairwise comparisons however fluctuated greatly in rigeamp pairwise comparisons.

4.4.3.Population Structure

NMDS analysis evaluating differences in population structure was affeceat®and
LD pruning. In all data and datasets, componkfiteduced plot in Figure 4.1@}stinguished
river and swamp buffalo populations with all pairwise comparisons between datbsétg
significanty correlated (3655 total pairwise comparisons covering all datasets, 100%
significant correlations). ComponeBt(reduced plot in Figure 4.1@)stinguishedEuropean
and nonEuropean river buffalo across most SNP array datasets, and all WGS datasets
including river buffalo in SNP selection. WGS datasets that conducted LD pruning on swamp
buffalo led to component 2 differentiating between continental and Seait Asian swamp
buffalo populations. As a result, 63.9% of pairwise comparisons (covering all datasets) were
significantly correlated for component 2. The majority of differences were led by WGS
SWAMP, WGS SWACN_GUI, and WGS SWATH_THSthtesthalds (.01, 0.05) for SNP
array data for LD pruning on swamp buffalo also followed this pat@omponent 3 (reduced
plot in Figure 4.11) agashowed divisions between datasets capturing variation across river
or swamp buffaloes. From this component onwards, the targeting of LD pruning ditkege
population structuring. For datasets under river buffalo LD pruning, component 3
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differentiated betweenMiddle Eastern and neMiddle Eastern river buffalo. While in swamp
buffalo LD pruning datasets, component 3 contidue divide swamp buffalo populations.
Notably though, original nohD pruned datasets in both SNP array and WGS datasets
captured river buffalo variation across components 2 and 3, while conventional LD pruning
captured swamp buffalo variation from component 3. The greater division between variation
captured in component 3 meant that 38.7% of pairwisedemparisons across all datasets
significantly correlated with each other. No further components were analysed after

component 3 due to small amounts of variation captured.
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Figure 4.10: NMDS plot showing components 1 and 2 for all bydtgdalations across SNP array (Top) and WGS (Bottom) data. LD datasets ALL
(NP & # = 0.2), RIVER, and SWAMP (Béth 0.2) are shown. Component 1 remains constant across all LD datasets, however component 2

capture swamp buffalo variation when LD pruning targets swamp buffalo (bottom right).
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Figure 4.11: NMDS plot showing components 1 and 3 for all buffalo populations across SNP array (Top) and WGS (Botfbdgtdstas IALL
(NP & #=0.2), RIVER, and SWAMP (Bbéth0.2) are shown. Component 3 captures river or swamp buffalo variation depending upon the LD
pruning target.
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4.4.4.Runs of Homozygosity

ROH¢>1Mb)were measured using three metrics: i) number of runs, ii) length of runs,
and iii) ROHs per class. Across ALL, SWAMP, SWACN_GUI, and SWATH_THS, river buffalo
possessedewer ROH#& SNP array data compared to WGS (fewer in RIVER, RIVIT_MED, and
RIVPK_NJL(Supplementary Table S4.15). The number of R@éssfrequently higher in
swamp buffalo SNP array data than WGS in all LD datasets (Supplementary TablénS4.16).
WGS data, the species that LD prumwas conducted on, featurd fewer number of ROHs
(Figure 4.12)However, the same pattern is not repeated in SNP array data where swamp
buffalo either possessedsubstantially more ROHs than river buffalo (e.g., ALL, RIVER,
RIVIT_MED & RIVPK_NIL datasets) or pradacsimilar number of ROHs (e.g. SWAMP,
SWACN_GUI & SWATH_THS). In the full dataset, 11.750 ROHSs per individuals were found
across river buffaloes compared to 19.973 in WGS, whilst the difference in swamp buffalo was
far greater at 41.042 ROHSs in SNP ac@ypared to 26.674 in WGS data.

SNP WGS

40 -

Species
® RIVER
A sSWAMP

w
S

LD Pruning Target
ALL
RIVER

® RIVIT_MED

@ RIVPK_NIL

® SWACN_GUI
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=
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Figure 4.12: Average number of ROHSs across river (circle) and swamp (triangle) compared to

number of markers present in each LD dataset.

Thegreaternumber ofROHs detected, on average, translated into significantly longer
ROHSs in SNP array data in both river and swamp buffalo species for the majority of LD datasets
compared to WGSlJata (Figure 4.13, Supplementary Tables S&4.719).ROHs were

significantly shorter in swamp buffalo compared to river buffalo in both SNP array and WGS
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data at higher % thresholds.The ength of ROHs became similar in SNP array as LD pruning
increasingly targeted swamp buffalo (SWAMP, SWACN_GUI, SWATH_THS). ROH lengths in

WGS became similar &stinresholds decreased in all LD datasets.
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Figure 4.13: Average length of ROHs across river (left) and swamp lfuéflatpes for SNP
array (red) and WGS (blue) data for Ao pruned and?= 0.2 in ALL, RIVER, and SWAMP LD

datasets.

Shorter ROHs in WGS data resulted in an abundance of ROHs in smaller ROH class
sizes. Few ROHSs were detected in both river and swamp buffaloes in SNP array data for class
1 (<1 per individual), while WGS data produced averages of 12.6 and-2Mb6 ROHsdr
river and swamp buffalo, respective[yable 4.3; Supplementary Table S4.20). Shorter ROHs
were largely undetectable upon LD pruning in both SNP array and WGS data. ROHs were
numerous in Class 2-@vib) for both SNP array and WGS data in the absent® qfruning.

River buffalo SNP array data featured the lowest number of average class 2 ROHSs at 5.4 per
individual (compared to 11.9 in river WGS), while swamp SNP array data featured far more
than WGS at 25.3 compared to 8 (Table 4.4; Supplementary TaBlE) SThe number of ROHs

in larger class sizes (3,4,5) declines rapidly in WGS data whereas SNP array data decreases to
approximately 1 ROH per individual in classes 4 and 5. Swamp buffalo SNP array data is more
greatly affected by LD pruning comparedrteer buffaloes. Number of ROHs per class for
classes 3, 4, and 5 can be found in Supplementary TablesS34224).
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Table 4.3: Number of Class 1 sized ROFEBAH). Full table found in Supplementary Table

S4.20.

Data Species LD Pruned Dataset
ALL (NP) ALL (0.2) River Swamp
SNP River 0.039 0.013 0.000 0.013
Swamp 0.268 0.000 0.056 0.014
WGS River 12.605 0.000 0.057 0.023
Swamp 10.459 0.000 0.000 0.000

Table 4.4; Number of Class 2 sized ROHBAE. Full table found in Supplementary Table

S4.21.
Data Species LD Pruned Dataset
ALL (NP) ALL (0.2) River Swamp
SNP River 5.395 0.237 0.092 0.158
Swamp 25.282 0.268 0.521 0.113
WGS River 11.860 0.070 0.163 0.028
Swamp 8.000 0.000 0.351 0.000

Table 4.5; Number of Class 3 sized ROHEBE). Full table found in Supplementary Table

S4.22.
Data Species LD Pruned Dataset
ALL (NP) ALL (0.2) River Swamp
SNP River 4.263 0.789 1.224 0.474
Swamp 12.986 0.465 7.563 0.437
WGS River 2.093 2.442 2.116 4.977
Swamp 1.378 1.784 4.568 1.432

4.4.5.Demographic Modelling

The outcome of LD pruning on previous statistics was olesenv evolutionary
modelling using ABEigure 4.14; Supplementary Figures S4.1 & S4.2). Stageiaation for
river, swamp, and total & mean hb, total Hb, and pairwise érwere retained for posterior
estimation. N for river and swamp populations, time of divergence, and migration were most
affected by LD pruning. River buffal@ iNcreased frombetween 2.53.5 to 4.55 underLD
pruning across all individuals in the SNP array and WGS data. The same trend was observed
for Ne for swamp buffalo however LD ymming on swamp buffalo in the SNP array also

produced an increase. Ancestrat Bizes were largely unaffected by LD pruning, as was
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mutation rate. Time of divergence decreased from approximately 3.7 to below 3 when LD
pruning across all individuals for SNP array and WGS, and across swamp buffalo in the SNP
array. Although previous migration between domestic buffalo species seemslyrtkeave
occurred,increased migratiormates were found irthese datasets(Supplementary Figures

S4.1 & S4.2).
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Figure 4.14: Posterior distributions estimated in a no migration mbegteen river and swamp buffalo for WGS and SNP data and LD datasets.

The black line displays the prior distribution for each parameter.
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4.5. Discussion

SNParrays provide accessibility to genomic resources in species that would otherwise
be challenging and costly to obtain. Howevemimizingascertainmenbias ismportant for
ensuring accurate, and robuswolutionarystudieswithin SNP arraysThe Axionu Buffalo
Genotyping Arraysthe only affordable and reproducible source of genonatafor analysis
of largescaledomesticbuffalo populationglamartinoet al., 2017) Furthermore, this array
is commercially valuable, enabling the establishment of genomic selection programmes
monitoring genetic health of buffaloes and identifying key genes for increased production
yields or greater adaptabilitfVenturiniet al, 2014; Mokhber, 2017; Colli, Milanesi, Vajana,
et al, 2018; Duwet al, 2019; Lazaret al, 2021; Macciotteet al, 2021; Nascimentet al,,

2021; Noceet al, 2021; Rahimmadast al,, 2021; S. Liet al,, 2022) However, as SNP markers
selected for the buffalo array were chosen on polymorphic statdely within river buffalo
species, this creates two forms of ascertainment p&sl) SNPs do not represent natural
standing genetic variation, and ii) swamp diversity will be underrepresented in comparison to
river buffalo (lamartino et al, 2017; Colli, Milanesi, Vajanat al, 2018) Though
ascertainment bias could be overcome by other sequencing technol&ii@s, remains costly

for large scale analysasid methods such as ddRABqQ tends to result in losses in the number

of SNP markers in both preand postsequencing procedure@Cumeret al, 2021; Ros
Freixedeset al, 2022) This chapter has studied the extent of the bias found within the

Axiomu Buffalo Genotyping Arragnd provides advice of how to manage this in analysis.

Genetic variation is usually observed in the form of an abundance of low frequency
that are population or geographically unique with far fewer high frequency alleles that are
common across populations or speci@dielsen, 2004; Albrechtsen, Nielsen and Nielsen,
2010) This natural order of genetic variatisrasobserved in the WGS datasets sampled here
for both river and swamp buffaloes agpected (Section 4.4.2, Figure 4.5cdmparison with
the two species for SNP array data, a very different resak found. Swamp buffalo SNP
array data significantly refleetl that of WGS data in its entirety, showing similar patterns of
MAF distributions across all datasets. Consequently, river buffalo SNPalataledthe
opposite with numerous high frequency alleles, and few low frequency allEmserrare
alleles occur in SNP arrays as SNP discovery is based on a small subset of indnhdduals

therefore loci whererare allelesare foundin the wider populationwill be perceived as
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monomorphic,andthus avoided in SNP selecti@@eibelet al., 2021) This pattern of MAF
distributions is common across SNP platforms for various species &mel msainform of
ascertainment bias in arraylielsen, 2004; Clamt al., 2005; Lachance and Tishkoff, 2013;
Malomaneet al,, 2018; Geibeét al., 2021; Olschewsky and Hinrichs, 20Z)erefore, river
buffalo SNP array data was largely found to not significantly correlate with WGS data nor
swamp buffalodata (Supplementary Table S4.2). Tlias until selection of higher allelic
frequencies occurred in WGS and swamp buffalo through lotwaresholds or targeted LD

pruning.

Interestingly, when WGS dataas LD pruned specifically for either river or swamp
buffalo, only high frequency allele®und in the targeted speciesvere retained Lower
frequency or monomorphic SNPs that are highly correlatéti eachare more likely to be
removed(VanLiere and Rosenberg, 2008; Malomanal., 2018) However, the samdid not
occur for the other speciesuggestinghat retained SNPs are unique to the target species.
This result indicatethat river and swamp buffalo are considerably differgeineticallyand
that variation is not consistent between the two specidsis patternwas not replicated
across the SNP arralata as river buffalo MAF distributions remaith consistent across all
datasets, and swamp buffalo MAF distributsoanly shifed towards high frequencies when
LD pruning is targeted. These pattedisplayedhe bias between river and swamp buffalo in
the array as the markers almost represent a near random selection for swamp buffalo, aside
from exclusion of unique swamp variation. Meanwhile genetic variation in river buffalo is
unlikely to be affected by datarocessing techniques. This observation may not be as harsh
in other livestock SNP arrays as greater diversities of breeds are accounted for in SNP

discovery(Vaysseet al,, 2011; Ahmaekt al., 2020)

The distribution of allele frequencies shown above translat¢o profound effects on
diversity estimates, notall heterozygosity measured heréSection 4.4.2). fland H
produced the same results. When LD pruning included a species, bahdtincreased,
further increasing as?rthresholds lowered (Supplementary Tables S4.3, S4.4, S4.7 & S4.8).
Removal of lower frequency alleles will result in higher heterozygosity values. When LD
pruningwascarried out in the opposing speciesp Bihd H remained fairly consistent with
few significant differences between r2 thresholds. Without LD pruning, tivesis a large

significant difference between river and swamp buffalpadd H. Average din river buffalo
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washigh at 0.397 +0.048 (He = 0.373-9.022) while swamp &is 0.118 +0.011 (He = 0.114

+- 0.004). Genetic diversity metrics are frequently overestimated in SNP arrays therefore the
outcome of swamp buffalo is likely similar to the real value, while the biaseddiversity
results is likely overestimated (Nielsen, 2004; Geibadt al, 2021) This difference only

increas& when LD pruning is targeted at river buffaloes.

The differences in Bland H can be reduced or even removed when LD pruning
targetedswamp buffalodue to the greateemphasis on swamp diversitwhen LD pruning
was undertaken on both species, river buffalm ldnd H remaired higher than swamp
buffaloes, but this differencébecamenon-significant from an % of 0.1 or less. When LD
pruning focused on swamp buffalo, this differeneeas overcomeat low 1 thresholdsas
significantly higher Hand H: estimates inswamp buffalowere faund. For exampleat r? =
0.01,swamp khwas0.421 +0.016(in SWAMP LD datasethile river hwas0.373 +0.021.
Althoughthe difference between river and swamp diversigtimatescan be removed, it is
important to question whether this is correct. Though the difference between river and
swamp diversitys overestimatedn the SNP array daté does appear that river buffaldo
possessigherlevels ofgenetic diversity acrosd/GSstudies(Luoet al., 2020; Sun, Sheet
al., 2020) Therefore,anydata handlingr statistical analysis the SNP array should probably
be done with cautioro ensure thatresults are correcandthat misinterpretationsggenerated

from the influence of ascertainmemiasare avoided

Similar observationwere foundin WGS Hand Hresults except for that river buffalo
results now fluctuatd. When LD pruning/as conducteccross both species, river buffale H
and H consistently remaired significantly higher than swamp buffaleacross most %
thresholds. When LD pruning focusen swamp buffalo, river buffalod-and H:droppedto
between 0.1¢ 0.2 similar to that of swamp buffalo in the SNP array data. The lack of shared
SNP variation between river and swamp buffaloes is a common tlemessWGS results
that is not reflected in SNP array data. The retention of highrd H: values irriver buffalo
SNP arragatawhenLD pruning on swamp buffateccurredindicates that the retained SNPs
are frequent in both speciedespite divergence. Therefore, these SNPs may be shared
ancestral variationand diversity mayhave been kept high through balancing selection,
preventing processes such as genetic drift diverging the markers in the absence of migration

between speciefAsthana, Schmidt and Sunyaev, 2005; Fijarczyk and Babik, 2015; Gao,
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Przeworski and Sella, 2013) is also noteworthy that at low?thresholds, the datasets
consisted of amall numberof markers (e.g. < 1000 SNPs), therefore results are at greater

risk of showing more extremes valu@enjellounet al,, 2019)

While lband Hare greatly affected by SNP selection, other statistiesnore robust
to ascertainment bias. The inbreeding coefficient, F, evaluates the difference betwessmdH
He, therefore is only dependent upon what is expected of that dataset, and thus decoupled
from differences in SNP selection. As a result, the different datasets?ahdesholds had
little difference, and significant results were unlikely overly meaningful as majority of F results
were negative indicating an absence of inbreeding within buffalGedliet al., 2018) F values
for river buffalo were typically lower in both SNP array and WGS data despite any LD pruning
and often no significant differences were found between species or between data within
species. A caveat of the calculation of F here is that it isleééd per population. In this case,
swamp F would likely be far higher as monomorphic SNPs would be included, perceiving

swamp buffalo as more inbred, a result that appears false.

