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CHAPTER!1!
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!

Introduction!
!

! !
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!

Background!
!

The! bovine! species! counts! almost! 1.5! billion! of! heads! classified! in! some! 800!

breeds! worldwide! (http://faostat3.fao.org).! The! species! is! adapted! to! a! wide!

variety!of!different!environment!and!husbandry!systems!and!is!often!reared!for!

multiple! purposes! (Taberlet! et! al.,! 2008),! draft! power,! milk,! meat,! leather!

production!and!other!uses!(Elsik!et!al.,!2009).!

European! cattle! (Bos$ taurus)! derive! from! a! single! domestication! event! of! the!

auroch! (Bos$primigenius)!occurred! in! the!Fertile!Crescent! around!10,000!years!

ago!(Taberlet!et!al.,!2011).!Following!domestication,!cattle!followed!the!Neolithic!

expansion!of!agriculture!and!colonised!Europe!(see!AjmoneMMarsan!et!al.,!2010!

for! a! review).! Many! thousand! years! of! natural! and! artificial! selection! have!

shaped! cattle! phenotype! and! genotype! to! meet! environmental! conditions! and!

human! needs! and! together! with! demographic! events! and! genetic! drift! have!

started! the!differentiation! of! the! bovine! species! in! diverse! and! locally! adapted!

populations.! This! differentiation! process! accelerated! in! the! last! two! centuries,!

when!the!breed!concept!was!invented,!so!that!now!this!species!counts!hundreds!

of! different! breeds! with! high! diversity! in! coat! colour,! body! size,! production!

aptitude,!adaptation!to!climate,! tolerance!to!disease,!etc.!(!Taberlet!et!al.,!2008;!

Elsik!et!al.,!2009;!The!Bovine!HapMap!Consortium,!2009).!!

This!diversity!is!now!being!progressively!lost,!with!the!extinction!of!many!local!

populations,!mainly!for!economic!reasons.!Selection!efforts!have!therefore!been!

focussed!on!a!few!outperforming!industrial!breeds!that!are!presently!selected!for!

specialised!dairy!or!beef!production!and!sometimes!double!purpose.!!

In! these! breeds! breeding! schemes! are! well! developed! and! have! been!

traditionally! based! on! the! genetic! evaluation! of! sires! and! dams! using! data!

collected!from!performance!and!progeny!testing!and!unbiased!linear!prediction!

models.!These!are!founded!on!the!Fisher!infinitesimal!modelling!of!quantitative!

trait! variation! and! need! no! genomic! information! to! estimate! breeding! values!

(EBVs).! The! genetic! progress! recorded! using! this! approach! has! been! relevant,!

particularly! for! traits! having! medium! to! high! heritability.! In! Italian! Holstein!

genetic! trends! for! the!main! production! traits! (milk,! protein! and! fat! yield)! are!

positive.!However!accurate!estimate!of!breeding!values!has!a!high!cost,!in!terms!
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of! investment! and! time,! so! that! 5! to! 6! years! are! needed! to! have! a! dairy! bull!
progeny!tested!(www.anafi.it).!!
The!advent!of!genomic!selection!(Meuwissen!et!al.,!2001)!marked!a!milestone!in!
dairy!cattle!breeding.!The!idea!was!developed!before!the!molecular!tools!were!in!
place!for!implement!it!in!practice!and!has!become!a!reality!only!recently.!In!this!
approach! progeny! tested! bulls! are! genotyped! at! many! thousand! loci! and! the!
value! of! their! EBVs! used! to! estimate! the! value! of! each! allele! at! each! locus!
genotyped.! These! values! are! then! used! to! predict! the! genetic! value! of! young!
animals! on! the! basis! of! their! genotype.! As! a! result,! animals! from! the! new!
generation! receive! an! EBV! with! the! same! accuracy! of! estimates! obtained! by!
progeny!testing,!but!much!earlier.!This!lower!the!generation!interval!and!greatly!
increases!the!rate!of!genetic!progress! in!dairy!populations.!The! initial! idea!was!
so! good! that! nowadays! genomic! selection! is! widely! applied! in! industrial!
countries!to!the!major!dairy!cattle!breeds.!With!the!decrease!of!genotyping!cost,!
it! is! likely! that! its! use! will! be! soon! expanded! to! animals! selected! for! other!
purposes! (e.g.! beef! cattle)! and! other! species! (e.g.! pigs).! However,! genomic!
selection! is! an! extension! of! traditional! selection.! It! is! extremely! useful! in!
breeding!for!complex!traits!but!gives!no!biological!information!on!the!genes!that!
control!them.!If!the!traditional!selection!views!a!sire!genome!as!a!big!black!box!
having! a! value,! but! no! clue! why,! genomic! selection! views! the! same! genome!
disassembled! in!many! small! boxes,! but! still! black! and! still!with!no! clue!on! the!
reason!of!their!value.!
It! is! reasonable! to! think! that! a! deeper! understanding! of! the! biological!
mechanisms! controlling! traits! may! further! increase! the! accuracy! of! genomic!
evaluations.!Indeed,!the!new!technologies!offer!new!opportunities!in!this!sense,!
by!lowering!costs!and!increasing!precision!of!data!production.!!
!
This! thesis! is! exploring! the! use! of! these! technologies! for! retrieving! biological!
information!from!genomic!data.!It!uses!methods!now!considered!“traditional”!in!
genomics! (GWAS! and! analysis! of! selection! sweeps)! and! less! traditional! ones!
(gene! centered! GWAS! and! exome! analysis).! All! data! used! here! have! been!
produced!within! two!national!projects!on! farm!animal!genomics! funded!by! the!
Italian!Ministry!of!Agriculture:!
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M SELMOL! “Ricerca! e! innovazione! nelle! attività! di! miglioramento! genetico!

animale!mediante! tecniche! di! genetica!molecolare! per! la! competitività! del!

sistema!zootecnico!nazionale!I”!(Research!and!Innovation!in!animal!breeding!!

sheep,!goat,!buffalo,!horse!and!donkey!I)!

M INNOVAGEN!“Ricerca!e!innovazione!nelle!attività!di!miglioramento!genetico!

animale!mediante! tecniche! di! genetica!molecolare! per! la! competitività! del!

sistema! zootecnico! nazionale! II”! (Research! and! Innovation! in! animal!

breeding!!sheep,!goat,!buffalo,!horse!and!donkey!II)!

!

In! these! projects,! the! research! group! I! work! with! M! Istituto! di! Zootecnica! at!

Università! Cattolica! del! Sacro! Cuore! di! Piacenza! M! coordinated! all! the! research!

activities!concerning!the!application!of!genomics!techniques!in!dairy!cattle.!

!

!

Contents!of!the!thesis!
!

The! thesis! is! structured! into! a! short! introduction! (this! first! chapter),! 5! core!

chapters!(Chapter!2!to!6)!and!a!short!Conclusion!(Chapter!7).!With!the!exception!

of! Chapter! 6,! still! in! preparation,! the! other! core! chapters! contain!manuscripts!

that! at! time! of! writing! are! under! review! for! their! publication! in! international!

peerMreviewed!journals!or!manuscript.!!

!

In!Chapter!2!selection!signature!in!dairy!and!beef!cattle!are!investigated!with!the!

Illumina! BovineSNP50! Genotyping! BeadChip.! Five! Italian! cattle! breeds! (Italian!

Holstein,! Italian! Brown,! Italian! Simmental,! Marchigiana! and! Piedmontese)! are!

analyzed!with!the!rEHH!method!(Sabeti!et!al.,!2002)!to!find!signatures!of!recent!

selection.!Candidate!genes!in!the!vicinity!of!signatures!shared!by!either!dairy!or!

beef!breeds! are! identified! and! their!possible! role! in!dairy! and!beef!production!

discussed.!!

!

In! Chapter! 3! a! GWAS! analysis! is! run! to! investigate! production! traits! in! three!

Italian! dairy! cattle! breeds! (Italian! Holstein,! Italian! Brown,! Italian! Simmental).!

Data! are! analysed! with! a! well! established! method! (Amin! et! al.,! 2007)!
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implemented! in! the!GenABEL!R!package! (Aulchenko!et! al.,! 2007)! and!with! the!

new!geneMbased!method.!Association!is!investigated!between!50K!SNPs!and!milk!

production!(milk!yield)!and!quality!traits!(percentage!of!milk!protein!and!fat).!

!

In!Chapter!4!the!geneMbased!method,!used!in!the!previous!chapter!3,!inspired!by!

the!VEGAS!approach!(Liu!et!al.,!2010)!is!described.!The!software!was!developed!

and!reMcoded!in!our!laboratory!in!order!to!permit!the!analysis!of!any!species!in!

addition!to!human.!MultiMtesting!correction!and!plot!representation!complete!the!

tools!made!available.!

!

In!Chapter!5!we!test!the!impact!of!the!use!of!different!reference!sequences!in!the!

imputation! step.! Italian! Simmental! data! are! used! to! test! variation! in! genomeM

wide! inputation! accuracy! using! different! cattle! reference! sequences! (BTAU4.2,!

UMD3.1! and! BTAU4.6).! To! increase! the! analyses! reliability,! four! different!

inputation!softwares!are!tested.!

!

In!Chapter!6!Holstein!data!are!analysed!combining!exome!sequences!and!800K!

SNPs! data! to! seek! deleterious! recessive! variants.!While! in! natural! populations!

the! destiny! of! these! variants! is! to! disappear,! in! livestock! breeds! they! can! be!

maintained! and! disseminated! if! carried! by! a! highly! productive! sire.! The!

intersection! of! deleterious! mutations! identified! by! sequencing! and! lack! of!

homozygous!regions!identified!by!the!analysis!of!the!population!with!the!HD!SNP!

chip!identified!genes!candidate!to!carry!recessive!deleterious!variants.!!

!

!

Objective!
!

The!main!objective!of!the!thesis!was!to!investigate!the!bovine!genome!with!the!

aid! new! highMthroughput! technology! and! to! explore! new! strategies! for! linking!

biology! (genes! and! their! function)! to! traits.! This! linkage,! once! validated! may!

increase! the! accuracy! of! genomic! prediction! and! find! application! in! selection!

schemes,!e.g.!in!eradicating!the!most!deleterious!variants!and/or!in!the!planning!

of!matings.!!
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Abstract!

Background!

Nowadays,! many! methods! have! been! implemented! to! scan! for! signatures! of!

selection! at! genome?scale! level! within! and! across! breeds.! Extended! haplotype!

homozygosity! is! a! proficient! approach! to! detect! genome! regions! under! recent!

selective! pressure! within! breeds.! The! objective! of! this! study! is! to! identify!

common! regions! under! positive! recent! selection! shared! by! most! represented!

dairy!and!beef!Italian!cattle!breeds.!

Results!

A! total! of! 3,220! animals! from! Italian! Holstein! (2,179),! Italian! Brown! (775),!

Simmental! (493),! Marchigiana! (485)! and! Piedmontese! (379)! breeds! were!

genotyped! with! the! Illumina! BovineSNP50! BeadChip! v.1! in! the! frame! of! the!

Italian!livestock!genomic!projects!“SelMol”!and!“Prozoo”.!After!standard!cleaning!

procedures,!genotypes!were!phased!and!core!haplotypes!identified.!The!decay!of!

Linkage! Disequilibrium! (LD)! for! each! core! haplotype! was! assessed!measuring!

the! extended! haplotype! homozygosity! (EHH).! To! correct! for! the! lack! of! good!

estimates!of! local! recombination!rates,! the!relative!EHH!(rEHH)!was!calculated!

for! each! core!haplotype.!Genomic! regions!under! recent!positive! selection!were!

identified!as!those!highly!frequent!core!haplotypes!with!significant!rEHH!values.!

Significant! independent!core!haplotypes!were!aligned!across!breeds! to! identify!

signals!of!recent!selection!shared!by!dairy!and!shared!by!beef!breeds.!Overall,!82!

and! 87! common! regions! under! selection!were! detected! among! dairy! and! beef!

cattle!breeds,!respectively.!Bioinformatics!analysis!identified!244!and!232!genes!

mapping! in! these! common! genomic! regions.! Pathway! and! network! analysis! of!

significant! genes! revealed! molecular! functions! biologically! related! to! signal! of!

selections!detected!in!milk!or!meat!production!types.!

Conclusions!

Results!suggest! that! the!multi?breed!approach! is!a!method!to! identify!selection!

signatures! in! cattle! breeds! under! selection! for! the! same! production! goal,!
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allowing! to! better! pinpoint! the! genomic! regions! of! interest! in! dairy! and! beef!

production.!

!

!

Background!

The! advent! of! genomic! technologies! and! the! consequent! availability! of! single!

nucleotide!polymorphism!(SNP)!data!have!enabled!the!study!of!selection!events!

on! the! cattle! genome! (Hayes! et! al.,! 2008;! Qanbari! et! al.,! 2010).! Such! selection!

signals! arise! from! environmental! or! anthropogenic! pressures,! and! help! to!

understand! the! causes! that! led! to! breed! formation.! These! studies! are! usually!

addressed!in!a!“top?down”!approach!(Shahzad!and!Loor,!2012),!from!genotype!to!

phenotype,!in!which!genomic!data!is!statistically!evaluated!to!detect!directional!

selection.!The!phenotype!needed!to!run!selection!signatures!is!intended!in!a!very!

general!sense:!a!breed,!a!production!aptitude!or!even!a!geographic!area!of!origin.!

This!approach!holds!the!potential!to! investigate!traits!as!adaptation!to!extreme!

climates!and!different!feeding!and!husbandry!systems,!resilience!to!diseases,!etc.,!

that!are!very!expensive,!difficult!and!sometimes!impossible!to!study!with!classic!

GWAS! (Genome?Wide! Association! Study)! approaches.! Therefore,! it! is! expected!

that!genomic! information!retrieved!in!these!studies!only!partially!overlaps!that!

identified! by! GWAS! on! specific! traits.! Searching! for! these! “signatures! of!

selection”! is! of! interest! for! understanding! molecular! mechanisms! underlying!

important! biological! processes! and! providing! new! insights! to! functional!

biological!information!(e.g."disease!and/or!important!economic!traits!(Nielsen!et!

al.,! 2007)).! To! date,! many! methods! have! been! implemented! to! scan! these!

selection!signatures!at!the!genomic!level.!Methods!differ!with!respect!to!several!

properties! (Lenstra! et! al.,! 2012):! there! are! methods! that! perform! analyses!

within?breed!or!across?breeds,!that!compare!allele!or!haplotype!frequencies!and!

size,! that! detect! recent! or! ancient! selection! events! either! still! segregating! or!

fixated!into!populations!(Lenstra!et!al.,!2012;!O’Brien!et!al.,!2014;!Utsunomiya!et!

al.,!2013).!Different!methods!have!different!sensitivity!and!robustness,!e.g.! they!

may!be!influenced!at!a!different!extent!by!marker!ascertainment!bias!and!uneven!

distribution!of!recombination!hotspots!along!the!genome.!
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Extended! haplotype! homozygosity! (EHH)! is! a! method! that! has! been! used! in!

many! animal! species,! including! cattle! (Pan! et! al.,! 2013;! Qanbari! et! al.,! 2010;!

Zhang!et!al.,!2006).!The!EHH!method!was!first!developed!by!Sabeti!et!al."(2002),!

for! human! population! analysis.! The! main! objective! of! this! methodology! is! to!

identify!long?range!haplotypes!inherited!without!recombination!events.!More!in!

detail,!under!a!neutral!evolution!model,!changes!in!allele!frequencies!are!driven!

only!by!genetic!drift.!In!this!scenario,!a!new!variant!would!require!a!long!time!to!

reach! high! frequency! in! the! population,! and! the! Linkage! Disequilibrium! (LD)!

surrounding!it!would!decay!due!to!recombination!events!(Kimura,!1984).!In!the!

case!of!positive!selection,!a!quick!rise!in!frequency!of!a!beneficial!mutation!in!a!

relatively! short! time! will! preserve! the! original! haplotype! structure,! as! the!

number! of! recombination! events! would! be! limited.! Therefore,! a! signature! of!

positive!selection!is!defined!as!a!region!with!an!allele!in!long?range!LD,!located!in!

an!uncommonly!high!frequency!haplotype.!

One! of! the!most! interesting! features! of! this!method! is! that! it! is! able! to! detect!

genomic! regions! that! are! under! recent! selection.! These! recent! selection!

signatures! can! be,! therefore,! used! to! identify! the! genomic! regions! involved! in!

breed!formation.!In!addition,!EHH!method!does!not!require!any!definition!of!an!

ancestral!allele!(as!needed!in!the!integrated!haplotype!score!?!iHS!(Voight!et!al.,!

2006)! and! is! suited! to! be! applied! to! SNP! data,! because! it! is! less! sensitive! to!

ascertainment!bias!than!other!methods!(Nielsen!et!al.,!2007).!However,!the!EHH!

method!generates!a! large!number!of! false!positive!and!negative! results,!due! to!

heterogeneous! recombination! rates! along! the! genome! (Qanbari! et! al.,! 2010).!

Moreover,! another! drawback! not! specific! of! EHH! but! shared! by! all! selection!

signature!method,! is! the! lack! of! robust! inferences! able! to! discern! true! signals!

from!those!generated!by!chance!(Kemper!et!al.,!2014).!

To! partially! account! for! these! limitations,! Sabeti! et" al.! (2002)! developed! the!

relative! extended! haplotype! homozygosity! (rEHH),! including! an! empirical!

methodology!to!obtain!significant!signals.!The!rEHH!of!a!putative!core!haplotype!

compares! its! original! EHH! value!with! that! of! other! haplotypes! at! that! specific!

locus,! using! all! other! haplotypes! as! control! for! local! variation! in! the!

recombination! rate.! Therefore! it! identifies! genomic! regions! carrying! variants!
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under! selection! that! are! still! segregating! in! the! population! analysed.! Although!

these!methods!were! conceived! for! human! populations,! they!were! successfully!

applied!to! livestock!species,!such!as!pig!(Ma!et!al.,!2012)!and!cattle!(Qanbari!et!

al.,!2010).!

After! domestication! ?! about! 10,000! years! ago! in! the! fertile! crescent! ?! taurine!

cattle! have! colonized! Europe! and! Africa! and! have! been! selected! for! different!

human! needs! (Taberlet! et! al.,! 2011).! Particularly,! in! the! last! centuries,! the!

anthropic! pressure! led! to! the! formation! of! hundreds! of! specialized! breeds!

adapted! to! different! environmental! conditions! and! linked! to! local! tradition!

constituting!a!gene!pool!deserving!attention!for!conservation!(Ajmone?Marsan!et!

al.,!2010).!Some!of!these!breeds!have!been!selected!specifically!for!dairy,!beef,!or!

both!production!types,!following!strong!artificial!selection!for!these!traits!(Hayes!

et!al.,!2009).!The!present!study!aims!at! identifying!signals!of! recent!directional!

selection!using!rEHH!method!in!dairy!and!beef!production!types,!using!data!from!

five! Italian! dairy,! beef! and! dual! purpose! cattle! breeds.! We! focused! on! the!

significant! core! haplotypes! scanned! by! rEHH! that! are! shared! among! breeds! of!

the!same!production!type.!Then,!we!used!a!bioinformatics!approach!to! identify!

positional!candidate!genes!lying!within!the!genomic!regions!under!selection!and!

investigate!their!biological!role.!!

!

!

Methods!

Sample!Animals!and!Genotyping!

A! total! of! 4,311! bulls! of! five! Italian! dairy,! beef,! and!dual! purpose! breeds!were!

genotyped! with! the! Illumina! BovineSNP50! BeadChip! v.1! (Illumina,! San! Diego,!

