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1. Generalintroduction

1.1 A general definition for biodiversity

The ter m Ovmsimrdducedcchy the entpniologist Edward Osborne Wilsoh986

as a fusi on diblogitahdiversty o indicaite thavariabdlity among living

or gani s ms terfestr@dmmaliné hnd other aquatic ecosystems and the ecological
complexes of which they are part o r  rdaerdityewithintspeeies,between species and
of ecosystends(Secretariat of the Convention on Biological Diversity. Handbook of the
Convention on Biological Diversity Including its Cartagena Protocol ons&fety 2005)
Therefore, biodiversity can beconveniently describedat different levels of biological
complexity, starting from the geres carriedby the populationscomposing a specigshe
speciesbelonging to a particular biological communignd the ecosystemsharbouredin a

defined region of the biosphere

1.2 Evolution of livestock biodiversity

Livestock biodiversity israther limited at the species levetounting approximately 30
mammalian and avian specidsit extremely diversified at the genetic é&{Simianer2005)
Domestication, i.e. the process of genetically adapting wild animals and plants to the human
ends(Bruford et al. 2003; Driscollet al. 2009) represents a fundamental turning point in the
evolution of both human societies and modeay livestock On the one handt prompted
agricultural developmergnabing the establishment of permanent settlements of farmers and

crucial sociakearrangementéAjmone-Marsanet al. 2010} onthe other handit substantially



contributedto shapehe genetic makeup of thearlytamed populations throughitial genetic

bottlenecksand subsequent selecttaiBruford et al. 2003)

Three explanations have been suggested to describe the first stages of dome@iaanon

& Fuller 2014) (i) followingt h e &6 ¢ o mme n soaéwildpspetids papyladion&.g.

wolves) were attractedoy the human niche evolved 6 s anthrofdc ecotyped§ undemwent
habituationand commensalisrto the anthropichabitat, and were finally domestiated (ii)

foll owing t hewildppuatonsqg Ergehherbiyobuge.g. cattle and water
buffalo) were firstly targeted byintense human hunting and then subjected to herchnd
breedingmanagemenin orderto optimize food availability(ii) a ¢édi rect ed pat
place more recentlstarting~6,000 years before presgitd domesticatspecific speciege.g.

horses, donkeys and Old World camdds)specific tasks (e.g. transportation).

Geneticinformation provided by mitochondrialand nuclearmarkers like microsatellites and
Single Nucleotide Polymorphisms (SNPs) contributed to shed light on the complexity of
domestication processes in most of the modiayndomestic species (see €MacHughet al.

1997; Tapio 2006; Deckeet al. 2014) For example, molecular evidence suggested the
occurrence of two independent domestaratvents in as many geographic centres for cattle
(Bos taurusand Bos indicuy water buffalo Bubalus bubalis and dogs @anis lupus
familiaris) (Kumar et al. 2007a; AjmoneMarsanet al. 2010; Frantzt al. 2016) and an een

more intricate scenario wasiggestedor pig (Sus scrofa domesticugLarsonet al. 2005;

! During and after domestication procefssmers started to consciously select the most convenient phenotypic
characteristics among those offered byittigal variability of theearly tamedopulationgDiamond 2002 For

this reason, similar patterns of morphological and, in the case of animals, behavioural change appeared in
different species after domestication: typically, domestic ruminant species (e.g. cattle and sheep) tended to show
reduced or completely abgehorns compared to their wild relatives, together with a contemporaneous reduction

in body size(AjmoneMarsanet al. 2010} at the same time, animals were selected for tameness, with a
consequent reduction of senses acuteness and braiindized,these traitseased to badaptiveunder a strict

human manageme(Diamond 2002)
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Frantzet al. 2015)

Despite the complexity of eactpecies history, recognizable patterns were described for
several livestock species and for the evolutionary events following domesti(atidord et

al. 2003)

1) Most species were domesticateetween 1500 and 8000 Years Before Present
(YBP) (Bruford et al. 2003; Driscollet al. 2009) in a precise set of areas generally
located along an Ea¥Vest axis,andoften at similar latitudes. In particular, cattle,
goats, sheep and pigs were most likely domesticated in two raeE® one
encompassing the Fertile Crescent (along the Tigris and Euphrates, laain)
another in Asia, spanning from the Indus Valley to some vast regions of rbalern
China(Luikart et al. 2001; Larsoret al. 2005) Similarly, recent findings based on
both mtDNA and Ychromosomal variation would suggest water buffalo ecofypes
(6r ibv earn d )ote deave fr@m independent domestication events possibly
occurred in the NorthwWest of India and in a wide region encompassing China and
Southeastern Asia, respectivelilumaret al.2006, 2007a; Yindeet al. 2010)

2) Domestication was generally followed by hunrdniven migrations out of the
centres of origin (Diamond 2002; Larsoret al. 2014) Newly established
populations generally suffered a gradual decrease in genetic diversity, especially as a
consequence of subsequérunder effects not counteracted by gene flow over large
distancegBruford et al. 2003; AjmoneMarsanet al. 2010) This trendis evident in

both hardly transportable livestock species like cattle and sliégpone-Marsanet

2 Ecotype genetically distinct group of individuals within a species, which aaptad to specific environmental,
conditions and inhabit a given geographical area.

% Centre of origin geographical location where a taxon, either wild or domestic, firstly evolved: generally,
centres of origin corresponds to hotspot of genetic diversity.
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al. 2010) and in the more movable goats when evaluated with autosomal
microsatellite markerfCafdnet al. 2006)(but sed_uikart et al. 2001 for contrasting
results based on mtDNAPomesticated populations that were transported to new
sitesinterbred with indigenousvild populationsin several casegiving rise to he
socalledéi nt r ogr e larsonetal.20a4) t ur e 6

3) The colonization wave was gradual in time and space durinththsand®of years
that followed domesticationVithin suchtime span livestock populations settled in
heterogeneous habitatecamdocaly adaped' to specific environmental pressures
The traditional use of sustainable rearing technigiuether facilitated tke local
adaptation proceséTaberletet al. 2008; AjmoneMarsan & The GLOBALDIV
Consortium 2010)

4) The introduction of the@ncept 6f adébuedd 2 ADthaytena,r s a
farmers begamo applymore systematic matingractices, crossingdividuals with
similar phenotypes to favour desirable traits (e.g. productivity or robustness), while
avoiding interbreeding with gups shaving different characteristic3.hus, domestic
species experienced artificial fragmentation for the first time, which eventually
increased withirbreed undesirable effects of genetic dfffaberletet al.2008)

5) The 6 c andmassiveaorimercializatioof industrial transboundary breéds
t he |l ast decades t o addr ess an i ncr ea

revolutiond i n |l i vest ock was boosted I

* Refer to sectiori.4for a detailed discussion on the process of local adaptation.

® Breed a culturally accepted stapecific group of domestic animals which share similar external characteristics
and derivefrom a common geographic area and, possibly, genetic isol§Boherf 2000; Blasco 2008;
Hoffmann 2010a)

® Transboundanpreed breed which occurs in more than one cou(fiyod and Agricliure Organization of the
United Nations 2012)
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genetics methods, leading at leasttwo implications of fundmental importance for
the management and conservation of Animal Genetic ResO@fge3R): (i) genetic
diversity within industrial breeds was remarkably redudeyl causing effective
population siz& (Ne) to decayu n d e r dangdd threstold of 50 irseveal case$
(Taberletet al. 2008) (i) the evolutionary heritage represented by locally addpted
and indigenous breells started being eroded by genetic introgression and
replacement with the more productivand genetically homogened@usdustrial
breeds.

6) Genetic eosion is particularly affecting local breeds in developing countries, with
the actual risk of losing unique adaptations towards endemic diseases, environment
and alternative farming syster(§jmone-Marsan & The GLOBALDIV Consortium

2010)

1.3 The biodiversity crisis

The rapid decline in the amount obiodiversity, referred to as Obiodi

affecting natural and agriculturalidscapes during the last two centuf®sgh 2002; Kolet

" Animal Genetic Resourcd&nGR): genetic diversity found in animals and microbes which already are (or
might potentially prove) useful for human needs. Such a diversity can be already characterized or stil
uncharacterized, and does not necessarily refer to the sole domesticated animals.

8 Effective population sizeSize of the idealized Wrigkfisher population which would show the genetic
properties observed in the population under st(\ang 2005). An dealized Wright-Fisher population is
assumed to have constant size, -nearlapping generations, random mating among individuals and genotype
frequencies in HardWeinberg equilibrium in the case of sexual diploids.

°An effective p o pgeremlly suggested to aveid imbfeedingsd@presson in the short term (in
the next five generations; Kristensenal.2015);NO500 i s d e e me eernm evolufonagypaentiale | o n
(Franklin& Frankhaml998.

19 Locally adapted breecreed residingn a single country for a sufficient time to be genetically adapted to one
or more traditional production systems or local environm@faed and Agriculture Organization of the United
Nations 2012)

™ Indigenous breedalias fiautochthonous o r natifte breedd): breed adapted to and utilized in a single,
particular geographical region; indigenous breedsstitute a subset within locally adapted bregasod and
Agriculture Organization of the United Nations 2012)
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al. 2004} species extinction in the wild is estimated to occur around 1j0@®3 faster than
the inferred background ratéBe Voset al. 2015) 1-2% of the total amount of domestic
breeds is reported to disappear each ySanianer 2005)17% tobe ei t her fAenda
Acritimaiahti FRAO €015 and up to 60% to presentstll unknown risk status

(FAO 2015)

Biodiversity crisis endangers ecosystem functioning and basic se(@aesfeldtet al. 2008;
Maceet al. 2012) erodes the adaptive potential of natural and domestic populations towards
environment challenges or new market demafgidstschi 2007; Bellardet al. 2012)
undermines food securit§Frison et al. 2011) and ultimately threatens human wbéing
(Ceballoset al.2015) Anthropogenic impact on ¢hbiospherégVitouseket al. 1997) together

with economical choices favouring shéerm agricultural productivity in spite of variability
preservation(Taberletet al. 2008), are bothsuggestedhs the main causes of such decline

(Galazet al.2015)

1.31The ANoahdés ar ko probl em

The Convention on Biological Diversity (CBD) formally acknowledged the central role of
biodiversity in providing Athe goods and se
of conserving the evolutionary heritageander to attenuate human featint and favour a
sustainable exploitation of the biological resoutteSecretariat of the Convention on
Biological Diversity. Handbook of the Convention on Biological Diversity Including its

Cartagena Protocol on BiosafeAp05)

12 Biological resources include genetic resources, organisms, populations and any biotic component of
ecosystems with AfAactual or ($eorétagiat dfitha Conuerdien om Biologicall u e
Diversity. Handbook of the Convention on Biological Diversity Iniclgdts Cartagena Protocol on Biosafety
2005)
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However, the achievement o imite &riddns of ecananmic |1 S
resources available for biodiversity conservation. In the case of livestock, the resources
available overall are insufficient to grant protection to all existing bréBdanewitzet al.

2007) analogously, resources for wildlife conservation are inadequate in the majority of
developing countries where a high amount of biodiversity and elevated threats to ecosystems
are typically concomitanBrookset al. 2006) Here the fundamental question conveying the
ANoahos ar ko pr obl em (Weilizmao d998)evhichaspecie3ror b i o |
populations and ecosystednshould deserve priority for conservation in order to minimize

|l oss in biodiavdrgnitydibudlgget constrainto?

1.3.2The needof conserving Animal Genetic Resources

Animal Genetic Resourcemre commodities of primary conservation concern, since they
represent specific adaptations to current environmental and market condaiotsrson
2003) and constitute a potential regeir of adaptive genes for future so@ovironmental
scenarios(Notter 1999) Therefore, characterization of AnGR is formally recognized as a
Strategic Priority Areawithin the Global Plan of Action for Animal Genetic Resour(eA0O
2011) as it constitutes the preliminary step
basis for sustainable breeding programmes. However, although representing aroetimaisvo

of the total livestock biodiversity, AnNGR of locally adapted and indigenous breeds living in
developing countries are scarcely characterigdfinone-Marsan & The GLOBALDIV
Consortium 2010; Hoffmann 2010&8uch a lack of information might prove detrimental, as
these AnGR are expected to become crucial in the near futurespond to changes in

climatic conditions, disease/parasite distribution or market dem@dd&mann 2010h)



Therefore, an adequate characterization of livestock biodiversity and subsequent setting of
conservation priorities are required to avoid losing sucimique reservoir of genetic variants

and evolutionary potential.