The correct estimation of statistics such as &hd H may not be as important in
biased data if patterns of genetic variation remain the same. l.e., there is acknowledgement
that river buffalo kbis inflated, howevethe important message ifhat river buffaloes feature
greater levels of diversity compared to swamp buffalo. Patterns of genetic variation were
further explored usindstand NMDS impopulation structure analysigsrresults found here
revealed that within species comparisons were unaffected by LD pruning or array/WGS data.
Fstis a product of variation between populations, therefore the similarity of WGS and SNP
array kstvalues indicates that ascertainment bias is not affecting within species comparisons
(Albrechtsen, Nielsen and Nielsen, 2Q18pwever, between river and swamp populations,
Fstwas drastically affected by LD pruningrWas in excess of 0.3 in both WGS and SNP array
data without any LD pruning and was maintained at this level when LD pruning focused solely
on river buffalo (Section 4.4.2yhe nclusion of swamp buffalo within LD pruning led to a
reduction in krvalues in the SNP array (Supplementary Table S4.14). Within WGSstlata, F
values would reduce untiPr= 0.2, and then begin increasing again. Selection of common,
higher frequency SNPs by LD pruning across river and swamp populations leads to less
variation across the dataset, and lower values@fAlbrechtsen, Nielsen and Nielsen, 2Q10)

However, due to the dissimilarity between river and swamp buffialitated estimates of &
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at high ¢ thresholdswere observedThis result wadikely due to drift on older SNPs, while
selection of those SNPs shared across both spésde® underestimated &rvalues at lower

r’ thresholds compared to WGS data, making the two species appear more similar
(Albrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff, Bd®)sistencies insi
under LD pruning between distantly related populations was also identified in Malogtane

al, (2018).

While overall Ervalues may change, patterns of variatiafso changel between
datasets. Correlation analysis revealed thet@lues across population comparisons became
uncorrelated as LD pruning focused on swamp buffalo, therefore indicating that alternative
LD pruning, and attempts to mitigate ascertainment bias, can impact overall patterns of
variation and thereforampact interpretations. This is evident frorNMDS analysig-rom
component 2 onwards, different LD pruned datasets captured different proportions of
variation between the species (Figures 4.10 & 4.11). Focus on river bpfigldations
distinguishedbetween river populations initially, while the opposite largely ocedrfor
swamp buffalo. The original datasets or LD pruning on both species aggpeashow the
same results. PGBased methods are considered to be resilient against ascertainment bias
between SNP array and WGS d@tcTavish and Hillis, 2015)

Runs of homozygosity providan alternative statistic to assess ascertainment bias as
this is a statistic calculated per individual, rather than per population. Although as the number
of markers decreaskand allele frequencies increadelown r thresholds, detectabilityof
ROHsbecame increasingly difficult, this method providethe means to assess captured
variation across the LD datasé€léillestadet al., 2017) The umber of ROHs captured in river
and swamp buffalo in the ALL dataset in WGS reathfairly similar for each with river
buffalo (~5 ROHs more péndividual at an4threshold >= 0.5 SNP array data goes against
this as swamp buffalpossessedpproximately 24 times as many ROHs as river buffalo,
evidencing the disparity of low frequency/monomorphic markers in SNP array data between
species. Furthermore, WGS datvealeda reciprocal pattern as LD pruning is focused on
each species. Rivbuffalo possessethore ROHs in swamp pruned datasets and vice versa,
further displayinghe dissimilarity is SNPs in WGS data. Meanwhile in SNP array data, swamp

buffalo ROHsvere either higher or equal to river buffaloe3his supportedndicatiors that
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when LD pruning is carried out on swamp buffabared diversitybetween speciesvas

retained and therefore similar levels of ROWere captured ineach species

Increased number of ROHSs did not translate into longer ROHs in swamp buffalo SNP
array data. Instead, river buffalo ROHs weften significantly greater than swamp buffalo
ROHSs, however this disparity wasnovedat lower P thresholds.Sgnificantly shorter ROHs
were foundin both buffalo speciesompared to SNP array datdhis may be due to the
increased number of SNPs present in WGS datasets capturing genetic diversity that is not
present in the SNP array data. WGS data has been found to detect shorter ROHs than SNP
array due to the presence of heterozygous regions ndaisse lower density SNP arrays
6 { 1 Y letiaR ZDL9)

ABC offers a flexible and efficient mechanism of studying evolutionary histories of
species.However,its use of summary statistics may leave it vulnerable to the effects of
ascertainment bias. Within this study, posterior estimation used heterozygosity aras F
summary statistics. As observed above, thesee affected by ascertainment bias within the
SNP array and knock on effest®re observedn ABC modelling. Posteriors were largely
similar between SNP array and WGS data, however LD pruning across all buffaloes resulted in
shifts in river and swampegNtime of divergence, and migration. Increases in river and swamp
Ne were observed, while time of divergendecreased (Figure 4.14, Supplementary Figures
S4.1 & S4.2). Greater selectionhigher frequency SNPs leads to increases in heterozygosity
and therefore overestimation of effective population sizes, while the absence of rare alleles
leads b lower Fstvalues and more recent times of diverger{ibBelsen, 2004 Migration rate
consistentlytended towards the lower boundargf the parameter thoughthe additionLD
pruning across all individuals thaome effectThe retention of ancestral SNRmkes the two
species appear as thouglene flow hasccurred Howeverthese SNPs weretainedby both
species upordivergence(Wakeleyet al., 2001; Nielsen, 2004)Greater selection of SNPs
shared across river and swamp buffalo would play into this overestimation. The only other LD
dataset to share the results with ALL datasets is SWAMReiSNP arraylata, therefore
emphasising the impact of ancestrally shared SNPs or those under balancing selection on the
results. This outcome is problematic as although these models are the most simplified for

buffaloes, posterior estimates would go against current litera of buffalo domestication.
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It is increasingly clear that river and swamp buffalo are separate species wittexn
divergence than expecte@Wanget al., 2017; Lueet al,, 2020; Sun, Sheest al., 2020; Zhang,
Colli and Barker, 2020; Curaudeau, Rozzi and Hassanin, P@3igrior estimates of < 1,000
generations (~6,000 years) for divergence time as seen in some LD datasets would suggest a
postdomestication divergence which is unlikely. The lack of shared mitochondrial-and Y
chromosome haplotypes, along with nucleasr€stimates greater than approximately 0.3
suggest that river and swamp are distinct species with little presence migrgifanget al.,
2017; Colli, Milanesi, Vajanet, al., 2018; Luet al., 2020; Sun, Sheest al., 2020; Zhang, Colli
and Barker, 2020; Curaudeau, Rozzi and Hassanin,.ZB&djious studies have identified
mechanisms of reducing impact of ascertainment bias on ABC models. Quarttset al,
(2018) biased their coalescent simulations to match that of SNP array dataset by providing

guality control filters to simulated genetic variation.

4.6. Conclusion

This studyevaluatedascertainment bias found within th&xiom Buffalo Genotyping
Array. Considerable differences between raw values were found across statistics between
SNP array and WGS data for river buffaloes which is explained by the choice of high frequency
markersfound inSNP arrays. Swamp buffalo results for SNP array dataumeerestimated
in comparison of river buffalo SNP array data as a result of ascertainmerddsigsdfrom
array designSwamp buffalo resultior the SNP array frequently replicatdGS dataThis
resultindicatesthat the SNPs in the array are reflective of natural genetic varidioswamp
buffalo as the divergence between river and swamp buffalo is great enough ttieat
specifically selectedolymorphic SNPs for river buffaggmpear tomimic a random subset in
swamp buffalo Reciprocal patternsf genetic variation captured by LD pruniigt targeted
each speciesn WGS LD dataséisther showed that river and swamp buffalo are genetically
dissimilar This @ttern was notshared in SNP array data as river buffalo variation was largely
unaffected by LDpruning. Within the SNP array data, the bias between river and swamp
buffalo could be reduced by LD pruning, although extensive pruning altered patterns of
variation that is likely not representative across buffalo@dgile LD pruning on WGS data
appears to capture unique variation in each speciesgased selection of higher frequency
markers in SNP array data likely retains alleles éh@polymorphic in both speies and thus

under balancing selectiomhe SNP array is unsuitabte fanalysis in swamp buffalo due to
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the extent of differentiationbetween river and swamp buffalo. It would therefore be
recommended for future studies that evolutionary studies comparing river and swamp
buffalo should utilise less biased methods such as ddRAD sequencing to capture variation
across both species. The lack of polymorphic SNPs iarthg for swamp buffalo makes the
array unsuitable for genomic selection programmes, therefore a second array either unique

to swamp buffalo or containing both species would be needed.
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Evolutionary Modelling of Domestic Water
Buffaloes using Approximate Bayesian

Computation

5.1. Abstract

Modelling evolutionary histories of species can provide valuable knowledge on how
populations have changed throughout time. The krookeffect presents opportunities to
infer impacts from external factors such as fluctuations in environmental conditiods a
human societies. Furthermore, these models provide a neutral comparison that may aid
future studies in identifying important genomic regions under selecti®his chapter
guantifiedand modelledgenetic variatioracross global domestic water buffalo populations
of both river and swamp specie&enetic diversity was found to daghest in India, the
putative domestication centre for river buffalo. Tressemblage of an extensive European
dataset hererevealed greater variability between East and Wesérn populationsthan
found in Collet al.,(2018) Evolutionary modellingesults indicated that divergence times of
river buffalomatchedmigrationof humansout of India. Translocation of river buffaloes from
the India to the Middle East may have begarly in the common erwith the settlement of
Wizdh I ONRPa&a YINBAYLt gSaGaflyRa 2F GKS aARRfS
continued from India to the Middle East maintaining genetic similarity between these regions
as observed by a more recent divergence between Indian and Middle Eastern populations.
Thegreater divergence found iBuropean buffaloesompared to norEuropean populations
suggestssolation of Mediterranean population®espite river and swamp bolikkelyderiving
from Bubalus arneemodelling results indicate thatheir wild progenitors divergedh the
Pleistocene This result supportsthat river and swamp buffalo were independently
domesticated.Results revealing loci under balancing selection found genes associated with

survivability and céliability. The lack of genetic divergence at key biological pathways may
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be the reasorwhy river and swampbuffalo are able to hybridise and successfully produce
fertile offspring.Regions of divergence between river and swamp genomes were found to be
linked withlivestock functionResults of this chapter found that genetic variatemrossiver

and swamp buffaleshas been greatly shaped by humans
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5.2. Introduction

The subtribeBubalina,comprising of all buffalo species, arose in the Late Miocene
following rapid diversification dBovini(Hassanin and Ropiquet, 2004; MacEachern, McEwan
and Goddard, 2009; Hassamhal., 2012 Hassanin, 20)4African and Asian groups can be
found within Bubalinathat are denoted by the gener&yncerusaind Bubalus respectively.
The divergence between these groups dates back to betweer8% Ma, although some
estimates indicate divergence times as recent as 2.6 (Massanin and Ropiquet, 2004;
MacEachern, McEwan and Goddard, 2009; Hassdrsh 2012;Hassanin, 2014 uraudeau,
Rozzi and Hassanin, 202It)appears that the transition from tropical woodland to tropical
grasslands in Arabia between 1%,§.25 Ma facilitated the spread &yncerus and Bubalus
predecessor, perhap®achyportax from Southern Asia into AfriclPoundet al, 2012
Hassanin, 2014 Precise splitting of African and Asian lineages is not clear, though
desertification of Arabia post 7 Ma may be the underlying cdBseindet al., 2012 Hassanin,
2014). Paleontological data finds separation wittBubalinaduring the Pliocene. In Africa,
Ugandaxfound in eastern and southern Africa betweerg 3.7 Ma and is thought to have
given rise toSyncerugHassanin 2014). MeanwhilBroamphibog2.2 ¢ 3.5 Ma), and later
Hemibosin the Early Pleistocene, are potential predecessors toBhbaluslineage across
Asia (Hassanin 2014).

The dynamic Pleistocene offered a plethora of opportunitiesBuobalus Southern
Asia presented a stronghold for the group with fossil records showing species ranging into
Southeast Asia, Northeastern China, and Europe. Five spetiesiibodhave been identified
across Eurasia all dating to the Early and Middle Pleistocene. THreac(ticornis, H.
triquetricornis,and H. antelopinuyof these have been found in Upper Siwaliks deposits of
the Pinjor Formation, whilél. gracilisvas found in Longdan, Giai, andH. galerianusn Spain
and Italy(MartlezNavarro and Palombo, 2004; Wang, 200&irtinezNavarro & Palombo,
2007;MartinezNavarroet al,, 2011; Siddigt al., 2019) Transitioning into the MiddkJpper
Pleistocene, an emergence Blibalusspecies is observed. FossilsBafbalis murrensjshe
rare European water buffalo, have been found across continental Ejkapenigswalett al.,
2019) This species appeared to have struggled with periods of cold temperatures, and likely

fluctuated between Northern and Southern latitudes in sync with glaciatingnigswalekt
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al., 2019; Vislobokovat al,, 2021) The most recently dated fossil specimen corresponds to
12.7 kya, prior to the Younger Dry@4slobokova, Tarasenko and Lopatin, 2020; Vislobokova
et al, 2021) In China, a series of shorthorn buffalo persisted in Northeastern regions through
the Pleistocene and into the Holocene. Cladistic analysis suggests that as marBussisig
species may have been present in China with the oldest spdgiestevicornisfound in
Queque cave deposits dating to 1 N2onget al., 2014) The most welknown shorthorn
speciesB. mephistophelesvas briefly touted as a potential progenitor to domestic swamp
buffalo before mitochondrial analysis showed otherwidéanget al, 2008) This species
survived into the Holocene, and remains from human hunting can be dated up until 3.6 kya
(Yanget al., 2008) The most important PleistocenBubalusspecies are likely that dB.

paleoindicusaandB. paleokerbawhose distributions likely shaped the current extant species.