CA),!joining!the!genotyping!efforts!of!two!Italian!projects!(namely,!“SelMol”!and!

“Prozoo”).!The!dataset!included!101!replicates!and!773!sire?sons!pairs,!used!for!

downstream!quality!check!of!data!produced.!In!detail,!genotypes!of!2,954!dairy!

(2,179! Italian!Holstein!and!775! Italian!Brown),!864!beef! (485!Marchigiana!and!

379! Piedmontese)! and! 493! dual! purpose! (Italian! Simmental)! bulls! were!

available.!Data!quality!control!(QC)!was!performed!in!two!stages:!a!first!stage!on!
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animals,! independently! for! each! breed,! applying! the! same! methods! and!

thresholds,!and!a!second!stage!applied!on!markers,!across!all! the!individuals!of!

the!dataset.!The!first!stage!excluded!individuals!with!unexpectedly!high!(>!0.2%)!

Mendelian! errors,! for! father?son! couples,! and!with! low! call! rates! (<!95%).!The!

second!stage!excluded:!i)!SNPs!with!≤!2.5%!missing!values!in!the!whole!dataset!

or!completely!missing! in!one!breed! ii)!SNPs!with!minor!allele! frequency!≤!5%;!

and! iii)! SNPs! in! sexual! chromosomes! and! with! unassigned! chromosome! or!

physical!position.!

Estimation!of!rEHH!

Haplotypes!were!obtained!using!fastPHASE!software!considering!default!options!

(Scheet!and!Stephens,!2006),!and!were!run!breed?wise!and!chromosome?wise!in!

each!breed.!Pedigree!information!for!all!bulls!were!provided!by!their!respective!

breeder!associations,! and!were!used! to! filter!out!direct! relatives! (in! father?son!

pairs!the!son!was!maintained!in!the!dataset!and!the!father!discarded)!and!over?

represented!families!(a!maximum!of!5!randomly!chosen!individuals!per!half?sib!

family!was!allowed).!The!final!dataset!containing!these!“less!related”!animals!will!

be!henceforth!called! “non!redundant”!dataset.!This!non?redundant!dataset!was!

used! also! to! calculate! within! breed! pair?wise! whole?genome! Linkage!

Disequilibrium!(LD).!The!r2!statistic!for!all!pairs!of!markers!was!obtained!using!

PLINK! software! v.1.0.7! (Purcell! et! al.,! 2007).!The!decay!of! LD!was! assessed!by!

averaging!r2!values,!up!to!1Mb!distance.!!

To! test! if! the! population! structure! influenced! the! detection! of! rEHH,! we!

replicated! all! analyses! on! the! whole! Italian! Holstein! dataset,! without! any!

population! correction! (i.e.! “redundant”! dataset),! focusing! on! genes! or! gene!

clusters!that!are!well!known!to!be!under!recent!selection!in!cattle!(i.e.!“candidate!

regions”).! In! particular!we! focused! on! the! casein,! polled! gene! cluster! and! coat!

colour!genes!(MC1R!and!KIT!(Kemper!et!al.,!2014;!Qanbari!et!al.,!2010)).!

The! EHH! and! rEHH! calculations! were! performed! using! Sweep! v.1.1! software!

(Sabeti!et!al.,!2002).!Some!default!program!settings!had!to!be!modified!to!adapt!

these!analyses! to! the!bovine!genome,!as! the!software!was!originally!developed!

for!human!genetic!analyses.!Specifically,!local!recombination!rates!between!SNPs!
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were!approximated!to!1cM!per!Mb.!EHH!and!rEHH!calculations!were!performed!

breed?wise! and! chromosome?wise,! using! an! automatic! core! selection! with!

default!options!(i.e.!considering!longest!non?overlapping!cores!and!limiting!cores!

to!at!least!3!and!no!more!than!20!SNPs)!as!in!Qanbari!et"al.!(2010).!Although!EHH!

and! rEHH! values! were! obtained! for! all! core! haplotypes,! only! those! with!

frequency! ≥! 25%! were! retained! for! further! analyses.! The! (empirical)! rEHH!

significance!threshold!was!obtained!by!dividing!the!rEHH!values!into!20!bins!of!

5%! frequency! range! each,! log?transforming! within?bin! values,! to! achieve!

normality.! Core! haplotypes! with! p?values! <! 0.05! were! considered! significant.!

Detection!of!common!selection!signatures!was!obtained!comparing!rEHH!values!

across!genomic!regions!across!breeds.!

Breed!grouping!according!to!production!type!

To!examine! the!signals! common! to!each!of! the! two!production! types! (i.e.!dairy!

and!beef),! core!haplotypes! that!shared!one!or!more!SNP! in!at! least! two!breeds!

from! the! same! production! type! were! selected.! The! dual! purpose! Italian!

Simmental!was! included! in!both!dairy! (Italian!Holstein!and! Italian!Brown)!and!

beef! groups! (Piedmontese! and! Marchigiana),! since! potentially! it! possesses!

haplotypes! selected! for! both! production! types.! All! downstream! analyses! were!

performed!separately!for!the!dairy!and!the!beef!production!types.!

Detection!and!annotation!of!candidate!genes!

Genome! annotation! was! performed! using! Biomart!

(http://www.biomart.org/index.html),! a! comprehensive! source! of! gene!

annotation!for!many!species!provided!by!Ensembl!(www.ensembl.org/).!The!list!

of!shared!haplotypes!regions!(in!bp)!for!dairy!and!beef!was!used!as!input!file!in!

the!Biomart!web!interface.!The!set!of!genes!retrieved!by!Biomart!was!then!used!

as! input! for! the!Canonical!pathway!and!regulatory!network!analyses.! Ingenuity!

Pathway!Analysis! tool!version!8.0!(IPA;! Ingenuity®!Systems,! Inc,!Redwood!City,!

CA;! http://www.ingenuity.com),! and! a! substantial! examination! of! published!

literature!was!used!to!examine!the!functional!relationships!among!the!resulting!

genes.! The! IPA! operates! with! a! proprietary! knowledge! database,! providing!

complementary!pathway!analysis!for!several!species,!including!cattle.!In!the!IPA!
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analyses,! the! significance! of! each! biological! function! identified! was! estimated!

using! Fisher’s! exact! test.! A! Benjamini! and! Hochberg! correction! for! multiple!

testing!was! calculated! for! function! and! canonical! pathways.! For! each!Network,!

IPA!computed!a!score!(p?score=?log10(p?value))!fitting!the!set!studied!genes!and!

a! list! of! biological! functions!present! in! the! IPA!knowledge!database.! The! score!

considered! the!number!of!genes! in! the!network!and! the!size!of! the!network! to!

estimate!how!relevant!this!network!was,!according!to!the!list!of!genes!provided.!

Then,!the!score!was!used!to!rank!the!networks.!

!

!

Results!

Dataset!QC!

The!repeatability!obtained!from!the!101!replicates!present!in!the!whole!dataset!

was!higher!than!99.8%.!After!the!two!QC!stages,!105!individuals!and!9,730!SNPs!

were! discarded.! Moreover,! after! phasing,! 1,292! individuals! were! removed! to!

reduce!the! large!number!of!sib?families!present! in!the!redundant!dataset.!After!

quality! control! procedures,! the! final! dataset! had! 44,271! SNPs! and! 1,132,! 514,!

393,! 410! and! 364! individuals! from! Italian! Holstein,! Italian! Brown,! Italian!

Simmental,!Marchigiana!and!Piedmontese!bulls,!respectively!(Table!1).!

! !
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Table!1!J!Number!of!animals!genotyped!before!and!after!QC!
Total!number!of!animal!genotyped!and!relative!number!of!animal!discarded!after!QC!analysis.!!
!
!

!
!

Detection!of!selection!signatures!

Sweep!v1.1.! software!detected!rEHH!signals!with!a! frequency!higher! than!25%!
overlapping! the! test! candidate! regions! in! both! datasets,! corrected! or! not! for!
population! structure.! In! the! redundant! dataset,! we! found! only! one! significant!
rEHH!signal!(casein!cluster),!whereas!in!the!non?redundant!dataset!we!identified!
5!significant!rEHH!signals!overlapping!all!the!test!candidate!regions!considered!
(casein!cluster,!polled!cluster,!MC1R)!(Table2).!!
! !

Breed%
Total%

Genotyped%

ED1%5%%

misAN%

ED1

REPL%

ED1%

MEND%
Cleaned%

HOL% 2179% 40% 31% 5% 2093%

BRW% 775% 6% 16% 4% 749%

SIM% 493% 6% 6% 2% 479%

MAR% 485% 37% 38% ,% 410%

PIE% 379% 5% 10% ,% 364%
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!

Table!2!J!Comparison!of!candidate!region!rEHH!in!nonJredundant!and!redundant!dataset!
rEHH! overlapping! candidate! regions! in! both! corrected! (non?redundant)! and! not! corrected!

(redundant)!datasets!for!population!

!

! ! ! ! Redundant! Non!Redundant!

Candidate!

gene!
BTA1!

Closest!

SNP!(bp)!
C.H.2!range! C.H.2Frequency!

rEHH!J

log(pval)!
C.H.2Frequency!

rEHH!J

log(pval)!

POLLED!

Cluster!
1! 1981154! 1897418?1981154! H1:0.79! 0.93/0.37! H1:0.78! 1.67*/1.74*!

MC1R! 18! 13657912! 13317720?14007505! H1:0.69! 1.20/0.96! H1:0.69! 0.77/1.67*!

KIT_BOVIN! 6! 72821175! 72504921?72821175! H1:0.54! 0.30/0.30! H1:0.54! 0.33/0.48!

Casein!

Cluster!
6! 88427760! 88350098?88452835! H1:0.47! 0.94/1.39*! H1:0.46! 1.48*/1.33*!

Casein!

Cluster!
6! 88427760! 88350098?88452835! H2:0.32! 0.02/0.03! H2:0.33! 0.02/0.03!

!

!

In! total!5,526,!5,678,!4,772,!4,388,!and!4,049!core!haplotypes!with!a! frequency!

higher! than! 25%! were! detected! on! Italian! Holstein,! Italian! Brown,! Italian!

Simmental,! Marchigiana! and! Piedmontese! breeds,! respectively.! A! total! of! 838,!

866,! 740,! 692! and! 613! core! haplotypes! were! found! significant! outliers! (see!

Materials! and! Methods)! in! the! aforementioned! breeds.! Table! 3! shows! the!

distribution! of! the! total! and! significant! core! haplotypes! per! chromosome! and!

breed.!

!
 

! !
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Table&3&(&Core&haplotypes&distribution&
Distribution*of*total*and*significant*core*haplotypes*per*chromosome*and*breed.**

*

&& Italian&&
Holstein&

Italian&&
Brown&

Italian&
Simmental& Marchigiana& Piedmontese&

BTA
1&

H&>&
25%2&

Sign&
H3&

H&>&
25%2&

Sign&
H3&

H&>&
25%2&

Sign&
H3&

H&>&
25%2&

Sign&
H3&

H&>&
25%2&

Sign&
H3&

1& 389* 66* 389* 68* 335* 49* 310* 51* 288* 46*

2& 312* 47* 314* 52* 267* 44* 257* 42* 238* 33*

3& 292* 48* 313* 62* 264* 46* 236* 34* 227* 34*

4& 268* 46* 279* 50* 245* 41* 237* 39* 229* 39*

5& 223* 32* 231* 29* 200* 30* 183* 27* 171* 22*

6& 291* 51* 307* 40* 265* 45* 252* 38* 233* 42*

7& 249* 37* 253* 46* 214* 39* 195* 33* 204* 27*

8& 268* 39* 270* 38* 235* 35* 223* 32* 209* 31*

9& 227* 37* 228* 41* 210* 37* 165* 22* 187* 30*

10& 219* 36* 234* 34* 192* 25* 196* 26* 168* 25*

11& 248* 39* 246* 34* 209* 30* 205* 33* 187* 25*

12& 162* 24* 176* 18* 148* 21* 148* 25* 135* 22*

13& 205* 32* 200* 19* 155* 18* 178* 35* 135* 19*

14& 175* 17* 189* 25* 168* 29* 143* 22* 129* 19*

15& 180* 31* 185* 29* 148* 23* 139* 13* 130* 19*

16& 176* 28* 192* 29* 160* 25* 149* 19* 127* 15*

17& 170* 27* 183* 29* 168* 31* 135* 22* 123* 16*

18& 133* 18* 153* 19* 119* 14* 108* 10* 82* 12*

19& 137* 22* 130* 23* 118* 16* 99* 18* 92* 15*

20& 184* 35* 172* 33* 145* 23* 124* 23* 124* 17*

21& 145* 23* 147* 30* 113* 18* 110* 21* 94* 13*

22& 140* 24* 145* 19* 115* 21* 112* 18* 104* 13*

23& 106* 13* 100* 16* 67* 10* 64* 9* 57* 8*

24& 129* 11* 140* 20* 124* 17* 97* 23* 101* 16*

25& 91* 12* 98* 11* 68* 10* 77* 12* 70* 6*

26& 125* 7* 114* 14* 93* 12* 96* 15* 90* 16*

27& 91* 12* 91* 15* 75* 11* 84* 12* 60* 10*

28& 88* 9* 96* 10* 70* 10* 66* 9* 55* 11*

29& 103* 15* 103* 13* 82* 10* 72* 9* 67* 12*

TOT& 5526* 838* 5678* 866* 4772* 740* 4388* 692* 4049* 613*

*

1*Bos*taurus*Autosomes.*
2*Detected*core*haplotypes*with*a*frequency*in*the*breed*higher*than*25%.*
3*Significant*core*haplotypes*at*p"<*0.05*
*

Comparison&to&previously&reported&data&

A*number*of*studies*have*searched*selection*sweeps*in*Holstein*(Qanbari*et*al.,*

2010),* Brown* (Qanbari* et* al.,* 2011)* and* Simmental* (Fan* et* al.,* 2014)* breeds.*

Since* different* methods* are* expected* to* identify* signatures* having* different*

characteristics,*the*comparison*with*previous*studies*is*limited*to*those*studies*

using* the*same*method*and* the*same*breed(s)*analysed* in*our*study.*Only*one*

study* analysed* (German)* HolsteinRFriesian* cattle* with* rEHH* (Qanbari* et* al.,*

2010).*Qanbari*et"al."(2010)*reported*candidate*genes*and*gene*clusters*under*

Marco Milanesi
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recent! positive! selection! that! we! compared! with! our! rEHH! in! dairy! breeds!

dataset!(Table!4).!!

Table!4!J!Core!haplotypes!in!candidate!genes!following!Qanbari!et!al.!2011!

!

1!Bos!Taurus!Chromosome!
2!Core!haplotype!

!

The!number!of!core!haplotypes!found!in!our!study!in!the!candidate!regions!was!

lower!previously!reported.!When!considering!Holsteins,!the!two!most!significant!

candidate!regions!in!both!studies!match!(casein!cluster!and!the!somatostatin!SST!

gene),!although!it!is!impossible!to!determine!if!the!haplotype!under!selection!is!

the! same,! as! this! information! was! not! provided! in! Qanbari! et! al.! (2010).!

However,! other! genes! considered! significant! in! Qanbari! et! al.! (with! p?values!

ranging! from! 0.04! to! 0.10)! were! not! significant! in! our! study.!When! using! the!

same! loose! significant! threshold! (p?values" ≤! 0.10),! “significant“! signals! were!

found!also!in!Italian!Brown!for!the!Casein!Cluster!(?log10!p?value!=!1.09)!and!in!

Italian!Simmental!for!the!SST!gene!(?log10!p?value!=!1.26).!

! ! ! HOLSTEIN! BROWN! SIMMENTAL!

Candidate!!

gene!
BTA1!

Closest!

SNP!

(bp)!

C.H.2!range!
C.H.!2!

Frequency!

rEHH!

Hlog(p)!
C.H.2!range!

C.H.!2!

Frequency!

rEHH!

Hlog(p)!
C.H.2!range!

C.H.!2!

Frequency!

rEHH!

Hlog(p)!

DGAT1! 14# 444,963#
236,653#*#
#443,936#

#H1:#0.57# */0.11#
443,936#*##
763,332#

H1:#0.42# 0.13/0.007# *# *# *#

Casein!

!Cluster!
6# 88,391,612#

88,350,098#*##
88,452,835#

H1:#0.46# 1.48*/1.33*#
88,326,012#*##
88,452,835#

H2:#0.68# 0.80/1.09#
88,350,098#*#
#88,452,835#

H1:#0.44# 0.37/0.22#

! # #
88,350,098#*##
88,452,835#

H2:#0.33# 0.18/0.30# *# *# *# *# *# *#

! # # *# *# *# *# *# *#
88,350,098#*##
88,452,835#

H3:#0.34# 0.22/0.45#

GH! 19# 49,652,377# *# *# *# *# *# *# *# *# *#
GHR! 20# 33,908,597# *# *# *# *# *# *# *# *# *#

SST! 1# 81,376,956#
81,283,585#*##
81,376,961#

H1:#0.36# 2.00**/1.89**# *# *# *#
81,318,451#*##
81,376,961#

H1:#0.42# 1.26/0.53#

! # #
81,283,585#*##
81,376,961#

H2:#0.29# 0.063/0.084# *# *# *#
81,318,451#*#
#81,376,961#

H2:#0.42# 0.06/0.27#

IGFH1! 5# 71,169,823# *# *# *# *# *# *# *# *# *#

ABCG2! 6# 37,374,911# *# *# *#
37,317,020#*#
#38,256,889#

H1:#0.44# 0.31/0.27# *# *# *#

! # # *# *# *#
37,317,020#*##
38,256,889#

H1:0.40# 0.29/0.31# *# *# *#

Leptin! 4# 95,715,500# *# *# *# *# *# *# *# *# *#

LPR! 3# 85,569,203#
85,497,108#*##
85,594,551#

H1:#0.47# 0.91/0.72#
85,497,108#*#
#85,794,693#

H1:#0.68# 0.80/0.63#
85,497,108#*#
#85,794,693#

H1:#0.63# 0.02/0.05#

! # #
85,497,108#*#
85,594,551#

H2:#0.41# 0.27/0.25# *# *# *# *# *# *#

PITH1! 1# 35,756,434# *# *# *# *# *# *# *# *# *#
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Signatures!shared!by!dairy!and!by!beef!breeds!

Significant!core!haplotypes!were!aligned!across!breeds!to! identify!those!shared!

among! dairy! or! beef! production! types.! Since! breeds! can! be! considered!

independent!sets!of!observations,!shared!signatures!are!more!likely!to!represent!

real! effects! rather! than! false! positives.! A! total! of! 123! and! 142! significant! core!

haplotypes!were!shared!between!at!least!two!dairy!or!beef!breeds,!respectively!

(File! S1).! Only! 82! and! 87! of! those! significant! core! haplotypes! contained! genes!

considered! positional! candidates! under! positive! selection.! In! total,! 2.2%! and!

1.7%! of! the! genome!was! under! selection! for! dairy! and! beef! production! types,!

respectively.!The!rEHH!average!lengths!were!216,932!and!190,994!bp!for!dairy!

and!beef,!respectively.!

Gene!set!annotation!and!network/pathway!analysis!

A!total!of!244!and!232!annotated!genes!fell!within!the!selected!regions!for!dairy!

and!beef!production!types,!respectively!(Table!5).!!

! !
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Table!5!J!Statistics!on!shared!significant!core!haplotypes!in!dairy!and!beef!breeds!
Statistics!on!shared!significant!core!haplotypes!in!dairy!and!beef!breeds.!
!