1.4 Animal Genetic Resources and local adaptation

The characterization of genes conferring adaptation to specific environmental conditions is a
core topic in evolutionary biolog§Tenaillon & Tiffin 2008) with key implications for AnGR
conservatiorunderthe light of current climate change and upcomingaieds in food safety

and productiorfSavolaineret al.2013)

To allow spatially divergent selection to take place, populations from different geographical
sites must exgrience heterogeneous selective pressumm ecologically relevant traits.
Divergent selection is consi der edKatvdtle & ma i n
Ebert 2004)which isthe processleadng a popul ation to present
site than any ot her p o p (Sawlainewen al. 2013) rLaca u c e d
adaptation is a genetiadaptive processequiring the existence of alternative alleles and
genotypes for the same locus within the considered déniBlse genetic nature of local
adaptationdistinguistes it from adaptive phenotypic differentiationn which a single

genotypecanresult inmultiple phenotypesiue tophenotypic plasticityChevinet al. 2010)

Theoretically, if (i) spatially divergent selection is sufficiently constamer time, and
sufficiently strong to counteract the homogenizing effectgehe flow, (ii) locallyadapted
optimal genotypes are favoured in the native site but strongly disadvantaged in the others, (iii)

evolution of adaptive phenotypic plasticity is hindered by some evolutionary costs or

13 Deme local population displaying a distinct gene pool.
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constraints, and (iv) populations areg@a enough to rendé¢hne confounding effects of genetic

drift negligible, then conditions are expected to be favourable for local adaptation to evolve
and be detecte@Kawecki & Ebert 2004; Yeaman & Otto 2011Jonversely the lack of
sufficient standing genetic variation within populations is expected to hinder a rapid process of

local adaptaon (Kawecki & Ebert 2004; Savolainest al.2013)

1.4.1The genetics of local adaptation

The study of the genetics underlying local adaptation can be tackled by @ithet p waor 6

O0botupobm appr oaches

In the first casecandidate demes for local adaptation have to be first identifiedagative

traits of interest measured Reciprocal trasplant experiments represent tieaditional
framework for identifying locally adapted demds this kind of tests, individual phenotypic
characteristicg¢e.g.reproductive outpitare recorded to measure the average fithess of at least
two demes in theimative and nomative habitats, respectivefSavolainenet al. 2013)

(Figure 1.1a and1.1b). When evidence of local adaptati@xists for the studied demes,
recordedtraits are then related with underlying genotypeshrough quantitative trait loci
mapping(QTL) (Rellstabet al. 2015) Two basic genetic mechanisms are argued to sustain
local adaptation at an individual locus or QTAndersonet al. 2013) (1) 6ant ag
pleiotropyo, which occurs when alternative
(Figure 1¢; and (1i1i) 6conditional rele eanfera a fitnesgs 0 , !

advantage in one habitat, while being neutral in theraiive site(Figure ).



Mean fithess

Site

Figure 1.1 Fitness comparisons among demes (figaraadb) and alternative alleles at a single

locus involved into local adaptation (figuresandd). Red circles represent mean fithess for

demes and alleles native of site A; blue circles represent average fitness for demes and alleles
originating in site B. &) Both demes display higher fitness at thsative sites when compared

with &éforeignd deomlkedd!| oy as atvissf yfibjrged tymeghe cw g .t

awayb6 pattern, in which both demes -gteamthd B s
decrease fitness in the noative sitesln thiscase 61 oc a l VsS. foreignd cr
deme A performs better in both its native and-native sites. As a resullpcal adaptation

patternis supported only in Figure 1.1a, where bdtlh o me v @andé lawagld v s. for

criteria ae satisfied (c) Native allele of site A confers higher fitness in its own heaite, as do
the native allele from site Bantagonistic pleiotropy is suggested for the concerned lodys. (
Native allele from site A confers higher fitness in its own haitee while showing no effect on
fitness in the nomative site; in this caseonditional neutrality is suggested for the concerned
allele.

Al t er nat i wepldy , a pipaitloot abclappass théransplant experiment desighy
relating the highlightedoci with either specific evolutionary processes (e.g. positive selection)
or the environmental driver promoting local adaptatiBellstabet al. 2015) In turn, wo

types ofipébbappomaches have been described:

1) Population genetic methods are used to measure differentiation between populations

10



2)

atthe DNA level(Savolaineret al. 2013) In particular, genomecan methods can

be used to obtain individual loci estimates of Wright fixation index for population
differentiation Fs7), and highlightFs; outliers on the basis of empirical or expected
distributions under neutral models of evoluti@xkey et al. 2002; Boninet al. 2007,

Foll & Gaggiotti 2008) Theoretically, local adaptatios expected to produce high
differentiation (ieFs@1) for those |l oci under sel
loci which are expected to shdw;values within the ranges of the null expectations
(de Villemereuil & Gaggiotti 2015)However, local adaptation is often driven by
polygenic quantitative trait€Savolainenet al. 2013) whose underlying genotypes
may show little differences in allele frequencies between populatiteitstabet al.
2015) which might not be detected Wyg-based methodéPritchard & Di Rienzo
2010) Furthermore, population genetic methods are potentially unable to discern
true local adaptation from anthropogenic signatures of selection in the case of
domestics, by imposingautionin the interpretation of the obtained outliers in this
context.

Environmenal (or genetieenvironment) association analysigllows to directly
associate variations in habitat features wiih geneticvariability of populatiors,

thus potentialy reveaing adaptiveloci (Mitton et al. 1977) The rationale behind
geneticenvironment association analysis that genetic variants (alleles or
genotypes) showing a significant association vétlparticular habitat feature are
likely to be involved ito adaptation mechamswith the concerned environmental

feature (e.gprecipitation soiltypeor a disease).

11
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1.4.2Landscape genomics

One of the last developments within th@main ofgeneticenvironment association analyss
represented by landscape genomics, which tookrtdga of the concurrent development of
nextgeneration sequencing (NGS) and kighoughput genotyping techniques, as well as
recent improvements in the environmental datasets describing habitat characteristics (e.qg.
temperature, precipitation, vegetatietc.) (Rellstabet al. 2015) Landscape genomi@sms at
uncovering the environmental drivers of local adaptation and the underlying candidate
genes/gene networkManelet al. 2010) To this end, it searches for significant associations
between the habitat charagstics and the genetic makeup of sampled individuals or
populations. Therefore, the approach requires the collection of both genetic and environmental
information at the same locatio(®ostet al. 2007) anda careful planning of the sampling
design in terms olboth environmental variability coverage and replicat{dnostet al. 2007;

Rellstabet al.2015)

1.4.2.1 The needto accountfor neutral population structure

Associative tests used in landscape genomics introduce the possibility of detecting a number
of spuriots signals due to the possible confounding effect of the underlying genetic structure
of the studied demegExcoffier et al. 2009) Population structure evolves as a result of
historical demographic processes like gene ffoowl genetic drift shaping allele frequencies at
neutral loci. Individuals from the same deme are likely to share a common demographic
history, and may be genetically more similar to each other at neutral loci than individuals
coming from different sitesTherefore, if demes are genetically structured while inhabiting
areas with different habitat features, environmental and neutral variability may result collinear,

and population structure canimic the effect of divergent selection inducing false positive
12



detections among the neutral mark@slistabet d. 2015)

Therefore, accounting forneutral geneticpopulation structure is considered of primary
importance in landscape genomics models to reduce the number of spurious detPetions
Mita et al. 2013) Severalapproachedave beersuggested to correct for genetic structure,
which rely on pairwise Euclidean distances between sampling loca(@uaslot et al. 2014)
spatial autocorrelation of individuals within populatiof@®ncetet al. 2010) individual Q
scores derived from gbal ancestry analys€Britchardet al. 2000; Alexanderet al. 2009)

and pringpal component scores derived from principal component analysis (PCA) performed
on individual genotypeéEckertet al. 2010) Ideally, analyses based omlecular information

should be run on the neutral loci exclusively, in order to alesithg putative adaptive signals.

1.4.2.2 Statistical associative models in landscape genomics

Landscape genomics techniques can be populatioimdividuatbasedRellstabet al. 2015)

if both genetic and environmental infoation are expressed at the population level (i.e. a
locus is represented by the frequency of one of its alleles in the populations under study), then
populationbased methods can be used to investigate significant gesmavitenment
associations (see e.gurneret al. 2010} conversely, if genomenvironment asociations are
modelled at the level of single individuals (i.e. each individual represents a separate sampling
unit, with both genetic and environmental information available), then an individsed

approach can be applied (see Box Railistabet al. 2015)

Since its implementation within the Spathalysis Method $AmM; Joostet al. 2007) logistic
regression (LR) has represented a valuable individaséd apmrach to detect signatures of

local adaptation in several animal and plant species (se8lielgenet al. 2009; Colliet al.
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2014; Quntelaet al.2014) In the context of environmental association analysis, LR allows to
model the probability of each individual to carry a particular allele or siogles genotype as

a function of the habitat features at the sampling site. Since eaoltyge is by definition
georeferenced, the goal of the analysis is to detect environmental factors significantly
associated with (and thus putatively affecting) the spatial distribution of the genetic variants
under study(Rellstabet al. 2015) Recently,SAM approach has beeimprovedto allow
multivariate logistic regression analysis through the softwawa BDA (Stuckiet al. 2016)
Multivariate logistic regression allows to correct genesneironment associations for neutral
population structure, an implementatiovhich is expected to reduce the relatively high rate of

false positives characterizing univariate logistic regression ({estdlitaet al.2013)

Mixed-effects regression modelling has been recently proposed to provide the possibility of
concurrently testing genorenvironment associations while accounting for the neutral
structure of the studied population®ithin this framework, spatial distribution of allelic or
singlelocus genotypic frequencies is predicted as a function of the tested environmental
factors and the neutral population structure, the former being modelled as fixed effects and the
latter asa random effect. Mixe@ffects populatiofbased models can be run with the software
BAYENV (Coop et al. 2010; Gunther & Coop 2013which can detect low rates of false
positives (De Mita et al. 2013) conversely, an individugdased sampling design can be
accommodated blyFmm (Frichot et al. 2013; Frichot & Francois 2015an approach able to
concurrently control for random effects due to population structure and spatial autocorrelation,

and to provide rates of false positives comparabateNV (Rellstabet al. 2015)

1.4.2.3 Merits of landscape genomics and future research

Although biased by higher rates of false possivehen not adequately correcting for
14



population structurelandscape genomics was shown to be more powerful Fgabased
methods in detecting signatures of local adaptatiosm Mita et al. 2013 Savolainenet al.

2013) In fact, statistical models applied meneticenvironment association analysise
generally able to detect even subtle differences in allele frequencies belevaes, a pattern

often associated with local adaptation processes either occurring in the presence of high gene
flow between demegRellstabet al. 2015) or due to ecologically relevant polygenic traits

(Rockman 2012; Sorét al.2013)

Therefore, the principal merits of landscape genoraieqi) the increased statisticabwer

while accounting for neutral population structure, and (i) the possibility of directly
uncovering the environmental drivers ddcal adaptation. These characteristiosake
landscape genomics a valid option to investigate the genetic bases undedgirepdaptation
processes in both natural and livestock populations, especially those reared under management

systems with limited human interventi@arisetet al.2012)

Nevertheless, further research is needed to develop approaches explicitly accounting for the
polygenic nature of quantitative adaptive traits (butlsegendre & Legendre 2012and to
posthoc validate the discovered putative variants in the field andtbeitaboratoryfRellstab

et al.2015)

1.5 Aim of thethesis

The main objective of this thesis is to contribute to the process of characterization and
conservation of biological resources prompted by the Convention on Biological Diversity

(Secretariat of the Convention on Biological Diversity. Handbook of the Convention on
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Biological Diversity Including its Cartagena Protocoh dBiosafety2005) and the Food and

Agriculture Organization of the United Natio(fSAO 2011)

Within such a contexthisthesis aims at achieving three specific goals:

1) To review methods pmmsed to prioritize biodiversity for conservatisyggesta
classification frameworkand propose decisionaiding schemefor the selection of
the most appropriatmethodologiegyiven a conservatiomgoal (Chapter 2). Such a
scheme aims ati) unifying prioritization methods for conserving natural and
agricultural biodiversitigsand (ii) identifying methodological gap# the current
literature As a resultpossible new researchenwesareenvisagednd discussed

2) To characterize the genetic diversity and provide hints on the evolutionary history of
Bubalus bubalis(water buffalo) Chapter 3). In this case study, the new 90K
Affymetrix Axiom® Buffalo Genotyping Array was used fdne first time after its
development by the International Buffalo Consortitinwater buffalo is one of the
most economically important domestic spedi®sherf 2000) providing both dairy
products and animal traction especially in India and S&aitt Asia. While the
scientific community seems now to converge on two independent domestication
events for the rivetype B. bubalus bubalisand the swampype B. bubalis
carabanensigKumar et al. 2007a; Yindeeet al. 2010) debate is still open around
the geographical locations of the putative domestication centres and the post
domestication migration routes. The presentkwvaddresses both questions while

providing a worldwide view of the genetic diversity patterns within the species.