Four wild extant species @ubaluscan be found in Southeast Asia. Two species of
anoa Bubalus depressicornghe lowland anoaBubalus quarlesj the mountain anoa) are
both found in tropical rainforests on Sulawesi and Buton Island. The third species, the
tamaraw Bubalus mindorensispersists on Mindoro Island of the Philippines. How these
three species got to occupy these islands is not fully clear. No wild relatives currently live on
nearby islands such as Borneo, Java, and Sumatra. In the cBseneb, noBubalusfossils
have been found, as opposed to fossil8opaleokerbawn Sumatra and Ja&ozzi, 2017)
In the case of anoa, genetic studies suggest a divergence time of anoa and water buffalo of
between 0.5¢ 3 Ma depending on the use of mitochondrial or nuclear OjRAyonoet al,
2020; Curaudeau, Rozzi and Hassanin, 2021; Schreiber and Seibold, nddatelrrent
accepted divergence hypothesis suggests migratidd. gialeokerbaduring times of low sea
levels from continental Southeast Asia through Sumatra and into Java, before reaching
Sulawes{Rozzi, 2017 Changes in sea level over the Pleistocene caused the fragmentation of
Sulawesi into smaller islands, possibly facilitating the evolution of two distinct anoa species
as seen in other species on Sulawgirton, Hedges and Mustari, 2005)he tamaraw
provides a more difficult case to explain due to the lack of fossil records hinting at a dispersal
route through Southeast Asia. However, the tamaraw may represent an alternative dispersal
to anoa as anotheBubalusspecies (the extindB. cebuens)swas found on the neighboring
island of Cebu, and a third much larger species more comparalide doneewas identified

on the island of Luzon dating back to 65 k§aoftet al., 2006; Amanet al,, 2013)
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The Asian wild water buffal®( arne¢ is the fourth extant species. Less than 5,000
individuals remain across wetlands in Northern India and remnant populations in continental
Southeast Asia (Kaat al,2019). A recent emergence Bf arneefrom B. palaocindicufias
been hypothesized, witB. palaeindicuossils having been found in central India dating to
the Late Pleistocen€Badam, Sathe and Kajale, 199B) palaeindicusemains have been
found alongside extinct megafauna such as the Indian hippopotamus indicating a previous
wetter landscapgBadam, Sathe and Kajale, 1998jidification of the landscape may have
pushedBubalus sppmorthwards to whereB. arneds found today, consistent with claims that
B. arneehas never been further south in India than the Godavari RiZeang, Colli and
Barker, 202Q) The Asian wild water buffalo is the only buffalo species to have been
domesticated, having given rise to two domestic species, the rivelBubalus bubalis
bubalug and the swamp Bubalus bubalis carabanenstsuffalo (Zhang, Colli and Barker,
2020) River buffalo predominantly exist across the Indian subcontinent whilst swamp buffalo
can be found in China and Southeast Asia. Initial work focused on identification of
domestication origins of river and swamp species, deducing whether one or two
domesication events had occurred and should the two forms of domestic species be
considered the same speci@isumaret al., 2006; Satish Kumat al, 2007; S. Kumaat al.,
2007; Yangt al, 2008; Zhangt al,, 2011, 2016; Yuet al., 2013; Wanget al,, 2017)

Mitochondrial analysis shows clear genetic distinctions between river and swamp
buffaloes. Estimates of divergence from mitochondrial DNA between domestic buffaloes
range between 0.%, 2 Ma(Tanakeaet al., 1996; Lawet al, 1998; Wangt al., 2017) However,
the generation of additional nuclear markers presented new evidence with microsatellite and
RFLP data supporting a Pleistocene divergence although estimate were more recent at 10,000
¢ 15,000ya(Barkeret al,, 1997) NGS data has since suggested at an intermediate divergence
between mitochondrial and microsatellite data between 0.2 and 0.5 M@et al., 2020; Sun,
Shenset al,, 2020; Curaudeau, Rozzi and Hassanin, 2@igporting genetic data, river and
swamp buffalo feature different chromosomal numbers at 24 and 23 pairs, respectively
(Ulbrich & Fischer 1967; Fischer & Ulbrich 19@8nuzzi 1998 Swamp buffalo feature a
chromosomal fusion between what are chromosomes 2 and 3 in the river b{#och &
Fischer 1967; Fischer & Ulbrich 196&nnuzzi 1998 Domestic buffaloes are also

morphologically distinct. River buffaloes feature large bodies with a near black coloration all
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over, along with small, curled horns while the swamp buffaloes feature white legs and
chevron under neck with large horns like its wild ancestor, although with a smaller stature
(Zhang, Colli and Barker, 2020)

Evidence overwhelmingly shows that river and swamp buffaloes are different species
and genetically distinoBarkeret al., 1997; S. Kumaat al,, 2007; Yindeet al., 2010; Zhang
etal, 2011; Wangt al,, 2017; Luet al, 2020; Sun, Sheat al,, 2020; Zhang, Colli and Barker,
2020; Curaudeau, Rozzi and Hassanin, 20@tyvever both species are fully capable of
interbreeding to produce fertile offspringhichwill remainpossible until biological processes
between speciesbecome incompatibl¢Ottenburghset al., 2020) (Zhang, Colli and Barker,
2020) Our understanding of the evolutionary relationship between river and swamp buffalo
is unclear with a large variation in estimations. Furthermore, how domestic buffaloes have
diverged but remain capable of hybridizing has not been investig&elious studies have
inferred the demographic history afver and swamp buffaloes, howevthis is yet to have
beenexplicittymodelledMintoo et al,, 2019; Lucet al., 2020; Sun, Sheet al., 2020)

This chapteuantifies genetic variatioracross river and swamp buffapmpulations
and modek their evolutionary history, estimatinghanges in B divergence times and
presence of gene flow posiplit. The model$urther investigaterecent divergence between
river breedghroughmodellingthe number of dispersals out of Indigvolutionary modelling
is conducted usingpproximate Bayesian Computation (ABE€}his enables efficienésting
of multiple specificscenariogCsilléryet al., 2010) Following modellingoci under divergent
or balancing selection are tested for to identifgnes associated withehind the genetic

divergence of domestibuffalo species
5.3. Materials and Methods

5.3.1.Sample Collection & Daf&eneration

The full buffalo genotyping datasetasused hereconsistingof UK buffalo (Chapter
Two), Indian murrah (Chapter Three), European populations from Ebed (2021), and
global population data from Co#t al, (2018). Full details of population used can be found in
Table 5.1 belowTwo populations(RI\VPK_AZK & SWACN_WEN from €bli.,2018)were
excluded from analysiue to small sample sizes (both n=3). Dataset generatasthe same

as Chapter Two and Chapter Three, giving a dataset of 821 individuals covering 40,695 SNPs
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from the Axiomun Buffalo Genotyping ArrayDue to the ascertainment bias found within the
array between river and swamp buffalo, polymorphic markers (MAF > @008 across
swamp buffalo were retained for analysis. LD pruning was not used to generate a dataset due
to potentially emphasising areas of balancing selection that may make river and swamp

buffalo appear evolutionary closer (Chapter Four).

5.3.2.Genetic Diversities & Population Structure

The observed () and expected (Bl heterozygosity -hardy), and inbreeding
coefficient (F) €het) were calculated for each breed in PLINK (CBanget al, 2015.
Summaries (e.g., mean) and analysis of genetic diversities was completed in R v4.0.0 using
custom R scripts (R Core Team, 2018). An ANOVA was used to test for significant differences
in heterozygosity across populations. Following Shagiitkes tests @ Yy 2 NX I f AG & |

t-test was used to test for significant differences betweeyakid H:within each population.

Population structure across the global dataset buffaloes assessed using several
methods. Pairwise populationsFwas calculated using Arlequin v3.5.2Bxcoffier and
Lischer, 2010Q)and summarised witla neighboumet network created irSplitsTree v4.14.4
(Huson and Bryant, 2006Major axes of variation were generated via a multidimensional
scaling(MDS)&nf @ aA & dzaAy 3 NI g | | ¥hedayset@i20 dmessionsy OS
via PLINK, observing major divisions in populations. Genetic clustering of individuals was
achieved using ADMIXTURE v1(3lexander, Novembre and Lange, 2009)is tests for the
ideal number of unique ancestral genetic clusters (K) across the dataset. Values of K from 1
to 40 were tested along with a cresalidation method implemented within ADMIXTURE that
repeated each value of K five times to identify thestefficientvalue of Khat explairedthe
data. An AMOVA was used to further understand the distribution of variation across the
dataset in Arlequin. Treemix was used to detect the presence of gene flow between
populations by incrementally adding migration events between populatigtiskrell and
Pritchard, 2012)Like ADMIXTURE, this tests between a defined number of migrations (K)
however, the ideal value of K was selected when variation explained across the dataset
exceeded 99.8% in accordance wRitkrell and Pritchar2012) Values of K were tested
from 1 to 15.
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5.3.3.Approximate Bayesian Computation

Evolutionary modelling was conducted using Approximate Bayesian Computation
(ABC) pipeline implemented in ABCtoolbox (Wegmetral.,2010). A series of models were
defined depicting a split between river and swamp buffalo followed by two further splits
within riverbuffalo (Figure 5.1). Theselditional splits represent dispersal of river buffalo out
of India into the Middle East and Europe. Parameters were established to randomly sample
values for divergence times, effective population sizes, and migration rates. Details of these
can be foundn Supplementary Table S5HastSimCoal v2.6 was used to generate backward
coalescent simulationd&Excoffieret al., 2021) 1,000,000 simulations were generated for each
scenario simulating 2,500 unlinked SNPs, and summary statistics (observed data results across
summary statistics found in Supplementary Table S5.2) were calculated in arlsumstat v3.5.2.2
(Excoffier and Lischer, 2010)he closest 1,000 simulations by distance to the observed data
were retained to calculate posterior distributions. Generation of posterior distributions was
completed using ABCestimator within ABCtoollbdighly linked summary statistics identified
08 {LISFENXIYyQad NIY{SR O2NNBtlFIGAz2zy AyOf &gRAY 3
were removed. Model fit was assessed by ensuring observed summary statistics fell within
the 95% quantiles of the simulated distribution for each statistic. A GLM computing the
likelihood of observed data compared to likelihoods of each retained simulation was carried
out to further assess model fit. euenberger and Wegmann, 2018)posterior probability p
value was generated that represented the proportion of retained simulations with an equal
or smaller likelihood than the observed data. Model discrimination was assessed by
calculating the Bayes Factor (BF) by taking the qubtigrginal densities of two models. A

BF greater than 3 suggests strong support of the first model.
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A. B.
Model 1 Model 5

India M. East Europe Swamp India M. East Europe Swamp

M2 M3 M6 M7
— —
—

India M. East Europe Swamp India M. East Europe Swamp India M. East Europe Swamp India M. East Europe  Swamp

M4 M8
—

India M.East  Europe  Swamp India M. East Europe  Swamp

Figure 5.1Modelscenariogested in ABC analysis. A. Model 1 shows two river (blue) buffalo
dispersals out of India whereas B. Model 5 features one dispersal out of India followed by a
split in thispopulation as buffaloes reach Europe. Both models additionally estimate the
divergence time between river and swamp buffaloes. Subsequent models tested presence of
migration between river and swamp species, and from India to M. Eastsplisas indicated

by the arrows.

5.3.4.Diverging Loci & Balancing Selection

River and swamp buffalo are geneticatligtinct, however aresuccessfully able to
hybridise to produce fertile offspring@ef). Loci under selection were identified between river
and swamp buffalo using neutrality tests within Arlequin v3.5.2.2, via the command line
executable arlsumstatExcoffier and Lischer, 2010)he identification of diverging loci and
loci that remairpolymorphic inboth speciegbalancing selection) was achieved by comparing
Fstand Hb values in the observed data against 1,000 bootstrap replicates of 50 individuals

randomly sampled for river (25 samples) and swamp (25 samples) data. This enabled
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detection of loci persistently under selection despa@y underlying population within each
speciesHo and kstof each locus were compared to coalescent simulations generated using a
hierarchical island model to obtain avalue. For each of the 1,000 bootstrap replicates,
20,000 coalescent simulations were generated to estimatalpes, simulating 2 groups of

25 demes each to match that of the observed data. No limits were set for expected
heterozygosity or derived allele frequency for simulations. Proportion of differences was
selected as the distance method for AMOVA computations. Average medialug across

all replicates was calculated for each locus and loci withvalpe <0.05 were deemed to be

under selection.

5.4. Results

5.4.1.Genetic Diversity

Values of id, He,and F can be founid Table 5.1Horanged from 0.244 (SWA_ID_NUT)
to 0.449 (RV_PH_IMR). River buffaloes featured an averagd $1387 £0.029)that was
significantly greater than swamp ¢ 0.301+0.042; W = 380, p < 0.0001). Riverrehged
from 0.338 to 0.449 with those populations originating from India featuring the highest
diversity closely followed by Middle Eastern populations. Populations of Mediterranean
buffaloes originating from Europe typically possessed the lowesft Hver buffaloes. Swamp
buffalo H ranged from 0.244 (SW_ID_NUT) to 0.430 (SWA_PH_ADM). Again, populations
surrounding its domestication origin (e.g. SWA_TH_THS) featured higlvendfeas those
further afield (e.g SWA_ID_NUTgatured lower k. Ho significantly differed across all £
41195, df =41, p <0.0001), rivex(7425, df = 26, p < 0.0001), and swamp 8080, df = 14,
p < 0.0001) populations. Similar patterns of variation were found acreisaHranges from
0.236 (SWA_ID_NUT) to 0.417 (RV_IND). River buffedndred from 0.298 (RV_MZ) to 02
(RV_IND), while swamp ranged from 0.236 (SWA_ID_NUT) to 0.397 (SWA_PH_ADM). River H
was significantly greater than swamp:=0.290+0.035; W = 381, p < 0.0001 )k siynificantly
differed across all.(= 44525, df = 41, p < 0.0001), rive=(10513, df = 26, p < 0.0001), and
swamp ( = 7382, df = 14, p < 0.0001). The majority of populations did not show significant
differences between Hand H. F was largely negative across all populatioasging from-
0.222 (RV_PH_IMR) to 0.004 (SWA_ID_SUW), indicating an absence of inbreeding within

buffaloes.
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Population ID  Species Breed Country Sample Ho (#SD) He (#SD) F (£SD) Reference
Size

RV_UK1 River Mediterranean UK 39 0.367  #0.154  0.362  0.139  -0.014  +0.049

RV_UK2 River Mediterranean UK 27 0.362 #0173  0.348  +0.148  -0.042  +0.083

RV_IND River Murrah India 130 0.420 #0101  0.417  0.092  -0.005  +0.029

Bulgarian

RV_BUL_VAR River Murrah Bulgaria 58 0.406 $0.129  0.397 +0.112  -0.024  +0.043 (Noceet al.,2021)
RV_GER_BOR River Mediterranean Germany 28 0.380  #0.155 0.374  £0.132 -0.016  +0.055

RV_GET JUT River Mediterranean Germany 27 0.382  +0.186  0.341  0.150 -0.120  0.104

RV_GER_STAD River Mediterranean Germany 26 0.364 +0.162 0.362 #0.139  -0.006  +0.074

RV_GER_WIES River Mediterranean Germany 28 0.390 +0.164 0.371 #0.136  -0.051  #0.058

RV_HUN_CSAK River Mediterranean Hungary 17 0.346 +0.184 0.338 $+0.157  -0.025  £0.072

RV HUN HT River Mediterranean Hungary 19 0.364 0194 0336  +0.160 -0.082  +0.057

RViHUN:TISZ River Mediterranean Hungary 19 0.340 +0.209 0.311 #0.173  -0.092  £0.080
RV_ROM_MERA River Mediterranean Romania 16 0372 0171  0.366  +0.138 -0.016  +0.083

RV_ROM_SERC River Mediterranean Romania 47 0.375 #0165 0.355  +0.145 -0.054  +0.043

RV_BR_MUR River Murrah Brazil 15 0.410 +0.155 0.401 #0.112  -0.022  #0.067  (Colliet al,2018)
RV_COL River = Colombia 12 0.422 #0165 0.405  +0.106 -0.042  +0.025

RV_EG River Egyptian Egypt 16 0.392 +0.166 0.380 +0.127 -0.037 +0.084

RV_IR_AZA River Azari Iran 9 0.395 +0.195 0.374 #0.134  -0.057  #0.036

RV_IR_KHU River Khuzestani Iran 10 0.373 +0.189 0.368 #0.138  -0.013  £0.106

RV_IR_MAZ River Mazandarani Iran 8 0.373  +0.213  0.350  +0.153  -0.068  +0.056

RV_IT_MED River Mediterranean Italy 15 0.364 #0179  0.355  +0.145 -0.026  +0.043

RV_MZ River Mediterranean ~ Mozambique 7 0.338 +0.243 0.298 #0.179  -0.135  £0.082