! Dairy!Cattle! ! ! Beef!Cattle! ! !

BTA! #Sel.Sig

n.!

#Genes1! Sum!

Sel.Sign!size!

(bp)!

Mean!

Sel.Sign!

size!(bp)!

#Sel.Si

gn.!

#Genes1! Sum!

Sel.Sign!size!

(bp)!

Mean!

Sel.Sign!

size!(bp)!

1! 7! 11! 1521608! 138328! 7! 13! 2263213! 174093!

2! 5! 9! 2216685! 246298! 8! 11! 2658549! 241686!
3! 2! 5! 1619336! 323867! 7! 21! 3755847! 178850!
4! 7! 21! 5956755! 283655! 6! 11! 1761288! 160117!
5! 4! 17! 4506119! 265066! 5! 11! 1251127! 113739!
6! 2! 4! 1467738! 366934! 5! 12! 5149692! 429141!
7! 6! 30! 4842969! 161432! 3! 28! 11889191! 424614!
8! 0! 0! 0! 0! 4! 12! 3512215! 292685!
9! 4! 7! 1554863! 222123! 2! 6! 1106768! 184461!
10! 4! 17! 8839762! 519986! 2! 3! 573138! 191046!
11! 6! 8! 1841802! 230225! 1! 1! 100439! 100439!
12! 2! 8! 4244133! 530517! 1! 1! 536461! 536461!
13! 3! 8! 1933026! 241628! 2! 8! 985376! 123172!
14! 0! 0! 0! 0! 3! 9! 692397! 76933!
15! 5! 9! 1415405! 157267! 2! 2! 189094! 94547!
16! 3! 6! 1302506! 217084! 4! 6! 905719! 150953!
17! 3! 4! 471046! 117762! 2! 9! 1551010! 172334!
18! 0! 0! 0! 0! 3! 23! 2961718! 128770!
19! 3! 23! 5744143! 249745! 2! 2! 116938! 58469!
20! 1! 2! 148886! 74443! 2! 4! 627971! 156993!
21! 3! 7! 1930206! 275744! 1! 5! 1150760! 230152!
22! 3! 5! 620674! 124135! 3! 10! 2411751! 241175!
23! 0! 0! 0! 0! 1! 1! 68421! 68421!
24! 2! 18! 9166004! 509222! 2! 4! 803770! 200942!
25! 2! 11! 2016602! 183327! 1! 3! 329199! 109733!
26! 2! 4! 466134! 116534! 4! 7! 776080! 110869!
27! 1! 1! 631792! 631792! 2! 3! 1004717! 334906!
28! 0! 0! 0! 0! 1! 1! 93464! 93464!
29! 2! 9! 935209! 103912! 1! 5! 798300! 159660!
TOT! 82! 244! 65393403! 216932! 87! 232! 50024613! 190994!

!
1Genes!identified!
!
!
Genes!in!the!regions!shared!by!all!three!dairy!breeds!(8!genes)!or!all!three!beef!
breeds!(11!genes)!for!a!more!detailed!analysis!were!selected!(Fig!1).!!
! !
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Figure!1!J!Genomic!location!of!the!selection!signatures!shared!among!studied!breeds!
a)!Genes!in!ensemble!tracks!are!displayed!as!a!red!box;!core!haplotypes!and!SNPs!are!coloured!in!
orange!(Marchigiana;!MAR),!in!violet!(Piedmontese;!PIE)!and!pink!(Simmental;!SIM).!b)!Genes!in!
ensemble! tracks! are! displayed! as! a! red! box;! core! haplotypes! and! SNPs! are! coloured! in! blue!
(Holstein;!HOL),!in!green!(Italian!Brown;!BRW)!and!pink!(Simmental;!SIM).!
!

All! the! genes! identified! were! submitted! to! downstream! pathway/network!

analyses!(Table!5;!Figure!1;!File!S1).!Interestingly,!genes!in!the!regions!shared!by!

all!three!dairy!or!beef!breeds!were!manifested!in!the!most!likely!networks!for!the!

two! production! aptitudes.! The! IPA! analysis! detected! a! total! of! 12! and! 15!

networks!in!dairy!and!beef!breeds,!respectively.!!

In!dairy!breeds,! network! scores! ranged! from!46! to!2! (File! S2).! Eight!networks!

obtained!scores!higher!than!20!and!included!more!than!14!molecules!each.!They!

were!associated!to:!i)!gene!expression,!RNA!damage!and!repair,!protein!synthesis!

and!post?translational!modification;!ii)!cell!assembly,!organization,!function!and!

maintenance;! iii)! cell! cycle! proliferation! and! cancer;! iv)! carbohydrate!

metabolism;! v)! gastrointestinal! and! neurological! disease,! developmental! and!

endocrine! system! disorders.! A! total! of! 23!molecules!were! associated!with! the!

highest! ranked! network! (score! =! 46).! In! this,! the! immunoglobulins,! mitogen?
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activated!protein!kinases!and!NFkB!complexes!form!a!central!hub,!linking!genes!

involved! in! cell?to?cell! signaling! and! interaction,! hematological! system!

development!and!function!and!immune!cell!trafficking!functions!(Figure!2).!!

!

Figure!2!J!The!most!likely!IPA!network!in!dairy!cattle!breeds!
The!functions!associated!to!the!network!are!cell?to?cell!signalling!and!interaction,!hematological!
system! development! and! function,! immune! cell! trafficking.! Nodes! in! red! correspond! to! genes!
identified!in!core!haplotypes!overlapping!in!all!the!three!breeds!of!each!production!type,!whereas!
those!in!green!depict!overlapping!core!haplotypes!in!at!least!two!of!those!breeds.!!
!

Breast" cancer" antiNestrogen" resistance" gene" 3! (BARC3)! and!pituitary" glutaminyl"

cyclase" gene" (QPCT)! genes! were! common! to! all! three! dairy! breeds! and! are!

directly!connected!with!mammary!gland!metabolisms!(Ezura!et!al.,!2004;!G.!Sun!

et! al.,! 2012).! The! solute" carrier" family" 2," member" 5! (SLC2A5)! gene! facilitates!

glucose/fructose! transport! (Zhao! et! al.,! 1998),! and! the! zetaNchain" (TCR)"
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associated" protein" kinase" 70kDa! (ZAP70)! gene! plays! a! critical! role! in! T?cell!

signaling! (Bonnefont! et! al.,! 2011).! Calpain! is! another! important! complex! that,!

together!with!calpainN3!(CAPN3),!mediates!epithelial?cell!death!during!mammary!

gland! involution! (Wilde! et! al.,! 1997).! Furthermore,! RAS! guanyl! nucleotide?

releasing!protein!(RASGRP1)!activates!the!Erk/MAP!kinase!cascade,!regulates!T?

cells!and!B?cells!development,!homeostasis!and!differentiation!and!is!involved!in!

the! regulation! of! breast! cancer! cell! (Madani! et! al.,! 2004;! Yasuda! et! al.,! 2007;!

Wickramasinghe!et!al.,!2009).!Genes!involved!in!the!other!networks!are!listed!in!

File!S2.!

The! score!of! the!beef! cattle!breeds!network! ranged!between!46!and!2! and! the!

number!of!molecules!present!in!each!network!ranged!from!23!to!1!(File!S3).!As!in!

dairy! breeds,! eight! networks! obtained! a! score! higher! than! 20! and! 13! or!more!

molecules! each.! These! networks!were! associated! to:! i)! carbohydrate,! lipid! and!

nucleic! acids!metabolism,! energy!production! and! small!molecule!biochemistry;!

ii)! cardiovascular! system! development! and! function;! iii)! cellular! and! tissue!

development,!cell!assembly!and!organization,!function!and!maintenance!and!cell!

and! organ!morphology;! iv)! cell! cycle;! cell?to?cell! signaling! and! interaction! ;! v)!

DNA! replication,! recombination,! and! repair! and! RNA! post?transcriptional!

modification;! vi)! dermatological! diseases! and! conditions,! infectious! disease,!

organismal! injury! and! abnormalities.! In! the! network! with! the! highest! score!

(score=46),!chondroitin"sulfate"proteoglycan"4"(CSPG4)!and!snurportinN1!(SNUPN)!

genes! were! shared! among! all! beef! cattle! breeds! investigated.! CSPG4! gene! is!

related!to!meat!tenderness,!while!SNUPN! is!an!imprinted!gene!important!in!the!

embryo!development!and!involved!in!human!muscle!atrophy!(Narayanan!et!al.,!

2002)! (Figure! 3).! All! the! genes! included! in! this! network! were! involved! in!

carbohydrate!metabolism,!small!molecules!biochemistry!and!cell!cycle.!The!other!

networks!were! related! to! important! signaling! and!metabolic! process! essential!

for!animal!growth!(File!S3).!
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Figure!3!J!The!most!likely!IPA!network!in!beef!cattle!breeds!
The! functions! associated! to! the! network! are! carbohydrate! metabolism,! small! molecule!

biochemistry! and! cell! cycle.! Nodes! in! red! correspond! to! genes! identified! in! core! haplotypes!

overlapping! in! all! the! three! breeds! of! each! production! type,! whereas! those! in! green! depict!

overlapping!core!haplotypes!in!at!least!two!of!those!breeds.!!

!

A! total! of! 6! and! 9! statistically! significant! Canonical! Pathways! (FDR! ≤! 0.05;! ?

log10(FDR)! ≥! 1.3)! were! identified! using! IPA! for! dairy! and! beef! breeds,!

respectively!(Figure!4).!!
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Figure!4!J!Bar!plot!of!statistically!significant!Canonical!Pathways!
P?values! were! corrected! for! multiple! testing! using! Benjamini?Hochberg! method! and! are!
presented! in! the!graph!as! ?log(p?value).!The!bar! represents! the!percentage!of! genes! in! a! given!
pathway! that! meet! cut?off! criteria! within! the! total! number! of! molecules! that! belong! to! the!
function.!a)!Bar!plot!of!statistically!significant!Canonical!Pathways! in!dairy!cattle!breeds!b)!Bar!
plot!of!statistically!significant!Canonical!Pathways!in!beef!cattle!breeds.!!
!

The!most! significant! Canonical! Pathway! in! dairy!was! for! purine!metabolism! (?

log10(FDR)! =! 2.6),! supporting! the! highly! synthetic! processes! in! the! mammary!

epithelium!(Figure!5).!!
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Figure!5!J!Genes!detected!under!recent!positive!selection!in!dairy!cattle!involved!in!purine!
metabolism!canonical!pathway!
Nodes! in! red! correspond! to! genes! identified! in! core! haplotypes! overlapping! in! all! the! three!
breeds!of!each!production!type,!whereas!those!in!green!depict!overlapping!core!haplotypes!in!at!
least!two!of!those!breeds.!
!

In!beef!production,!the!ephrin"receptor!signal!(?log10(FDR)!=!2.7!)!was!the!most!

significant! Canonical! Pathway! (Figure! 6).! Among! other! functions,! ephrin! is!

known!to!promote!muscle!progenitor!cell!migration!before!mitotic!activation!(Li!

and!Johnson,!2013).!All!the!other!Canonical!Pathways!are!reported!in!File!S4.!
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Figure!6!J!Genes!detected!under!recent!positive!selection!in!beef!cattle!involved!in!Ephrin!
metabolism!canonical!pathway!
Nodes! in! red! correspond! to! genes! identified! in! core! haplotypes! overlapping! in! all! the! three!
breeds!of!each!production!type,!whereas!those!in!green!depict!overlapping!core!haplotypes!in!at!
least!two!of!those!breeds.!!
!

Discussion!

In! this! work,! more! than! 4,000! genotyped! bulls! of! five! dairy,! beef! and! dual?
purpose!Italian!breeds!were!screened,!searching!for!selection!signatures!in!dairy!
and! beef! production! types.! A! strict! data! quality! control!was! applied! to! reduce!
possible!sources!of!bias,!such!as!technical!genotyping!problems!and!population!
structure,!that!could!have!large!impact!on!rEHH!results.!In!fact,!since!the!impact!
of!population!structure!on!rEHH!values!is!still!unexplored,!we!replicated!part!of!
our!analyses!with!and!without!close!relatives,!in!an!attempt!to!study!the!effect!of!
population!structure!on!this!selection!signature!method.!In!principle,!population!
stratification!should!lead!to!an!over?representation!of!certain!haplotypes,!simply!
due!to!the!presence!of!tight!pedigree!links!(e.g.!sires!passing!half!of!their!genetic!
material!to!their!sons)!rather!than!actual!selection!processes.!For!this!reason,!for!
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the! full! analyses,! all! sire?sons! couples! were! removed! after! haplotype! phasing!
(retaining! only! the! younger! animal),! and! half?sib! families!were! restricted! to! a!
maximum! of! five! randomly! chosen! individuals,! in! an! attempt! to! reduce! over?
representation.! This! assessment! was! restricted! to! four! regions! known! to! be!
under!selection!in!Italian!Holstein,!as!the!casein!cluster,!the!polled!gene!cluster,!
MC1R! and! KIT.! Italian! Holstein! was! selected! for! two! reasons:! i)! it! is! a! highly!
structured!breed!according!to!our!data!(about!half!of!individuals!removed!were!
close! relatives);! ii)! allowed! us! to! compare! our! results! with! a! previous! study.!
Although!the!analyses!conducted!on!both!redundant!and!non?redundant!datasets!
were!able! to! identify! rEHH!signals! in! these! regions,! the!non?redundant!dataset!
produced! five! significant! rEHH! signals,! rather! than! just! one! in! the! redundant!
dataset!(Table!2).!This!result!highlights!the!confounding!effect!of!the!presence!of!
close!relatives!in!the!dataset!and,!consequently,!the!improved!ability!to!detected!
significant! selection! signature! while! correcting! for! population! structure.!
Interestingly,! our! results! only! partially! overlap! those! found! by! Quanbari! et" al.!
(2010).! These! authors! detected! significant! signals! at! the! casein! cluster! and!
somatostatin!SST,"as!we!did,! but! also! at! a!higher!number!of! candidate! regions.!
These! inconsistencies! may! be! the! effect! of! different! sires! included! in! the!
analyses,! of! the! different! dataset! size! and! to! the! close! relative! trimming!
procedure! we! adopted! to! decrease! the! effect! of! population! structure! and!
consequent! bias! (Table! 4).! However,! poor! correlation! across! investigations! is!
often!observed!also!in!the!deeply!investigated!human!species.!This!is!due!to!the!
use! of! different! within! and! between! breed! statistics! that! identify! selection!
signatures!having!different! characteristics! (ancient/recent,! segregating/fixated,!
under! directional/balancing! selection),! to! the! likely! high! rate! of! false!
positives/negatives!results,!and!also!to!the!different!consideration!of!population!
structure!and!background!selection!(Enard!et!al.,!2014).!
The! number! of! total! and! significant! core! haplotypes! identified! by! the! Sweep!
software!was!the!highest!in!Italian!Brown!and!the!lowest!in!Piedmontese!breed.!
Since!EHH!is!heavily!based!on!population!LD,!the!average!LD!level!over!distance!
was!calculated!in!each!breed!(Figure!7).!!
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Figure!7!J!MultiJbreed!average!linkage!disequilibrium!against!physical!distance!(in!kb)!
Marchigiana,! Piedmontese! and! Italian! Simmental! breeds! present! a! lower! persistence! of! LD! al!
larger!distance!than!Italian!Holstein!and!Italian!Brown!breeds.!!
!
This!analysis!highlighted!a!general!positive!correlation!between!the! level!of!LD!
over! distance! and! the! number! of! total! and! significant! core! haplotypes! found.!
However,!considering!that!rEHH!is!a!relative!measure,! it! is!more!likely!that!the!
higher!number!of!significant!core!haplotypes!identified!in!dairy!breeds!was!due!
mostly!to!a!higher!selective!pressure!in!dairy!compared!to!beef!breeds.!
Significance! tests! used! in! detecting! selection! signatures! should! measure! the!
probability! of! a! statistic! to! be! an!outlier! compared! to! its! expected!distribution!
under! a! neutral! model.! However,! no! reliable! neutral! model! has! so! far! been!
developed!in!cattle!because!of!the!complexity!of!the!demographic!history!of!this!
species! (Kemper! et! al.,! 2014).! As! a! consequence,! empiric! rather! than! model!
based!significance!test!are!generally!used!in!the!detection!of!selection!signatures.!
Accordingly,!we!considered!as!outliers!values!as! those!simply! falling! in! the!5%!
plus!variant!tail!of!the!rEHH!distribution.!We!kept!the!within!breed!significance!
threshold!loose,!non!correcting!it!for!multiple!testing,!but!considered!only!signals!
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either!exceeding!this!threshold!by!at!least!two!orders!of!magnitude!or!shared!by!

two!or!more!independent!breeds.!

Parallel! comparison! of! results! from! independent! analyses! of! different! breeds!

allowed! the! achievement! of! a! double! objective:! i)! to! identify! putative! regions!

under!(recent)!selection!in!breeds!belonging!to!two!production!types,!which!was!

the! main! objective! of! this! study,! and;! ii)! reducing! false! positives,! since! multi?

breed! analyses! served! as! internal! control.! Since! the! rEHH! method! does! not!

consider!phenotypic!information,!a!significant!signal!might!arise!because:!i)!the!

core! haplotype! is! actually! under! a! selective! pressure;! ii)! the! result! is! a! false!

positive,! i.e.! caused!by! chance,! population! structure!or! any!other!driving! force.!

However,! even! considering! an! unrealistic! scenario! with! no! false! positives,! a!

proportion!of!the!total!amount!of!signals!would!actually!be!selection!signatures!

due! to! a! selection!pressure!not! on!dairy! or! beef! traits.! This! because!dairy! and!

beef!breeds!investigated!are!only!a!few!and!share!a!number!of!traits!not!directly!

related! to! dairy/beef! production.! Even! considering! this! limitation,! to! our!

knowledge,! this! is! the! first! dairy! and! beef! multi?breed! study! applying! this!

strategy!to!reduce!false!positives,!at!the!cost!of!possible!loss!of!information!due!

to!high!false!negative!rates.!Significant!signal!shared!by!dairy!and!by!beef!breeds!

were!used! for!downstream!network!analyses!on!positional! candidate!genes,! to!

search! for!a!biological! justification! to!what!was!obtained!studying! the!genomic!

information.! Only! the! top! network! for! dairy! and! the! top! network! for! beef!

production!are!discussed!in!detail.!

Dairy!breeds!

The!most!significant!network!detected!in!dairy!breeds!is!associated!with!Cell?To?

Cell!Signaling!and!Interaction,!Hematological!System!Development!and!Function,!

and!Immune!Cell!Trafficking!functions!(Figure!2).!Immunoglobulin!and!NF?kB!act!

as!pivotal!genes!within!this!network.!Interestingly,!BARC3!and!QPCT!genes!were!

shared!among!all!the!three!dairy!breeds.!Both!genes!have!not!yet!been!studied!in!

cattle!although,!in!human!studies,!these!genes!are!well!known!to!be!linked!to!the!

mammary!gland!metobolism!and!the!calcium!regulation.!The!former!is!involved!

in! integrin?mediated! cell! adhesions! and! signaling,! which! is! required! for!

mammary! gland! development! and! functions! (G.! Sun! et! al.,! 2012).! The! latter! is!
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associated!with!low!radial!body!mineral!density!(BMD)!in!adult!women!(Ezura!et!

al.,!2004).!Another!important!player!on!this!network!is!SLC2A5!gene,!also!known!

as!GLUT5.! SLC2A5! gene! acts! as! fructose! transporter! in! the! intestine! and! has! a!

significant!role!in!energy!balance!of!dairy!cows!(Burant!et!al.,!1992).!Finding!this!

gene! in! a!dairy! cattle! specific!network! seems! surprising,! since! there! should!be!

little! need! for! transporting! glucose! and/or! fructose! in! the! ruminant! intestinal!

tract,!as!simple!carbohydrates!are!degraded!into!volatile!fatty!acids!(VFA)!in!the!

rumen! (Iqbal! et! al.,! 2009).! However,! it! is! often! the! case! that! large! amount! of!

starch!bypass!the!rumen!in!cows!fed!with!diets!rich!in!cereal!grains!(Zhao!et!al.,!