4 The International Buffalo Consortium collected research institutions from several countries of the world to
sequenced3. bubalisgenome and provide rrew speciespecific SNP chip. The Institute of Zootechnics of the
Universita Cattolica del S. Cuore participated as a partner and was in charge of describing worldwide patterns of
buffalo genetic diversity.
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3) To uncover putative adaptive loci and genes underlying local adaptation towards
East Coast Fever (ECF) while providing hints about their stredeorigin Chapter
4). ECF is an endemic vectborne disease caused by the protoZDagileria parva
parva and affecting susceptible cattle populations of -Sabaran Africa. A
landscape genomic approach was used to relate SNP data from indigenieus catt
populations of Uganda with two environmental proxies of the disease selective
pressure, i.e. the spatial distribution of theparva parvavector (the brown ear tick
Rhipicephalus appendiculafysind the infection risk by. parva parvaFurther the
evolutionary origin of the highlighted genomic regions was investigated by means of
local ancestry analyses, i.e. methodevang to infer the ancestry of specific
chromosome segments on the basis of a chosen set of reference pop{Baistins

et al.2012)
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2. Prioritizing ecosystems, taxa and genes: a unified
framework for conserving wild and agricultural

biodiversity

Elia Vajana Licia Colli, Pablo OrozcderWengel, Mario Barbato, Stefano Capomaccio, Paolo

Ajmone-Marsan* & Michael W. Bruford*

*Co-senior authorship

2.1 Abstract

The biodiversity crisis is jeopardizing both natural and agricultural systems: an increasing
number of species is becoming extinct, and the evolutionary potential of both wild and
domestic populations iat risk Typically, economic resources invested imservation are

limited, and priorities must be devised to stem losses in ecosystems, species and at the genetic
| evel. The term Oprioritizationd has been
conservation rankings on the basis of criteria otiflg precise biological attributes of the
systems concerned. More recently, it has also been associated to methods optimizing
allocation of a defined amount of resources between competing strategies, projects or actions
to maximize biodiversity protectiotHere we review prioritization methods from the wildlife

and livestock conservation literature and propose a general classification framework suitable
for both sectors. First, met hodol ogi es ar e
Or erscoeu al l ocation met hods©éo, then referred t
landscape, ecosystem or species), and are lastly identified by unambiguous prioritization

criteria. As a result, we propose a decision tree to support selectitve ohdst pertinent
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approaches, given predefined prioritization goals and targets. We also discuss potential
generalizations of methods normally applied in the sector of origin, by revealing great
potential for profitable scientific exchange between wild dathestic communities. Finally,

we envisage unexplored methodological integrations, and discuss the role that emerging

genomic technologies will potentially play in the context of biodiversity prioritization.

Keywords: Natural and agricultural biodiversjtyconservation, biodiversity prioritization,

biological prioritization problemgonservation resource allocation problem, decision tree.

2.2 The biodiversity crisis and prioritization

Biodiversity is defined as t hielogital aganizationy o f
l.e. ecosystems, species and geffgnack & Ralls 1995; Gaston 2000lore specifically,
6agricultural biodiversitydé refers to the

support human nution and agriculturéFrisonet al.2011)

Wild and agricultural biodiversity is experiencing a profound, generalizat (fihomaset

al. 2006) ecosystems are degrading, undermining fundamental services at the basis of natural
and agricultural balances; species are disappearing at an unpreceden(€elratieset al.

2015) genetic diversity is being eroded with consequent reduction in species adaptive

potential to future environmental or market conditions.

Anthropogenic change is the primary cause of decline for bothponents of biodiversity
(Galaz et al. 2015) Climate change and biosphepellution are global phenomena with
profound implications at the landscape and ecosystem levels, while habitat loss and the spread

of alien invasive species mainly threaten
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populations is a common threatthe genetic health of wild and agricultural species, whereas
modern breeding schemes represent a particular risk for the gene pool diversity of

cosmopolitan breeds in the livestock induggberletet al. 2008)

Safeguarding biological diversity is among the@sinpressing and fundamental challenges
facing humanity, since it represents a basic requirement to guarantee a sustainable future for
coming human generations. Despite efforts in the last decades, ongoing conservation programs
have proved to be insuffia® in slowing down the rate of biodiversity lofSizaguirre &
BaltazarSoares 2014)This partial failure can be mainly attributed to a constantyeiasing
anthropogenic pressure on the biospl{@&uwchartet al. 2010) and, importantly, the scarcity

of economic resources that have been investembmnservatiorfMaster D91; Boettcheet al.

2010) Because of these budget constraints, protection cannot be granted equally to all
threatened ecosystems, species or populatams priorities must be set in order to optimize
conservation of what remairf¥aneWright et al. 1991) To this aim, a number of methods

have been proposed, and prioritization has become a core approach for NGOs, government

agencies and institutions devoted to biodiversity conservation (6aai2013).

Despite the topi c 6s meadmegn@anglingthecnetworkef pgoeitizagiona |
techniques coming from the wild and the domestic literatures is still misEigy.present
review therefore aims to (i) propose an ontology of prioritization methods currently available
for preserving wild anagricultural biodiversities, (ii) provide a decision tool for selecting the
most appropriate methodology given specific conservation targets, (iii) suggest, whenever
possible, more generic application of the reviewed prioritization methods (i.e. thbilggssi

to utilize methods in both conservation sectors, natural and agricultural), and (iv) discuss

methodological improvements or gaps in the current literature to address future research goals.
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2.3 An ontology for prioritization methods

2.3.1Biological prioritiz ation and resource allocation problems

The problem of how identifying priorities in conservation can be described as following two

approaches.

The first addresses the question: Which are the ecosystems or taxa deserving the highest
priority for conservatin, when provided with a set of possibilities and defined conservation
criteria? This i1ssue wild/l be referred to
priorities are ascribed on the basis of precise biological attributes of the system &uglied
regional species richness or genetic diversity). In this case, neither competing conservation
actions nor related costs are considered. Biological prioritization methods (BPMs) can be
further distinguished bet wkeagexpidtly comceviedfora n d
prioritizing biological resources, the latter beidgveloped for different purposes but can be

adapted to be applied to biological prioritization.

The second approach addresses the question: What are the best actionsmiamgpt
biodiversity conservation, given a defined prioritization criterion, a set of optants,an
explicit conservation budget to be invested
all ocat i on (Wisanletl ake20@0)fof refermmg to this approactBeing devised

within the framework ofdecision support science, resource allocation methods (RAMS)
generally prioritize actions guaranteeing the best investment returns (e.g. the effective number
of species protected) given a fixed quantity of conservation funds. In some circumstances,

RAMs can provide optimal resource allocation among the priorities first highlighted by BPMs.
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2.3.2A decision tree approach for classifying prioritization methods

Here, a decision tree approach is proposed for classifying prioritization methods through four

decisionsteps Figure2.1):

1. Selection of the general prioritization approach (biological prioritization or
conservation resource allocation).

2. Selection of a level in the biodiversity hierarchy targeted (landscape, ecosyste
species). Typically, landscape leveethods focus on ecological communities;
ecosystem leveainethods rank and allocate resources among species (not necessarily
coming from the same ecosystem); species dmethods prioritize and distribute
resourcesamong populations within the same species (including based on genetic
data).

3. Selection of a prioritization criterion. At the landscape level, choices are made based
upon ecosystem uniqueness, species richness, endemism content, community
composition, tagnomic diversity as well as evidence for ongoing evolution. At the
ecosystem level, BPMs allocate priorities using arrgpecies genetic diversity,
taxonomic and genetic distinctness, environmental threats or extinction risk; RAMs
rely on effective numbersf species protected, demographic indicators of conservation
status, and amorgpecies genetic diversity. At the species level, priorities mirror
contributions to total genetic diversity (either in terms of amoagd within
population diversity or adapt and neutral diversity), adaptive variability,
demographic dependence, extinction risk, or genetic uniqueness.

4. Selection of a prioritization method.

In the following sections, a review is provided featuring representative methods addressing
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both types ofprioritization problem. In the case of BPMs, discussion is separated between

direct and indirect methods.

Identification of the
prioritization goal
|

1. Prioritization problem
consistent with the goal?

1
| |

Biological prioritization Conservation resource allocation

I |
|

2. Which the biodiversity level
targeted?

|
| | |

Landscape level Ecosystem level Species level
(ecological communities) (species) (populations)

| | J
|

3. Prioritization criterion
consistent with the goal?

I
Selection among the available criteria at the selected biodiversity level

4. Prioritization method(s)
consistent with the goal

I
Selection of the prioritization
method(s) of interest

Figure 2.1 Decision tredike approach supporting selection of the available prioritization
methods Having identified a precise prioritization goal, decision steps (grey boxes) include: (1)
the addressed prioritization problem (a choice which reduces to the possibility/willingness of
accounting for the economic aspect related to the prioritization); d@althe targeted level in
biodiversity hierarchy (in brackets are the targeted biological units, i.e. ecological communities,
species or populations); (3) the prioritization criteria given the selected problem and biodiversity
level; (4) the available athods for addressing the specific prioritization goal.
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2.4 The biological prioritization problem

2.4.1Direct biological prioritization

A large number of methods were proposed to directly prioritize biodiversity for conservation
(Figure2.2, Table21). The fundament al principles of Oc
firstly introduced in the context of spatial prioritization. The former states that the addition of

a new site to &et of protected areas only makes sense if this place adds new biodiversity
value (Justus & Sarkar 2002) i mpl yi ng t hat sites with hiocg
should deserve priority for conservatif®arkar 2014)A number of approaches rely on these
principles for definingconservation area networK€ANSs), groups of geographical regions
optimizing biodiversity corgnt or compositionCritical faunal analysis(Ackery & Vane

Wright 1984) for instance, applgboth complementarity and rarity to identify the minimal set

of areas containing at least one population of all the considered speciebiodiiversity
hotspots approaci{Myers 1988)designates priority areas on the basis of endemism and
considering the level of threat to ecosystemtseoretical priority area analysi€/ane Wright

et al. 1991) incorporates critical faunal analysis and the cladistic meiipday 1990) to

provide a set of areas maximizing the percentage of phylogenetic diversity conserved. The
ecoregion approacis similar to the biodiversity hotspots approach but focused on ecosystem
uni queness r at her midisann& Dierstesn @00D)Différent exosybtermi s
typologiesharbourunique communities, whose protection can only bergnteed if at least a

part of the ecosystadni.e. an ecoregiod is prioritized for conservation. Marine and
terrestrial ecoregions were then testémt irreplaceability and distinctiveness, and a

representative I i st of E a r sudyested as @riostigssfore ms
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conservation. In contrasgrwin 1991i nt r oduced t hevolutomarycfept t of
stress the importance of prioritizing lineages that are actively evolving, to optimize the largest

amount of evolutionary potential regardless of its rarity value.

At the ecosystem leveWe i t zmanods d{Weizmas i1993, 1993epresenys a
cornerstone for biological prioritization. Relationships between species are evaluated by a
genetic distance matrix, and total diversgylefined as the length of the derived [gigenetic

tree. This approach requires the definition of speggesific extinction probabilities, so that
6mar gi nal diversitiesd can be computed to q
occurring if the extinction probability of a speciaghe set would increase by one unit, due to

an absence of conservation actions. The product of the extinction probability and marginal
diversity defines the O6édconservation potent.i
objective way for defimg biological priorities as a function of genetic distinctiveness and
extinction risk(Boettcheret al. 2010) Although the Weitzman method was first demonstrated

for prioritizing wild species (Weitzman 1993), it has instead found wide application in
domestic populations. As a result, many more livdstareeds have been prioritized on the

basis of their relative contribution to total and marginal divers{@zagionet al. 2001; Reist

Marti et al 2003) than have wild populations. However, several authors have criticized
application of the Weitzmann approach at the species level, as total diversity coincides with
the betweefpopulation diversity component, thus disregarding wiapulation vambility

which also represents a significant component of diversity and which is known to correlate
itself with extinction risk(Caballero & Toro 2002; Toro & Caballero 200%)nfortunately,
Weitzman priorities often coincide with the most distant and inbred populaiamspean

Cattle Genetic Diversity Consortium 200@) case not always desirable in domestic species
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where a gnificant goal for conservation is maximizing the amount of both witlaind

betweerbreed variability.