157



ChapterFive

Evolutionary Modelling of Domestic Water Buffaloes using Approximate Bayesian Computation

RV_PH_BMR

RV_PH_IMR
RV_PK_KUN
RV_PK_NIL
RV_ROM
RV_TR_ANA
SWA_BR_MUR
SWA_CN_ENS
SWA_CN_FUL
SWA_CN_GUI
SWA_CN_HUN
SWA_CN_YAN
SWA_CN_YIB
SWA_ID_JAV
SWA_ID_NUT
SWA_ID_SUM
SWA_ID_SUW
SWA_PH
SWA_PH_ADM
SWA_TH_THS
SWA_TH_THT

River

River
River
River
River
River
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp
Swamp

Swamp

Bulgarian
Murrah
Murrah
Kundhi
Nili-Ravi

Mediterranean

Anatolian

Carabao

Philippines

Philippines
Pakistan
Pakistan
Romania

Turkey
Brazil
China
China
China
China
China
China

Indonesia
Indonesia
Indonesia
Indonesia

Philippines

Philippines
Thailand
Thailand

11

6
10
15
13
15
10
15
15
11
15
14
15
13

7
13
11
15
10

6

8

0.431

0.449
0.420
0.426
0.405
0.395
0.324
0.292
0.296
0.291
0.305
0.314
0.293
0.265
0.244
0.307
0.255
0.281
0.430
0.321
0.298

+0.187

+0.246
+0.183
+0.153
+0.216
+0.160
+0.228
+0.198
+0.199
+0.202
+0.194
+0.205
+0.197
+0.212
+0.234
+0.203
+0.212
+0.193
+0.193
+0.226
+0.205

0.392

0.371
0.394
0.404
0.353
0.392
0.289
0.287
0.286
0.288
0.295
0.294
0.287
0.256
0.236
0.295
0.257
0.280
0.397
0.300
0.298

+0.119

+0.141
+0.118
+0.106
+0.152
+0.119
+0.177
+0.173
+0.173
+0.173
+0.167
+0.168
+0.173
+0.186
+0.197
+0.169
+0.188
+0.172
+0.114
+0.168
+0.168

-0.121

-0.222
-0.066
-0.055
-0.159
-0.008
-0.123
-0.017
-0.033
-0.008
-0.035
-0.069
-0.022
-0.034
-0.037
-0.044
0.004
-0.003
-0.084
-0.069
0.000

+0.169

+0.125
+0.021
+0.035
+0.158
+0.037
+0.081
+0.038
+0.013
+0.095
+0.048
+0.107
+0.022
+0.121
+0.089
+0.114
+0.105
+0.116
+0.098
+0.092
+0.122

Table 5.1: Domestiwater buffalo populations used in study including nega and calculated summary statistics.
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5.4.2.PopulationStructure & Gene Flow

Fstvalues across the dataset ranged from 0.004 (SWA_CN_GUI vs SWA _CN_YIB) to
0.432 (SWA_ID_NUT vs RV_MZ). Within river buffaloes tmasged from 0.009
(RV_HUN_CSAK vs RV_HUN_HT) to 0.219 (RV_HUN_TISZ vs &Mragif)g 0.094
(#0.043). Comparisons within swamp buffalo showed similar levels of differentiation,
averaging 0.095+0.058) and ranging from 0.004 (SWA_CN_GUI vs SWA _CN_YIB) to 0.243
(SWA_BR_MUR vs SWA_ID_NUdy.v&lues were greatest between river and swamp
buffaloes ranging from 0.100 (SWA_PH_ADM vs RV_CO) to 0.432 (SWA_ID_NUT vs RV_MZ2)
with an average of 0.3090.056). A network summarising agréfistance matrix can be found
in Figure 5.2. Riveamd swamp buffaloes can be found an opposing enda@hetwork with
admixed swamp populations of SWBR_MUR and SWA PH_ADM found centrally. Within
the river buffalo cluster, RV_IND population generated within this thesisfound at the
core of the clusterPopulations ofndian originand Pakistan populationgere found nearby;
while Middle Eastern populations foed their own cluster. European populationsere
found to bemore distantly relatedo Indian populationghan Middle Eastern populations
with greater subdivisioras EasterfRV_HUN & RV_ROM populations) and Westkrsters
(RV_IT & RV_UK populatiom&re visible Thai swamp populationgere found at the core of
the swamp cluster with Chinese populations clustering together whereas Southernly
Indonesian populations (SWA_ID_NUT, SWA_ID_JAV, SWA |IDwstéAfpund more
distantly related. All pairwise sk comparisons were significant bar SWA_TH_THS vs

SWA TH_THT.

ADMIXTUREesults revealed populations structuring across river and swamp
buffaloes(Figure 5. Figure 5.4 K = 2 separated river and swamp buffaloes with admixed
populations of SWA BR_MUR and SWA_ PH_aDdknt from partialriver ancestry. The
following values of K distinguietl various European populations (K sglit East and West
Europan population$ until K = 7 where the firswvithin-swamp clusteringoccured via
separation of three Indonesian populations. At K = 10, Middle Easteen populations
clusteredtogether away from Indian and Pakistan populations. At K =11 and K = 12, Brazilian
carabao of SWA_BR_MU and Philippine swamp SWheRbime distinct, respectively
Although K = 24 is the most efficient clustering solution (Supplementary FigiBg S8.
values do not improve much following K = &2th ADMIXTURE plots becorg biologically
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obscure (Supplementary Figure §5.MDSanalysis(Supplementary Figure $.produced

three major components of variations (eigenvalue > 1) with splits similarly capturegrby F
and ADMIXTURE. Component 1 captured 56.6% of variation across the dataset distinguishing
between river and swamp species. Admixed populations of AR _MUR and
SWA_PH_ADMere found with intermediatory values. Component two captured 11.3% of
variation, separating European from Asipopulations Component three (6.6%) further

separated European populations into East and West.
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Figure 5.2: Neighboumet network based upon pairwise populatiogrBcores. River (right)
and swamp (left) show substantial genetic differences, with known hybrid populations

occurring centrallyColouredines indicate the maigenetic clusters
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Figure 5.3: Populatioclustering analysis frolADMIXTURE. K = 2 split river and swamp
buffalo. K = 4 showed separation into East and West within Mediterranean populations.
Further separation occurred within river buffalo until K = 10 where swamp buffalanbeg
separating via Indonesian populations. CV values and biological interpretation did not
radically improve after K = 12. K =\2dsthe best fitting value of K in shown in Supplementary
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Figure5.4: Map of average ancestry (ADMIXTURE results at K = 12; colours not matching
Figure 5.3) across global buffalogutations. Charts are in their approximate geographic

locations.

Treemix analysis elucidated pathways of migration within the dataset. 99.8% of
variation was accountetbr at K = 2 (Figure &. Migrationaxes were found between from
RV_PK_NIL to the admixed swamp population SWA PH_ADM, and between German
populations of RV_GER_JUT and RV_GER_BOR. Admixture detectddBRSWAR in MDS
and ADMIXTURE analysias identifiable at K = 3 in Treemix. Variance explained and log
likelihoods for all values of K are shown in Supplementary Table S5.5. AMOVA results
indicated that the majority of variation is held within individuals (70.7%) followed by across

groups (e.qg. river and swag(23.2%) as shown in Supplementary Table S5.7.
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Figure 55: Treemixmodel that accounted for 99.8% of variatiohwo migration edges were
found in the preferred model. The only migration found between river and swamp involved

the hybrid swamp population.

5.4.3.Evolutionary Modelling

Reconstruction of buffalo demographic history was achieved usmgBC pipeline
incorporatingbackwards coalescent simulations. 17 summary statistics were retained, with
those being heterozygosity (total and per population), and pairwiseAH retained observed
statistics fell within the 95% quantiles of simulated statistics across all scensioolel 4
consistently outperformed all scenarios in terms of Bayes Factor (>3). Postistiiyutions
for model 4 are shown in Figure6s.Indian murrah buffalo featudkthe largest N at 1076
while Iran (1699, Italy (1639, and swamp (13 buffalo populationsvere all far smaller.
Moving backward$érom Indiato ancestral populations, declinedprior to river and swamp
divergence (19%> 163°> 1G¢49. Iranian and Italian populatiomispersed separatelyut of
India. Italian ancestors diverged from India approximately 337 generations ago, while Iranian
divergence from India was more recent at 194 generations. River and swamp buffalo featured
an older divergence at 2451 generations ago, with detectioawsdmp migration into river

buffalo.
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Table 5.2: Resulting-yalues and marginal densities of each simulated model. The best performing model was identified using Bayes Factor

(MD(A)/MD(B)) greater than 3 (in bold). N.D = Number of Dispersals, Mig = Migration DirectionaRie, RID = Margial Density

N.D Mig Model P MD Bayes Factor
1 2 3 4 5 6 7 8

Two None 1 0.495 0.194 - 0.039 0.024  0.000 0.119 0.024  0.006 0.421
India > Iran 2 0.293 4.939| 25.425 - 0.610  0.007 3.024 0.607 0.140 10.692
Rver> Svamp 3 0.518 8.103| 41.707 1.640 - 0.011 4.961 0.996 0.229 17.539
Svamp> Rver 4 0.411 735.032] 41.707 148.807 90.713 - 450.048 90.327 20.816 1590.978
One None 5 0.386 1.633 8.407 0.331 0.202 0.002 - 0.201 0.046 3.535
India >Iran 6 0.418 8.137 41.885 1.647 1.004 0.011 4.982 - 0.230 17.613
Rver> Svamp 7 0.330 35.311 181.755 7.149 4.358 0.048 21.620 4.339 - 76.431
Svamp> Rver 8 0.396 0.462 2.378 0.094  0.057 0.001 0.283 0.057 0.013 -
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Figure 56: Posterior distributios (red) for the best performing model (4) that simulated
divergence of river and swamp buffalo followed by two dispersals of river buffaloes out of
India, with additional migration occurring from swamp to river buff@tack lines indicate
the prior distribution. NE = Effective population size, MIG = Migration Rate, and T =

Divergence time.
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5.4.4.Selection between Domestic Buffaloes

Testing for selection between river and swamp contributed to unearthing the genetic
mechanisms behind an older divergence but maintaining two compatible species for
interbreeding. 88 SNPs proved significant (p < 0.05) with 25 showingdiggiofes suggesting
divergent selection, and 63 with lows-funder balancing selectio{Supplementary Table
S58). Approximatelyhalf of SNPs were found within genes with 14/25 (56%) SNPs within
genes for divergent selection, and 30/63 (48%) for balancing sele&igue 5.7 showsthe
distribution of SNPs forsiFand Hvalues. Genes linked with SNPs with higlv&lues can be
attributed to livestock functionsuch asmilk production (NCKAP5, CAMK2D, PDE4id)
sperm quality (MARCH1, PCSKG®6) in line with river buffalo fundbereas a number of
genes relatd to neuronal (NLGN1, TMEM156) and body growth (DLG2, FGF3, BMP2, RBMS3,
SNX29) fied swamp buffalo draught function. In contrast, genes under balancing selection
related to survival notably in immune genes (NCAM2, TREM1, SPPL2A, OCLN), sensory
(OTOL1, TMEM132E, RGS7BP), reproductive viability (WIF1, CRISPDL1, PDLIM1), and
examples of genes where heterozygote advantage prevents lethality (RNASEH2B, MAJIN).
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Figure 57: Significantoci under selection between river and swamp buffalo via comparison
of observed Erand H to neutral coalescent simulations. Red points indicate SNP markers

significantly under selection (P<0.05).

5.5. Discussion

''YO2@OSNAY3I R2YSAGAO o6 GSNI odzFFIE2SaQ S@21
benefits for farming of this livestock species. Quantifying genomic resources across the
agricultural industry is crucial for safeguarding genetic variability for futueg(Taberletet
al., 2011; Biscarinet al., 2015; Brufordet al, 2015; Eusebi, Martinez and Cortes, 2020;
Gicquelkt al,, 2020) Increasing intensification of the livestock industry favoring few beneficial
commercial breedss leading to genetic erosion through extinction of less productive
individuals and breed§~AO, 2007Yaroet al, 2017; Eusebi, Martinez and Cortes, 2020)
Reduced genetic diversity often leads to reduced adaptability in species, and with increasing
consequences of climate change, variability in livestock will be essential to breeding resilient
stock(Naskaret al,, 2012; Eusebi, Martinez and Cortes, 2020; Rotedll., 2020) Modelling
R2YSAGAO o0dzZFFI t2SaQ S@2f{dziA2y I NE KAaAG2NE |y
species will aid in identifying key regions of the genome that may be of adaptive importance,
be it environmental or productivity. This knowledge will helpnage each species correctly
and advise on beneficial crossbreeding that increases productivity while maintaining adaptive
traits (Eusebi, Martinez and Cortes, 20285ditional knowledge may also be revealed such
as elucidating societal and cultural dynamics in historic human populgt@tisset al., 2014;
Scheuet al,, 2015; Almatheret al., 2016; Collet al., 2018) This chapter quantified genetic
variation across global buffalo populations, modelled river and swamp buffalo evolution, and

provided functional evidence behind the genomic discrepancies between buffalo species.

5.5.1.Demography

The two species of domestic water buffalgesvideimportant livestock functions to
the communities they serv&@he dairy producing river buffalo provides a vital source of food
security in marginal lands where crop growth is not reliable, meanwhile swamp buffaloes are
an excellent means of draught across agricultural wetlands such as rice pé&dubes), Colli
and Barker, 2020)The two species are physiologically, genetically, and geographically

distinct, thoughthe ability to successfully hybridiseaves their evolutionary history unclear
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(Zhang, Colli and Barker, 2020he addition ofndian river buffaldo the global buffalo array
datasetprovided important representation fothe putative domestication centre for river
buffalo. Trends in genetic diversity in livestock species typialyreases away from
domestication centre¢Bruford, Bradley and Luikart, 2003; Groeneweidl., 2010) This is

due tosubsets olvariation being captureds new populations are often established small
founding populations. Domestic buffaloésllow this trend Colliet al, (2018) showed that

river buffaloes genetic diversity decreased away from India and into Europe. The same is
found in mitochondrial data as Northwest Ingiassessethe greatest diversity of haplotypes
(Kumaret al,, 2006; S. Kumaat al., 2007) Here, Indian and Pakistan populations all feature

the highest | (> 0.4). K can be affected by sample size, and although the large RV_IND
population does not feature the highespHt does possess the highest (8.417). Thus, the
newly sampled Indian murrah populatiduifills expectation that genetic diversity is greatest
where domestication originated. The addition of UK buffaloes pral/ugpulations at the

very edge of river buffaloes historic range, and again, in line with expectations UK buffaloes
were among the lowest H& He with only Hungarian and Mozambique populaticiesind

with lower. Historic populations of Italy, Romania, and Middle Beste found with

intermediate levels of genetic diversity between Indian and fringe European populations.