1998).!This!bypassed!starch!needs!to!be!digested!in!the!small!intestine!to!avoid!

high!levels!of!glucose!concentration!in!the!large!intestine.!

We!detected!calpain"complex!and!calpainN3!(CAPN3)!genes!under!positive!recent!

selection! in! the! dairy! group,! as! reported! also! by! Utsunomiya! et" al.! (2013).!

Altough!Calpain!is!known!to!be!involved!in!postmortem!meat!tendernization,!it!is!

also! related! to! dairy! metabolism,! as! the! muscle! breakdown! promoted! by! the!

calpain" gene,! provides! an! energy! source! for! milk! production! especially! at! the!

beginning!of!lactation!(Kuhla!et!al.,!2011).!In!addition,!as!reported!by!Wilde!et"al.!

(1997),! calpainNcalpastatin" system! is! related! to! programmed! cell! death! of!

alveolar! secretory! epithelial! cells! during! lactation." Zap70! gene! is! a! cytoplasmic!

protein!tyrosine!kinase.!It!is!related!to!the!immune!system,!as!a!component!of!the!

T?cell! receptor,! playing! a! central! role! in! T?cell! responses! (Wang! et! al.,! 2010).!

Bonnefont!et" al.! (2011)! found! that!Zap70! gene!was!up! regulated! (Fold?Change!

(FC)!=!8.2;!FDR!=!2.77E?12)!on!milk!somatic!cells!of!sheep!infected!by!S."aureus!

and!S."epidermidis,!showing!an!association!with!mastitis!resistance.!!

Purine!metabolism!was!the!most!significant!canonical!pathway!in!dairy!breeds.!

In! a! study! conducted! in! human! mammary! epthelium,! Maningat! et" al.! (2008),!

conducted!a!gene!expression!analysis!on!breast!milk!fat!globules,!identifying!the!

Purine!metabolism!as!the!most!significant!pathway.!Synthesis!and!breakdown!of!

purine! is! essential! in! the! metabolism! of! the! tissues! of! many! organisms,!

particularly!of!the!mammary!gland!during!lactation.!!

Another! interesting! canonical! pathway! was! endothelin! signaling! (Figure! 5).!

endothelin! functions! as! vasocontrictor! and! is! secreted! by! endothelial! cells!

35



 

(Nussdorfer!et!al.,!1999).!Acosta!et"al.!(1999)!reported!that!in!cattle!endothelins!
are!involved!in!the!follicular!production!of!prostaglandins!and!the!regulation!of!
steroidogenesis! in! the! mature! follicle.! In! a! recent! study,! Puglisi! et" al.! (2013)!
confirmed! the! implication! of! endothelin,! in! particular! EDNRA" and! endothelin"
convertin" enzyme" 1,! in! reproductive! disorder! in! bovine.! They! classified! the!
EDNRA!as!potential!biomarker!for!fertility!in!cow.!

Beef!breeds!

In!beef!cattle!breeds,!the!focal"adhesion"kinase!(FAK)!together!with!integrin!and!
ERK1/2"genes!play!a!central!role!as!hubs!in!the!most!significant!network!(Figure!
3).!They!are!involved!in!cellular!adhesion!and!cell!motility!processes,!particularly!
during!skeletal!myogenesis!(Nguyen!et!al.,!2014).!Moreover,!the!overexpression!
of! FAK! can! determine! a! reduced! apoptosis! and! an! increase! risk! of! metastatic!
cancers!(Mehlen!and!Puisieux,!2006).!These!hubs!are!not!directly!involved!in!our!
study,!but! share!many! interactors! that!are! located! in! region! found! to!be!under!
selction,! such! as! CSPG4," RB1CC1," MGAT3" ," CIRPB.! CSPG4! gene! belongs! to!
chondroitin! sulfate! proteoglycans! (CSPGs)! family.! CSPGs! are! proteoglycans!
consisting!of!a!protein!core!and!a!chondroitin!sulfate!side!chain.!They!are!known!
to! be! structural! components! of! a! variety! of! tissues,! including!muscle,! and!play!
key! roles! in!neural!development!and!glial! scar! formation.!They!are! involved! in!
cellular! processes,! such! as! cell! adhesion,! cell! growth,! receptor! binding,! cell!
migration,!and!interactions!with!other!extracellular!matrix!constituents.!

Many!studies!report!the!role!of!proteoglycans!in!meat!texture!of!several!muscles!
from!the!bovine!species!(Nishimura!et!al.,!1996).!Dubost!et"al.!(2013)!highlight!a!
direct! involvement! of! proteoglycans! with! respect! to! cooked! meat! juiciness."
RB1CC1!gene!plays!a!crucial!role!in!muscular!differentiation!and!its!activation!is!
a! essential! for! myogenic! differentiation! (Watanabe! et! al.,! 2005,! p.! 1)."
Monoacylglycerol" acyltransferase! (MGAT3)! gene! cause! the! synthesis! of!
diacylglycerol! (DAG)!using!2?monoacylglycerol!and! fatty!acyl! coenzyme!A.!This!
enzymatic!reaction!is! fundamental! for!the!absorption!of!dietary!fat! in!the!small!
intestine.!Sun!et!al.!(2012,!p.!3)!reported!in!a!study!on!five!Chinese!cattle!breeds!
that!MGAT3!gene! is!associated!with!growth!traits.!CIRPB!gene!may!be!part!of!a!
compensatory!mechanism! in!muscles! undergoing! atrophy.! It! preserves!muscle!
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tissue!mass!during!cold?shock!responses,!aging!and!disuse!(Dupont?Versteegden!

et! al.,! 2008)." SNUPN! is! an! imprinted! gene! and! is! expressed! monoallelically!

depending!on!its!parental!origin.!SNUPN!play!important!roles!in!embryo!survival!

and!postnatal! growth! regulation! (Smith!et! al.,! 2012;!Wang!et! al.,! 2012)."Ephrin"

receptor!signaling!was!the!top!canonical!pathway!produce!by!IPA!and!has!also!an!

interesting!biological!interpretation!for!meat!production!(Figure!6).!Indeed,!this!

pathaway! is! important! for! the! muscle! tissue! growth! and! regeneration,!

participating! in! correct! positioning! and! formation! of! the! neural! muscular!

junction!(Li!and!Johnson,!2013).!

!

!

Conclusions!

In! this! study! we! analysed! the! selection! signatures! at! genome?wide! level! in! 5!

Italian! cattle! breeds.! Then,! we! used! a! multi?breed! approach! to! identify! the!

genomic!regions!shared!among!cattle!breeds!selected!for!dairy!or!beef!purpose.!

This!approach!increased!the!power!to!pinpoint!regions!of!the!genome!that!play!

important! roles! in! economically! relevant! traits! in! both! dairy! and! beef! cattle.!

Moreover,! network! and! pathways! analyses! were! used! to! display! a! detailed!

functional! characterization! of! genes! mapping! in! the! regions! detected! under!

recent!positive!selection.!

Particularly,! in! dairy! cattle,! genes! under! directional! selection! are! related! to!

feeding! adaptation! (increasing! level! of! starch! in! the! diet),! mammary! gland!

metabolism!and!resistence!to!mastitis.!The!biological!features!under!selection!in!

beef! cattle! breeds! are! involved! in! animal! growth,! meat! texture! and! juiceness.!

These! results! have! a! logical! biological! explanation.! However,! the! frequent!

approach! of! interpreting! selection! signatures! on! the! basis! of! the! function! of!

genes!located!nearby!the!peak!signal!of!the!statistic!used!is!presently!challenged.!

Novel!information!in!humans!suggests!that!most!selected!variation!is!not!located!

within! genes! and! coding! regions,! but! in! regulatory! sites! identified! by! the!

ENCODE!project!(Enard!et!al.,!2014).!These!may!control!the!expression!of!entire!

genomic!regions!or!of!genes!located!at!a!relavant!distance!from!the!selected!site,!

making!biological!interpretation!more!complex.!!
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In!any!case,!further!studies!using!denser!SNP!chips!or!whole?genome!sequencing,!

producing!information!not!subjected!to!ascertainment!bias!(Qanbari!et!al.,!2014),!

may! increase! the! resolution! of! our! analysis! and! together!with! new! knowledge!

arising!on!the!control!of!gene!expression!validate!or!correct!our!results.!

!

!
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Networks!ranking!in!dairy!breeds!with!relative!molecules!symbols!list,!score!

value,!number!of!molecules!belonging!to!the!dataset!(focus!molecules)!and!top!

function!for!each!network.!!

!

Supplementary!file!S3!–!Networks!ranking!in!beef!breeds!

Networks!ranking!in!beef!breeds!with!relative!molecules!symbols!list,!score!

value,!number!of!molecules!belonging!to!the!dataset!(focus!molecules)!and!top!

function!for!each!network.!!

45



 

!

Supplementary!file!S4!–!Canonical!pathways!ranking!in!dairy!or!beef!cattle!

breeds!

Canonical!pathways!ranking!in!dairy!(sheet!1)!or!beef!(sheet!2)!cattle!breeds!
with!relative!molecules!symbols!list,!ratio!and!–log10!of!the!p?values!for!each!
canonical!pathway.!!
!
!
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Abstract!

Genome! wide! association! studies! (GWAS)! have! been! widely! applied! to!

disentangle!the!genetic!basis!of!complex!traits.! In!cattle!breeds,!classical!GWAS!

approach! with! medium! density! markers! panels! are! far! to! be! conclusive,!

especially!for!complex!traits.!This!is!due!to!the!intrinsic!limitations!of!GWAS!and!

to! the! choices! that! are! made! to! step! from! the! association’s! signals! to! the!

functional!units.!!

Here,! we! applied! a! geneHbased! association! strategy! to! prioritize! genotypeH

phenotype! associations! found! with! classical! approaches! in! three! Italian! dairy!

cattle!breeds!with!different!sample!sizes!(Italian!Holstein!n=2058;!Italian!Brown!

n=745;!Italian!Simmental!n=477)!for!milk!production!and!quality!traits.!

While!classical!single!marker!regression!failed!to!reveal!genomeHwide!significant!

genotypeHphenotype! association,! except! for! Italian! Holstein,! the! gene! based!

approach! found! specific! genes! in! each! breed! that! are! associated! with! milk!

physiology!and!mammary!gland!development.!

Since! no! established! method! is! yet! implemented! to! step! from! variation! to!

functional! units,! our! strategy! may! contribute! to! reveal! new! genes! that! play!

significant! roles! in! complex! traits! like! those!here! investigated,! condensing! low!

signals!of!association!in!a!geneHcentric!fashion!approach.!

!

!

Background!

Modern! cattle! breeds! have! no!more! than! 200! years! of! history! (Taberlet! et! al.,!

2008),! a! time! span!where! selection,! reproductive! isolation!and! the! consequent!

genetic!drift!shaped!allele!frequencies!and!linkage!disequilibrium!throughout!the!

genome.! This! is! particularly! true! for! industrial! dairy! breeds,! where! the! joint!

application! of! reproductive! technologies! and! modern! genetic! evaluation!

methods!have! imposed!a!high! selection!pressure!on!a! limited!number!of! traits!

(Taberlet!et!al.,!2008)!involved!in!milk!quantity!and!quality.!

Indeed,! the! milk! production! industry! has! been! historically! ready! to! acquire!

technical!improvements!from!different!fields:!statistics,!biology,!and!engineering.!
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For!example,!BLUP!based!strategies!and!highHdensity!genotyping! through!SNPH
chips!are!now!routinely!included!in!bull!evaluations!having!significant!impact!on!
selection!efficiency!and!population!structure.!
These! techniques! have! dramatically! improved! milk! yield! and! composition!
without! knowing! the! biological! basis! of! the! traits! under! selection.! To! date,!
despite! many! efforts! and! many! QTL! mapped,! only! a! few! genes! have! been!
effectively!associated!with!milk!yield!and!composition!(Grisart!et!al.,!2002;!Blott!
et!al.,!2003;!CohenHZinder!et!al.,!2005).!
!
In! this!context,!Genome!Wide!Association!Studies!(GWAS)! is! the!most!common!
method!for!dissecting!the!biology!that!underlies!complex!traits!(McCarthy!et!al.,!
2008).!!
The!underlying!idea!of!GWAS!is!simple:!find!markerHtrait!associations!exploiting!
the! linkage! disequilibrium! (LD)! that! exists! between! the! causative! mutation! –!
which!we!ignore!–!and!one!or!more!analyzed!markers,!which!we!well!know.!In!
this!way!one!can!pinpoint!genomic!regions!carrying!causal!variants!for!any!trait.!

Although! a! number! of! GWAS! have! been! conducted! in! cattle! productive! and!
morphological! traits! (some! examples! (Jiang! et! al.,! 2010;! Cole! et! al.,! 2011;!
Meredith! et! al.,! 2012))! and! found! several! genomic! regions! associated! to! these!
traits,! none! focused! their! attention! directly! on! genes! involved! in!milk! biology.!
Moreover,!one!of! the!major!drawbacks!of!GWAS!is!related!to!the!scarce!results!
portability! across! populations! due! to! a! variety! of! confounding! factors:!
population!structure,!differential!LD! levels,!breed!specific! selection! targets!and!
even! SNPs! ascertainment! bias! (Clark! et! al.,! 2005).! For! instance,! significant!
associations!on!fat!percentage!were!identified!in!many!regions!of!the!Bos"taurus!
genome! in! different! breeds.! Except! for! genes! of! major! effect,! there! is! little!
agreement! on! which! regions! and! H! more! importantly! H! genes! are! actually!
involved!in!the!control!of!the!trait!investigated.!This!is!somehow!not!surprising:!
one! favorable! allele! may! segregate! in! one! breed! and! be! fixated! in! a! different!
breed,! the! same! allele! segregates! in! both! breeds! but! alleles!may! differ! or! the!
segregates! in! both! breeds! but! the! genetic! background! masks! the! effect! of!
segregation.!!
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Another!limitation!in!GWAS!is!the!stringent!significance!threshold!often!applied!

to!correct!for!multiple!testing.!As!a!result,!a! large!proportion!of!genes!with!low!

effect!are!disregarded,!with!consequent!overestimation!of! the!high!effect!genes!

variance!(Xu,!2003).!This!bias!is!particularly!worrying!when!investigating!traits!

controlled!by!a! large!number!of!genes!with!small!effect!and! in!high!LD!as!milk!

yield!(GIANOLA!ET!AL.,!2013).!

To! overcome! this! kind! of! limitation,! different! strategies! have! been! invented!

using!prior! knowledge.! Interesting! “candidate!pathway”! approaches!have!been!

conducted!(Raven!et!al.,!2013)!testing!for!association!between!a!phenotype!and!

genes! in!pathways!that!are! likely!to!be! involved!in!the!control!of!the!trait.!This!

approach! reduces! the!number!of!markers! to!be! tested,! increases! the! statistical!

power!of!the!experiment!restricting!the!analysis!to!existing!knowledge.!

Other! methods! based! on! statistical! manipulations! or! particular! experimental!

designs! have! been! developed! to! prioritize! or! validate! genotypeHphenotype!

associations.! For! example,! geneHbased! association! strategies,! while! restricting!

GWA! study! only! to! genes! and! neighboring! genomic! regions,!may! identify! new!

candidate!genes!deserving!postHGWAS!analysis!(Akula!et!al.,!2011;!Cantor!et!al.,!

2010;! Liu! et! al.,! 2010).! Moreover,! it! is! true! that! classical! GWAS! downstream!

bioinformatics! analyses! concentrate! their! efforts! in! finding!meaningful! results!

using!genes!as!final!target.!

The! aim! of! our!work!was! to! find! new! candidate! genes! and! novel! information!

associated! to! complex! traits! as! milk! production! (yiled)! and! quality! (fat! and!

protein! percentage),! using! a! geneHcentric! genome! wide! association! in! three!

different!dairy!breeds:!Italian!Holstein,!Italian!Brown!and!Italian!Simmental.!!

!

!

Methods!

Biological!Samples!

Bulls! from! the! three! most! represented! dairy! breeds! in! Italy! (Italian! Holstein,!

Italian!Brown!and!Italian!Simmental)!were!selected!from!Artificial!Insemination!

(AI)! bulls! progeny! tested! in! Italy! until! 2010! and! for!which! biological! samples!
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were!available.!Italian!Holstein!bulls!were!chosen!according!to!following!criteria:!

i)! having! the! national! Selection! Index! namely! production! functionality! type!

(PFT)!with!reliability!>!75%!and!ii)!having!the!lowest!possible!relationship!with!

the!other!sires!in!the!set.!This!was!achieved!by!maximizing!the!variability!within!

the! group.! On! the! contrary,! considering! the! low! number! of! available! Italian!

Brown!and!Italian!Simmental!bulls,!they!were!all!included!in!the!analyses.!After!

this!procedure,!a!total!of!2139!Italian!Holstein,!775!Italian!Brown!and!486!Italian!

Simmental! samples! (including! quality! control! replicates)!were! genotyped!with!

the!BovineSNP50!BeadChip!v.1!(Illumina,!San!Diego,!CA).!

!

Traits!considered!in!the!analysis!

Italian! Holstein! (ANAFI),! Italian! Brown! (ANARB)! and! Italian! Simmental!

(ANAPRI)!breeders!associations!provided!deregressed!proofs!(DRP)!or!daughter!

yield!deviations! (DYD),!hereafter! referred!as!phenotype,! for!all! traits!analyzed.!

Traits!analyzed!were!milk!yield,!fat!percentage!and!protein!percentage.!!

!

Genotyping!and!quality!control!

Quality! controls! (QC)! were! run! independently! for! each! breed,! using! the! same!

pipeline!and!thresholds.! In!detail,!QC!excluded:! i)!the!replicate!sample!with!the!

higher!number!of!missing!genotypes!ii)!samples!with!unexpectedly!high!(≥100)!

mendelian!errors!(for!fatherHson!pairs);!iii)!samples!with!more!than!5%!missing!

genotypes;! iv)! SNPs! with! ≥! 2.5%! missing! data;! v)! SNPs! with! minor! allele!

frequency!(MAF)!≤!5%;!vi)!SNPs!with!mendelian!errors!≥!2.5%!and;!vii)!SNPs!out!

of!HardyHWeinberg!equilibrium!tested!by!Fisher!exact!test!(p!≤!0.001,!Bonferroni!

corrected).!

!

Analysis!of!population!structure!

Multi!Dimension!Scaling!(MDS)!was!performed!using!PLINK!1.07!(Purcell!et!al.,!

2007)!and!results!plotted!with!R!scripts.!This!analysis,!shown!in!supplementary!

material! (Figure!S1),! explored!population!substructure!and!verified! the!genetic!

homogeneity!of!the!dataset!prior!to!further!analyses.!!
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Pairwise!LD!was!calculated!using!PLINK!1.07!(Purcell!et!al.,!2007).!LD!decay!and!