In order to address such criticisn@&arda et al. (2005)applied a diffusion process approach to
compute genetic instead of physical extinction probabilities, and proposed their use to
represent withirpopulation diversity. Genetic extinction probabilities wereraef to reflect
homozygosity in populations, and computed as a popuapenific probability of fixation

averagedcross the considered loci.

Alternatively, total genetic diversity can be explicitly partitioned into a betwaea a within
population conponent. In this contextQllivier & Foulley (2005) proposed to derive
Gggregate diversitigs t o0 r e pial emtebutions poaglobal variability, and set
consevation priorities accordinglyTotal withinpopulation diversity was expressed as the
mean expected heterozygosity over the studied units, and Weitzman methodology
subsequently applied to compute partmerits to both between and witkpopulation
components. Therefore, aggregate diversities were derived to represent relative contributions
to global diversity, by linearly combining populatigpecific partial merits. Marginal
diversities and conservati potentials were also calculated either referring to the betvaeen
within-population components, to provide a further basis for priority setting. Both the Garcia
and the aggregate diversity methods were proposed and applied for livestock breed

conservéon, but would remain conceptually valid also in the case of natural populations.

Conversely,Petit et al. (1998) did not rely on Weitzman methodology to evaluate between

and withinpopulation components of total genetivatisity. Instead, they s ed Nei 6s di
measuregNei 1973)to define populatiorspecific contributions to total gene diversity. Two
component s, i . e. 6diversityd and o6differen
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account for its contribution to the overall gene variability. In this wayufadions mostly
contributing to diversity can be evidenced, together with the reason of their contribution (i.e.

high diversity, differentiation, or both).

Following on from the latter methodSaballero & Tora2002)proposed an appach relating
coancestry within populations and genetic distance among populations to total metapopulation
coancestry, and this to total genetic diversity. In this case, relative contributions to total
coancestry were derived to represent the amountdohdant diversity each population shared
with the others, and, in turn, the amount they contributed to global metapopulation diversity.
Priorities were then assigned to the populations with minor quotas of shared diversity.
Interestingly, such an approaeliowed also to derive the theoretical genetic dividend that
populations could provide for optimizing diversity in a hypothetical germplasm bank. The
method was first proposed to evaluate priorities among domestic breeds, but would be valid in

the case oWvild metapopulations.

Weitzmanodés | imitation HKliogetall(2002)&o0e sdbe agpgpd na<xd
where total genetic diversity is defined as the maximal genetic variance obtainable in a
hypothetical random mating population derived from the studied populations. The core set
represents the smallest subset ofydafions optimizing total diversity, and it is identifiable by
selecting the populations with the lowest mean kinship coefficient among the individuals.
Once established, relative contributions can be assessed analogous to the previous methods,
and priorifes set accordingly. The approach was introduced in the context of domestic
prioritization, but could also work for conserving genetic variability in natural
metapopulations, whedeat least for certain spec@&she assumption about the random

mating among ppul ati ons mi g ht appear mor e real i
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approaches have been compared in the case of cattle breed prioritization, and have generally
been found to produce different ranking in the populations to be priorifizaplio et al.

2006)

Until this point in the develpment of the field, neutral diverséiythe component of genetic
diversity shaped by recombination, genetic drift and genedflbas constituted the implicit

target for genetic conservation, being regarded as a reservoir for species evolutionary potential
ard reflecting important demographic events in their evolutionary history. However, the
additional component of diversity, that which is directly subjected to selection and underlies
patterns of local adaptation, life history and productive thaits. adapie diversityd
remained substantially unaddressed. To fill this gap, some authors have devised methods to

support prioritization using both typologies of genetic diversity, neutral and adaptive.

Markerbased genomic techniques represent a first optionvesiigate adaptive variability.

By projecting conservat i on(Alandotf et al.t2016) seeh a o f
approaches permit the recognitiofi genomic sites with atypical patterns of diversity,
differentiation, or association with given selective press(Vés et al. 2013). A oO6popul a
adaptive i(Bodireet a.2q0P Aas been developed, being a metric based on
individual genome scans which uses the frequencies of loci under directional selection to
guantify adaptive uniqueness of candidate populations for conservation measuring how distant
a given population is from a hypothetical, pooled population with averaged frequencies at the
adaptive loci. The PAI calculation was incorporated into an approachmmang protection

of total genetic diversity, given a constraint in the number of populations granted for
conservation. Selected loci were highlighted on the basis of domgle Fst exceeding a

theoretical neutral threshold in pairwise comparisons Etvp®pulations. Therefore, neutral
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and adaptive diversities were estimated for each population, the former relying on true neutral
loci, the latter on the subset of selected loci, and conservation outputs were compared between
competing prioritization sttagies. PAI was first developed for evaluating adaptive diversity

in wild populations of amphibians and plants, even if it might be generalized to populations of
agricultural interest. Surprisingly, to date it has rarely been applied to either wild ostiome

species.

Recently, nexggeneration sequencing (NGS) techniques and high density single nucleotide
polymorphisms (SNP) chips allowed the characterization of an increasing number of livestock
and natural species, by greatly enhancing possibilities tectieg adaptive lociFunk et al.

(2012) devised a pioneering pipeline exploiting this vast amount ofrnmétion to define
groups of populations to be considered discrete for management (i.e. conservation units, CUs),
delineate adaptive groups, and support prioritization. The authors suggested to: (i) compute
locusspecific global Fst to individuate adaptiveoutlier loci; (ii) delimit evolutionarily
significant units (ESUs) and management units (MUs) by relying on the entire set and the
subset of neutral loci, respectively; they justified this choice by arguing that ESUs are the
broadest kind of CUs, definedylboth neutral and adaptive processes, whereas MUs are
groups of demographically independent populations whose definition is likely to be reflected
by diversity patterns at neural logiowe & Allendorf 2010) (iii) use the subset of adaptive

loci to delimit adaptive groups among MUs, and accordingly set priorities encompassing the

adaptive differentiation whin the species.

Adaptive diversity has been traditionally approached using quantitative genetic methods.
Provided a set of populations have been recorded for awfaliinannet al. (2014)devised a

novel approach for estimating total and neutral trait diviessitand derive trait adaptive
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diversityd i.e. the portion of total diversity not explained by neutral diversity @oa® the
difference between these estimates. The approach is extendable to multiple traits to obtain an
overall estimate of adaptive divdssi Thus, these authors introduced the concept of
Gdaptivity coveragg t o express the capacity of a set
diversified environments in a short time span, and suggested the computation of population
specific conservatiomalues to quantify the proportion of diversity (or adaptive coverage) that

would go lost in case of extinction of the concerned group.
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Figure 2.2 Decision tree for the reviewed direct biological priaation methods. Colour key follows figugel: orange designates criteria and
methods addressing landscape level; blue refers to ecosystem level, and green to species level. Tree tips (circulaiedmmxed tadhe reviewed
methodologies, each of whids identified on the basis of the addressed prioritization problem, the targeted level in biodiversity hierarchy and the
precise prioritization criterion according to which biological priorities are assigned.
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Table 2.1 Direct biological prioritization methods discussed in this review.

Method LeveP Criterion ® Aim Origin® General Applied® Noted References
Biodiversity Landscape Endemism Protection of W Yes No Prioritization of areas Myers (1988);
hotspots content communities reach in rich in indigenous Commission on Genetic
endemic spees breeds Resources for Food and
Agriculture(2012)
Ecoregions' Landscape Ecosystem Protection of different W No - - Olson & Dinerstein (2002
approach uniqueness ecosystem types
Evolutionary fronts Landscape Contemporary Protection of evolving W No - - Erwin (1991)
approach evolution lineages
Theoretical priority Landscape Phylogenetic  Protection of areas w Yes No Prioritization of areas VaneWright et al. (1991)
area analysis diversity optimizing optimizing
phylogenetidiversity taxonomic
diversity of the
analysed set of
breeds
Cladistic analysis Ecosystem Taxonomic Protection of taxonomic W Yes No Prioritization of May et al.(1990);
distinctness distinctness breeds ontributing VaneWright et al. (1991)
more to total
taxonomic
diversity
Critical faunal Ecosystem Endemism and Protection of target W Yes No Prioritization of areas Ackery & VaneWright
analysis biodiversity species guaranteeing the (1984)
content protection of he
whole set of
considered breeds
Weitzman method  Ecosystem Between Protection of species W Yes Yes Application almost ~ Weitzman (1992, 1993)
species maximizing total restricted to the
genetic betweenspecies sole domest
diversity? genetic diversity community
Garciaet al. method Species Between and  Protection of population: L Yes No Application of the Garciaetal. (2005)
within- maximizing total same methodology
population genetic diversity in the case of
diversity natural populations
Aggregate diversity Species Betweenand  Protection of population: L Yes No Application of the Ollivier & Foulley (2005)
method within- maximizing total same methodology
population genetic diversity, or in the cae of
diversity total betweenor natural populations

within-population
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components

Petitet al. method Species Between and  Protection of population: L Yes No Application of the Petitet al. (1998)
within- maximizing total same methodology
population genetic diversity, by in the case of
diversity representing their domestic
‘diversity' and populations

'differentiation’
contributions

Coancestry method Species Betweenand  Protection of population: L Yes No Application of the Caballero & Toro (2002)
within- maximizing total same methodology
population genetic diversity in the case of
diversity natural populations
Core set method Species Betweenand  Protection of population: L Yes No Application of the Edinget al. (2002)
within- maximizing total same methodology
population genetic diversity in the cae of
diversity natural populations
Population adaptive Species Neutral and Protection of population: L Yes No Application of the Boninet al.(2007)
index adaptive maximizing neutral same methodology
genetic diversity and adaptive in the casef
diversity uniqueness domestic
populations
Funket al.approach Species Adaptive Protection of MUs L Yes No Application of the Funket al. (2012)
genetic optimizing the amount same methodology
diversity of within-species in the case of
adaptive variability domestic
populdions
Wellmanet al. Species Neutral and Protection of population: L Yes No Application of the Wellmanet al. (2014)
approach adaptive maximizing adaptive same methodology
genetic potential to various in the case of
diversity environmental naturd populations
conditions

a: targeted level in the biodiversity hierarchy: landscape (when prioritization is among different ecosystems, and tlicel ecahmgunities); ecosystem
(when it is among different species, not necessarily belorigitige same ecosystem); or species (when it is among populations of the same species, ofte
involving genetic data)b: criterion used for prioritizationc: whether the method was firstly proposed in the wild (W) or livestock (L) conservation
community. The classification derives either from the case study in which the method was originally applied or from the scientifitthegmuirnal where

it was presentedd: is the method theoretically genera?are there any examples of its application in akiger (i.e. different from the sector of origin)
conservation sectorf? general notes. When no examples of generalization exist, notes can regard possible hints about how to expand apialitadility
corresponding conservation sectgrWeitzman metod is suitable for quantifying any kind of betwespecies (or taxa) diversity. For sake of simplicity,
however, we refer here to betwegpecies genetic diversity as the method has been applied almost uniquely with genetic distances.
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2.4.2Indirect biological prioritization methods

Several methodologies developed in the fields of ecology, statistics and genetics can be
adapted to identify biological priorities for conservatidig(re 2.3, Table 2.2) . U, b an
similarity measures were introduced to quantify and compare biodiversity within and between
different geographical regior{daccard 1912; Simpson 1943; Sgrensen 1948; Baselga, 2010)
and may serve to reveal areas of conservation concern. Considering a series of sampled sites,
Udi versity estimates the average -dversitythess i
tot al r e gi o n adiversity, beimg the ratig bete@md o {\Whittadter 1960,

1972) the number of effective ecological communities among the sampled aagesbl
(Grieves 2015) the higher this value, the higher the number of distinct ecological
communities within theregion. Estimation of species richness in local assemblages and
similarity measures might represent an indirect way to set conservation priorities within single
and multiple geogr ap hidgessity has eeen ased for ddimiting hi s
diogeographic crossroads(Spector 2002) ecotonal zore where transient environmental
conditions support the coexistence of diversified communities, high species richness, and
active evolutionary processes. When comparing different regions, further arguments for
priority setting might derive from the estin@ai of nestedness and spatial turnover

c o mp o n e-diversity, mdmelp the degree of redundancy and species replacement between
sites of the same regidBaselga 2010; Baselga & Orme 201Rp parallelism seems to exist
between biogeographic crossroads and some analogous method for prioritizing agricultural
landscapes. Given an opportune definition of the geographical scale for comparisons,

h o w e v -giversity imight appear appropriate to comgpaegional breed richness, and
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identify critical areas for conservation.