Ascertainment bias within the array means that river buffalo diversity is likely inflated
compared to sequencing datehilst swamp diversity is underrepresented in comparison to
river resultg(lamartinoet al., 2017; Collet al,, 2018) Chapter Fourevealedthat selection of
increasingly more polymorphic markers can remove this difference, althougméyistort
the true pattern of genetic diversity across domestic buffalodsMAF cutoff was
implementedin swamp buffaldhat increased their genetic diversity comparatively compared
to the original dataset in Chapter Foumportantly this maintainedthe trend that river
buffaloes possess greater levels of diversity than swamp bu#falobserved in previous
studies(Colli, Milanesi, Talentgt al, 2018; Lucet al., 2020; Sun, Shert al., 2020) The
dataset generated here maintained the trends in genetic diversity of swamp buffalo found in
Colliet al, (2018) where diversity is greatest in continental Southeast Asian, with decreasing
diversity in more isolated island populations of Philippines and Southern Indonesia. Despite
lower estimates of diversity, no populations appear to suffer from any inbreedith

negative inbreeding coefficients found across the majority of populations. This may instead
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indicate an isolated breaking effect driven by some admixtufe I Kt dzy R>X mMeéHy T ~Vy
al., 2021; Kanakat al., 2023) Domestic buffaloes have largely been farmed in low external
input systems with little intensification and selection on populations. Although defined
breeds do exist, buffaloes are often allowed to mix with other individuals leading to high
numbers of nordescript and graded buffaloes (DAHD, 2023). Additionally, the overlap in
domestic and wild buffalo ranges means that genetic exchange between these species is likely
to have occurred far beyond initial domestication timéSatish Kumaret al, 2007;
Choudhury, 2014; Nagarajan, Nimisha and Kumar, 2015; Katdal., 2019) Such
opportunities for admixture withirbuffaloesand an absence of intensification may explain

the little evidence of inbreeding.

The addition of Indian buffalo along with UK and other European populations revealed
further variability across river water buffalihat was previously uwletectedNoceet al.,
2021) Across the dataset, four magenetic clustersvere found. Those of Indian and Pakistan
originclustered together in&ADMIXTURE and MDS analyB@pulations that were recently
exported e.g., South America and Philippine Indian originating populasbowed little
evidence of substantial divergen¢@verage Er<0.03in comparison to RV_IND and RV).PK
The Bulgarian murrah (RV_BUL_VAR) ems=aledmore variation owing to mixed ancestry
of Mediterranean and murrah breeds as seen in MDS and ADMIXUTRE (Bsulisese,
2013a) Middle Eastern populations of Iran, Egypt, and Turkey &attheir own cluster away
from European populations suggesting thihese populationsare unrelated despite being
geographical neighboursDomestic buffaloes depend upon nearby water sources for
thermoregulation as they lack sweat glan@4arai and Haeeb, 2010; Yafetzal., 2020) The
arid landscape west of the Indus valley is unlikely toraeersablefor river buffaloes unlike
oxen. Instead, Coldit al,(2018) hypothesized a maritime pathway between India and Middle
East. The dissimilaritiound between Middle Eastern and European populations may be
explained through replenishment of genetic diversifom new trade from India.
Documentation of buffalo trade igare with little apparent cultural importance outside of
India. Until the mieR0™ century, the Southern wetlands of Iragas an important place of
historic buffalo farming, with buffaloesaintaining waterways for transport, controlling
vegetation through grazing, and economic gain through milk produdf@zaa, Dunn and

Whittingham, 2018) The Basra region was economically crucial throughout Late Antiquity
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and a key port for Indian Ocean trade (Simpson, n.d.). These active trade routes may have led
to translocation of domestic buffaloes. It is known that Indian traders were able to access the
Middle East via Basra and formed trade routes up Euphrates and Tigris rivefSimpson,

n.d.). If MiddleEastern populations represent a new influx of diversity, European populations
may indicate an original historic dispersal out of India. The division of European populations
into East and West indicates separate transport rouaesoss the Mediterranean tthe
wetlands of Italy and Danube delta. Despite all European buffaloes falling under the
Mediterranean breed, these East and West populations appear genetitstigct with little

genetic evidence of interaction posplit. Europe was already dominated by productive
livestock such as taurine cattle, and resilient species such as sheep and goats for less
productive environments. Water buffalo were likely inferior to thesstablished species and

of little use outside of wetlands. German populations skawadmixture between East and
West Mediterranean populations that may be due to establishment of farms using cheap

Eastern buffalo before uptake of more expensive and productive Italian buffalo.

Population structureresults detected the same structuring pattern across swamp
buffalo as Collet al, (2018), however the variation contributions from swamp buffalo were
far smaller (e.g. clustering occurred at higher values of K in ADMIXTURE). This may be due to
the greatly increased number of river buffaloes added to the daté&Setli river n = 155, here
river n = 643, along with the variability of the buffalo array being dedicated to river buffalo.
Patterns of variation across swamp buffalo are largely geographic. Ztahg2016) found
that mitochondrial haplotypes were highly structured across Southeast Asia. Dispersal of
swamp buffalo may have only occurred in tandem with rice cultiva@itanget al., 2016)

Thai populations are found close to the center of swamp buffalo clustersriretwork, and
along with higher Y this suggests gotential locationfor swamp domestication. Analysis of
swamp mitochondrial and -¥hromosome haplotypes across Southeast Asia found that
diversity was greatest isurroundingNorthern Thailand and Southern Chi(&hanget al,,
2016; Wanget al, 2017) Here, results revealed thaChinese populations cluster closely
together, while Southern Indonesian populations are more distantly related whitikely
due to small, isolated populatiorigeingsusceptible to genetic driffColli, Milanesi, Vajana,

et al, 2018)
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Patterns of genetic variation across domestic water buffalo shows several trends such

as genetic diversity being greatest in river than swamp, and greatest in India and Northern

Thailand, river and swamps respective domestication origfdatish Kumaet al., 2007; S.

Kumaret al, 2007; Zhangt al, 2011, 2016; Collet al., 2018; Lucet al., 2020; Suret al.,

2020) Questions remain as to timings of divergence and levetgeok flowbetween species

and populationsScenariosnodeled testedthe divergence times of river and swamp species,

and level of migration between specieShe scenariogurther modeled NA @S NJ o dzF F I f

historic dispersal out of India, and into the Middle East and Europe. Due to ascertainment bias

of the buffalo array and potential effects of over parameterization in ABC, swamp buffalo

dispersals were not further modellg€silléryet al., 2010; QuinteCortéset al., 2018)

Model 4wasthe most favorable outcome of ABC analysis. This model encompassed a
river-swamp divergence with subsequent migration from swampiver. River buffalo were
found to have been exported out of India to the Middle East twice, led first by the ancestors
of European populations. Replacement of this genetic diversity within the Middle East likely
occurred via new supply of buffaloes fnolndia to the Middle East. As stated previously,
domestic buffaloes are greatly productive in tropical and-gwuipical environments, being
resilient to higher temperatures, diseases and parasites, and effective owuality feed
(Marai and Haeeb, 2010; Yafetzal., 2020) However, due to the inability to sweat, buffaloes
require a source of water for thermoregulatigMarai and Haeeb, 2010; Yafetzal., 2020)

This means that water buffaloes are more geographically restricted to lowland wetlands. The
inability to venture long distances in drier environments means tb@parate buffalo
populations are unlikely to interact without environmental change or translocation from
humans, hence explaining genetic structuring between Europe, Middle East, and Asia (plus
river between swamp). Although modelling of further swamp populatidoes not occur

here, current literature suggests that there is geographical sub structuring in swamp buffalo
that may be due to isolation in swamp buffalo populations by river basins or local geographical
factors(Zhanget al, 2016) Within this chapter, this is observable from Southeast Asian island
populations. River buffalo meanwhile were historically isolated to wetland environments
across India (Indus valley), Middle East (Fertile Crescent), and Europe (Pontine Marshes and

Danule), all of which are accessible through known maritime trade routes.
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The dispersal of river buffalo from India occurred within the past 6,000 years, the
domestication point for river buffaloZeuner, 1963; Patel & Meadow, 19%xtish Kumaet
al., 2007) From mitochondrial analysis, it is known that all river buffaloes originally derive
from India(Coroiaret al.,2015; Zhang, Colli and Barker, 2020)e latter divergence between
river and swamp species is expectedltie prior to the Holocenalthough precise estimates
are yet to be determinedWanget al, 2017; Luocet al, 2020; Sun, Shermt al, 2020;
Curaudeau, Rozzi and Hassanin, 20ABC results estimatedivergence times for within
river buffaloesto be ~2,000 YA for initially dispersal out of India to the Middle East of which
European buffaloes are derived froifhis genetic distinction between European and Middle
Eastern populations is likely due to replacement of genetic diversity within the Middle East.
Estimates from ABC results suggest Middle East populations diverged from India more
recently at ~1,150 Y./ few hypotheses occur as to river buffalo dispersal through the Middle
East and into Europe involving Crusaders, gifts to the King of Lombaidisaracen traders
(Colliet al., 2018) Wordsworthet al, (2021) analysd historic buffalo remains in the Middle
Eastand dated theoccurrence of buffaloet® the regionandalluded to mechanisms of arrival.
Thel NNA @It 2F LYRAIY LIS2 Wiespo@midwasSdentified. Theskdzi i Q
peoplereached Antakya (ancient Antioch) under the Umayyad Caliphate by the end of Late
Antiquity (Simpson, n.d.). These settlers likely brought native livestock, probably domestic
river buffalo. Following initial arrival in Southévtesopotamiaearly in the Common Era, river
buffalo likely dispersedalong the Euphrates and Tigris rivémsvards Europe Reaching
Antakya by the onset of theé"@entury, river buffaloes likely crossed the Mediterranean along
Saracen trade routeColliet al., 2018) Estimates of Mrendsfoundin both UK buffalo using
linkage disequilibrium infeed a divergence time of ~1,500 YA, further supporting ABC results
(Chapter Two). European buffaloes may well derive from the original dispersal of
domesticated river buffalo out of India. Current Middle Eastern buffalo appear genetically
more similar to Indin buffalo, indicating that an influx of genetic diversity occurred within
the region displacing original European ancest@slliet al., 2018) Maritime trade routes
between India and Middle East were a significant source of commerce between the regions,
and water buffalo may have been continually traded following initial arrival (Simpson, n.d.).

The port of Basra was a prominent gateway fornandOcean trade intd¥lesopotamia
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Current NGS estimates of river and swamp buffalo divergence range up to 800,000 YA
(Wanget al,, 2017; Lucet al,, 2020; Sun, Sheet al, 2020; Curaudeau, Rozzi and Hassanin,
2021) The extensive genetic differentiation between tiwe species suggests an absence of
interaction post divergenceThe preferredmodel here supports some swamp to river
migration. The time of divergence from AB£Sultshere estimatel ~14,700 Y Aprior to the
onset of the Younger Dryasand Holocene This resultmaintairs two independent
domestication events for river and swamp (splitting time ji@mestication). However, this
presents the most recent divergence time in current literature. Recency of the estimate may
be down to the data used within the study. Chapter Fsliowed that the use of SNPs that
were polymorphic across both species resulted in more recent estimates of divergence
between river and swamp. Here, SNPs that were monomorphic/lowly polymorphic in swamp
were removed to overcome some bias towards river alaiés. Consequentlythis likely
selecedancestral SNPs shared by both species and those retained under balancing selection,
thus the two speciesappeaed more closely related. Faster mutation rates permitted here
may also reduce splitting times. With avplue of 0.411, there is greater scope to refine the
ABC modelThis data typemay also underlie migration founaisall the swamp variation is
present in river buffalo. Mimicking SNP discov@gd thereforeascertainment bia®) the
coalescent simulatioglike inQuinto-Cortéset al,, (2018)may aid in producing more realistic
model outputs for river and swamp comparisdRegardless ahe timing of divergencejt
appears thatriver and swamp buffalseparation islinked to glacial periods within the
PleistocengMintoo et al, 2019; Lucet al, 2020) Lower sea levels surrounding Southeast
Asia led to an increase in landmass as previous marine environments became occupied with
humid and marshy vegetatiofi\Wang et al., 2009; Hamiltonet al., 2024) These new
landmasses may have facilitated the dispersaBobalus arne€or ancestral species) from
Northern India into Southeast Asia by providing a bypass around theBodona Mountain

ranges This migratory routés hypothesisedor the evolution of the anodRozzi, 2017)

Estimates of Bin the ABC analysis largely followed genetic diversity results. India
featured the largest Nat 10>76while Middle East, Europe, and swamp populations all feature
smaller values of Nat 13?63 1033, and 162, respectively. Middle East and European
populations likely captured a subset of genetic diversity from India, therefore smalmeN

logical. Swamp Nmay be underestimated due to ascertainment bias in the array, or
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conversely, river buffalo \being inflated. Ntypically declines back in time with estimates of
river buffalo N changing from 196 to, 10°%¢ 1(*2° and 1G-*2 Analysis of mitochondrial
haplotypes in river buffalo shows that there has been continuous introgression from wild
buffalo, and as such, predicting precise estimates of domestication in river buffalo is difficult
(Nagarajan, Nimisha and Kumar, 2QIR)e resulting pattern is thatNontinually increases

over time in river buffalo.

5.5.2.Genetic Divergence

Isolated populations will naturally diverge to become separate species. In practice,
this requires sufficient genetic change between populations to become biologically
incompatible. Genetic evidence indicates that domestic riverine and swamp buffalo are
separate speciegWanget al., 2017; Curaudeau, Rozzi and Hassanin, 20&ithin pure
populations, there is an absence of shared mitochondrial atir¥mosome haplotypes,
chromosomal numbers differ, and they present high level of genomic differentiéBarker
et al, 1997; S. Kumaat al,, 2007; Yindeet al,, 2010; Zhangt al,, 2011; Wanggt al., 2017;
Luoet al,, 2020; Sun, Shest al, 2020; Zhang, Colli and Barker, 20Q0raudeau, Rozzi and
Hassanin, 2021)In this study here, drvalues (Section 5.4.1) between river and swamp
populations similarly result in average values > 0.3 and the first division in clustering solutions
consistently resolve riverine and swamp individuals (Section 5.4.2). Furthermore, ABC
evolutionary modellingoroduces a probable divergence time before the Holocene, agreeing
with independent domestication events for riverine and swamp buffaloes. Despite this
however, riverine and swamp buffaloes are fully capable of hybridising intgcttat on a

cellular level, they remain similar.

More than twice as many SNPs were identified relating to balancing selection between
buffalo species than divergent selection. This in part may be due to the ascertainment bias of
the Axiomn Buffalo Genotyping Arrags all SNPs included in the panel are targeted at river
buffalo. Therefore, without unique swamp buffalo variation, the array will not be able to
detect further regions of divergence. Of the SNPs that were identified under divergent
selection associatedeges appear to relate to livestock furmti of each buffalo species. River
buffalo were primarily domesticated for their milk production. PDERBogphodiesterase
4D) and CAMK2DCalcium/Calmodulin Dependent Protein Kinase |1l D&Were all found in
divergent SNPPDE4D maympact fat yield in milk via cAMP signallifigmet al., 2021)
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CAMK2D takes part in calcium signalling and this gene has previously been linked to
differences between thin and fat tailed sheep bred for milk or meat produdiiamet al.,

2022) NCKAPSNCK Associated Protein) was additionally found nearby a divergent SNP.
This gene has been found under selection in river buffaloes and has been attributed to

temperament in cattlgValenteet al,, 2016; Saravanaet al., 2023)

Alternatively, swamp buffalo as draught livestock require adaptations for docility and
endurance. NLGNINguroligin 3 and TMEM156 Transmembrane Protein 1%Gre two
neuronal genes that may signify selection upon draught ability of swamp buffalo. Both genes
have been linked with mental disorders or differences in neuronal function but more
specifically, NLGN1 functions in synaptic transmission and effectsvimein via differential
expression altering excitatory/inhibitory balance in hippocampiSlaru et al, 2016;
Nakanishiet al, 2017; Katzman and Alberini, 2018; Guptaal., 2022; Chalkiadalat al,,

2023) NLGNL1 has previously been found in enriched neuronal pathways in swamp buffalo
(Sun, Sheret al,, 2020) DLG2DQiscs Large MAGUK Scaffold Protgish®dws further neuronal
function as knockdown study in mice suggests this gene effects striatal connectivity and
frequency of excitatory spontaneous postsynaptic currents, and this gene has been shown
under differential selection between herding dogs divéstock guardiangYooet al.,, 2020)

In cattle, DLG2 has been associated with digital cushion thickness and destructive lesions
(Stambuk, Staiger, Heiret, al., 2020; Stambuk, Staiger, Naz@thadikolaeigt al., 2020; Let

al., 2023) Swamp buffalo are known for being more resilient as draught animals than cattle,
showing reduced hoof lesions and injuries, whilst also recovering at a faster rate. FGF3
(Fibroblast Growth Factor)3BMP2 Bone Morphogenetic Protein)2RBMS3RNA Binding

Motif Single Stranded Interacting Protein, SNX293orting Nexin 2Pall appear to have
function relating to growth or muscle function. FGF3 is an oncogene and growth factor and
has been associated with average daily g&aonget al., 2022) BMP2 has been identified
under selection Bulgarian river buffalo in Chapter Three, an example of river buffalo
population bred for increased growth and metaits. RBMS3 has been previously found
under selection in swamp buffalo and belongs to the family-bfyc genes and may effect

bone density whildRavi Kumaet al., 2020)

As river and swamp buffalo can interbreed, the expectation may be that reproductive

functions are near identical. Genes associated with reproduction were found for both
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divergent and balancing selection SNPs. For divergent SNPs, MARDhrgne Associated
RingCHType Finger land PCSK@ oprotein Convertase Subtilisin/Kexin Typewgre
found. MARCHL1 functions in immunological pathways however has been linked to various
bull semen traits in cattlélLiuet al., 2017; Modibaet al,, 2022; Mukherjeet al., 2023) PCSK6
processes proteins in secretory pathway but has been linked with reproductive function,
while also occurring in a CNV region in Iranian river buffaiollacciet al,, 2021) Increasing
intensification and genetic improvement of river buffaloes has led to widespread use of
assisted reproductive technologies (ART). Therefore, genes under selection for semen quality
traits may influence to success of ART but may not interfeite essential reproductive

pathways.