LD! structure! on! specific! regions! were! calculated! with! in! house! R! scripts! and!

snp.plotter!R!package!(Luna!and!Nicodemus,!2007).!

!

GWAS!

GenomeHwide! association! analysis! was! made! with! the! GenABEL! package! in! R!

(Team,! 2014)! using! GRAMMARHCG! (Genome! wide! Association! using! Mixed!

Model! and! Regression! H! Genomic! Control)! approach! (Amin! et! al.,! 2007;!

Aulchenko!et!al.,!2007).!!

Basing!on!prior!knowledge!(Minozzi!et!al.,!2013),! in! Italian!Holstein"the"DGAT1!

region!was! also! treated! as! fixed! effect! in!GenABEL! analysis! of! the! three! traits.!

Results!using!this!model!are!referred!to!as!“HolsteinDGAT”.!

Manhattan! and!quantileHquantile!plots! for! each! trait!were!produced! to! allow!a!

thorough!evaluation!of!the!GWAS!results.!!All!calculated!pHvalues!from!the!GWAS!

analysis!were! retained! for! the! downstream! prioritization!with! the! geneHbased!

association.!!

!

Working!on!genome!coordinates!

Coordinates!of! the!markers!were! lifted!over! from!BTA4.0!(Elsik!et!al.,!2009)!to!

UMD3.1!assembly!(Zimin!et!al.,!2009)!using!SnpChimp!v.1!(Nicolazzi!et!al.,!2014)!

and!gene!coordinates!were!retrieved!using!BioMart@Ensembl.!!

QTL!coordinates!were!downloaded!from!the!Animal!QTLdb!(Hu!et!al.,!2013)! in!

bed!format.!

Operations! on! genomic! intervals!were!performed!using! the!bedtools! suite! ver.!

2.16.2!(Quinlan!and!Hall,!2010).!

!

Gene!Based!Association!analysis!!

To!reduce!the!antagonism!between!significance!threshold!and!false!positive!rate!

of! a! classical! GWA! study! (Gianola! et! al.,! 2013),! and! to! facilitate! selection!

signature! comparison! across! the! three! breeds! investigated,! we! used! a! geneH
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centric!statistic!that!collapses!in!a!single!value!all!the!pHvalues!from!SNPs!related!

to!a!gene,!correcting!for!LD!information.!

Our! approach!derives!directly! from! the! software!VEGAS! (Versatile!GeneHBased!

Test!for!GenomeHwide!Association!Studies)!(Liu!et!al.,!2010)!adapted!to!pursue!

meaningful!results!in!any!species!beyond!humans.!!

Briefly,! the! geneHwise! test! statistic! is! the! sum! of! the! n! upper! tail! chiHsquared!

values!of!a!SNP!subset! !with!one!degree!of! freedom!(where!n! is! the!number!of!

SNP!mapping!in!the!given!gene).!With!perfect!linkage!equilibrium,!the!geneHwise!

pHvalue!would!be!the!oneHside!pHvalue!of!a!chiHsquare!distribution!with!n!degrees!

of! freedom.! Otherwise,! more! likely,! the! distribution! of! the! pHvalues! has! to! be!

evaluated!(with!simulations)!and!weighted!(with!LD!values)!(Liu!et!al.,!2010).!!

The! VEGAS! speciesHfree! procedure! was! implemented! in! a! UNIX! environment!

using!Bash!and!R!languages,!using!Ensembl!annotation!as!input!files,!PLINK!data!

type!and!pHvalues!for!each!SNP!from!the!previously!cited!GRAMMAR!procedure.!

We!mapped!SNPs!on!Bos"taurus!genes!(UMD!3.1)!and!their!boundaries!(100,000!

bp!upH!and!downHstream)!to!account!for!regulatory!regions.!Only!genes!with!at!

least! 2! SNPs! mapped! were! retained.! Significant! entries! from! the! geneHbased!

association!were!mapped!in!the!cattle!QTL!database!with!bedtools.!!

!

!

Results!and!Discussion!

In! this! study,! a! gene! based! association! strategy! was! applied! to! identify! new!

genomic!regions!boosting!GWAS!analysis!results!for!milk!production!and!quality!

from!three!Italian!dairy!breeds.!!

Complex!traits!like!those!here!evaluated!are!affected!by!a!few!major!genes!with!

large! effects! and!many! others!with!moderate! to! low! effects;! the! latter! are! not!

easily! identified!by! genome!wide! scans! in!modern! cattle! breeds!due!mainly! to!

sample!size!limitation,!while!signal!from!the!formers!are!lost!in!genome!scans!H!

with!some!exceptions!H!due!rapid!fixations.!

In!this!scenario,!with!medium!density!SNP!panels!like!the!one!used!in!this!study,!

association!based!on!single!SNP!regression!or!other!“classical”!methods!could!be!

inconclusive!in!terms!of!results.!
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After!the!QC!process,!745,!2058!and!477!samples!and!35759,!38535!and!38574!
SNPs! were! retained! for! Italian! Brown,! Italian! Holstein! and! Italian! Simmental!
bulls,! respectively! (Table! S1).! HolsteinDGAT! analysis! retained! 38534!markers,!
one!SNP!less!than!the!other!Holstein!panel.!
Descriptive! statistics! on! genotypes! for! each! breed! (histogram! and! barplot! for!
heterozygosis! and! call! rate! per! individual,! Figure! S7! and! multi! dimensional!
scaling,!Figure!S1)!revealed!absence!of!confounding!effects.!
With!these!datasets,!at!the!nominal!genomeHwide!pHvalue!significance!threshold!
of! 0.05! (p≤1.25! x! 10H6,! after! Bonferroni! correction! (Burton! et! al.,! 2007;!
Dudbridge! and! Gusnanto,! 2008)),! significant! associations! were! found! only! in!
Italian!Holstein!between!milk!yield!and!fat!percentage!and!26!SNPs!mapping!in!
the!proximal!region!of!BTA14,!nearby!DGAT1!(Table!1).!!
! !
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Table!1.!PHvalues!of!the!SNPs!overcoming!the!genome!wide!significance!threshold!in!the!Holstein!
breed!for!milk!yield!and!fat!percentage!(not!accounting!for!DGAT1!effect).!SNPs!are!sorted!by!
positions!in!the!UMD!3.1!assembly.!
!

SNP!ID! BTA! Position!(Bp)! POvalue!(Fat)! POValue!(Milk)!

Hapmap30383OBTCO005848! 14! 1489496! 1.12EH12! 3.61EH12!

ARSOBFGLONGSO57820! 14! 1651311! 2.47EH46! 1.61EH16!

ARSOBFGLONGSO34135! 14! 1675278! 8.57EH17! !

ARSOBFGLONGSO94706! 14! 1696470! 6.65EH16! !

ARSOBFGLONGSO4939! 14! 1801116! 5.34EH49! 1.06EH20!

Hapmap52798Oss46526455! 14! 1923292! 9.15EH21! !

UAOIFASAO6878! 14! 2002873! 3.82EH24! !

ARSOBFGLONGSO107379! 14! 2054457! 1.18EH33! 6.64EH15!

ARSOBFGLONGSO18365! 14! 2117455! 2.50EH16! !

Hapmap30922OBTCO002021! 14! 2138926! 4.39EH13! !

Hapmap25384OBTCO001997! 14! 2217163! 3.90EH10! 6.97EH09!

Hapmap24715OBTCO001973! 14! 2239085! 1.08EH09! 3.69EH09!

BTAO35941OnoOrs! 14! 2276443! 4.02EH13! !

Hapmap30374OBTCO002159! 14! 2468020! 5.28EH12! !

Hapmap30086OBTCO002066! 14! 2524432! 7.98EH11! !

ARSOBFGLONGSO74378! 14! 3640788! 1.61EH08! !

ARSOBFGLOBACO1511! 14! 3765019! 3.75EH09! !

UAOIFASAO9288! 14! 3956956! 8.11EH09! !

ARSOBFGLONGSO100480! 14! 4364952! 1.33EH09! !

UAOIFASAO5306! 14! 4468478! 4.58EH08! !

!

!

This!is!likely!due!to!the!effect!of!the!K232A"DGAT1"mutation!that!is!segregating!in!

this!breed!(Fontanesi!et!al.,!2014).!No!other!SNP!was!significantly!associated!to!

any!other!trait!in!the!3!breeds!investigated.!!

Some!SNPs!were!under!a!suggestive!significance!threshold!of!p!≤!5!x!10H5.!Details!

on! these! markers! are! in! supplementary! material! (Table! S3),! but! they! are! not!

discussed!here.!Plots!describing!at!glance!the!association!results,!revealing!a!low!

signal!to!noise!ratio,!are!available!in!the!online!supplementary!material!(Figure!

S2,!S3,!S4!and!S5!respectively! for! Italian!Brown,! Italian!Holstein,!HolsteinDGAT!

and!Italian!Simmental).!
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As!per!the!gene!centric!analysis!we!mapped!a!total!of!19237,!19899,!19894!and!

19844! genes! on! 24616! available! on! Ensembl! (release! version! 73)! in! Italian!

Brown,!Italian!Holstein,!HolsteinDGAT!and!Italian!Simmental!respectively.!Genes!

with! a! geneHwise!pHvalue! at! least! 10H5!were! considered! significantly! associated!

with!the!studied!trait.!The!significance!appeared!to!be!adequate!to!the!high!rate!

of!redundancy!of! the!annotation!features!and!to! figure!out!the!top!associations!

with! a! reasonable! level! of! confidence.! Results! on! these! associations! per! breed!

and!per!trait!are!summarized!in!Table!2,!Table!3!and!in!supplementary!materials!

(Table!S2!and!Table!S4).!The!majority!of!significant!genes!found!with!the!geneH

centric!analysis!mapped! in!previously!characterized!QTL! that!are!associated! to!

milk!production!or!quality.!These!are!summarized!in!the!Table!S5.!

!
Table!2.!Number!of!significantly!associated!genes!for!each!breed!in!each!trait!in!the!gene!based!
association!test.!

!

! Fat!%! Milk!yield! Protein!%!

Brown! !" 3" 1"

Holstein! 92" 80" 1"

HolsteinDGAT! 1" 4" 1"

Simmental! 1" 13" !"

"
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1.# Italian#Holstein#

The$ large$ number$ of$ significant$ signals$ was$ observed$ in$ the$ Italian$ Holstein,$

especially$ for$ milk$ yield$ and$ fat$ percentage.$ As$ shown$ in$ Table$ 2,$ the$ strong$

effect$ of$ DGAT1$ in$ Italian$ Holsteins$ observed$ with$ individual$ SNPs,$ was$

confirmed$by$the$geneBcentric$approach.$In$this$region,$almost$the$totality$of$the$

geneBwise$pBvalues$under$the$chosen$threshold$appeared$to$be$influenced$by$this$

major$ gene$ and$ by$ the$ high$ level$ of$ linkage$ disequilibrium$ that$ characterizes$

cosmopolitan$bovine$breeds$(see$Figure$S6).$Within$this$pool$of$genes,$it$is$worth$

to$mention$PLEC$ (plectin)$ a$ cell$ surface$ receptor$ gene$ in$ the$RNASE5$ pathway$

(Angiogenin$ encoded$ by$ angiogenin,$ ribonuclease,$ RNase$ A$ family$ 5).$ Proteins$

encoded$ by$ these$ genes,$ that$ are$ present$ in$ milk,$ are$ involved$ in$ protein$

synthesis$ and$ act$ as$ growth$ factors$ in$ vitro.$Moreover,$RNASE5$ seems$ to$ have$

other$ functions,$ such$ as$ regulation$ of$ stress$ response$ and$ apoptosis$ and$ even$

angiogenesis,$ through$ which$ it$ may$ also$ contribute$ to$ the$ regulate$ milk$

production$(Raven$et$al.,$2013).$

The$ exclusion$ of$DGAT1$ effect$ (HolsteinDGAT$ results)$ highlighted$ that$ all$ the$

significant$ effects$ on$ fat$ percentage$ found$ for$ genes$ located$ within$

approximately$2.5$Mb$up$or$downstream$from$the$excluded$SNP$(ARS5BFGL5NGS5

4939)$were$ redundant$ signals$ of$DGAT1$ (Table3$ and$Table$ S2$ and$ S3).$ This$ is$

also$observed$for$milk$yield$due$to$the$genetic$correlations$between$fat$and$milk.$$

Also,$ PLEC$ was$ not$ significant$ in$ our$ analyses$ when$ taking$ into$ account$ the$

DGAT1$effect,$contradicting$previous$findings$in$Holstein,$that$report$association$

of$PLEC$gene$with$production$traits$either$accounting$or$not$for$the$effect$of$the$

diglyceride$ acyltransferase$ (Raven$ et$ al.,$ 2013).$ A$ possible$ explanation$ for$ the$

different$results$between$these$studies$is$a$difference$between$genetic$structures$

of$the$populations$analyzed.$To$reduce$false$positive$signals,$we$only$evaluated$

the$genes$based$on$HolsteinDGAT$results$for$the$Italian$Holstein.$$

1.1# Milk#yield#

We$found$genes$associated$with$this$trait$in$Holstein,$in$particular$SPP1,$P4HA3,=

FOXF2$and$TOM1L1$genes.$

Among$ these,$ the$ osteopontin$ SPP1$ (secreted$ phosphoprotein$ 1)$ is$ directly$

related$to$milk$production$(de$Mello$et$al.,$2012).$ It$ is$ located$ in$BTA6,$nearby$
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ABCG2,$ and$ there$ is$ evidence$ that$ polymorphisms$ in$ this$ region$ are$ strongly$

correlated$with$high$production$ levels$of$milk$ in$various$breeds$(CohenBZinder$

et$ al.,$ 2005).$Osteopontin$SPP1,$ is$ a$ secreted$glycophosphoprotein$ that$plays$ a$

crucial$ role$ in$ mammary$ gland$ development,$ having$ an$ essential$ role$ also$ in$

mammary$gland$differentiation$and$branching$of$the$mammary$epithelial$ductal$

system.$ This$ gene$has$ also$ been$ implicated$ in$many$ types$ of$ cancer,$ including$

breast$cancer,$ for$ the$potentiality$of$proliferation$and$alveologenesis$ (Hubbard$

et$ al.,$ 2013).$ It$ is$worth$mentioning$ that,$ the$most$ significant$ SNPs$within$ this$

gene$was$Hapmap332885BTC5033751=with=a$pBvalue$of$0.0012,$ largely$over$ the$

genomeBwide$significance$ threshold.$This$signal$would$be$ ignored$ in$ the$single$

SNP$approach.$

Another$gene$revealed$by$the$geneBbased$association$is$P4HA3,$encoding$for$the$

prolyl$4Bhydroxylase,$α$polypeptide$III,$involved$in$the$correct$folding$of$nascent$

procollagen$ chains.$ It$ is$ known$ that$ stromalBepithelial$ interactions$ are$ critical$

for$mammary$gland$development,$and$defective$deposition$or$reorganization$of$

extracellular$ matrix$ can$ lead$ to$ incorrect$ mammary$ epithelial$ morphogenesis$

(Gillette$ et$ al.,$ 2013)$ highlighting$ the$ role$ of$ this$ gene$ in$ the$ healthy$ breast$

tissue.=

FOXF2=gene$ (Forkhead$Box$F2)$ is$ a$member$of$ the$ forkhead$box$ transcription$

factors,$ known$ to$ be$ involved$ in$ tissue$ development$ as$ part$ of$ the$ “Hedgehog$

signaling$pathway”.$This$key$cascade$is$essential$for$the$correct$segmentation$of$

tissues$during$embryonic$development$but$has$been$recently$demonstrated$that$

is$active$in$adult$stem$cells$proliferation$in$mammary$tissue$(Liu$et$al.,$2006).$In$

particular,$ FOXF2,$ plays$ a$ key$ role$ in$ extracellular$ matrix$ synthesis$ and$

epithelialBmesenchymal$ interactions,$ and$ could$ therefore$ affect$ the$ proper$

development$of$the$mammary$stroma.$In$addition,$low$levels$of$transcription$of$

this$gene$are$correlated$ to$early$onset$metastasis$ in$breast$cancer$ (Kong$et$al.,$

2013),$ underlining$ a$ specific$ role$ in$ the$ mammary$ gland.$

Lastly,$ TOM1L1$ (Target$ Of$ Myb1$ ChickenBLike$ 1)$ is$ another$ gene$ potentially$

involved$ with$ the$ milk$ physiology$ as$ is$ known$ its$ implication$ with$ the$ early$

endosome$ sorting$ coupled$ with$ EGFR= (epidermal$ growth$ factor$ receptor),$

another$ important$player$ in$ lactation$(Fowler$et$al.,$1995).$TOM1L1$belongs$to$
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the$ VHS$ domain$ containing$ proteins,$ that$ are$ involved$ in$ the$ postBGolgi$

trafficking$and$signaling$(Wang$et$al.,$2010).$

1.2# Fat#percentage#

In$ Italian$ Holstein$ breed$ we$ found$ a$ significant$ association,$ with$ or$ without$

DGAT1$ effect$ correction,$ to$ the$EPS8$ gene$ located$on$BTA5,$at$around$95$Mbp.$

This$gene$encodes$for$a$substrate$of$the$already$cited$EGFR$and$is$involved$in$the$

fatty$acid$metabolism$(Fazioli$et$al.,$1993).$A$recent$study$on$Holstein$Friesian$

(Wang$et$al.,$2012)$found$strong$association$with$a$variant$located$in$the$second$

intron$of$the$epidermal$growth$factor$receptor$pathway$substrate,$enforcing$the$

hypothesis$of$a$true$involvement$of$this$gene$on$fat$percentage.$

1.3# Protein#percentage#

The$BCL2L12$gene$(BclB2Blike$protein$12),$associated$with$protein$percentage$in$

Italian$Holstein$breed,$represents$another$interesting$result.$The$product$of$this$

gene= is$ an$ important$ oncoprotein$ in$ two$ fundamental$ cell$ cycle$ pathways,$

namely$ p53$ and$ cytoplasmic$ caspase$ signaling.$ BCL2L12= resides$ in$ both$

cytoplasm$and$nucleus,$inhibiting$caspases$3$and$7$and$forming$a$complex$with$

p53$thereby$ inhibiting$p53Bdirected$transcriptomic$changes$upon$DNA$damage$

(Stegh$ and$DePinho,$ 2011).$ The$members$ of$ BCL2$ family$ are$ considered$ antiB

apoptotic$genes$and$it$is$obvious$that$dysfunctional$programmed$cell$death$plays$

an$ important$ role$ in$ the$ pathogenesis$ and$ in$ the$ progression$ of$ cancer.$Many$

members$of$this$family$were$found$to$be$modulated$in$various$malignancies$and$

BCL2L12= in$ particular$ was$ expressed$ in$ mammary$ gland$ and$ proposed$ as$

prognostic$ cancer$ biomarker$ (Thomadaki$ et$ al.,$ 2007).$ In$ dairy$ cows,$ the$

members$of$BCL2$family$are$involved$in$the$key$events$ in$the$mammary$tissue$

development$ and$ remodeling$ during$ lactation$ and$ involution$ (Stefanon$ et$ al.,$

2002,$p.$200).$Members$of$BCL2$family$regulate$the$turnover$of$cell$population$

in$the$mammary$gland$during$lactation$and$its$overexpression$was$found$to$be$

linearly$related$to$milk$production$in$Holstein$cow$(Colitti$et$al.,$2004).$

$
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2.# Italian#Simmental#

In$ the$ Italian$ Simmental$ breed,$ we$ found$ one$ association$ on$ BTA4$ for$ fat$

percentage$(VIPR2)$and$two$associations$ for$milk$yield:$one$ in$BTA7$(ZBTB7A)$

and$ the$ other$ in$ BTA14$ related$ to$ the$ DGAT1.$ No$ association$ was$ found$ for$

protein$percentage.$

2.1# Fat#percentage#

Among$the$genes$found$significantly$associated$with$production$traits$in$Italian$