Macroecological modellingdMokany et al. 2014) might represent an alternative to diversity

measures for defining priority areas at the landscape level. By relying on environmental
predicbrs, correlative models are built to foresee regional species richness, compositional
dissimilarity and community composition, so that to individuate unsampled areas of potential

high conservation concern.

At the ecosystem and species levels, the biolbgigaritization problem might be addressed
usingecological niche modellingecological niche models (ENMg3ometimes referred to as
species distribution models, SDMae correlative techniques exploring associations between
species spatial occurrencasd environmental features at the sampled @ibih & Leathwick

2009; Thuiller et al. 2009) and returning probabilistic estimates of species potential
distributions (Guisan & Thuiller 2005) ENMs have been employed to propose CANSs for
safeguarding threatened spec{esbinaCardona & Flore¥/illela 2010) to investigate the
impact of climate change on communities composi{ietersoret al. 2002; Midgleyet al.

2003) and to extrapolate species potential distributions in the future, by driving attention
towards critical predicted shiftglith et al. 2010) In that regard, Razgowt al. (submitted)
recently combined ENMs extrapolati® with data concerning current adaptive patterns to
climate and environmental heterogeneity to produce a priority rank for a set of bat populations
and suggest strategies for their adaptive management. ENMs are commonly used to infer
potential distributios of wild flora and fauna, being rather ignored by livestock conservation
community (but se€&obinson et al. 2014However, the introduction of breed distribution
models might represent a uskfaol for prioritizing agricultural biodiversity at the species

level, especially if evaluation of environmental risk were complemented with genetic,
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demographic, economic and conservation status information.

Multivariate analysis can provide several mdt BPMs. Given conservatigelevant
variables,principal component analysi®®CA) may be used to summarize information and
rank species or populations on the basis of their principal components scoreshBeétht.

2010). When performed on genetiatd, PCA can represent genetic relationships between
species, genetic structure among putative populations, and highlight uniqueness to be
investigated afterwardgJombart et al. 2009) If samples are both genotyped and
georeferencedspdial analysis of principal component&PCA) may figure out genetic
relationships between populations by accounting for the effect of hidden spatial structures
(Jombartet al. 2008) sPCA defines linear combinations of allele frequencies (or genotypes)
optimizing the product between the overall genetic variance and spatial genetic
autocorrelation, so that fine spatial genetic patterns can be uncovered, and hypotheses can be
teged about global and local structudese. the existence of clines and clusters, or marked
differences betweeneighboursIn fact, SPCA has been shown to reveal genetic signatures
and spatial structuring which would have remained otherwise unndtieduk et al. 2010)

Just like PCA, it can be exploited to target attention towards natural or livestock populations

of major conservation concern.

The vast array of mathematical techniques perfornpiagulaton viability analysis(PVA)
constitutes a notable tools for alerting about the conservation status of species or populations.
PVA relies on demographic, life history and sometimes genetic information to estimate the
minimum viable population (MVP) size dhe concerned taxa, assess their likelihood to
decline below such a demographic threshold at some time point in the future, and suggest if

they are threaten by extinction or not (estimated census below or above MVP size,
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respectivelyMorris & Doak 2002; Traillet al. 2007) After the pioneering stydby Shaffer
(1978), these techniques were extended to evaluate the extinction risk oathotl(Bakker

et al. 2009; Tianet al. 2011) and livestock populationgBennewitz & Meuwissen 2005)
identify drivers of census declinand test the effectivenessammpeting management actions
(SebastiarGonzalez et al. 2011) PVA implicitly offers the possibility of targeting
conservation efforts towards sensitive taxa, including those with realistic recovery possibilities
and those most threatened by extinction. However, sudriarghould to taken into account
with extreme caution: although PVA predictive accuracy was proved to be good in the
presence of extensive and informative d&weook et al. 2000) some serious concerns remain
about its reliability with insufficient information, as well as its ability in modelling
unpredictable catastrophic events and future vital r@esilsonet al. 2001) Unfortundely,
reatlife conservation studies often clash with these limitations, by making PVA an elegant,

useful but often uncertain method for prioritizing species or populations for conservation.

With the aim of defining MUs among harbor seal populati@isenet al.(2014)proposed an
integrated approach coupling genetic information with life history and demographic data.
Genetic units were (i) delineated using molecular markers, (ii) tested for demographic
indepenénce comparing their census and MVP sizes, and (ii) considered actual MUs
whenever census exceeded MVP size threshold. Following this rationale, priorities may then
be accorded to natural or domestic genetic units which are threatened by extinctioe bécaus

demographic dependence on other populations.

Qs1i Fstanalysis(Leinonenet al. 2013) may be used to investigate adaptive divergence and
indirectly suggest priorities at the species lev@lr is a measure of genetic differentiation

between populations similar st but estimating the degree of diverge in quantitative

37



traits instead of physical loci (Spitze 1993). Provided a measured quantitative trait of interest
and a set of true neutral lo€standFstcan be computed:stprovides a reference value to

test if observed divergence in the quaathite trait evolved by genetic drifQc=Fs1), because

of directional selection@s?Fs7), or because of stabilizing selectioQs{<Fs7). In practice,

the analysis enables a user to detect genetic differentiation between natural populations
attributable ® directional selectior{Saetheret al. 2007; Leinoneret al. 2013) but to our
knowledge has never been proposed to directly set priorities for conservation. To this end,
pairwise comparisons between populations would probably be useful, by permitting to identify
populations where directional selection is taking place and differentieglaatiutions have
evolved. Similar to the core set approach, this would ideally define a group of populations
encompassing the largest amount of adaptive variability related to the traits under study, and
thus deserving conservation priority. Such a franork based orQs+ Fst analysis might be

considered for both wild and agricultural species.
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Figure 2.3 Decision tree for the reviewed indirect biological prioritization methods. Colour key follows fdurerange designates criteria and
methods addressing landscape level; blue refers to ecosystem level, and green to species level. Tree tips (circulaedpmxed fadhe reviewed

methodologies, each of which is identified following the decision gesiaribed in sectioh.3.2
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Table 2.2 Examples ofindirect biological prioritization methods discussed in this review

Method Level Criterion Aim Origin  General Applied Notes Free softwaré References
Similarity measures Landscape Species richness Protection of regions W Yes No Comparisons among betapart R Whittaker
and community  with the highest regional breed package (Baselga  (1972);
composition number of richness, and & Orme 2012) Baselga
ecological prioritization of the (2010)
communities most diversified
agricultural areas
Biogeographic Landscape Species richness Protection of regions W No - - betapart R Spector (2002)
crossroads and community  with diversified packaggBaselga
composition communites, high & Orme 2012)
species richness,
and active
evolutionary
processes
Macroecological Landscape Species richness Protection of the W No - - - Mokanyet al.
modelling and community most diversified (2014)
composition regions (in terms
of species ghness,
and community
composition)

Principal Ecosystem Genetic Representation of - Yes Yes - adegenet R Jombartet al.
component Species unigueness genetic structure packaggJombart (2009)
analysis and individuation 2008; Jombart &

of genetic Ahmed 2011)
singularities

Ecological niche Ecog/stem  Species spatial Proposal of CANS W Yes No Description of breed  biomod2 (Thuiller UrbinaCardona
modelling distributions and estimation of potential et al.2016)and & Flores

and the expected shifts distributions, and KISSMig (Nobis Villela (2010)
environmental in optimal habitats prioritization of & Normand 2014)
risk because of breeds whose R packagesQGIS
environmental current niche is (QGIS
change expected to shift Development
because of Team 2016)
environmental and ZONATION
sociceconomic (Moilanenet al.
change 2005)
Population viability Ecosystem Extinction risk or  Protection of taxa ~ W Yes Yes - popbio R package Bennewitz &
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analysis (PVA)  Species possillity of threatened by (Stubberet al. Meuwissen
recovery extinction (or with 2007) (2005)
realistic recovery
chances), as well
as identification of
effective
management
strategies
Razgouret al. Species Possibility of Protection of locally W Yes No Prioritization of biomod2 R package Razgouret al.
approach tackling adapted locally adapted (Thuiller et al. (submitted)
environmental populations which breeds whose 2016) Spatial
change are unable to track optimal habitat is analysis method
optimal habitat expected to shift (Sam) and
shift because of SambADA (Joostet
environmental, and al. 2007; Stuckiet
sociGeconomic al. 2016) LEAR
change packageFrichot
& Francois 2015)

Spatial principal Species Genetic Representation of W Yes Yes - adegenet R Jombartet al.
component uniqueness genetic and spatial packaggJombart (2008)
analysis structuring and 2008; Jombart &

individuation of Ahmed 2011)
genetic
singularities
Olsenet al. Species Demographic Protection of W Yes No Application of the Olsenet al.
approach dependence demographically same methodology (2014)
dependent genetic in thecase of
units domestic
populations
Qs1i Fstanalysis Species Adaptive genetic Protection of W Yes No Application of the Leinonenet al.
diversity populations same methodology (2013)

maximizing the
amount of adaptive
variability under
study

in the case of
domesic
populations

a: refer toTable2.1 footnotes for an explanation of column headifigdtee software implementing the concerned methpdee text for alternative uses of principal
conmponent analysis in setting conservation priorities. For a general use of the technique, refer to the R pucatgnor princomp  of stats  package (R Core
Team 2015)d: Conservation Area Networks.
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2.5 The conservation resourceallocation problem

Wilson et al. (2006) framed the conservation resource allocation problem into a decision
support science contextifure2.4, Table2.3). Given a predefined set of priority areas and a
fixed budget, the goal was to maximize biodiversity protection through the definition of an
optimal CAN. Heuristic algorithms were propodedidentify optimal solutions about where,
how much and when conservation funding should be allocated. Strategies were formulated by
accounting for conservation costs, regional threats to biodiversity and regional value in
biodiversity (e.g. numbers of eaohic bird species), and evaluated on the basis of investment
return (the amount of biodiversity protected). Management guidelines were then formulated
for different situations: when candidate regions presented similar levels of endemism but
different leve$ of threat, the best resource allocation strategy was to minimizetshart
biodiversity loss; and if uncertainty existed about funding and the candidate regions
experienced similar threat levels, maximization of shemn gains in biodiversity proteotn

turned out to be the best decision.

More recently,Josephet al. (2009) devised a codbenefit analysis to efficiently allocate
resources among species conservation projects. Project prioritization protocols based on
different criteria were evaluated for their ability in apizing the number of funded projects.
They found that protocols explicitly stating conservation costs and probability of success

proved to protect more species than protocols based only on species value or threat status.

Similarly, a costefficiency analys was developed to prioritize habitatanagement actions
optimizing protection of target species, given budget constré8dbastiarGonzalezet al.

2011) First, actions were prioritized on the basis of the etgue@crease in target species
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abundance, and second, expected achievements were validated by means of PVAs performed
on a subset of wettharacterized target species. Formal approaches based on decision science
and allocating resources among conservasivategies, projects or actions, have proved to
outperform traditional biological prioritization in optimizing biodiversity protect{®arris

2007)

If prioritization criterion is to maximize amorigxa diversity, the Weitzman framework can
again provide a basigpon which to formulate optimal funding strategies. By considering
extinction probabilities to be mainly governed by effective population $idgsSimianeret

al. (2003)introduced explicit relationships describing the direct effects of funding allocation
on Ne. Given a fixed budet, several functions were developed to describe with more realism
the management of domestic populations. Fundimgen changes iMNe and extinction
probabilities were related to marginal diversities in order to describe the predicted effects on
total beweenbreed diversity, and formulate optimal resource allocation strategies. The future
development of specific functions describing plausible impacts of resource allocation on
extinction probabilities in wildlife would also enable to generalize the metihndde case of

natural species or populations.
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Figure 2.4 Decision tree for the reviewed resource allocation methods. Colour key follows fdurerange designates criteria and methods
addressing larstape level; blue refers to ecosystem level, and green to species level. Tree tips (circular boxes) correspond to the reviewe
methodologies, each of which is identified following the decision path described in s28t®n
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Table 2.3 Examples of esource allocation methods discussed in the present réview

Method Level Criterion Aim Origin  General Applied Notes Free software  References

Wilson et al. Landscape Amount of Definition of optimal w Yes No Given the prior individuation ZONATION Wilsonet al.
approach biodiversity CANS’ to protect of critical agricultural area: (Moilanenet (2006)

protected biodivesity (see notes for similarity al. 2005)
measures in Table?, the
approach might be appliec
to reveal optimal spatial
strategies maximizing
investment return (i.e. the
amount of protected breec
or strains).