SNPs under balancing selection with reproductive gene links may functppwoiral
roles. ATF2 (Activating Transcription Factor 2) features oncogenic function and responds to
genotoxic stress. Studies have linked this gene to fertility with knockouts of this gene result
in lethality and expression is crucial for survival of bevambryos(Lau and Ronai, 2012;
OrozceLucero, Dufort and Sirard, 2017; Tarekegml., 2021) WIF1 YWNT Inhibitory Factor
1) participates in WNT signalling, a known critical pathway for embryonic development.
Expression is important for cell proliferation and differentiation across a wide variety of cell
and tissue types, but notably is essential for embryo implantation amgldpment in cattle
(Nascimentcet al, 2018) KAZNKazrin, Periplakin Interacting Protgis a diagnostic marker
for ovarian cancer with further links to pregnancy complications and poly cystic ovary
syndrome(Barbitoffet al, 2020; Egashirat al., 2022; Zhwet al,, 2022) CRISPLDCYsteine
Rich Secretory Protein LCCL Domain Containimg4& found to influence calcium regulation
via a binding site similar to that of helothermine toxin that blocks cardiac ryanodine receptor
channels, thus leading to heart failughadjehet al, 2020) Calcium is important in
fertilization and Sujitet al, (2018) elucidated CRISPLD1 as a seminal plasma biomarker.
PDLIM1 PDZ And LIM Domain is a cytoskeletal protein that is essential for spermatid
differentiation and spermatogenesis and as such, was found to have strong predictive power
for uterine embryo presencéShanget al, 2016; Kusamat al., 2021) Divergence of
reproductive genes under balancing selection may be impossible due to causing cancers or
infertility and therefore current viable genetic variation is maintained. Adding to this

RNASEH2Rbonuclease H2 Subunit B an example of a gene under balancing selection in
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livestock as a homozygous deletion was identified that causes embryonic lethality however,
carriers are maintained in Nordic Red cattle due to positive effects on milk yield and

composition(Kadriet al.,, 2014)

A variety of immune genes were found under balancing selection. NCR&{24| Cell
Adhesion Molecule s part of the immunoglobulin superfamily and a cell adhesion molecule
that is regulated by STAT5 and cytokines for natural killer cell survival and differentiation
(Nelsonet al., 2006) Although NCAM2 appears under balancing selection across buffaloes,
this gene shows value to Brazilian murrah buffaloes from Chapter Three and GWAS studies
(de Camarget al, 2015) TREM1Triggering Receptor Expressed On Myeloid Cglis 4n
immunoglobulin receptor present on macrophages and neutrophils and is involved in
triggering inflammatory responsefOrnatowskaet al, 2007) SPPL2AS(ghal Peptide
Peptidase Like 2Ais crucial for B cell development by maintaining integrity of MHCII
containing endosomeéSchneppenheinet al, 2012) SNP nearby NEUlduraminidase 1L
was found within the MHC region whereby it is known that alleles are shared across both river
and swamp buffaloe§Senaet al, 2003; Mishraet al., 2020) Maintaining genetic variation
across immune genes is crucial for adaptable, responsive and effective immune system vital
for survival of organisms in face of disease and parasites. Similarly, genetic variation may be
beneficial for sensory traits enabinspecies to adapt to changes in the environment and
faunal composition. OTOLDf{plin 1), TMEM132E Tfransmembrane Protein 132Eand
RGS7BPRggulator Of G Proteisignalling7 Binding Proteip have all been linked to
expression within and development of inner eg8eimet al,, 2013; Megdichest al,, 2019;

Yuan Wanget al,, 2022) Domestic buffaloes are predominantly kept in low input extensive
systems and are allowed to roam freely. Living across Southern Asia, their range entirely
overlaps with tigers that are the apex predator in the region where water buffaloes fulfil a
primary source of prey. Studies on livestock predation show that water buffaloes are
predated far less than cattle (up to 25 times less likely) which may be due to their greater
ability to detect and defend against predators compared to cattle whose reactioms ar
dispersal(Hoogesteijn and Hoogesteijn, 2008; Miller, Jhala and Jena, 2016; Kadipaka
2017) As water buffalo are farmed more intensively, there may be a decoupling of genes

under balancing selection that are useful within a natural context.
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5.6. Conclusion

This chapter further studies the genetic variation present across global domestic water
buffalo; quantifying and explaining the patterns and differences between species and
populations. The valuable addition of an Indian murrah population provides further
knowledge surrounding river buffalo ancestry and available genetic diversity. This population
originatesfrom the putativeriver buffalo domesticatioocation (India) and as suchyas
found to possesgshe highest genetic diversity in line with domesticatienpectations
Additional European populations from Noee al, (2021), and UK buffalo genotyped here
shows revealedreater variability in Europe, previously not detected, mostly through an East
and West split. Modelling of domestic buffalo evolution produced greater insights into the

dispersal of buffaloes. Mediterranean buffaklikely derived from thdirst dispersal out of

LYRAIFSE @Al &aShdiad SSL 2 FA YU KEBKSPHEARRES 9 ad

Translocation of river buffaloes likely continued from India to the Middle East, replacing
original genetic diversitgreating the observedenetic differenceso European populations.
River and swampspecieswere independently domesticated andliverged during the
Pleistocenealthough accurate estimates may not be achievable using buffalo array data due
to ascertainment bias. Althougiver and swamp buffalare geneticallythey aresuccessfully

able to hybridiseDivergent loci between the species were found associated with livestock
function (suggesting artificial selectionyhile loci under balancing selectiomppeared
important for survivability and cell viability. Therefore, important regions for biological
compatibility between buffalo species may have remained similar, thus allowing

hybridisation.
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General Discussion

6.1. Background

Agriculture and livestock industries are integral for producing enough food to support
the large human populations seen today. An increase in human population coupled with
development of countries has seen the demand for livestock products rapidly indretse
past 50 years(Steinfeld, Wassenaar and Jutzi, 206810, 2009;Godde et al., 2018)
Anthropomorphic change on the planet is having severe consequences in environmental
effects. Rising global temperatures, demands on freshwater resources, and a spread in
diseases are placing human society under presglimmley and Shirley, 2009; Thornton,
2010; Baumgarcet al, 2012; Leng and Hall, 2021; Cheng, McCarl and Fei, .2088)
consequences threaten food production systems as the degradation of seasonal weather
patterns effect reliability of crop production, and extreme weather conditions, e.g., heat
waves and drought, cause serious health conditions in livestock thaticalgtreduce yields

(Thornton, 2010; Cheng, McCarl and Fei, 2022)

To mitigate such conditions whilst retaining productive livestock, breeding programs
must be optimized and complex genotyplenotype interactions understoofGoddard,
2012; Hayes, Lewin and Goddard, 2013; Meuwissen, Hayes and Goddard, PB&3)
availability of largescale genomic data has provided ample opportunities for guiding livestock
breeding(Hayes, Lewin and Goddard, 2013; Meuwissen, Hayes and Goddard, 2013; Gorjanc
et al,, 2015) While genomics hamprovedproduction gains, the same must be achieved with
environmental adaptivity. Local livestock breeds host a wealth of genetic diversity relating to
environmental adaptatiorfHoffmann, 2013; Savolainen, Lascoux and Merila, 2013; Biscarini
et al, 2015) These breeds are typically farmed in extensive systems and as such, have
become inherently adapted to their immediate surroundings. However, due to their small
distributions, and lower productivity, local livestock breeds have typically not been gdhetica

characterized and monitored. 16% of livestock breeds are at risk of extinction, and a further
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35% are uncharacterized presenting a serious threat to future food security if these genetic

resources are lost (FAO, 2015).

The domestic water buffalo is an example of this. Water buffalo have been among the
most important livestock species to Southern Asia with 95% of the global population found
here but gains little attention elsewhere Adaptations to tropical conditions, e.g.,
thermotolerance, feed efficiency, and resistance to diseases and parasites, may be of great
use to northernly latitudes as climates become more tropibédrai and Haeeb, 2010; Yéafez
et al, 2020) Genomic resources have become easily accessible for large scale population
analysis in the form of the AxioMBuffalo Genotyping Array, presenting the opportunity to
understand the genetic variation found acraksmestic buffaloes and evaluate their adaptive

potential.

6.2. Completion of Aims

The primary goal ad livestock species the production of a valuable commodity. In
the case of domestic water buffalo, riverine breeds are dairy producers while swamp buffalo
provide draught(Zhang, Colli and Barker, 2028poth domestic species provide meat as a
secondary productChapters Two and Three studied breeds of river buffalo that are
becoming commercially relevant and beginning to be subjected to the pressures of modern
farming systemsChapterTwo analyzed 69 individuals of Mediterranean buffaloes sampled
acrosstwo farms from the United Kingdom and compared differences in genetic variation to
populations across Europe. The aims of this chapter were to genetically characterize these
populations and identify any notable changes in genetic variaBoich changes may take the
form of significant declines in genetic diversity since importation, or rapid shifts in allelic

frequencies suggesting recent selection.

Although observed heterozygosity of UK buffaloes was lower than continental
counterparts, differences were nesignificant. Declines in genetic diversity can often be seen
in newly formed populations as a limited amount of genetic variation is captured the
originalpopulation in founding individual®ruford, Bradley and Luikart, 200&)is important
to monitor genetic diversitpver timein livestock populations. The consequences of reduced
diversity include an increased risk in inbreeding that may result in adverse health effects. This

is especially important under commercial scale farming as genomic selection programs often
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see an increase in inbreedir{yleuwissen, Hayes and Goddard, 2013; Meuwisseal.,

2020) Despite a marginal decline, comparative levels of observed heterozygosity across UK
buffaloes suggests that a variety of individuals have been imported. Furthermereasi

found to be higher than Hacross both populations, a signal observed in the presence of
recent gene flow, indicating that recent imports are bringing new variation into UK
populations. This result was also found across other populatio@saptersTwo, Three, and

Fve. As a result of this observation, there is an absence of inbreeding found within UK
buffaloes. The high levels of variation identified indicate that an abundance of variation is

available for genomic gain of production yields througlestve breeding.

Successful breeding programs rely upon breeding individuals that share the desired
trait so that underlying genotypes are maintain@deuwissen, Hayes and Goddard, 2001)
Breeding of closely related individuals will result in increased inbreeding down generations
(Hayeset al,, 2009; Meuwisseeet al,, 2020) An influx of new genetic variation obtained by
breeding more distantly related individuals together will overcome any inbreeding; however,
this may disrupt the desired phenotype amnegions underselection(Toosi, Fernando and
Dekkers, 2010}t is essentialo identify the genetic origins of novel populations so that future
imports can be targeted for minimal disruption. Usirg MDS, and ADMIXTURE analysis, UK
populations are shown to tightly cluster with Italian populations. Some deviation was
observed between UK populations, particularly that of RV_UK2 looking more unique. Further
exploration of differences between UK poputats was conducted using IBS and LAANT
analysis. Mediterranean buffaloes in the UK are known to originate from two sourcgs, Ital
and RomaniaBorghese, 2013a)Farmers initially import less productive, and therefore
cheaper Romanian buffaloes to establish herds before increasing production capabilities by
importing more valuable Italian individualBorghese, 2013aYhe similarity of UK buffaloes
to Italian buffaloes was further observed in LAMRC analysis that identified proportions of
the genome relating to either Italian or Romanian ancestry. Both UK populations featured
greater than 85% of the genome as Italiancestryindicating any potential admixture from
Romanian populations was low. Notably, Romanian ancestry was largely located in the same
genomic regions of both populations suggesting these regions may have been maintained
since preimportation to UK. A greaterrpportion of Romanian ancestry was identified in
RV_UK2 than RV_UK1, however population structure results (e;gABPMIXTURE) show
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both UK populations to be dissimilar to Romanian populations. Therefore, it was suspected
that RV_UK2 may be undergoing some genetic drift due to the smaller size and less
commercial activity of the farm. Conversely, it is known that RV_UK1 is contiimuadisting

further Italian individuals. IBS results show that individuals in RV_UK2 are significantly more
related to each other than RV_UK1. Therefore, RV_UK2 may be more susceptible to genetic
drift as allelic frequencies can change more rapidly and becdmated in smaller
populations. Genetic drift and any potential threat of future inbreeding can be easily

mitigated through incorporation of new individuals.

Genomic selection using genotyping arrays is frequently carried out by i) close
associations between alleles and observed phenotypes (e.g., GWAS), or ii) identification of
genomic regions under higher linkage disequilibrium encapsulating functional geges{P
EHH). In the absence of phenotypic data for either UK population, LD was explored. Both
populations featured reasonably low levels of LD compared to other livestock species,
reflecting the high levels of genetic diversity found. Additionally, gratt of LD were not
consistent between UK populations, and as such, transfer of genomic selection programs
would have low confidence of success. Recent trends in genetic diversity through time were
reconstructed by calculation ofdfrom LD. Both populations displayed decreasing estimates
of Ne as time became more recent with RV_UK1 possessing highetiNapproximately 250
generations ago. Higher estimates ofiNNRV_UK1 indicate that implementation of genomic
selection programs would be more powerthbn in RV_UK2. The translation of loweritN
RV_UK2 meant that a greater proportion of the genome possessed ROHs compared to
RV_UK1, although this difference was rsignificant. The maintenance of ROHs within each
population revealed clusters of interconnected genes functioning in relevantdsiesraits
(e.g., milk production) that may be under selection. Interestingly, representation of QTL
classes differed between UK populations. RV_UK1 featured a significant overrepresentation
of exterior and prodation QTL classes that incorporate traits such as udder morphology,
while RV_UK?2 featured a more classical expectation of an overrepresentation of milk QTLSs.
Genes relating to morphology may therefore be of greater importance in increasing milk
yields in @mestic buffaloes. The differences in UK populations were further observed with

little overlap in genes under selection from-EPIH results. Though, having only been present
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in the UK for around 50 years, and with little environmental change to continental Europe,

there may not be extensive selection pressures on UK buffalo.