Simmental,$VIPR2=a$ gene$ encoding$ a$ receptor$ for$ a$ small$ vasoactive$ intestinal$

neuropeptide,$ was$ the$ single$ signal$ in$ BTA4$ for$ fat$ percentage.$ Vasoactive$

intestinal$ peptide$ (VIP)$ is$ synthesized$ in$ the$pituitary$ gland$ and,$ among$other$

functions,$ stimulates$ prolactin$ secretion$ and$ is$ involved$ in$ proliferation,$

survival,$and$differentiation$in$human$breast$cancer$cells$(Valdehita$et$al.,$2010).$$

An$interesting$novel$finding$is$the$effect$of$immunosuppression$(through$direct$

effect$of$IL56)$on$prolactin$cells$and$its$ability$to$regulate$prolactin$by$acting$on$

pituitary$ VIP$ through$ VIP$ receptors$ (Blanco$ et$ al.,$ 2013).$ These$ evidences$

suggest$ that$VIPR2$ could$ be$ an$ important$ candidate$ for$ further$ investigations$

through$post$GWAS$approaches$such$as$reBsequencing$or$fine$mapping.$

2.2# Milk#yield#

Surprisingly,$the$DGAT1$gene$was$significantly$associated$with$milk$yield$but$not$

with$fat$percentage$in$Italian$Simmental$breed.$Indeed,$the$most$significant$SNP$

for$the$milk$yield$trait$in$this$breed$was$the$ARS5BFGL5NGS54939,$with$a$pBvalue$

of$ 4,13EB06.$ The$ importance$ of$ this$ gene$ in$ the$ lactation$ is$ largely$ known$

(Grisart$et$al.,$2002).$$

To$ investigate$DGAT1$ signal$ in$ Simmental,$ we$ analyzed$ the$ fine$ LD$ structure$

genomeBwide$ and$ in$ BTA14$ proximal$ region$ in$ all$ the$ three$ breeds,$ revealing$

different$patterns.$

Observed$LD$decay$on$ the$ three$breeds$genomes$revealed$similar$behavior$ for$

Italian$Holstein$and$Italian$Brown,$with$r2$>$0.10$$until$ around$ 250$ Kbp,$ while$

Italian$Simmental$showed$lower$LD.$Distances$higher$that$400$Kbp$revealed$half$

level$of$LD$in$Simmental$(Figure$S6).$
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In$DGAT1$region,$LD$behavior$is$very$similar$between$Italian$Holstein$and$Italian$

Brown$ (Figure$ S8)$ while$ association$ values$ are$ really$ different$ because$ ARS5

BFGL5NGS54939=is$fixed$in$Italian$Brown$and$purged$by$QC$process.$Interestingly,$

association$ patterns$ become$ similar$ when$ DGAT1$ effect$ is$ removed$ from$ the$

Holstein$ panel$ (HolsteinDGAT,$ Figure$ S8).$ In$ Simmental$ we$ found$ a$ different$

situation:$ very$ low$ LD$ level$ and$ significant$ association$ levels$ with$ ARS5BFGL5

NGS54939$with$ the$milk$ trait.$This$ is$probably$due$ to$ the$ low$ frequency$of$ the$

p.232K$ allele$ in$ Italian$ Simmental$ (Scotti$ et$ al.,$ 2010)$ and$ to$ the$ different$

selection$strategies$applied$in$these$breeds.$

The$ relatively$ high$ pBvalue$ of$ this$ SNP$ is$ responsible$ for$ the$ statistical$

significance$of$many$of$the$13$genes$found$significant$in$this$breed$for$this$trait$

as$ shown$ in$ Table$ 3,$ therefore$ reducing$ the$ gene$ set$ to$ three$ locations:$ two$

overlapping$features$indicating$a$pseudogene$in$BTA12$and$a$zinc$finger$protein$

ZBTB7A$in$BTA7.$DGAT1$role$and$function$will$be$not$discussed$here$as$already$

done$elsewhere$(Grisart$et$al.,$2002).$

ZBTB7A=is$part$of$zinc$finger$and$BTB$proteins$(Broad$complex,$Tramtrack,$and$

Bricabrac),$ transcription$ factors$ with$ emerging$ importance$ for$ their$

involvement$ in$ oncogenesis$ and$ cell$ differentiation$by$ repressing$key$ genes$of$

cell$cycle$regulation$as$retinoblastoma$(Rb)$and=p53=(“Jeon$et$al.$B$2008$B$ProtoB

oncogene$ FBIB1$ (PokemonZBTB7A)$ Represses$ Tr.pdf,”$ n.d.).= ZBTB7A$ over$

expression$ is$ shown$ in$primary$ and$ recurrent$ breast$ cancer$ tissues$ leading$ to$

disease$progression$and$poor$survival$(Zu$et$al.,$2011).$Link$between$this$gene$

polymorphism$and$milk$production$might$be$in$the$proper$cellular$development$

of$ the$ mammary$ gland.$ This$ transcription$ factor$ is$ also$ known$ as$ a$ master$

regulator$ of$ B$ and$ TBcell$ lineage$ (Lee$ and$ Maeda,$ 2012)$ enforcing$ the$ link$

between$ milk$ production$ and$ immune$ protection,$ as$ already$ outlined$ by$ of$

Lemay$ and$ colleagues$ with$ proteomic$ studies,$ where$ the$ “activation$ of$ the$

innate$ immune$system”$resulted$as$one$of$ the$most$represented$gene$ontology$

categories$(Lemay$et$al.,$2009).$

$
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3.# Italian#Brown#

In$ the$ Italian$Brown$breed,$we$ found$ one$ association$ on$BTA23$ (TXNDC5)$ for$

milk$yield$and$one$in$BTA18$for$protein$percentage$(PINLYP).$The$three$features$

listed$in$Table$3$for$milk$yield$in$Italian$Brown$were$collapsed$due$to$overlap.$$

3.1# Milk#yield#

Thioredoxin$ domainBcontaining$ protein$ 5$ (TXNDC5)$ belongs$ to$ thioredoxin$

family,$small$ubiquitous$proteins$containing$disulphide$domain$affecting$protein$

folding$with$chaperone$activity,$preventing$protein$misBfolding$within$the$lumen$

of$ the$endoplasmic$reticulum.$This$multifunctional$organelle$have$a$key$role$ in$

several$ processes,$ including$ lipid$ catabolism$ and$ protein$ synthesis$ (RamírezB

Torres$ et$ al.,$ 2012).$ Because$ of$ its$ disulphide$ bonds,$ thioredoxin$ facilitate$ the$

reduction$of$other$proteins$by$cysteine$thiol$disulfide$exchange.$This$mechanism$

is$essential$for$detossification.$

During$ lactation,$ indeed,$ an$ enhanced$ detoxification$ level$ is$ functional$ to$

preserve$ milk$ quality$ against$ increased$ metabolic$ activities.$ Higher$ metabolic$

levels$ lead$ to$ free$ radicals$ production,$ making$ necessary$ the$ maintenance$ of$

redox$ homeostasis$ that$ include,$ among$ others,$ the$ reduction$ and$ oxidation$ of$

peroxiredoxin$and$thioredoxin$(Lu$and$Holmgren,$2014).$

3.2# Protein#percentage#

For$ protein$ percentage$ in$ Italian$ Brown$ there$ is$ only$ one$ associated$ gene.$

PINLYP=is$encoding$a$phospholipase$A2$inhibitor,$but$this$protein$product$is$not$

yet$well$studied.$ $Many$types$of$phospholipase$A2$were$characterized$and$ it$ is$

known$ that$ they$ are$ mediator$ of$ inflammation,$ atherosclerosis$ and$ cancer$ in$

mammals$and$that$plays$an$important$role$in$the$innate$immune$response$(Qiu$

and$Lai,$2013).$It$may$be$reasonable$to$imagine$a$role$for$PINLYP$in$the$lactation$

in$light$of$previously$discussed$results$that$link$milk$to$innate$immune$response$

(Lemay$et$al.,$2009).$

$

Although$ limited$ by$ the$ size$ of$ the$ study$ and$ the$ number$ of$ the$ included$

markers,$these$results$represent$both$a$confirmation$and$a$step$forward$towards$

the$comprehension$of$the$biological$bases$of$milk$yield$and$quality.$$
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New$ genes$ potentially$ involved$ with$ production$ traits$ in$ dairy$ cows$ were$

tracked$when$GWAS$signals$resulted$too$weak$to$be$considered$in$a$classical$SNP$

based$mapping$with$the$“closest$gene$to$peak”$or$the$windowBbased$strategy.$

It$ is$ worth$ mentioning$ that$ none$ of$ the$ analyzed$ SNPs$ (not$ considering$ the$

Italian$Holstein$with$ARS5BFGL5NGS54939= included$ in$ the$ analysis)$were$ above$

the$ genomeBwide$ significance$ threshold$ in$ single$ SNP$ analysis,$ meaning$ that$

important$information$is$often$lost$in$such$studies.$$

In$addition$ to$ the$newly$ identified$ loci,$we$observed$a$confirmation$of$existing$

associations$ with$ genes$ related$ to$ milk$ production,$ not$ only$ dissecting$ gene$

specific$ functions$ but$ from$ mapping$ these$ genes$ in$ previously$ characterized$

regions$(Table$S5).$This$ is$not$trivial$when$using$new$data$analysis$techniques,$

especially$ in$ high$ noise$ to$ signal$ ratio$ datasets$ like$ those$ here$ presented.$We$

believe$ that$ this$ approach$will$ benefit$ of$data$ from$denser$marker$panels$ (e.g.$

BovineHD)$ to$ exploit$ local$ linkage$ disequilibrium$ and$ increase$ the$ number$ of$

mapped$genes$with$more$than$two$SNPs.$

Results$ obtained$ with$ the$ gene$ centric$ approach,$ although$ having$ intrinsic$

limitations,$are$not$ influenced$by$a$number$of$subjective$choices$often$made$in$

GWAS.$ For$ instance,$when$ “window$mapping”$ is$ used$ to$decrease$ the$noise$ to$

signal$ ratio$ e.g.$ due$ to$ nearby$ markers$ having$ different$ allele$ frequencies,$

windows$size$ is$ to$be$decided.$This$can$be$based$on$equal$number$of$markers,$

equal$number$of$base$pairs$or$equal$map$distance$in$cM$per$window.$The$three$

choices$ do$ not$ coincide,$ because$ markers$ are$ not$ equally$ spread$ along$ the$

chromosomes$ and$ recombination$ differs$ in$ different$ genomic$ regions.$ In$

addition$ windows$ can$ be$ chosen$ nonBoverlapping$ or$ with$ different$ degree$ of$

overlap.$Finally,$when$stepping$ from$significant$SNPs$or$windows$ to$candidate$

genes,$the$size$of$the$flanking$region$from$which$picking$up$candidate$genes$is$to$

be$decided$as$well.$Sometimes,$the$gene$closer$to$the$signal$peak$is$selected,$ in$

other$cases$all$genes$within$certain$boundaries$are$included$in$further$analyses.$

All$ these$ choices$ may$ generate$ misleading$ results.$ For$ example,$ not$ truly$

associated$genes$may$be$retained$for$further$analyses,$disregarding$the$correct$

ones.$ In$addition,$ a$ large$number$of$ false$positives$can$be$ included,$ to$be$ later$

interpreted$with$ the$help$of$network$and$pathway$analysis.$As$ a$ consequence,$

these$decisions$have$a$direct$impact$in$terms$of$production$and$interpretation$of$
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results,$leading$to$conclusions$heavily$based$on$the$enrichment$analysis$and$preB

existing$knowledge.$$

With$ the$ gene$ based$ association,$ we$ also$ noticed$ some$ advantages$ in$ the$

downstream$data$mining.$First,$genes$are$functional$units$and$the$golden$targets$

of$ the$ “classical$ postBGWAS”$ bioinformatics$ pipelines.$ Hence,$ the$ gene$ based$

association$leads$to$genes$with$an$embedded$statistically$robust$framework.$This$

is$ a$ “plus”$ in$ studying$ complex$ traits$ because$ one$ can$ concentrate$ on$ specific$

signals$ rather$ than$ cherry$ picking$meaningful$ features$ from$ a$ list$ constructed$

with$the$previously$cited$approaches.$$

Moreover,$it$is$easier$to$track$back$gene$clusters$to$major$gene$effects$B$like$for$

example$DGAT1:$in$a$gene$rich$genome$chunk,$many$genes$may$result$significant$

due$to$the$same$SNP$(Table$S2$and$Table$3).$With$the$VEGAS$method,$finding$the$

“true”$association$is$facilitated$by$following$the$“best$SNP”$in$the$region.$

In$addition,$we$found$phenotype$coherent$signals$in$such$situation,$where$only$a$

few$SNPs$B$ if$none$–$are$above$an$acceptable$statistical$genomeBwide$threshold$

using$a$single$SNP$regression$method.$

The$gene$centric$approach$ is$a$ first$and$slight$ improvement$ in$ livestock$GWAS$

analyses,$since$we$still$have$a$partial$genome$annotation.$ In$addition,$ it$ is$now$

known$that$ the$definition$of$gene$ is$ to$be$revised;$many$genes$do$not$code$ for$

proteins,$ have$ alternative$ starting$ sites,$ have$ antisense$ transcripts,$ host$

regulatory$ RNA,$ are$ subjected$ to$ alternative$ splicing$ and$may$ be$ regulated$ by$

sequences$quite$ far$ away$ from$ their$ coding$ regions$ (Consortium,$2012).$Other$

limitations$are$the$need$for$larger$number$of$animals$in$these$type$of$studies,$as$

in$this$study,$and$the$still$relatively$high$cost$of$sequencing$that$cannot$be$used$

routinely$in$large$experiments,$at$least$not$yet.$$

$

$

Conclusions#

This$study$underlines$the$importance$of$the$implementation$of$new$methods$to$

analyze$complex$traits$with$genomic$data.$No$golden$path(s)$is$discovered$yet$to$

walk$from$variation$to$functional$units.$The$geneBcentric$analysis$may$contribute$
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$

to$ reveal$ new$ signals$ throughout$ the$ bovine$ genome,$ condensing$ weak$

association$signals$in$chromosome$bits$having$functional$significance.$

$
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Abstract(
The!association!studies!between!genome;wide!markers!and!phenotypes!(GWAS)!

are!now!widely!used!in!model!and!non;model!species.!However,!tools!that!merge!

single!marker!results!and!their!probability!of!being!associated!to!functional!units!

(typically!genes)!are!seldom!developed!for!species!other!than!human.!

Here!we! present!MUGBAS,! a! suite! that! calculates! a! gene/region;based! p;value!

from!a!given!annotation,!single!marker!GWA!result!and!genotype!data,!with!the!

objective! to! ease! post;GWAS! analysis.! The! software! is! species! and! annotation!

independent,!fast,!highly!parallelized,!and!ready!for!high;density!marker!studies.!

!

Availability!and!implementation:!https://bitbucket.org/capemaster/mugbas!

!

!

Introduction(
With! the! availability! of! high;density! SNP! panels,! Genome! Wide! Association!

Studies! (GWAS)! have! become! the! gold! standard! for! dissecting! the! biology! of!

complex!traits!(McCarthy!et!al.,!2008).!This!is!true!for!humans,!and!other!species.!

The!underlying!idea!of!GWAS!is!simple:!find!marker;trait!associations!exploiting!

the! linkage! disequilibrium! (LD)! that! exists! between! the! causative! mutation! –!

which!we!ignore!–!and!one!or!more!markers!of!known!chromosomal!position.!

While!a!number!of!well!established!approaches!can!be!easily!used!in!a!standard!

GWAS! (Aulchenko! et! al.,! 2007;! Kang! et! al.,! 2010;! Purcell! et! al.,! 2007)! to! find!

marker(s)! associated! to! a! particular! phenotype,! several! issues! have! to! be!

accounted!for!during!the!up;!and!down;stream!analyses.!

Firstly,! genome! wide! studies! have! to! take! into! account! multiple! testing.! ! If!

stringent! statistical! thresholds! are! applied,! a! proportion! of!moderate! or! small!

effects!actually!associated!with!the!trait!will!be!disregarded.!Therefore,!reducing!

the! number! of! tests! while! maintaining! all! the! information! provided! by! high;

density!panels!would!be!a!clear!advantage.!In!addition,!once!a!significant!signal!is!

detected,! different! strategies!may!be!used! to! tag! the! candidate! causative! gene.!

Sometimes,!the!gene!closer!to!the!peak!signal!is!selected,!in!other!cases!all!genes!

within!a!flanking!region!of!an!arbitrary!size!of!the!significant!SNP(s)!are!included!
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in!further!analyses.!These!choices!may!end!up!in!bias!results,!either!retaining!a!

large!number!of!not!truly!associated!genes!or!disregarding!the!correct!ones.!

Some!methods!have!recently!been!proposed!to!overcome!these!limitations!using!

a!priori!knowledge,!as!the!“candidate!pathway”!analysis!(Raven!et!al.,!2013),!and!

the! “gene;based”! association! strategies! (Akula! et! al.,! 2011;! Cantor! et! al.,! 2010;!

Liu!et!al.,!2010).!These!approaches!restrict!GWA!studies!only!to!known!genes!or!

gene!subsets,!resizing!the!multiple!testing!problem!and!increasing!the!power!of!

the!analyses.!

Usually,! bioinformatics! pipelines! are! developed! for! the! analysis! of! human! and!

model!organisms,!and!are!not!adapted!to!non;model!organism.!This!is!the!case!of!

the! VEGAS! software! (Liu! et! al.! 2010,! Yang! et! al.,! 2014),! developed! only! for!

humans!and!only!for!gene;based!analyses.!

Here,! we! introduce! MUGBAS! [MUlti! species! Gene;Based! Association! Suite],! a!

software!based!on!VEGAS!that!uses!GWAS!data!and!a!given!annotation!(typically!

genes!but!any!region!may!be!suitable)!to!estimate!gene;based!and!region;based!

association!p;values.!The!suite! is! species!and!annotation! free,! ready! to!analyze!

high;density!data!from!any!experimental!designs.!

!

!

Methods(
MUGBAS!is!a!suite!of!scripts!built!in!Bash,!R,!Python!and!Perl.!The!suite!requires!

several! pre;requisites! that! can! be! easily! fulfilled! in! a! Linux/Unix/Mac!

environment!with! a! few! command! lines.! Further! information! on! how! to!meet!

these!requirements!are!detailed!in!the!online!repository.!!

MUGBAS! suite! can! be! invoked! launching! the! Bash! wrapper! that! checks!

dependencies!and!stores!user!choices.!

Required! input! files! are:! MAP/PED! files! in! PLINK! format! with! genotype! data!

from!(at!least!200!individuals!are!recommended!for!a!proper!LD!calculation),!an!

annotation! file! in!BED! format! (chromosome,! starting!position,! ending!position,!

name!and!user!custom!fields)!of!the!desired!genome!feature!and!the!GWAS!result!

file! with! mandatory! headers! “SNPNAME”! and! “PVALUE”.! Multiple! association!

results!can!be!tested!at!the!same!time,! if!provided!in!separate!files! in!the!same!

directory.!A!trial!dataset!is!downloadable!along!with!the!software!release.!Please!
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note!that!for!simplicity!we!provide!a!gene!annotation,!but!any!BED!file!with!any!

desired!feature!can!be!used!