Project Ecosystem Number of Optimal resource W Yes No Might be suitable for - Joseptet al.
prioritization species allocation to maximize devising project (2009)
protocol protected the number of funded prioritization protools for

projects (i.e. protected breeds or strains
species)

Costefficiency Ecosystem Protection of  Optimal resource W Yes No Application of the ame - Sebastian
and target allocation among methodology in the case ¢ Gonzélezt
population species actions to maximize domestic populations al. (2011)
viability protection of some
analyss target species

Simianeret al. Ecosystem Between Optimal resource L Yes No Development of ad hoc - Simianeret al.
method Species species (or allocation to maximize functional relationships (2003)

population) betweenspecies (or describing the effects of
genetic population) gentic resource allocation on
diversity diversity extinction probabilities of

wild species (or
populations)

a: Refer toTable2.1 andTable2.2 footnotes for an explanation of column headifg€.onservation Area Networks.
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2.6 Discussion

A rough search in Google Schol ar with the
bi ol etgnsaround,D00 results. This amount of literature makes the attempt of drawing

a general picture rather difficult. In the present review, approximately thirty methods have
beenanalysed and some have certainly been disregarded. Howeve@nidgsedliterature
permitted a global appraisal of priority setting in conservation by highlighting conceptual and
methodological trends A classification and decisaich scheme was proposeligure 2.1),

first subdividing methods into two broad categories (BPMs and RAMSs), and subsequently
referring them to a targeted biodiversity level (landscape, ecosystem or species). The scheme
is expected to remain valid also for methods not discussed in this paper: for instance,
Carwardineet al. (2008, Moilanenet al. (2008, andVolkmannet al. (2014)would fall into

direct BPMs at the species level, whiReistMarti et al. (2006)or Carwardineet al. (2008,

Moilanenet al. (2008 andVolkmannet al.(2014)into RAMs at the landscapeviel.

The examination of techniques described in wild and livestock literatures suggested that
generalizations could be possible in about 70% of the cases. Typically, approaches developed
in the wildlife community may be adapted to focus on domestic arpoiilations, where
diversity within species is the actual target for agricultural conservation (2ahl@.2 and

2.3). Spatial methods might prove useful in (i) highlighting areas with high strain richness
(Whittaker 1972,Baselga2010) or indigenous breds concentrationMyers 1988, (ii)
maximizing protection of breed diversifjAckery & VaneWright 1984; VanéNright et al.

1991), (iii) revealing locally adapted breeds threatened by shifting ni¢Raggouret al.
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submitted, and (iv) defining optimal resource allocatiowi(son et al. 200§. Phylogenies

may also be inferred and breeds prioritized on the basis of taxonomic desssfiay et al.

1990. An even more straightforward transposition would be possible for genetic methods,
since genetic fragmentation is threatening wild and livestock wipé@cies diversity similarly
(Taberletet al. 2008) Again, no evidence of such a methodadag exchange appears from

the reviewed literature: integrations to Weitzman meth@Gdr¢iaet al. 2005; Ollivier &
Foulley 2005)and alternative options addressing betwesnd withirpopulations neutral
genetic diversityRetitet al. 1998; Caballero & ®ro 2002; Edinget al. 2002 seems confined

to the sector of origin. The same applies for methods accounting for adaptive diBosity (

et al.2007; Funket al. 2012; Leinoneret al.2013; Wellmaret al 2014.

Complementary approaches might be eviddnead integrated to enhance prioritization
capacity in both wildlife and livestock conservatidiunketaldé s appr oach appe.
applicable for delineating CUs in the wild species, but of more difficult application in
domestics, where nemeutral gnomic regions are shaped by both natural and anthropogenic
selection and the glob&lst method might also identify not truly adaptive signals. However,
particularly in the case of popul ations |
under tradional extensive management systems), gldhal methodmight remain valid to

identify neutral loci to be used in the delineation of MUs, while an environmental association
analysis (Rellstalet al. 2015) might be subsequently employed to identify putasidaptive

loci underlying a selective pressure of interest (e.g. adaptation to clmdigeases). In this

way, highlighted loci might then be used to identify adaptive groups within (or across) MUs

and biological priorities as devised by Funk and egjless.
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The framework$roposed byrunk and OlseFunket al.2012; Olseret al. 2014) might also

be combined to provide a genomic method integrating demographic information and
addressing biological prioritization within wild and livestock species. In particular, ESUs and
genetic units might be dmited using total and neutral loci, respectively. A population
viability analysis may then be performed to test genetic units for demographic independence.
In this way, MUs and demographically endangered units would be evidenceddapiilve

loci used o outline adaptive clusters. Prioritization would finally target endangered units,
which might be supplemented by the most adaptively similar MUs to decrease chances of
outbreeding depression (Fuekal.2012). Such a combination, therefore, would inceeasr
capacity of outlining CUs and targeting adaptive management towards effectively declining

genetic units.

Applications of genomediting techniques have been recently suggested as a tool to address
conservatiofrelevant issueqTaylor & Gemmell 2016) In fact, the ability of deleting,
inserting and replacing specific sites in individual genomes is opening new prospects for the
genetic biocontrol of invasive species, the management of bottlenecked populations (e.g. by
directly removing genetic disorders or supplementing diversity in target genomic regions) and
the reshaping of endangered species habitat requirerfiatitssonet al. 2016) In such a
context, biological prioritization represents the preliminary step for delimiting CUs to
subsegantly target by genome editing. For instance, Creatde breeds from Latin America

are receiving considerable attention for conservation because of their high degree of genetic
diversity and peculiar natural adaptations to tropical environments lik8LtHeK mutation

affecting hair phenotype and conferring tolerance to high tempergi@mes et al. 2013)
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Recenty, theSLICK variant has been identifi§tHusonet al. 2014, Littlejohnet al. 2014)and
introduced by genormediting methodologies into the Holstein genome, thus leading to
positive results in terms of decreased ‘setss and improved production performances
during the hot seasdibikmenet al.2014) Although promising, however, extensive usage of
genomeediting should be carefully evaluated in conservation due to serious ethical concerns
and gaps in knowledge, especiakgarding potential side effects like horizontal gene transfer

or unwanted alterations of genomic processekamatural contet (Webberet al 2015).

To conclude, the present review focused on similaétiegher than differenceés among
approaches proged for wild and agricultural biodiversities. Formal proof of the suggested
generalizations and integrations was beyond our scope, and future research will be required to
test their effectiveness. Given the potential for generalization that emerged from ou
investigation, however, we believe that a more extensive communication and reciprocal
scientific exchange between the wildlife and livestock sector would be desirable to achieve the

common goal of optimizing biodiversity conservation
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3. Water buffalo genomic diversity and post

domestication migration routes

Licia Colli*, Marco Milanesi, Elia Vajand, Daniela lamartino, Lorenzo Bomba, Francesco

Puglisi, Marcello Del Corvo, Paolo Ajmone Marsan, and the International Buffalo Consortium

*Equally contributingauthors

3.1 Abstract

The 90K Affymetrix Axiom® Buffalo Genotyping Array has been used to genotype river
buffalo samples from Pakistan, Iran, Turkey, Egypt, Romania, Bulgaria, Italy, Mozambique,
Brazil and Colombia, and swamp buffaloes from China, Thailandippines, Indonesia and
Brazil. Modetbased clustering algorithms and phylogenetic tools have been applied to
estimate the levels of molecular diversity and population structure, and infer migration events.
In agreement with documented importations ofrals for breed improvement purposes, three
distinct gene pools in pure river as well as in pure swamp buffalo populations were
highlighted, together with some genomic admixture occurring in the Philippines and in Brazil.
The Mediterranean from Italy andettCarabao from Brazil represent the most differentiated
gene pools within the river and swamp group, respectively, which is most likely due to genetic
bottlenecks, isolation and selection. Inferred gene flow events highlighted a possible
contribution fromthe river buffalo gene pool to the admixed swamp populations and, within
river-type buffaloes, from the Mediterranean to the Colombian and Brazilian breeds.

Furthermore, our results support archeozoological evidence for the domestication of the river
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buffalo in the Indian subcontinent, and of the swamp type buffalo in Southeast Asia, while

suggesting some unexpected migration routes out of the proposed domestication centres.

Keywords: Water buffalo, river buffalo, swamp buffaldubalus bubalis SNP, genonai

diversity

3.2 Introduction

The domestic water buffaBubalus bubaligLinnaeus, 1758) is native to the Asian continent
but through historical migration events and recent importations, it reached a worldwide
distribution during the last centurCockrill 1974) It represents the most important farm
animal resource in several highly populated developing countries of the tropical and
subtropical region, and contributes largely he tlocal economy of rural areas and tribal
communities(Mishra et al. 2015) As a source of milk, meat, dung, hide, horns and traction
power, the water buffalo is estimated to provide livelihood to a larger number of people than
any other livestock specigScherf 2000) Two types of water buffalo are traditionally
recognised, the river and the swamp buff@ldacgregor 1941)respectively assigned to
different subspeciesBubalus bubalis bubali@nd Bubalus bubalis carabanensi8esides
displaying distinct morphological, cytogenetic (chromosome number: rineb® swamp
2n=48) and behdoural traits, they also have different purposes and geographical
distributions: the river buffalo is mainly a dairy animal with several recognized breeds, spread
from the Indian subcontinent to the eastern Mediterranean countries (the Balkans, Italy and

Egypt) and imported to Indonesia, southern America and central Africa during the XX
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century. The swamp buffalo has no recognized breeds and is primarily used for draught power
in a wide area ranging from eastern India (Assam region), through-sasiién Asia,
Indonesia to eastern China (Yangtze river vall&hang et al. 2016) and was recently

introduced (XX° cen.) into Australia and southern America.

Being interfertile, the two types naturally interbreed in the aregewmfgraphical overlap
located between nordast India and soutdast Asia(Mishra et al. 2015) but in several
countries they have been intentionally crossed to increase the productivity of swamp buffaloes

(Borghese 2011)

Even if the wild buffaloBubalus arneeas generally accepted as the probable ancestor of the
water bdfalo, the details of the domestication dynamics have been debated for a long time,
with the two major hypotheses envisaging either a sii§lerstein et al. 2004) or two
independent events for river asdiamp typegLau et al. 1998; Ritzet al. 2000; Kumatret al.

2007, 2007h Lei et al. 2007; Yindeeet al. 2010; Zhanget al. 2016) With the lack of
conclusive archeozoolampl data, a growing body of molecular evidence, based on the
analysis of mitochondriglLau et al. 1998; Kumaret al. 2007a; 2007h Lei et al. 2007) Y
chromosomdYindeeet al. 2010; Zhanget al. 2016) and autosomal DNARItz et al. 2000)
seento support the scenario of two independent domestication events that have involved wild

ancestor populations that had long since diverged.

The same evidence also suggests Rathtern India as most likely domesticaticente for
river buffaloes(Nagarajaret al. 2015)and the region close to the border between China and
Indochina for swamp buffaloéZhanget al.2011, 2016)From their respective domestication

centres, river buffaloes migrated west across sewéistern Asia to Egypt, Anatolia and
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reached the Balkans and the Italian peninsula in the early Middle ages (VII° cen. AD;
(CluttonBrock 1999) while the swamp buffaloes likely disperse8outhwestwardlyto
Thailand and Indonesia, and northward to central and eastern (Zhiaaget al. 2016)

wherefrom they further spread to the Philippi{&lsanget al.2011)

Several studies have relied on nuclear microsatellite markers to describe the levels and th
distribution of molecular diversity in water buffalo populations from different countries
(Moioli et al. 2001; EtKholy et al. 2007; Zhanget al. 2011; Saifet al. 2012; Unalet al.