Likewise with Mediterranean buffalo, the Indian murrah buffalo is another
commercially relevant breed. @hapter Threeglobal populations of murrah buffaloes were
compared to an Indian population to evaluate the adaptability of domestic buffaloes. Unique
adaptations found in newly formed populations would suggest domestic buffaloes are
adaptable to changing climatic conditior&milarly toChapter Two all murrah populations
showed high levels of genetic diversity and an absence of genetic divéxgayn, it is likely
due to thelackof intensive selection on domestic buffalo populations. Despite continental
separation of studied murrah populations (Asia, Europe & South America), divergence was
low with average &scores of 2.2%, though this is marginally inflated due to incorporation of
Mediterranean ancestry found within the crossbred population of RV_BUL_VAR (Bulgarian
murrah). ADMIXTURE results were unable to distinguish between populations bar detecting
different ancestry within RV_BUL_VAR and some potential underlying structtinia whe

Indian murrah population.

Assessment of LD across all populations revealed rapid rates of decay within Indian
murrah buffalo Interestingly, apopulation expansion eventvas found in Indian murrah
buffaloin Ne results (after controlling for any population structure). This expansion peaked at
32 generations ago that relates to approximately 192 years ago. Indian murrah individuals
here were sampled from eastern and central India whilst the murrah breed origirfaden
the Haryana province in Northwest Indigumaret al,, 2019) This timepoint corresponds to
a period of drought and power transfer in India that may have led to dispersals of people and
livestock(Clingingsmith and Williamson, 2008; Guha, 20A8grnatively, murrah buffalo are
frequently bred with local breeds to improve milk productiovhilst maintainng local
adaptivity (Kumar and Singh, 2010; Kumar, 2015; Kuetaal, 2019) Graded murrah
buffaloes outnumber purebred murrah by a ratio of 3:1, therefore this expansion signal may
be due to persistent admixture with local breeds. All other murrah populations featured lower

Ne as expected due to each capturing a subset of variation of the original population.

The adaptive potential of murrah buffaloes was evaluated through detecting unique
regions of the genome under selection in each population. Due to the very recent exportation
of murrah buffalo out of India (<100 years), unique regions under selection nd&aie a

183



Chapter Six

General Discussion

rapid shift in allelic frequencies in response to new selection pressures. This was evaluated
using multiple methods: i) ROHSs, ii}XRH, iii) PCAdapt, and Rfsam ada. The former two
methods provided selection signatures based on elevated levels of LD, meanwhile the latter
targeted fine scale selection that may be a response to wider variation in environmental
changes. What was found was that ROHs ardEMR analysirevealed genes that relate to
alternative functions between murrah populations. For example, genes relating to increased
growth or muscle function were found under selection in RV_BUL VAR and RV_CO
(Colombia). Bulgarian murrah have been reared foraased muscle mass for greater meat
production whilst Colombian buffalo have been imported from the Caribbean where the
buffalypso (derived from murrah and other Indian breeds) was turned into a draught breed.
The Brazilian murrah population is subject to greater intensity of milk production, and in this
population an array of genes was linked to energy metabolism, thernutaign, and
reproduction. Milk production in dairy livestock is energetically expensive and physiologically
demanding, even more so under tropical climatic conditi@allier, Renquist and Xiao, 2017,
Cheng, McCarl and Fei, 202Znhese genes may represent candidates for buffalo farming,
particularly in stock health and maintenance over generations. Indian murrah featured fewer
unique regions under selection, most probably because similar signals are also found in other
murrah poplations due to little divergence. However, genes under selection did link to
relevant livestock processes such as oxidative stress and immune responses. Though this
study lacked fine scale sampling;Sanm ada results may provide some inferences into
environmental adaptation of domestic buffaloes. CHL1 was found linked with precipitation
with alternative genotypes found in Indian murrah to other murrah populations. These
buffaloes reside in the driest areasidied here CHLXunctions byrecruitingHsc7Qhat helps
against neuronal and vascular diseases under heat stress, of which these buffaloes will more

likely be subjected tavith reducedaccess to water.

The AxiomMBuffalo Genotyping Array provides the most affordable and reproducible
opportunity for large scale genomic studies of domestic water buffalo. Genotyping
microarrays have provided easy access for farmers to genetically atladyslivestock to a
reasonably high genomic resolutidrivestock microarrays are purpose built for the ability to
generate genomic selection programs in their target spegiteyye<et al,, 2009; Hayes, Lewin
and Goddard, 2013; Meuwissen, Hayes and Goddard, 2013, 2016; Kempkr 2016;
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Georges, Charlier and Hayes, 20I%)is goal is achieved by utilizing linkage disequilibrium to
attribute changes in SNP markers to functional genes. SNPs of higher frequencies that are
commonacross host breeds adeliberately chosen to differentiate between closely related
individuals. Whilst useful for microarray function, these SNPs no longer represent natural
variation of populations that normally possess an abundance of low frequency alleles
(Albrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff, 2013; McTavish and Hillis,
2015; Benjellouret al, 2019) Bias in allelic frequencieall likely distort statistical analysis
within evolutionary studiegAlbrechtsen, Nielsen and Nielsen, 2010; Lachance and Tishkoff,
2013; Malomaneet al., 2018) Chapter Fourevaluated and analysed ascertainment bias
within the Axiom™ Buffalo Genotyping Arraip comparison to WGS data obtained from Luo

et al, (2020).In addition tobiased allele frequencies in comparison to natural variatiShP
selection forthe Axiom™ Buffalo Genotyping Arragnly included river breeds. Thedoee,

further bias is present as swamp buffaggenetic variation isunderrepresented when

genotyped with this array.

Chapter Fourrevealed that river buffalo genetic diversity is significantly inflated
compared to natural variation found in WGS data. Shifts in allelic frequencies towards higher
frequencies are observed and MAkstributions dd not correlate with WGS data. This
outcome is common across microarrays as observed in ¢&itie Sevanegt al., 2019) sheep
(Benjellounet al,, 2019) and chickengMalomaneet al, 2018) Despite inflated diversity
estimates, patterns of variation across river buffalo populatisese minimally affected by
ascertainment bias within the arrayhisresultsuggessthat interpretations are likely correct
bar differences in raw values. Swamp buffalo meanwhitge found to havesignificantly
lower genetic diversity in comparison tiver buffaloin both array and WGS data. However,
the difference in diversity between river and swamp buffalasfar greater in array data,
clearly visualizing the effect of ascertainment bias between the species. Swamp buffalo
diversity largelymimickedWGS dataThissuggestthat the SNP array is effectively a random
subset of markers to swamp buffalo, though lacking in swamp specific variation. The knock
on effects of the differences between river and swamp buffalo means that comparative

analysis is distorted (e.g.sfoverestimated in comparison to WGS).

Ascertainment bias within the arrapetween river and swamp buffaloould be

overcomethrough LD pruning techniquelsy targeting SNP selection in swamp buffalo.
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Differences in genetic diversitiesere minimised, and kst scores reduced. HoweveLD
pruningonly increasd diversity within swamp buffaloyith minimal effecton river buffalo
diversity. This result wasot replicated in WGS data. Therefore, the SNPs retaiwese likely
targets of shared ancestral genetic variation, or those markers under balancing selection. This
pattern wasmost easily observed in ROH analysis. LD pruniegdhspecies in WGS data
resulted in lower detection of ROHs as removal of monomorphic linked SNP mavkees
removed from the dataset. In the other species, ROHs presence indraggenetic variation

is not shared between river and swamp buffalo. In the array, swamp buffalo always feature
more ROHSs unless LD pruning tasgetwamp buffalo, in which case ROb¢zamesimilar to

river buffalo.The outcome of ascertainment bias me#mat estimates of evolutionary history

may be distorted as SNP datasets that taegkthe markers of shared variation resett in

more recent estimates of divergencEuture evolutionary studies across river and swamp
buffalo would benefit from using &s biased methods such as ddR#Quencing, and future

SNP arrays should either focus solely on swamp buffalo or incorporate both species in SNP

discovery.

Evolutionary studies on domestic buffalo have elucidated relationships between
populations and quantified levels of genetic variat{@atish Kumaet al,, 2007; Zhanet al.,
2016; Colli, Milanesi, Vajaret, al, 2018; Luet al,, 2020; Sun, Sheat al,, 2020; Curaudeau,
Rozzi and Hassanin, 202Chapter Fiveaimed to establish a cohesive modeleslution for
domestic buffaloes, performing complex modelling to estimate divergence between river and
swamp speciesThe modelling additionally investigatdate cause of observed genetic
structuring across river buffal@everatheories hypothesizéow buffaloes reached Europe
including gifts to the King of Lombardy, returning crusaders, and Arab tré&dells Milanesi,
Vajanagt al, 2018) Results of the final model scenarios consistently favotweddispersals
of river buffalo from India. Indian Ocean trade has been an incredibly important source of
commerce throughout human society; therefore, it is unsurprising that water buffaloes may
have been translocated by Indian people. Tneferred model estimated aninitial dispersal
of river buffalo from India approximately 2,000 YA. This time aligns with Indians settlers,
Ol f f-BURQ WNEI OKAy 3 (GKS aARRf S (Wdrdaworth&tlaINIOZL, Ay (K
Simpson, n.d. The initial river buffalo founding population likely spread up through

Mesopotamiaalong the Euphrates and Tigris rivers reaching ancient Antioch around"the 9
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century (Wordsworth et al, 2021 Simpson, n.d. Current European and Middle Eastern
buffalo populations appear genetic dissimilar. The madtimateda more recent divergence

of Middle Eastern buffalo from India approximately 1,100 YA. This new influx of genetic
diversity likely replaced the original diversity from European ancestors in the area. Buffaloes
reaching Europe, likely via Arab trade routesass the Mediterranean, likely became
isolated, becoming more distantly related and possessing lower genetic divégsitis,
Milanesi, Vajanaet al, 2018; Zhang, Colli and Barker, 2020; Wordswettlal., 2021) Ne

trend results fromChapter Onedditionally supporedthis timing of river buffalo divergence.

Precise estimates of riveswamp species divergence have been challengiraiptain.
Current literature produces a range of estimates over the course of the Pleist¢déneget
al.,, 2017; Lueet al,, 2020; Sun, Shest al,, 2020; Curaudeau, Rozzi and Hassanin, 202
preferred model estimated a divergence time of ~14,700 YA, before the Holoceras
edimate is notablythe most recent estimate of divergenagecomparison to previous studies
However, there may be several caveats throwing caution to interpretation of the result. ABC
attempts to characterize complex events spanning long time periods in a single model. Thus,
outcomes of the models rely heavily upsameassumptiors that include thati) populations
are sufficiently sampledi) model parameters choseare capable of depicting the species
evolutionaryhistory,andthat iii) genetic variation is capable of being condensed into chosen
summary statistic§Beaumont, 2010; Csillést al,, 2010) The Axiom™ Buffalo Genotyping
Array provides significant bias within the data as showrChapter Four.River buffalo
diversity is inflated compared to natural genetic variation due to a deliberate selection of
higher frequency alleles in probe production. Comparatively, swamp buffalo diversity is
underrepresented due to being absent during SNP selectiolynRophic SNPs present in
both species are likely shared ancestral variation which will present a more recent divergence
time. Furthermore, the model here permigshigher substitution rate that additionally would
reduce divergence times. Substitution rates across the genome can vary, and with the added
complexity of distorted allelic frequencies, this makes defining an exact rate troublesome
(Goldman and Yang, 1994; Excoffier, Foll and Petit, 2009)ertheless, river and swamp
buffalo were certainly domesticated independently, and shared a Pleistocene divergence.
Both species show distinct genetic differences yet viably hybridize. Analysis of selection

signatures relating to areas of divergencesimilarity provided inferences into functional
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underlying reasons. Within divergent markers, gemese frequently attributed to livestock
functions such as milk production (e.g., CAMK2D) or increased growth (e.g., FGF3). Markers
under balancing selectiowere associatedvith survival, such as immune response (e.g.,
NCAM2) or cell lethality (e.g., RNASEH2B). The validity of these genes would need to be
further explored as it is difficult to distinguish between spurious outlier loci of chance, or

genuine selection signaturékelleyet al., 2006)

6.3. Future Directions

This thesis was largely successful in achieving its aims in characterizing genetic
resources for domestic water buffalo and uncovering their adaptive potential. Future work
should therefore focus on genetic improvement and implementation of genetic brgedin
strategies.Samples from the two most productive buffalo breeds were analyzé&thepter
Two and Chapter Three, with those being the Mediterranean and murrah breeds,
respectively. A range of candidate genes under positive selection that may be important for
domestic buffaloes were identified. Inferences could only be made using prior literature.
Phenotypic data sbuld be collected on all individuals to assign greater functionality to SNPs
for targeting increased production yields. Using a combination of phenotypigandtypic
data would enable the use of genomeéde association studies (GWAS) and genomic breeding
values (GEBV¢Meuwissen, Hayes and Goddard, 2013, 20I®ese tests would allow for
guantification of variation in phenotypic traits being accounted for by specific genatypes
With this data, genomic breedingprograms could be establidied. Reliable results for
guantitative genetics require hundreds of individuals aoudh studies areften out of scope
for research projects or smallholders. Therefagenomic selection needs to be led by more
commercialized farms. In buffaloes, current GWAS analysis is predominantly found associated
with Italian and Brazilian where largeale buffalo farms occuienturiniet al, 2014; de
Camargoet al, 2015; lamartinoet al, 2017; Cesararet al., 2021) Within commercial
environments, any genetic improvement is likely to be focused on productive gains leading to
a decoupling of environmental fithess. The public availability of genetic data would help the
involvement of researchers to analyze environnmantraits in livestock for future

adaptability.

A new database of buffalo specific QTLs should be formed aneration ofnovel

genomic resourceand knowledgdor domestic buffaloesmproves Current studies, likewise,
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with ChapterTwo, use transferred cattle QTLs to the buffalo genome, which may not share
functionality. Kumaret al, (2023) established QTLs for murrah buffaloes using double
digestion RAD sequencing, however the replicability of these results will be difficult as the
generation of exact SNP markers in ddRs&Q each time is not guaranteed. With the
availability of the Aiom™ Buffalo Genotyping Array, a dedicated QTL database can be
established from SNP markers here. Such improvements in buffalo genoauiltslve greatly

beneficial in modernizing buffalo farming in line with industrialized livestock breeds.

The exacerbatiorof climate changehreatensthe reliable production of foodas
environmental conditions become altered and the frequency of extreme weather patterns
increase In the absence of successful crop growth, examples of farmers in Southeast Asia
switching to buffalo farming is already occurrifigscarchat al., 2018, 202Q)For livestock,
species must remain adaptable to changing environmental conditions whilst still producing
viable quantities of milk and meat (or other products). Genomic studies on livestock are often
limited to small regions such as single farms. To djeketic variation to environmental
factors, individuals need to be sampled in a sufficient manner to capture a wealth of
environmental variation. Likewise, @hapter Thregour sampling is limited to country level
resolution. Therefore, future samplingrategies of buffalo studies should focus on identifying
individuals across a large range to capture feale changes in environments. Additional
efforts need to ensure sampled individuals originate from those areas and are not

translocated frequently so that genotypes reflect their environment.

With continual genomic studies on buffaloes, fine scale environmental studies will
eventually be possible, however, results will likely be biased towards buffaloes in larger farms
with greaterfinancial resourcesviost buffaloes are farmed by small holders across southern
Asia. These buffaloes are farmed in low input external systems, and likely hold a large amount
of genetic variation useful for environmental adaptivifjnerefore, efforts should be made to
study buffalo in areas without great financial resources. This will aid el farmers in
breeding more productive stock, but also enable evaluation of genetic variation of local
breeds, something that is currdgtacking (FAO, 20)15With the rarity of the wild Asian water
buffalo, obtaining new genetic variation associated with environmental fithess would be
incredibly difficult This is likely impossibléor swamp buffaloas their wild ancestral

populationsare almost certainly extinct (Kaed al,2019). The extinction of wild ancestors to
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livestock (e.g., aurochs) is a common trend, and one with negative consequences of lost
genetic variation that simply cannot be recovered. Rural populations of domestic buffaloes

may hold a wealth of genetic variation that needs to be characterized ansecoed.