The! program! starts! the! analysis! assigning! SNPs! to! any! feature! of! the! given!

annotation!using!bedtools!(Quinlan!and!Hall,!2010).!This!step!is!customizable!by!

user! defined! boundaries! (up;! and! down;stream)! in! order! to! catch! regulatory!

regions!that!could!be!in!high!LD!with!the!current!gene/region.!

In!order!to!speed!up!the!analysis,!the!program!subsamples!200!individuals!from!

the!input!dataset.!We!then!implemented!two!levels!of!parallelization:!one!for!the!

LD!and!one!for!the!“gene;wise”!or!“region;wise”!p;value!calculation.!The!latter!is!

particularly!useful!analyzing!more!than!one!GWA!results!from!the!same!dataset.!

Briefly,!MUGBAS!first!splits!the!LD!calculation!in!n!cores!(as!defined!by!the!user)!

using! the! foreach! /!doParallel! packages! (Analytics! and!Weston,! 2014a,! 2014b)!

and! then! distributes! traits! across! cores! using! GNU! Parallel! ! and! foreach! /!

doParallel.!

Since!LD!calculation!is!a!slow!process,!VEGAS!benefits!of!HapMap!phase!2!data!to!

speed! up! the! process!while! preserving! the! option! for! a! user! defined! (human)!

population! using! PLINK.! In! order! to! expand! these! analysis! to! any! species,! LD!

calculation!in!MUGBAS!is!implemented!with!the!r2fast()!function!from!GenABEL!

package!(Aulchenko!et!al.,!2007),!while!the!gene;wise!p;value!is!calculated!as!in!

the!VEGAS!approach.!Briefly,!the!gene;wise!test!statistic!is!the!sum!of!the!n!upper!

tail!chi;squared!values!of!a!SNP!subset!with!one!degree!of!freedom!(where!n! is!

the!number!of!SNP!mapping!in!the!given!gene).!With!perfect!linkage!equilibrium,!

the! gene;wise! p;value! would! be! the! one;tailed! p;value! of! a! chi;square!

distribution!with!n!degrees!of! freedom.!Otherwise,!more!likely,!the!distribution!

of! the! p;values! has! to! be! evaluated! (with! simulations)! and!weighted! (with! LD!

values)!(Liu!et!al.,!2010).!

Once! every! gene/region! has! its! “gene;wise”! p;value,! a! FDR! q;value! (False!

Discovery! Rate)! statistics! is! calculated! with! the! base! R! function! p.adjust().!

Results! are! stored! and! enriched!with! “manhattan”! and! “underground”! plots! of!

the!“gene;wise”!p;value!and!the!q;value!,!respectively.!

!

! !
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Results(
MUGBAS! output! is! gene/region;oriented! with! useful! information! about! the!

location! of! the! analyzed! feature,! the! “Best! SNP”! within! that! feature! with! its!

genomic!coordinates!and!the!original!p;value,!the!gene;!or!region;wise!statistics!

(p;value,! number! of! simulations! and! q;value),! the! custom! annotation! of! that!

particular!entry!and!the!position!of!the!SNP!with!respect!to!the!feature!and!the!

decided!boundaries.!All! this! information!are!useful! to! track! the!effect!of!highly!

significant! markers! that! could! map! into! multiple! region! of! interest! and!

effectively! pinpoint! the! most! probable! location! to! focus! on! with! data! mining!

processes.!

A! typical! analysis,! performed! with! a! high;density! panel! (>600K! markers),!

distributed! in! 10! mid;performance! cores! (Intel! Xeon! X5675! @! 3.07! GHz),! on!

three!traits!simultaneously!takes!about!four!hours.!

!

!

Discussion(
Gene/region;based! methods! are! now! widely! used! and! accepted! in! genomic!

research.! However,! non! model;species! suffer! for! the! lack! of! availability! of!

specific!tools!to!enhance!discovery!from!genome;wide!data.!MUGBAS!provides!a!

robust! and! accepted! statistics! to! researchers! dealing! with! species! other! than!

human!to!easily!jump!from!associated!markers!to!the!desired!functional!units.!

!

!
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Summary!
Genotype! imputation! is! routinely! applied! in! a! large! number! of! cattle! breeds.! Imputation!

has!become!a!need,!due!to!the!large!number!of!SNP!arrays!with!variable!density!(currently,!

from!2,900!to!777,962!SNPs).!Although!many!authors!have!studied!the!effect!of!different!

statistical!methods!on!imputation!accuracy,!the!impact!of!a!(likely)!change!in!the!reference!

genome!assembly!on!imputation!from!lower!to!higher!density!has!not!been!determined!so!

far.! In! this! work,! 1,021! Italian! Simmental! SNP! genotypes! were! reJmapped! on! the! three!

most!recent!reference!genome!assemblies.!Four! imputation!methods!were!used!to!assess!

the!impact!of!an!update!in!the!reference!genome.!As!expected,!the!four!methods!behaved!

differently,!with! large!differences! in! terms!of! accuracy.!Updating!SNP!coordinates!on! the!

three! tested! cattle! reference! genome! assemblies! determined! only! a! slight! variation! on!

imputation!results!within!method.!

!

Keywords:!!
Imputation,!reference!genome!assembly,!SNP,!bovine!

!

!

Main!text!
From!the!publication!of! the! first!bovine!single!nucleotide!polymorphism!(SNP)!array,! the!

whole!genomic!scenario!of!this!species!evolved!rapidly.!Nowadays!several!SNP!panels!have!

been! designed,! with! a! range! of! densities,! mapping! on! different! reference! genome!

assemblies! and! produced! by! different! manufacturers.! When! running! analyses! with! SNP!

arrays! of! different! densities,! or! from! different! commercial! companies! (e.g.! Illumina! and!

Affymetrix)! an! imputation! step! is! often! required.! The! impact! of! different! statistical!

methods! on! imputation! accuracy! has! already! been! assessed! (Pei! et! al.,! 2008);! (Marchini!

and!Howie,!2010);!(Ma!et!al.,!2013).!Surprisingly,!up!to!now,!there!are!not!available!studies!

investigating! the! impact! of! an! update! on! the! reference! genome! assembly! on! imputation!

accuracy.! This! assessment! would! be! of! fundamental! importance,! considering! that! reJ

mapping!SNPs!determines!a!rearrangement!of!the!haplotype!structure!of!the!genotypes!(in!

some!cases!SNPs!are!reJmapped!to!a!different!chromosome),!and!that!the!bovine!reference!

assembly! is! likely! to!be!repeatedly!updated!over! time.!This!work!was!aimed!at!assessing!

the! effect! of! different! reference! genome! assemblies! in! cattle.! As! test! case,!we! compared!

four! different! imputation! methods! from! low! (Illumina! BovineLDv.1.0! Beadchip)! to!
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medium/high! (Illumina! BovineSNP50v.2! Beadchip)! density! in! the! Italian! Simmental!

population.!For!each!method!we!assessed!the! impact!on! imputation!accuracy!of!mapping!

SNPs! on! the! BTAU4.2,! BTAU4.6! (www.hgsc.bcm.edu/otherJmammals/bovineJgenomeJ

project)!or!UMD3.1!(Zimin!et"al.!2009)!cattle!reference!genome!assemblies.!!

A!total!of!900!and!121!Simmental!bulls!were!genotyped!with!the!Illumina!BovineSNP50v.1!

and! v.2! Beadchips! (Illumina! Inc.,! San! Diego,! CA),! respectively.! Illumina! BovineSNP50v.2!

Beadchip! (hereinafter! named! 54k),! the! official! reference! chip! for! the! Italian! Simmental!

breeders!association!(ANAPRI),!was!considered!as!reference!SNP!panel.!The!SNPchiMp!v.1!

tool!(Nicolazzi!et!al.,!2014)!was!used!to!obtain!SNP!coordinates!on!BTAU4.2,!UMD3.1!and!

BTAU4.6!genome!assemblies.!For!each!assembly,!SNPs!not!contained!in!the!54k,!unmapped!

or!in!the!sexual!chromosomes,!were!discarded.!The!final!dataset!contained!51,189,!52,886!

and!51,290!SNPs!in!BTAU4.2,!UMD3.1!and!BTAU4.6,!respectively.!!

Four!imputation!methods!were!considered:!PedImpute!(Nicolazzi!et!al.,!2013),!FindHap!v.2!

(VanRaden!et!al.,!2011),!FImpute!(Sargolzaei!et"al.!2014)!and!Beagle!v.3.3.2!(Browning!and!

Browning,!2007).!The!first!three!use!pedigree!and!population!(i.e.! linkage!disequilibrium;!

LD)! information,!whereas! the! fourth! uses! only! LD! information.! Performance! of! the! four!

methods! tested!across!genomic!assemblies!was! compared!using!wrongly! imputed!alleles!

(“%errors”)!and!allelic!squared!correlation!(“allelicJR2”)!statistics.!AllelicJR2!was!defined!

as!the!squared!correlation!between!imputed!and!true!(e.g.!genotyped)!alleles!multiplied!by!

100,! as! in! Browning! &! Browning! (2009).! The! 878! oldest! sires! were! used! as! training!

population,! whereas! the! 143! youngest! bulls! were! used! as! test! population.! SNPs! not! in!

common!with! the! low!density! panel!were! set! to!missing! in! the! test! population.! The! test!

population! was! split! in! four! scenarios:! individuals! with! sire! and! maternal! grandsire!

genotyped!in!the!reference!population!(scenario!A!J!84!animals),!individuals!with!only!the!

sire! genotyped! (scenario! B! J! 34! animals),! individuals! with! only! the! maternal! grandsire!

genotyped!(scenario!C!J!13!animals)!or!none!of!close!relatives!genotyped!(scenario!D!J!12!

animals).!The!population!used!was!highly!structured,!with!nearly!half!of!the!bulls!present!

in! the! dataset! (490)! sired! by! 115! genotyped! sires.! In! addition,! 35! out! of! these! 115!

genotyped!sires!were!sired!by!22!bulls!(e.g.!grandsires),!also!present!in!the!dataset.!!

Differences!across!assemblies!are!not!homogeneous.!From!BTAU4.2!to!BTAU4.6,!46!SNPs!

were!mapped! to! different! chromosomes! and! the! average! difference! in! physical! position!

within!chromosomes!was!nearly!0.25!Mbp.!However,!there!was!no!substantial!difference!in!

the! order! of! markers.! In! fact,! not! considering! unmapped! SNPs! on! either! of! the!

aforementioned!assemblies,!a!difference!in!the!sequential!order!was!observed!for!only!134!
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single! (i.e.! spread! throughout! the! genome)! SNPs.! On! the! contrary,! from! UMD3.1! to!

BTAU4.6,! 222! SNPs!were!mapped! to! different! chromosomes,! and! a!much! larger! average!

difference!in!SNPs!physical!position!was!observed!(i.e.!more!than!2Mbp).!Also!the!number!

of!SNPs!with!different!sequential!order!was!much!larger!(i.e.!1893!SNPs).!However,!more!

than!50%!of!the!rearrangements!involved!blocks!from!3!to!nearly!100!markers.!As!a!result,!

slight! differences! in! overall! imputation! accuracy! from! BTA4.6! to! UMD3.1,! rather! than!

between! the! two! BTAU! assemblies,! were! expected! across! methods.! On! the! contrary,! if!

rearrangements! are! due! to! issues! in! the! assembly! of! scaffolds,! they!might! have! a! direct!

(negative)! impact! on! local! imputation! performances.! In! fact,! a! preliminary! analysis! on!

BTA1,!considering!local!%error!across!assemblies!and!methods,!suggest!at!least!two!such!

SNPs!clusters!at!44!and!138Mbp!on!UMD3.1!(Figures!S1,!S2!and!S3).!!

Considering! all!methods! and! scenarios,! a!maximum! average! variation! of! 0.2! in!%errors!

(Table!1)!and!of!0.9!in!allelicJR2!(Table!2)!was!observed!across!reference!assemblies.!The!

standard!deviation!(SD)!of!the!imputation!accuracy!was!stable!across!reference!assemblies!

within!methods.!On!the!contrary,!a!larger!variability!was!observed!across!methods.!!

PedImpute! and! FindHap! showed! a! relatively! large! average! allelicJR2! variability! across!

scenarios,! evaluated! over! the! same! reference! assembly.! Only! PedImpute! showed! a! large!

variation! in! SD! across! scenarios! in! %errors! and! allelicJR2,! with! high! variability! on!

scenarios! C! and! D,! showing! a! low! performance! of! this!method!when! there! are! no! close!

relatives!(e.g.!sire/dam)!genotyped!in!the!reference!dataset.!FImpute,!instead,!achieved!the!

highest!accuracy!across!all!reference!genomes!and!scenarios,!surprisingly!obtaining!its!best!

results!J!%!errors!of!1.4!(0.6!SD),!and!allelicJR2!of!95.5!(2.6!SD)!J!in!scenario!C,!where!only!

one!relatively!close!relative!is!genotyped!(maternal!grandJsire).!FImpute!appear!to!be!able!

to!detect!shorter!haplotypes!from!distant!relatives!more!accurately!than!any!other!method!

tested! in! this! study;! thus,! it! is! less!dependent!on! the!availability!of!pedigree! information!

than!the!other!two!pedigreeJbased!methods!(Sargolzaei!et"al.!2010).!!

The! large! variability! across! methods! within! assembly! was! expected,! although! the!

differences! obtained! among! PedImpute,! FindHap! and! Beagle! were! larger! in! this! study!

compared!to!a!similar!study!in!Italian!Holstein!(Nicolazzi!et"al.!2013).!This!could!depend!on!

a! number! of! factors.! First,! the! sample! size! of! the! test! population! is! small! (especially! for!

groups! C! and! D,! where! less! than! 15! individuals! were! present).! Second,! the! interaction!

between! population! structure! and! imputation!methods!may! have! a! role.! PedImpute! and!

FindHap! rely! much! more! heavily! on! pedigree! information! than! FImpute,! and! Beagle!

assumes!all! individuals!are!unrelated.!However,! the! latter!two!methods! indirectly!benefit!
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greatly! of! from! highly! structured! populations! with! large! number! of! relatives! –! close! or!

distant!–!present! in!the!reference!population!(Sargolzaei!et"al.!2014).!Another!interesting!

factor! that! influences! the! imputation! accuracy! may! be! the! persistence! of! LD! at! long!

distances:! this! is! much! lower! in! the! Italian! Simmental! than! in! the! Italian! Holstein!

population!(Figure!S4).!Information!on!relatives!(either!pedigree!information!or!genotyped!

relatives!in!the!reference!population)!is!expected!to!play!a!bigger!role!if!LD!is!conserved!at!

shorter! distances.! This! hypothesis! is! supported! by! the! fact! that,! although! there! is! high!

variability! across!methods,! better! performances! of! the! pedigreeJbased!methods! are! still!

observed!in!scenarios!A!and!B!(and!C!for!FImpute).!!

The!slight!differences!in!imputation!accuracy!observed!across!reference!assemblies!may!be!

explained! by! the! aforementioned! small! variation! in! the! SNP! blocks! across! reference!

assemblies,! irrespectively! of! the! rearrangements! of! single! SNPs.! Considering! that! SNP!

blocks!are!mostly!maintained,!we!expect!that!breeds!with!larger!LD!persistence!at!longer!

distances! (i.e.! Holstein,! Brown)! will! obtain! even! better! imputation! accuracy! across!

assemblies,!compared!to!what!reported!in!this!study!in!Italian!Simmental.!However,!a!still!

relatively!unexplored!aspect!of! imputation!performance! is! the!distribution!of! imputation!

errors! across! the! genome.!Not! considering! genotyping! errors! (which! are! expected! to! be!

randomly! distributed! in! the! genome),! a! cluster! of! consecutive! markers! with! high!

percentage! of! imputation! error! across! methods! are! most! probably! identifying! missJ

assembled!regions! in! the!genome!(Figures!S1,S2!and!S3).!Although!the! impact!on!overall!

imputation! accuracy! is! limited,! as! results! in! this! study! show,! these! errors!might! have! a!

large! impact! on! any! analyses! relying! on! specific! genomic! coordinates! (e.g.! genomeJwide!

association!studies).!More!comprehensive!results,!including!annotation!studies!and!whole!

genome!sequencing!data!are!required!to!confirm!and!investigate!these!observations.!

To!conclude,!only!a!small!effect!of!updating!the!reference!genome!assembly!on!imputation!

accuracy!was! observed! in! Italian! Simmental.! On! the! other! hand,! as! already! reported! by!

other! studies,! the! variability! of! imputation! accuracy! estimates! is! much! larger! across!

imputation! methods.! The! choice! of! the! most! suitable! imputation! method,! based! on! the!

breed!genetic!background,!its!characteristics,!and!on!the!available!data,!is!therefore!critical.!!
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!

Supplementary,files,
!

You!can!find!Chapter!ͷ!supplementary!files!at:!

- DocTa!(Doctoral!Thesis!Archive)!(http://tesionline.unicatt.it/)!

- Google!Drive!(http://tinyurl.com/PhDMMChapter05)!or!scan!the!QR!code!

!

!

,

Supplementary,Figure,S1:,Error,percentage,across,methods,for,BTAU4.2,on,BTA1,,,

,

Supplementary,Figure,S2:,Error,percentage,across,methods,for,UMD3.1,on,BTA1,

,

Supplementary,Figure,S3:,Error,percentage,across,methods,for,BTAU4.6,on,BTA1,

,

Supplementary,Figure,S4:,Linkage,disequilibrium,(LD),decay,over,distance,in,Italian,

Simmental,and,Holstein.,,

The!dotted!line!with!black!dots!indicates!LD!decay!over!distance!in!Italian!Holstein,!

whereas!the!dashed!line!with!white!diamonds!indicates!the!same!values!for!Italian!

Simmental.!Italian!Holstein!genotypes!were!a!subset!of!the!data!used!in!Nicolazzi!et!al.!

(2013).!

!

!
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Abstract!

Outbreed! species! carry! a! genetic! load! of! deleterious! recessive! variants.! Those!

that! are! lethal! survive! only! in! the! heterozygous! state! in! the! population! while!

others!simply!reduce!the!fitness!of!individuals!homozygous!for!the!variant.!The!

long=term!destiny!of!these!mutations!is!to!decrease!in!frequency!due!to!negative!

selection!and!eventually!disappear!because!of!genetic!drift.!However,! they!may!

be!maintained!in!livestock!populations!and!even!increase!in!frequency!when!in!

linkage! with! favourable! alleles! for! traits! under! selection! or! occurring! in! the!

genome!of!sires!having!high!genetic!value!for!productive!traits.!We!searched!for!

these! variants! combining! exome! sequence! data! from! 20! Italian! Holstein! bulls!

sampled!from!opposite!tails!of!the!male!and!female!fertility!EBV!distribution,!the!

High!Density!(HD)!SNP!genotyping!of!1009!progeny!tested!Italian!Holstein!bulls!

and! information! existing! in! public! databases.! Exome! sequencing! detected!

202,956! variants.! Among! these,! 5,167! were! classified! as! “deleterious”! when!

annotated!with!SIFT!and!Annovar.!These!were!filtered!by!picking!those!mapping!

in! regions! out! of! equilibrium! and! lack! of! homozygotes! in! the! progeny! tested!