2014. However,so far it has not been possible to obtain a comprehensive view of the
molecular variation offte species across its distribution adegto the adoption of different

or only partially overlapping marker panels.

In the last decades, the demographic trends of a number of water buffalo populations have
shown a steady contraction in population si@@srghese 2011)which usuallybrings along

an increased risk of loss of biodiversity.
of livestock breeds and populations is a basic prerequisite for the definition of adequate plans
to safeguard and/or restore diversity, and atsadentify demographic discontinuities with
detrimental effects, such as lack of gene flow, excessive inbreeding or indiscriminate
crossbreeding. In recent years, standardized marker panels as medium or high density SNP
chips have become available fre major livestock species and have proven particularly
useful to analyse farm animals genomic variability both at the glggs et al. 2012;
Deckeret al.2014)and at the local levéNicolosoetal. 2015) and to shed light on their pest

domestication evolutionary history.

The attempts made to characterize water buffaloes via -spttlEfic high (Borquis et al.
53



2014) and mediurrdensity SNP paneléMichelizzi et al. 2011) returned either very low
percentages of polymorphic markers (2.2Richelizzi et al. 2011) or high numbers of
markers with very low level of polymorphism (about 85Markers out of 80K had Minor
Allele Frequency <0.05Borquiset al. 2014) or very low values of the individual genotype
call rates (0.59.90, mean value 0.85, compared to the >0.98 usually scored in Battigiis

et al.2014)

Recently the Axiom® Buffalo Genotyping Array has been developed in collaboration with the
International Buffalo Genome Consortium, and includes about 90K polymorphic SNP markers
with a high genomewide coveragdlamartinoet al.in preparation) The SNP discovery panel

was represented mostly by river buffalo breeds (Mediterranean, Murrah, Jaffarabadi, and Nili
Ravi) but about 25% of the markers resulted to be polymorphic also when testec

number of swamp buffalo populations.

Here we present the result of the characterizatiothefgyenomic diversity in 31 buffalo
populations of river, swamp and crossbred rixeswamp origin, covering most of the

worldwide distribution of the spess.

3.3 Materials and methods

3.3.1Sampling and genotyping

The DNA samples were provided kihe members of the International Water Buffalo

Consortium. A total of 346 individuals were sampled from 31 populations covering a large
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part of the worldwide geographicakttibution of water bufflo (Figure 3.1andTable 3.).
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Figure 3.1 Geographical origin of the sampled populations. The correspondence between
numbers and populations is given in Table 3.1.

In particular, 5 river and 16 swamp buffalo breeds were targeted, together with one lowland
anoa Bubalus depressicornigopulation. River and swamp buffalo samples were collected
from India, Pakistan, Iran, Turkey, Egypt, Italy, Bulgaria, Romania, Mozambique, Colombia,

Brazil and from China, Philippines, Thailand, Indonesia, Brazil, respectively.

After testing DNA quality and concentratioon 1.5% agarose gedll samples have been
genotyped with the Axiom® Buffalo Genotyping Array K from Affymetrix
(http://lwww.affymerix.com). This panel includes about RGnarkers evenly distributed along
the genome and provides a genemde coverage of polymorphic SNPs in the water buffalo

species. Genotype data are available from the authors upon request.

3.3.2Dataset construction

Sine the Axiom® Buffalo SNP panel has been developed starting from a set ofypeer
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buffalo breedglamartinoet al. in preparatioh a lower level of polymorphism was expected
in swamptype populations due to an Ascertainment Bias (AB) effect alreadyteepby

previous preliminary investigatiorfiamartinoet al.in preparation

Thus, to reduce the impact of AB, the main dataset was built by including individuals from
both river and swampype populations (namegdoly-SW hereunder) and only those SNP
markers that were polymorphic in swamp buffalio.order tocheck the effects of this strategy,

we first compared the average values of observed heterozygosity obtainedtivitidataset

to those obtained from a second version of the dataset which incilldéNP markers that

resulted polymorphic overall, namedly-ALL hereunder.

3.3.3Quiality control procedures and statistical analysis

Raw genotypic data were subjected to quality control (QC) procedures performed with the
function check.marker  of the R packag&senABEL (Aulchenko et al. 2007) and the
following threshold values: individual call rat€.95, SNP call rate0.95, threshold value for
acceptableldentity By State IBS) <0.99 (evaluated on 5000 randomly selected marKers

Minor Allele Frequency{MAF) <0.01.

To evaluate the relationships between individual multilocus genotypes,-diaknsional
Scaling (MDS) plots based on the IBS distances were obtained withmithecale function
of thestats R package. The number of most informative dimensionsewakiatedrom the

barplot of thec 0 mp o0 regenvakigs.

The softwareARLEQUIN v.3.5.2.2 (Excoffier & Lischer 2010)was used to(i) calculate
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observedflong) and expected heterozygosityeky), subsequently corrected over the number of
usable loci;(ii) c o mp ut eFsr\ikatioy imdexd(¥right 1965) and the inbreeding
coefficient Fis (Weir & Cockerham 1984 iii) perform anAnalysis of MOlecular VAriance
(AMOVA; Excoffier et al. 1992) and (iv) compute a matrix of Reynolds unweighted
distancedDR) between breed@Reynoldset al. 1983) Startingfrom DR distance matrix, a
neighboutnet was subsequently built with the softw&reITSTREEV.4.14.2(Huson & Bryant

2005)

Gene flow, estimated as the number of migrants per generatichanged between
populations, was calculated with the compeskelihood method implemented iBATHA
v.2.7.0(Naduvilezhathet al. 2011; Lishaet al. 2013) The following parameter values were
set: split time( (tpmprisedwithin the interval [0.045], scaled migration ratéM) within

[0.01-79), mutation parametdr d )  wilt20],landrecoinbination parameterual to20.

A modetbased estimation of population structure was obtaihexligh maximurdikelihood
criterionwith the software Admixture v.1.2Alexanderet al. 2009) for K values from 2 to

40, under the assumptions of Hartlyeinberg equilibrium(HWE) and complete linkage
equilibrium andwitht he oOunsupervi sed®d mnolestehsoldgtionbothde i d e n
fold CrossValidation errors and the number of iterations needed to reach convergence were

consideredor each K value

The occurrencefanigration events was evaluated with the softwereemix v.1.12 (Pickrell
& Pritchard 2012) by including 14lowland Anoa B. depressicornjsindividuals to serve as
an outgroup.By relying on a driftbased evolutionary modelfREEMIX estimates the

relationships occurring among the studied populations, and then modelsdefirsed number
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of migrations (n) within the tree, while estimating the proportion of admixture displayed by

the receiving groups. In order to avoid issues related to missiogs, all marker positions
displaying missing data were removafier adding the outgroug-urthermore, to assess the
robustness of the modelled migrations, the following bootdtesged procedure was adopted:

(i) avarying number of migrationsagmodelled up to a maximum of=15 (mys) and with a

number of SNPs per block equal to; i) the most meaningful number ofignations(Mmyes)

was identified based on the varianté n r el at edness ekphhedythe pop
model (Pickrell & Pritchard 2012)the log likelihoodof the model, thep-valuesassociated

with each migratiofs), and the biological meaning of the migrations themsel¢és 100
bootstrap replicateof the analysis witlm,es;migrations were performednd a consensus tree

was buil't with the ACONSEN3Y®PV36EI¢relsensteib!| e i
1989, 2016) following the majority rule (iv) finally, the consensus tree was loaded into
TREEMIX and a number of migrations equal ges;was re-estimatedtogether with thef3-

statistcs as computed for each pop GHReeroP(Reiclsed t r i

al. 2009)

3.4 Results

Nineteenindividuals with low quality genotypes were droppiding QC proceduresgading

to the complete removal of one Chinese population (SWACN_WEN, 3 individuals). Thus, the
working version of the dataset included4%B SNPs, 327 individuals and 31 populatiafier

QC. Population size ranged from 3 to 15, with an average of 10&%ke 3.1provides a

summary of preand postQC dataset statistics.
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Table 3.1 Analysedanoa, river and swamp buffalo populations. String (pop. label) and number code (n.) are reported for
each population with the number of samples pres@mples pre QC) and po&C (n. samples post QC).

. . n. samples n. samples
Species n. Breed pop. Label Country Region pre QC post QC
Lowlandanoa 1 i ANOA Indonesia 14 14
Bubalus depressicornis

2 Mediterranean RIVIT_MED ltaly 15 15
3 Mediterranean RIVMZ Mozambique 7 7
4 Mediterranean RIVRO Romania 13
5 Murrah RIVPH_IN_MUR India* 6
6 Murrah RIVPH_BU_MUR Bulgaria* 10
7 Murrah RIVBR_MUR Brazil 15 15
8 Anatolian RIVTR_ANA Turkey Istanbul, 15 15
Afyonkarahisar
(western
Anatolia) and
Tokat (central
Anatolia)
River buffalo ) Provinces
Bubalus bubalis bubalis 9 Egyptian RIVEG Egypt 16 15
10 Azari RIVIR_AZA Iran Urmia, West 9 9
Azerbaijan
Province
11 Khuzestani RIVIR_KHU Iran Ahvaz, Khuzestan 10 10
Province
12 Mazandarani RIVIR_MAZ Iran Miankaleh 8 8
peninsula,
Mazandaran
Province
13 Aza Kheli RIVPK_AZK Pakistan 3 3
14 Kundhi RIVPK_KUN Pakistan 10 10
15 Nili -Ravi RIVPK_NIL Pakistan 15 15
16 T RIVCO Colombia 12 12
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total 164 155

17 T SWAPH Philippines 15 15
18 T SWAPH_ADM Philippines 10 9
19 Carabao SWABR_CAR Brazil 10 10
20 T SWATH_THS Thailand
21 T SWATH_THT Thailand 8
22 T SWACN_ENS China Enshi 15 15
23 T SWACN_FUL China Fuling 15 15
Swamp buffalo 24 T SWACN_GUI Ch?na Guizhou 11 11
Bubalus bubalis 25 T SWACN_HUN China Hunan 15 15
carabanensis 26 T SWACN_WEN China Wenzhot 3 -
27 T SWACN_YAN China Yangzhou 14 12
28 T SWACN_YIB China Yibin 15 15
29 T SWAID_JAV Indonesia Java 13 12
30 T SWAID_NUT Indonesia Nusa Tenggara 7 7
31 T SWAID_SUM Indonesia Sumatra 13 12
32 T SWAID_SUW Indonesia South Sulawesi 11 10
total 181 172
Grand total 346 327

8: these numbers identify thifferent populations on the map kigure 3.1 *Animals of Indian/Bulgarian origin but reared in the Philippines;
®SouthEast China (Chinese coasts north of Taiwan).
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The dataset version based on markers polymorphic overall contain2d663NPs, 155

individuals and 31 populations.

The comparison of the observed heterozygosgéluesobtained with thepoly-SWand the
poly-ALL versions of the dataset showed ttreg reduction in the number of markers did not
change the trend dlps values for rivetrtype buffaloes Supplementar.8.1 and 3.8.2 left
panels), while swamfype populations increased their heterozygosity of 0.15 on average
(Supplementary.8.1and3.8.2 right panels)For river-type buffaloesthe values oHq,s and

Hexp corrected over the number of usable lo€aljle 3.2 ranged from 0.334 (RIVMZ
population) to 0.417 (RIVPK_NIL population), afi®m 0.362 (RIVMZ) to 0.406 (RIVCO)
respectively. For pure swantpgpe buffaloes, the values varied between 0.334 (RIVMZ
population) and 0.417 (RIVPK_NIL population), and between 0.220 (SWAID_NUT) and
0.294 (SWATH_THS) respectively. Correcteld,s and Hexp estimates for SWAPH_ADM, a

population of known rivek swamp admixed origin, were 0.413 and 0.391, respectively.

Among water buffalo populationsFs ranged between0.064 (SWABR_CAR) and 0.067
(SWATH_THT), andwas never statistically significa(i<0.05)(Table 3.3. On the contrary,

a statistically significanE;s of 0.338 was obtained forwdand anoa.
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Table 3.2 Expected and observed heterozygosity for each population together with the estimated inpreeefiicient

(Fis).