The AxiomM Buffalo Genotyping Array was founded solely from river buffalo breeds.
It is now abundantly clear that river buffalo and swamp buffalo are considerably different
genetically. River buffaloes are commercially more relevant with their global population size
growing each year due to their milk producti@hang, Colli and Barker, 202Bpwever, for
swamp buffalo, population sizes are in decl@®ang, Colli and Barker, 2020he loss of
swamp buffalo would result in a loss of unique genetic variation (genetic erosion) that may
be valuable in the future for adaptivity. Therefofeture work should commit more resources
towards swamp buffalo to conserve the unique genetic variation that they hold
Problematically, without swamp buffalo being a productive livestock species and generating
a commercial interest, this goal is difficult to achieW®hile commercial interest will
continuallydevelop river buffalaesources future research focusing on swamp buffalo will
be valuable in filling those knowledge gaps left by industeyms across Southeast Asia and
China are already repurposing swamp buffalo for greater meat and milk produstarm
may provide appetite for more swamp buffalo reseaf@tscarchat al., 2018; Denget al,,
2019; Shaaret al, 2019) Generation of swampspecific genomic resources such as a
dedicated genotyping array may help improve swamp buffalo breeding plans at commercial
farms. Any creation of such an array should focus on commercial farms to maintain viability
of the livestock product and have thenéincial backing to generate a commercial breed of

swamp buffalcso that swamp buffalo have a role in future farming

Genetic improvement of swambuffalo is currently achieved via crossbreeding with
river buffalo.Chapter Fiveshowed that divergence of river and swamp buffalo genomes is
greatest where genes are attributed to production qualities and livestock trBgssistent
hybridization may lead to genetic erosion of swamp buff&#oture researchsurrounding
river and swamp buffalo hybridization would bé great valueto identify those geotypes
that improve production traits for swamp buffal@hile minimizing the genetic erosion of

other regions of the genome that may be useful for, e.g., local environmental adaptations.

The implications o€hapter Fouand/ K | LJi S Nbe@réh@<St@iriver and swamp
buffalo should be treated as two separate species, as proposéflirmudeau, Rozzi and
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Hassanin(2021) Therefore, genetic variation should be conserved and managed separately,

not relying on the persistence of one species over the other, particularly as swamp buffaloes

are in decline. Furthermore, major splits in river buffalo populations were trackedrimg

that dispersal out of India is linked with movements of Indian and Arabian traders. The
resulting model should be further refined ammovide opportunities for identification of

important genes under selection during key events in buffalo evolution. Further investigation
Ayi2 R2YSAGAO o0dzFFI{2S4Q KAaG2NEB Ay GKS aAiR
cultural history of people in the régn and reveal how people lived and moved in historic

times (Wordsworthet al., 2021)
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Table S2.1: Quality control thresholds used to call genotypes from raw data in"Mxiom

Analysis Suite Software v4.03.

Threshold Type Metric Threshold Value

Sample Quality Control DQC %0.82
Quality Control Call Rate X T
Percent of Passing Samples X dp
Average Call Rate for Passing Sam| x T

SNP Quality Control Species Type Diploid
Call Rate Cutoff X T
FLD Cutoff X o0 dc
Het So Cutoff %-0.1
Het so X Chr Cutoff %-0.1
Het So OTV Cutoff %-0.3
Hom RO 1 Cutoff X nodc
Hom Ro 2 Cutoff X ndo
Hom Ro 3 Cutoff %-0.9
Hom Ro True
Hom Het True
Num Minor Allele Cutoff X H
Hom Ro Hap 1 X Chr Cutoff X nodm
Hom Ro Hap 1 MT Chr Cutoff X non
Hom Ro Hap 2 &hr Cutoff X nonp
Hom Ro Hap 2 MT Chr Cutoff X N ®H
AAF X Chr Cut <0.36
FLD X Chr Cut X N
HomFLD X Chr Cut X € dp
HomFLD Y Chr Cut X Cc dp
Min Y Chr Samples Cut X p
Sign Diff Hom 1 Cutoff X nop
Sign Diff Hom 2 Cutoff X non
Min Mean CPZutoff X ¢
Max Mean CP2 Cutoff XKL5

Priority Order

Recommended

Y Restrict

PolyHighResolution,
NoMinorHom, OTV,
MonoHighResolution,

CallRateBelowThreshold

PolyHighResolution,

NoMinorHom,

MonoHighResolution,

Hemizygous

.2
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Table S2.2: Eigenvalues for each component captured by multidimensional scaling analysis.

Component Eigenvalues
1 1.53730
2 1.0874%
3 0.793862
4 0.606121
5 0.459875
6 0.390526
7 0.335176
8 0.321959
9 0.26420

10 0.222226
11 0.217258
12 0.205966
13 0.193472
14 0.180692
15 0.1686®

16 0.1605®

17 0.151979
18 0.148897
19 0.142883
20 0.140051

Table S2.3: AMOVA results showing partitioningawfation across individuals and

populations.
Source of Variation d.f. Sum of Squares Variance Percentage of
Components Variation
Among Populations within 13 57241.897 69.96408 Va 9.11
Groups
Among Indivduals Within 365 247309.819 -20.56309 Vb -2.68
Populations
Within Individuals 379 272382.500 718.68734 Vc 93.57
Total 757 576934.215 768.08832
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Figure S2.4: FST distributions generated by bootstrap replicates of RV_UK1 vs RV_ITA and
RV_UK2 vs RV_ITA
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Figure S2.5: FSiistributions generated by bootstrap replicates of RV_UK1 vs RV_ROM_CL
and RV_UK2 vs RV_ROM_CL
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Figure S2.6: FROH distributions generated in RV_UK1 and RV_UK2

UK2 Mean Genome Wide FROH compared to bootstrapped replicates of UK1 populaion (n=15)
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Figure S2.7: Plot showing sum ROHs vs total number of ROHSs for all individuals of RV_UK1
and RV_UK2. X =y shown by dashed black line.
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Table S2.8: Significant ROHs and genes found within regions for both RV_UK1 and RV_UK2.

Population ~ Chromosome Start End Genes
(BBU)
RV_UK1 1 40618376 44032773 CSMD1, MYOMZ2, KBTBD11, ARHGEF10, CLN8

TRNAWCCA, DLGAP2
50404478 51196161 CLDN17, GRIK1
76018494 76518042

2 117129833 117517993 NCKAP5
3 61862936 61969410 -
64021694 64797055 CBR4, SH3RF1, NEK1, CLCN3, TROIGHVFAP3L
82344868 83657693 1ZUMO3, TRNAWCA, ELAVL2
4 103159550 105807905 MGATAC, NTS, RASSF9, ALX1, LRRIQ1, TSPAI
SLC6A15
5 75486279 79733876 TRNAGCA, PANX1, HEPHL1, VSTM5, MED17,
TAF1D, CEP295EUP1, SLC36A4, MTNR1B, FA
TRNAGSCA

83413928 85500121 TMEM135, FZD4, PRSS23, ME3, CCDC81, HIKI
EED, PICALM, CCDC83, SYTL2
6 28106618 29855359 TSPAN2, TSHB, SYCP1, SIKE1, CSDE1, NRAS
AMPD1, DENND2C, BCAS2, TRIM33, SYT6, OL
HIPK1, DCLRE1B, AP4B1, BCL2L15, PTPN22,

PHTF1, MAGI3
14 62533451 63775086 MALRD1, ARL5B, CCDC7
15 50475003 50726444 CPAG
19 15255940 17233155 HTRI1A, IPO11, DIMT1, KIF2A

44467270 45125124 TRNAYGUA, TRNAGCA
55683549 57425155 BASP1, MYO10, RETREG1, ZNF622, MARCH1:
FBXL7
21 13844195 14950320 ULK4, TRAKL, CCK, LYZL4, TREAGVIPRL,
SEC22C, SS18L2, NKTR, ZBTB47, KLHL40, HH
CCDC13, HIGD1A, ZNF662, TROBG
RV_UK2 1 43763283 45246299 DLGAP2, ERICH1
76018494 77767873 CADM2
92325535 93881377 -
2 53232270 53595544 OCA2, HERC2, TRNABKC
81227949 82277332 B3GALT1, XIRP2
120494471 121809491 DPP10
130097357 130310554 -
131521600 133260286 TRNAEGACA, GYPC, TEX51, GLS, STAT1, STAT.
MYO1B, TRNABUC, NABP1
3 143189749 144021308 DAPK1, TRNAMUA, CTSL, FBP2, FBP1
4 61937971 64525598 TRNAGCCCMETTL7BTGA7BLOC1SRDHS
CD63GDF11SARNPORMDLZ2DNAJCIAMMP19
PYM1DGKAPMEI.CDK2RAB5BSUOXIKZF4
RPS26ERBB3PA2G4ZC3HIPESYTIMYLGB
MYLE SMARCCZRNASGARNF41INABP?2
SLC39AANKRD52Z20Q10ACSCNPYZ2PAN2
TRNABJUC IL23ASTAT2APOEFTIMELES#IIP,
SPRYD&GLS2RBMS2BAZ2AATPSF1IEPTGES3
NACAPRIM1TRNAGCCSDRICGPR182
ZBTB39TAC3MYO1ANEMPINAB2 STAT6H
LRPINXPH4SHMT2NDUFA4LZSTACR3HDM?2
INHBCINHBEGLI1 ARHGAPMARSDDIT3
MBDG DCTNZKIF5APIPAK2(MTX3ARHGEF25
SLC26A1B4GALNTIDS9
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131296877

5 75857249

6 45760687

7 42446383

23 21754196

132073992 CHRMS3

79733876 PANXIHEPHLINSTM5MED17 TAF1DCEP295
DEUP1SLC36AMTNRIBFAT3TRNAGSCA
47489139 DPYDPTBP2

43345211

22410305 TLX]1LBX1BTRCPOLILDPCDFBXW4FGF8
NPM3 OGAKCNIP2ZARMH3

Table S2.9: Gene ontology results for genes found in significant ROHs for both RV_UK1 and

RV_UK2.
Population Gene Ontology Biological Description
Class Pathway
RV_UK1 Process GO0:2000564  Regulation of CDBositive, alpha
beta T cell proliferation
G0:0046328 Regulation of JINK cascade
G0:0015824  Proline transport
RV_UK2 Component GO0:0070876  SOSS complex
GO0:0016459  Myosin complex
Function G0:0042132  Fructose 1,isphosphate 1
phosphatase activity
GO0:0004359  Glutaminase activity
GO0:0003774  Motor activity
GO0:0030898  Actindependent ATPase activity
Process GO0:0005986  Sucrose biosynthetic process
GO:0007259  JAKSTAT cascade
GO0:0097696  STAT cascade
GO0:0006543  Glutamine catabolic process
GO0:0005985  Sucrose metabolic process
GO0:0009312  Oligosaccharide biosynthetic
process
G0:0006537  Glutamate biosynthetic process
GO0:0046351  Disaccharide biosynthetic proces:
G0:0014037  Schwann cell differentiation
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Figure S2.10: QTL class distribution across RV_UK1 significant ROHs
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Figure S2.11: QTL class distribution across RV_UK2 significant ROHs
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Table S2.12: Significant genes found iFfEXKMH analysis f&(®V_UK1 vs RV_GER_STA and

RV_UK2 vs RV_GER_STA

Population Chromosome

Start

End

Genes

RV_UK1 1

27425486

29984786

132745375

151230397
187354770

36017854

117087325

152419212
3930106
15387323

142275429
154753980
169852072
8971634

84453485

28113771

30123983

132868674

151336861
187861398

37531045

118055365

152773351
3955743
15446777

142464858
155449850
169979708
9212951

84625128
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TRNAGCA4, TRIML1
TRIML2ZFP42
SORBSPDLIM3CCDC110
C1H40rf47TUFSP2ANKRD37
LRP2BFSNX25CFAP97
SLC25AHELT
GNB4MFN1, ZNF639
KCNMB3PIK3CA
LOC11258744@MAT3
TRNAWCCA7, TRNAGJCEC
4, KCNMB2
PPM1I.,ARL14KPNA4
TFF2TFF1ITMPRSSS
UBASH3ARSPHISLC37A1
PDE9AWDR4NDUFV3
PKNOXICBSU2AF1CRYAA
PEX6GNMT CNPY3PTCRA
C2H60rf226RPL7LIBICRAL
TBCCPRPHZ2UBR2TRNAG
UCec7, TREREMRPS10
GUCA1BGUCAIATRNAW
CCA13, C2H60rf132TAF8
CCND3BYSIMED2QUSP49
PRICKLE4OMMG FRS3
PGCTFEBMDF| FOXP4
NCR2TREM1TREMLZ2
TREM2TRNAGJCGS,
TREMLINFYAOARD1
APOBECZ SPO2UNCSCL
NCKAPAYPDJIGPR39
SLC35F5

ERBB4

SMARCDPSMCSHFTSI3
DDX42CCDC4TRADA
LIMD2 MAP3K3DCAFY
KCNHETANC?2

TUT7

CYLC2

TLR4
TNRC6B-AM83FGRAP2
ENTHDICACNA1RPS19BR1
ATF4MIEF1 TRNAGCCG33,
MGAT3TRNAGCCE34,
TAB1SYNGR1
TMEM117NELL2
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(o]

11

12

13

15

16

17

18

19

20

22

152915324

123444264

81971515
109602412

78966472
115977766

100183355
56467422
69973920

81392762
83180816
90660253

76869798
2064219

44970558

53620530
61672639
26803089

44986300
23746675

50280821
41136026
65245471
56539547

30917827
53507848
20011293

123938178

82153482
111177583

79380792

100279260
56534117
70459326

81499515
83312296
90691830

76933547
2932876

45102329

54056901

27164245
24674935

50688764
41466603
65268241
57486561

54572685
20178300
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KCNMA1DLGSPOLR3A
RPS24

TRNARCCUL1, LTO1CCND1
FGF19FGF4FGF3ANO1
FADDPPFIAICTTN
ATGA4CDOCK/ANGPTL3
CLSPNC6H1orf216PSMB2
TFAP2ENCDNKIAAO0319L
ZMYM4 SFPQZMYM1
ZMYM6 TMEM35BDLGAPSI
SMIM12 GJA4GJIB3GJIB4
GJB5C6H10rf94CSMD2
TRNAG5CA116
QRFPRINIP3TRNAMAUAS,
NDNF

CHRM2

TRIM58 GCSAMINLRP3
ZNF496
CSNK1G3

PARP16TRNAGCCES, CILP
CLPXPDCD/UBAP1L
KBTBD1RASL1ZSLCS51B
MTFMT SPG2ITRNAGSCA
171, ANKDD1APTGER2
NAXDRAB20QCOL4A2
COL4AURS2MYO16
TRNAYGUA17
JPHITRNARJUGC100, LY96
TRNAGCA211, TMEM7Q
ELOCUBE2WSTAU2
YTHDFE3TTPA

SNTG1
LIN7CLGR4CCDC348B0OX1
FIBIN

TEAD1

TRNAGCA224, TMEM132C
TRNAS5GA40, SLC15A4
GLT1DITRNABJUG106
ZNF536TSHZ3

ZNF671
RETREGZNF622MARCH11
FBXL7

SV2BSLCO3Al
PIEZOXNAPGAPCDD1
VAPATXNDCZRAB31


































































































































