Population Hobs S.DHgps H exp SDHeyp N. usable loci N. polymorphic loci H obs (corrected)? Hexp (corrected)”® Fis
ANOA 0.160 0.132 0.238 0.164 12601 2235 0.028 0.229 0.338*
RIVIT_MED 0.381 0.164 0.385 0.130 19983 18842 0.359 0.372 0.009
RIVMZ 0.411 0.204 0.390 0.136 20057 16337 0.334 0.362 -0.062
RIVRO 0.401 0.185 0.400 0.128 19793 18250 0.370 0.377 -0.009
RIVPH_IN_MUR 0.455 0.244 0.459 0.114 20100 18176 0.412 0.401 0.004
RIVPH_BU_MUR 0.422 0.192 0.419 0.118 20157 19246 0.403 0.393 -0.010
RIVBR_MUR 0.413 0.153 0.417 0.111 19984 19614 0.406 0.403 0.007
RIVTR_ANA 0.393 0.160 0.409 0.117 19498 19068 0.384 0.395 0.038
RIVEG 0.395 0.160 0.400 0.123 19218 18620 0.383 0.386 0.008
RIVIR_AZA 0.407 0.184 0.411 0.122 19815 18865 0.388 0.388 0.006
RIVIR_KHU 0.387 0.177 0.403 0.125 19882 18865 0.367 0.383 0.039
RIVIR_MAZ 0.402 0.193 0.404 0.128 19837 18119 0.367 0.378 0.000
RIVPK_AZK 0.481 0.262 0.485 0.108 20327 17384 0.411 0.404 0.009
RIVPK_KUN 0.423 0.178 0.420 0.115 20091 19552 0.412 0.399 -0.009
RIVPK_NIL 0.422 0.154 0.418 0.109 19994 19755 0.417 0.404 -0.013
RIVCO 0.415 0.171 0.424 0.108 19936 19596 0.408 0.406 0.019
SWAPH 0.302 0.176 0.315 0.157 18905 16078 0.257 0.331 0.037
SWAPH_ADM 0.426 0.187 0.414 0.118 20029 19451 0.413 0.391 -0.032
SWABR_CAR 0.369 0.198 0.348 0.148 20221 16010 0.292 0.331 -0.064
SWATH_THS 0.364 0.200 0.373 0.139 20341 16433 0.294 0.342 0.026
SWATH_THT 0.332 0.184 0.355 0.145 20332 16653 0.272 0.332 0.067
SWACN_ENS 0.324 0.178 0.332 0.152 19858 16141 0.264 0.321 0.021
SWACN_FUL 0.328 0.180 0.333 0.152 19950 16104 0.264 0.322 0.014
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SWACN_GUI
SWACN_HUN
SWACN_YAN
SWACN_YIB
SWAID_JAV
SWAID_NUT
SWAID_SUM
SWAID_SUW

0.327
0.328
0.337
0.324
0.334
0.357
0.333
0.334

0.179
0.179
0.184
0.177
0.182
0.197
0.181
0.184

0.342
0.327
0.336
0.332
0.342
0.377
0.335
0.357

0.149
0.153
0.150
0.152
0.150
0.139
0.148
0.146

20131
19974
19424
19805
19376
20223
17467
20046

16147
16876
15864
16081
13453
12453
14738
13489

0.262
0.277
0.275
0.263
0.232
0.220
0.281
0.225

0.327
0.316
0.322
0.321
0.328
0.350
0.321
0.340

0.045
-0.003
-0.006
0.021
0.019
0.055
-0.005
0.066

~ Corrected over the number of usable loci; * highlights statistically significant B<@s05).
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Wr i ght 6s f Fsxvwas always signmicdrgPx<0.05 Supplementans.8.3, with the
exception of the following pairwise comparisons: RIVPK_NIL vs. RIVPH_IN_MUR,
RIVPK_AZK vs. both RIVPK _KUN and RIVPK NIL, and SWATH_THS vs.
SWATH_THT. Fst values ranged from 0.004 (SWACN_GUI vaWACN_YIB) to 0.448
(SWAID_JAV vs. RIVMZ) overalf from 0.006 (RIVPK_AZK vs. RIVPH_IN_MUR) to
0.199 (RIVIR_MAZ vs. RIVMZ) among the river buffalo grouppom 0.004 (SWACN_GUI

vs. SWACN_YIB) to 0.232 (SWAID_NUT vs. SWABR_CAR) among the swamp buffalo
groug from 0.104 (RIVPK_AZK vs. SWAPH_ADM) to 0.448 (SWAID_JAV vs. RIVMZ)

between river and swamp populations.

According to the results @AATHA, the number of migrants varied between 0.010 and 75, with
the most extensive gene flows occurring between river lbuffapulations and between the
swamp populations from Chin&upplementary.8.3and3.8.4. In detail, the occurrence of
extensive exchanges represents a general tvéhph the river groupwith the few exceptions

of RIVMZ from Mozambique and RIVPK_AZK from Pakistan, and to a lesser extent RIVRO

from Romania, RIVIT_MED from Italy and RIVIR_MAZ from Iran.

Amongthe swamp buffaloes, very high levels of gene flow were estimateoshg the Chinese
popuations,between SWATH_THT and SWATH_THS populations from Thailad] from
SWATH_THT to the Chinese population SWACN_GUh addition, he admixed swamp
population from the Philippines SWAPH_ADM shows signs of gene flow with several river
type populatios (RIVCO, RIVPK NIL, RIVPK KUN, RIVEG, RIVR_ANA,
RIVPH_IN_MUR).

The MultrDimensional Scaling plofFigure 3.2 allowed to evaluate the relationships among
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the individual multilocus genotypes in a multivariate framework. According toeténated
eigenalues3.8.4, around 59%of the total molecularvarianceis explained by the first three
dimensions. In particular, dimensiagne (X-axis in both panels oFigure 3.2 explairs
53.55% ofthe original molecular varianceseparahg river- from swamptype individuals,

with the admixed individuals from the Philippine being plaatan intermediate position. The
second dimension (@0% of variation;Y-axis of the left panel irfFigure 3.2 separates the
groys of rivertype individwals based on their geographical provenance and genomic
relationships, but alsthe Carabao population from Brazil (SWABR_CAR) from the other
swamp buffaloesln detail, from top to bottom of treeconddimension axis we can identify:

() a first group of pints representing the populations from Italy and Mozambique
(RIVIT_MED and RIVMZ), (ii) the group of river buffaloes from Romania (RIVR@ii) a
group including the Murrah breed populations from Bulgaria, Brazil and India, together with
the populationom Colombia;(iv) the group of animals from Turkey, Egypt and Pakistan
(RIVTR_ANA, RIVEG,RIVPK_AZK, RIVPK_KUN, RIVPK_NIL) in close continuity with

the populations from Iran (RIVIR_AZA, RIVIR_KHU, RIVIR_MAZ)Notably, the position

of the swamp Carabao boe®n thesecondaxis corresponds to that of the river population

from Romania.

Similarly, thethird dimension (56% of variationfigure 3.2right panel,Y-axis) separates the
swamp populations as follows: three populations of Java, Nusa Tenggara am@&ESlautesi

from Indonesia (SWAID_JAV, SWAID_NUT, SWAID_SUW) are positioned on top of the
axis, and are separated by a large gap from the Indonesian population of Sumatra

(SWAID_SUM), which lies closer to the group formed by the individuals from Thailand

66



(SWATH_THT, SWATH_THS) and the Brazilian Carabao (SWABR_CAR), while the

individuals from China and the Philippines are positioned at the bottom of the axis.

o
g T RIVBR_MUR * AIVPK_AZK © SWACH_YAN ‘s
?’ RNCO RIVPK_KLIN SWACHN_YIE ﬁ
r 0 + ANEG RIVPK_NIL § SWAID_JaV
- - RIVIR_AZA o RNAD SWAID_NUT
0 o RIVIR_KHU RIVTA_ANA & SWAID_SUM
- - & ANIR_MAZ ¥ SWABR_CAR SWAID_SUW
o B RNIT_MED = SWACMN_ENS SWAPH
RIWVMZ a SWACH_FUL = SWAPH_ADM
o RVPH_BU_MUR - SWACN_GUI SWATH_THS
+ | ® ANPH_IN_MUR + SWACN_HUN * SWATH_THT
= =}
A ' =
-
s :
o SR
B oS- 2 S
[=} w
= C .t
.
+
wle
8 - n 35 T 8 1 %
S ] > 1 1
e ¥
5
:
g | ’%a .
9 # 8 | &
& 9 B
T T T T T T T T T T T T T T
-03 02 01 00 01 02 03 03 02 01 0.0 01 0.2 03
Pes 1 (53.55%) Pos 1 (53.55%)

Figure 3.2 Multi-Dimensional Scaling plot dfrst vs. secondliimension(left panel) andfirst vs.
third (right panel). The percentages of variance explained by each dimension are reported into
brackets

Both AMOVA and theneighbournet reconstructed from the DR matrix corroborate the results

of the MDS. In fact a large fraction of e variance (25.71%; Tabl@.3a) explains the
subdivision into river vs. swamptype groups, and the percentage further increases to 26.72%
when the admixed population from the Philippines is removed from the analysis 8Tad)le

About 5.75% ofthevarmc e i s assigned to the fAamong popg
(Table 3.3b), while the variation among individuals within populations is very low (0.69%;

Table3.3b).
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Table 3.3a Analysis of molecular varianceerformed on riveitype and swamp

type populations.

Source of variatich d.fp Sumof Variance Percentage of
squares components variation

Among groups 1 422395.22 1263.31 25.71

Among populations within groups 28 271650.32  291.78 5.94

Among individuals within 297 1006390.28 29.62 0.60

populations

Within individuals 327 1088674.00 3329.28 67.75

Total 653 2789109.82 4913.99 100.00

°All values have been calculated after removing ghea population from the datasétt.f.:

degrees of freedom

Table 3.3b Analysis of molecular variance performed on riveype and swamp
type populations after removing admixed individuals frome Philippines.

L b Sum of Variance Percentage of
Source of variatidh d.f. squares components variation
Among groups 1 430136.13  1321.17 26.72
Among populations within groups 27 258177.63  284.45 5.75
Among individuals within 289 974756.17 34.35 0.69
populations
Within individuals 318 1050726.00 3304.17 66.83
Total 635 2713795.93 4944.14 100.00

As above?d.f.: degrees of freedom

The neighlour-net confirms thesubdivision into the twa@roupsand the intermediate position

of SWAPH_ADM (Supplementaryd.8.6. Among the river-type populations (right side of

Supplementaryd.8.9, RIVBR_MUR and RIVPK_NIL are placed in a basal position, while

the remaining populations are split into three-sebworks, the first one formed by RIVCO,

RIVIT_MED, RIVMZ, RIVRO and RIVPH_BU_MUR,

the second by RIVEG,

RIVTR_ANA, RIVIR_AZA, RIVIR_KHU and RIVIR_MAZ; the third by RIVPH_IN_MUR,

RIVPK_AZK and RIVPK_KUN. Moreover, the river buffaloes from Mozambique are

characterized by the longest branch, which stems directly from that of the Italian
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Mediterranean population.

Also amongthe swamptype populations (left ide of Supplementary3.8.6 three main
network subdivisions are recognizabl@: the branch of the Indonesian population from
Sumatra (SWAID_SUM) stemming close(ip the subnetwork which includes the buffaloes
from Java, MNsa Tenggara and South Sulawesi (SWAID_JAV, SWAID_NUT,
SWAID_SUW) and which is also characterized by very long brandfigsa further sub
network encompassing the Chinese swamp buffaloes (SWACN_GUI, SWACN_ENS,
SWACN_FUL, SWACN_YIB, SWACN_HUN, SWACN_YAN) and the branch of the

population from the Philippines (SWAPH).

The two populations from Thailand (SWATH_THT and SWATH_THS) are placed in a basal
position, while the Brazilian Carabao branch forks at a distance from the network formed by

the remaining samp populations.

According toADMIXTURE analysis the first subdivisior{K=2) is between riverand swamp

type groups of population$igure 3.3. ADMIXTURE bar plots showan admixedancestryfor
SWAPH_ADM and some degree of introgression of the +iype gene pool into the swamp
populations of Brazil (SWABR_CAR), the Philippines (SWAPH), Sumatra (SWAID_SUM)
and Thailand (SWATH_THT and SWATH_THSJhe river populations from Bulgaria, India,
Pakistan and South America show signs of a small but widespreddbation from the
swamptype gene pool. At K=3Jupplementary.8.7), a further split occurs within the river
cluster, separating the Italian Mediterranean breed and the population from Mozambique. The
same genomic componestpresent at high percentage in the river populations from Romania,

Bulgaria and South America (RIVBR_MUR, RIVCGs well asn the swamp Carabao from
69












































































































































































































































































































































































