Holstein! bulls! or! having! an! asymmetric! distribution! in! bulls! plus=variant! and!

minus=variant! for! fertility! EBV.! The! resulting! 193! variants! in! 163! genes! were!

further!assessed!by!comparative!genomics,!haplotype!analysis!and!function.!For!

each!assessment!a!positive!or!negative!score!was!given!to!evidence!in!favour!or!

against! the!variant! to!be!deleterious.!A! total!of!35!variants!had!a!positive! total!

score.! These! genes! are! involved! in! development,! cell! motility! and! immune!

response.!Some!of! them!are!known!to!be!expressed! in! the! testicles!and!appear!

important!for!sperm!fertility!in!model!species;!others!are!responsible!for!genetic!

defects!in!human!and!mouse!carrying!mutations!similar!to!the!ones!detected!in!

cattle.!These!gene!variants!are!candidate!to!be!among!those!that!constitute!the!

“genetic!load”!of!deleterious!recessive!genes!in!the!Holstein!population.!!

!!

!

! !
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Introduction!

The! presence! of! deleterious! recessive! variants! is! well! tolerated! by! outbred!

species.!When!these!variants!appear!they!may!spread!and!survive!a!long!time!in!

the! population! in! the! heterozygous! state! (Simmons! and! Crow,! 1977).! It! is!

estimated!that!outbred!individuals,!human!included,!carry!on!average!a!genetic!

load!of!more!than!100!loss=of=function!variants!in!their!genome!(MacArthur!et!al.,!

2012).!

The!effect!of!deleterious! recessive!variants!appears!when!demographic!events,!

e.g.!genetic!bottlenecks,!reduce!the!genetic!variability!of!the!population!or!when!

related!individuals!are!intentionally!mated!for!breeding!purposes.!In!these!cases,!

recessive! deleterious! reduce! the! fitness! of! individuals! carrying! them! in! the!

homozygous! state! and! in! extreme! case! induce! very! severe! genetic! defects,!

premature! death! and! abortion! (McClure! et! al.,! 2014;! Sahana! et! al.,! 2013;!

VanRaden!et!al.,!2011).!They!therefore!contribute!to!explain!the!phenomenon!of!

inbreeding! depression! and! its! negative! effect! on! fertility! (Charlesworth! and!

Willis,!2009).!

The! search! for! deleterious! recessive! variants! is! particularly! interesting! in!

Holstein! cattle.! This!breed! is! experiencing! a!negative! genetic! trend! for! fertility!

traits! (Jamrozik! et! al.,! 2005);! it! is! worth! noting! that! this! is! occurring! while!

inbreeding!is!under!strict!monitoring!and!is!theoretically!increasing!at!a!very!low!

pace!(about!0.05!per!year!=!Mrode!et!al.,!2009).!In!addition,!mating!is!planned!to!

minimise! relationship! between! animals! and! the! additive! genetic! variance! for!

most!traits!–!including!milk!production!=!is!apparently!not!decreasing,!in!spite!of!

the! selection! pressure! applied! by! modern! schemes! (Biffani! et! al.,! 2002),!

indicating!that!overall!diversity!is!only!slightly!decreasing.!

Selection!to!increase!fertility!is!challenging.!Selection!criteria!generally!adopted!

to! improve! this! trait! are! far! from! the! biological! mechanisms! that! govern!

reproduction.! In!addition,! these!mechanisms!are!complex!and!very!sensitive! to!

environmental!(management)!conditions!(Lane!et!al.,!2013;!Wathes!et!al.,!2014).!

As!a! result,! fertility! traits!have! low!or!very! low!heritability! (Pryce!et!al.,!1997)!

and!therefore!low!response!to!selection!and!slow!genetic!progress.!!
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For!these!reasons,! the!quest! for!molecular!variants! influencing! fertility! traits! is!

on=going!since!the!availability!of!molecular!tools!for!DNA!analysis.!A!number!of!

investigations! tested! the! effect! of! functional! candidate! genes! running! genome!

wide! association! analyses! to! find! QTLs! for! fertility! traits! using! hundreds!

microsatellite! markers! in! structured! families! (Ashwell! et! al.,! 2004)! or! tens! of!

thousand! SNP! panels! in! whole! populations! (Aston! and! Carrell,! 2009).! The!

availability! of! medium! density! SNP! panels! allowed! the! search! for! deleterious!

recessives!even!without!the!use!of!phenotypic!traits,!by!scanning!the!genome!in!

search!of!regions!lacking!one!of!the!two!homozygous!classes!(Sahana!et!al.,!2013;!

VanRaden! et! al.,! 2011).! This! approach! has! highlighted! a! number! of! genomic!

regions! likely! carrying! deleterious! recessives.! This! information! has! immediate!

application! in!molecular! assisted! breeding! and! a! relevant! scientific! interest! in!

the!search!of!causative!variants!and!assessment!of!their!functions.!

The!development!of!new!sequencing!technologies!has!greatly!decreased!the!cost!

of! sequencing,! so! that! nowadays! the! sequencing! of! few! target! individuals! is!

becoming! the! gold! standard! to! seek! for! causal! mutations! for! rare! monogenic!

defects!in!humans!and!other!species!(Chun!and!Fay,!2009).!Often!only!the!exome,!

the! protein! coding! part! of! the! genome,! is! sequenced! searching! for! those!

mutations!that!severely!alter!protein!structure!and/or!function!(Bamshad!et!al.,!

2011;! Li! et! al.,! 2013).! A! typical! mammalian! exome! consists! in! a! few! tens! of!

million!nucleotides!(around!2%!of!the!reference!genome),!compared!to!the!few!

billion!of!the!whole!genome.!Therefore,!with!the!same!number!of!reads,!exome!

sequencing!has!the!advantage!of!a!more!accurate!genotyping!due!to! the!higher!

sequencing! depth,! an! easier! data! management,! lower! computation! load! and!

easier! interpretation! (Biesecker!et!al.,!2011;!Majewski!et!al.,!2011).! Indeed! the!

number!variants! found! in!exomes!are!one=two!orders!of!magnitude! lower!than!

that!detected!in!whole!genomes!and!mutations!are!detected!in!annotated!genes!

or!immediately!nearby.!On!the!other!hand,!the!exome!approach!can!only!identify!

variants!on! annotated!genes.!Variants! in!unknown!exons!or! that! occur! in!non=

coding! regulatory! features! will! be! missed! (Bamshad! et! al.,! 2011).! In! humans!

these! are! turning! out! to! be! of! outmost! importance! for! gene! regulation! and!

downstream!phenotypic! effects! (ENCODE!Consortium,!2012),! but! they! are! still!

very!poorly!annotated!in!livestock.!!
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Here!we!sequenced!the!exomes!of!20!Holstein!bulls!progeny!tested!selected!from!

the! tails! of! male! and! female! fertility! EBVs! (Estimated! Breeding! Value).! Since!

livestock!fertility!is!a!complex!trait!and!causative!mutations!cannot!be!sought!by!

the! approach! used! in! monogenic! diseases,! we! integrated! the! sequence!

information! with! high! density! SNP! chip! data! obtained! on! a! much! larger!

population!of!Italian!Holstein!bulls!to!detect!genes!carrying!alleles!candidate!to!

be! deleterious! recessives! and! confirm! their! likely! deleterious! effect! by!

comparative!genomics.!

!

!

Materials!and!methods!

!

1.!Sampling!and!DNA!extraction!

Semen!(straws)!and!blood!samples!were!provided!by!Italian!certificated!artificial!

insemination! centres! (UE! Directive! 88/407/CEE),! thus! ethics! committee!

approval!for!this!study!is!not!required.!!

A! total! of! 20! Italian!Holstein! progeny! tested! bulls!were! sampled! for! complete!

exome! sequencing.! Among! them,! 19!were! chosen! from! the! tails! of! female! and!

male! fertility!EBV!(Estimated!Breeding!Value)!distribution! (Table!1),! to!have!5!

animals! from!each! tail.! One! animal!was! to! be! in! the!minus=variant! tail! of! both!

traits.!Bulls!were!selected!as!unrelated!as!possible.!Sampling!was!possible!thanks!

to!the!collaboration!with!ANAFI!(Italian!Holstein!Breeder!Association).!!

ANAFI!developed!a!genetic!evaluation!for! fertility!combining!different!traits,!as!

explained! by! Biffani! and! colleagues! (Biffani! et! al.,! 2005).! The! traits! are:! “days!

from! calving! to! first! insemination”,! “calving! interval”,! “first=service! non! return!

rate!to!56!days”,!“angularity”!and!“mature!equivalent!milk!yield!at!305!days”.!!

Male!fertility!is!expressed!as!an!Estimated!Relative!Conception!Rate!(ERCR)!and!

is!a!measure!of!conception!rate!of!a!service!sire!relative!to!service!sires!of!herd!

mates!(Soggiu!et!al.,!2013).!
! !
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Table!1.!Female!and!male!fertility!EBVs!of!the!20!animals!sequenced!

Animal! EBV!Female!Fertility! EBV!Male!Fertility! Group!
friA01" 97! =1,11! NA!
friA02" 98! =1,66! MalL!
friA03" 115! 0! FemH!
friA04" 114! 0! FemH!
friA05" 114! 0! FemH!
friA06" 86! 0! FemL!
friA07" 98! 1,95! MalH!
friA08" 105! 2,13! MalH!
friA09" 95! =1,54! MalL!
friA10" 95! 1,49! MalH!
friA11" 102! 2,64! MalH!
friA12" 91! =4,75! FemL;!MalL!
friA13" 105! =1,79! MalL!
friA14" 102! 2,07! MalH!
friA15" 99! =4,05! MalL!
friA16" 85! 0! FemL!
friA17" 87! 0! FemL!
friA18" 121! 0! FemH!
friA19" 117! 0! FemH!
friA20" 88! 0! FemL!

!

A! total! of! 1009! Italian! Holstein! bulls! were! chosen! from! the! entire! population!

balancing! their!presence! in! the! tails!of! the!EBV! for!kg!protein! (PROT),! somatic!

cell! count! (SCC),! fertility! (FERT)! and! functional! longevity! (LONG),! for! high!

density!genotyping!(Table!S1).!!

DNA!was!isolated!from!whole!blood!and!semen!straws!samples!in!LGS!laboratory!

(Cremona,!Italy,!www.lgscr.it/)!using!the!Genomix!kit,!according!to!LGS!internal!

protocol.!DNAs!for!exome!capture!and!sequencing!were!extracted!independently,!

to!satisfy! the!requirement! indicated!by! IGA! technologies! (Udine,! Italy):!at! least!

12mg!of!DNA!at!a!concentration!100!ng/ul!with!R260/280!higher!than!1.8!and!

R260/230!near!1.9.!!

!

2.!Molecular!data!production!and!quality!checking!

2.1!Exome!capture!and!sequencing!
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Exomes! were! captured! using! the! “SureSelected! All! exon! Bovine”! (Agilent!

Technologies)! kit,! in! early! version.! Probes! coordinates! are! based! on! UMD3.1!

bovine!reference!sequence!(Zimin!et!al.,!2009)!and!designed!against!NCBI!exons!

as! well! as! predicted! exons,! UTRs,! and! miRNAs.! �! Number! and! distribution! of!

probes!per!chromosome!are!detailed!in!Table!S2.!!

”Ovation! Ultralow! Library! Systems”! protocol! was! followed! for! library!

preparation.! After! quantification! with! Qubit! (Life! technologies)! and! quality!

control!with!2100!Bioanalyzer!(Agilent!Technologies),!DNA!was!sonicated!with!

Bioruptor! (Diagenode)! to! obtain! fragments! between! 150! to! 200! bp! in! length,!

blunt! end=repaired,! adenylated,! ligated! with! paired=end! adaptors! and! purified!

following!the!protocol!provided!by!the!manufacturer.!!

Libraries!were!hybridized!with!“SureSelected!All!exon!Bovine”!probes!using!the!

Encore! Target! Capture! Module! (Nugen),! SureSelect! Target! Enrichment! and!

Herculase! II! Fusion!Enzyme!with!dNTP!Combo! (Agilent!Technology)! kit.! Then,!

captured!DNA!was!amplified!and!tagged!with!library!specific!indexes.!Quality!of!

captured!samples!was!tested!with!Qubit!and!2100!Bioanalyzer.!!

Paired=end! 2X100bp! sequencing! was! performed! on! Illumina! HiSeq2500!

(Illumina,!San!Diego,!CA)!at!an!expected!coverage!of!50X.!!

!

2.2!Sequence!alignment!

Adapters! and! reads! shorter! than! 36bp! were! trimmed! using! Trimmomatic!

(version!0.32)!(Bolger!et!al.,!2014).!For!each!Fastq!file,!the!alignment!and!pairing!

of! the! reads! to! the!UMD3.1! reference! sequence!was! performed!with!Burrows=

Wheeler!Aligner!(BWA)!(version!0.7.7=r441)!(Li!and!Durbin,!2009),!applying!also!

trimming!option! (=q!5).! SAM! files! resulted!were! converted! into!BAM! file! using!

SAMtools! (version!0.1.18)! (Li!et!al.,!2009).!For!each! individual,!BAM! files!were!

merged! in! a! single! one! with! Picard! (version! 1.111)!

(https://github.com/broadinstitute/picard).!Duplicate!reads!were!identified!and!

marked!with!Picard.!Finally!individual!BAM!files!were!indexed!with!SAMtools.!!

105



Sequence!depth!was!evaluated!simultaneously!on!all!20!sequenced!animals!and!

only!on!regions!targeted!by!probes!using!DepthOfCoverage!of!GATK!(McKenna!et!

al.,!2010)!

!

2.3!Exome!Variant!calling!and!quality!check!

Single!nucleotide!polymorphisms!(SNPs),!insertions!and!deletions!(InDels),!were!

called!simultaneously!on!all!20!sequenced!animals!and!only!on!regions!targeted!

by!probes!using!UnifiedGenotyper"of!GATK!(DePristo!et!al.,!2011).!!

All! variants!were! filtered!using!VariantFiltration! of!GATK! to! remove!ones!with!

low!mapping!and/or!sequencing!quality.!The!choice!of!filters!and!thresholds!was!

made! in! accordance! to! “GATK! best! practice”! for! exome! sequencing! and!

distribution!of!filter!values:!

• “SNP!cluster”:!excluded!variant!if!more!than!3!variants!were!found!in!10!

bp;!

• “Base!Quality!Rank!Sum!Test”:!excluded!if!it’s!lower!then!=5!or!more!than!

5;!!

• “Mapping!Quality!Rank!Sum!Test”:!excluded!if! it’s!lower!then!=7!or!more!

than!6;!

• “Read! Position! Rank! Sum! Test”:! excluded! if! it’s! lower! then! =4! or! more!

than!4;!

• “Fisher!Strand”:!excluded!if!it’s!more!than!30;!!

• “Depth”:!excluded! if! it’s! lower! then!60X!(i.e.!a!minimum!value!of!3X!per!

animals)!or!more!than!3500X;!

• “Quality”:!excluded!if!it’s!lower!then!40;!

• “Mapping!quality”:!excluded!if!it’s!lower!then!30.!

Filters! were! applied! to! all! variants! but! only! bi=allelic! SNPs! were! used! in! the!

following! analyses.! Genotypes! with! “Genotype! Depth”! lower! than! 5! and!

“Genotype! Quality”! lower! than! 20! were! discarded.! The! remaining! ones! were!

converted! into!“AB”!code!(A!=!reference!allele!and!B!=!alternative!allele).!Then!

data! were! transformed! in! PLINK! (Purcell! et! al.,! 2007)! format,! using! a! home=

made! python! script.! To! prepare! the! working! dataset! the! final! quality! control!
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removed!variants!with!more! than!25%!missing!data! (that! is!with!more! than!5!

animals! out! of! 20! without! genotypes),! monomorphic! (minor! allele! frequency,!

MAF!<!1%)!or!not!mapping!in!autosomes.!Basic!population!genetics!parameters!

were!calculated!to!evaluate!the!presence!of!cryptic!structure!in!the!data!that!may!

influence!the!outcome!of!the!downstream!analyses.!

In! total! 24,390! SNPs! identified! in! the! exomes! were! also! included! in! the! HD!

SNPchip! panel.! HD! genotype! from! nineteen! out! to! twenty! of! the! sequenced!

animals! sequenced! was! used! to! compare! technologies.! Genotypes! at! common!

locations!were!compared!across!technologies,! to!evaluate!sequence!quality!and!

the!effect!of!sequence!depth!on!genotype!calling.!

!

2.4.!Bovine!HD!Genotyping!BeadChip!data!and!quality!check!

All!animals!were!genotyped!using!the!BovineHD!Genotyping!BeadChip!(Illumina,!

San! Diego,! CA).! Genotypes! were! quality! controlled! and! filtered! with! standard!

threshold.! Markers! with! more! than! 5%! missing! data! and! MAF! <! 1%! were!

excluded.! Animals! with! more! than! 5%!missing! data! were! also! excluded.! Only!

autosomal! SNPs! were! retained.! Thereafter! genotypes! were! phased! and! the!

remaining!missing!data! imputed!using!Beagle!v.3.3.2!(Browning!and!Browning,!

2007).!!

Of!the!20!animals!sequenced,!12!had!also!Bovine!HD!Genotyping!BeadChip!and!7!

BovineSNP50! Genotyping! BeadChip! version! 2! genotypes! available.! For!

concordance! and! haplotype! analysis! we! imputed! the! 50K! data! to! 800K! as!

previously!described!above.!!

!

3.!Strategy!for!detecting!candidate!deleterious!variants!

We!searched!for!candidate!deleterious!variants!following!an!integrated!approach!

that! joined! the! analysis! of:! i)! exomes! of! a! few! Italian! Holstein! bulls! having!

plusvariant! and! minusvariant! EBVs! for! a! target! trait;! ii)! HD! genotyping! of! a!

population! of! 1009! progeny! tested! Italian! Holstein! bulls;! iii)! the! comparative!

genomic! analysis! of! 100! vertebrate! species.! The! strategy! followed! for! the!
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analysis!is!shown!in!Figure!1.!In!the!first!step!(Search)!we!looked!for!candidate!

deleterious! variants! in! the! exomes.! In! step!2! (Filter)!we! filtered! candidates!by!

assessing!which!of! these!variants!either!had!a!non=random!distribution!among!

animals! having! extreme! EBVs! or! co=mapped! with! genomic! regions! carrying!

outlier!signals! in!the!large!population!of!progeny!tested!bulls.! In!step!3!(Asses)!

candidates!were! further! evaluated! by:! i)! assessing! their! conservation! across! a!

panel! of! 100! vertebrate! species,! ii)! searching! for! associated! haplotypes! and!

evaluating! their! frequencies! in! the! population! of! progeny! tested! bulls;! iii)!

evaluating!their!association!with!genetic!defects!in!human!and!model!species;!iv)!

examining! their! expression! profile! and! function,! when! known.! Methods! are!

below!described!in!detail.!!

!

!

Figure!1.!Strategy!followed!to!identify!deleterious!variants!

!

! !
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3.1!Step!1:!Search!for!candidate!deleterious!variants!

Quest! for! candidate! deleterious! variants! in! exome! sequence! data! by!

variant!annotation!

We!annotated!all!variants!using!ANNOVAR!(Wang!et!al.,!2010)!and!VEP!(Variant!

Effect! Predictor)! (McClure! et! al.,! 2014)! software.! They! use! the! Ensembl! gene!

annotation! database! (UMD3.1! reference! sequence,! release! 74)! to! investigate!

location!and!potential!effect!on!coding!sequences!of!all!variants.!VEP!integrates!

the! SIFT! algorithm! (Kumar! et! al.,! 2009)! to! predict! the! effect! of! amino! acid!

substitution!on!protein!function.!For!each!sequence!change,!sequence!homology!

and! physic=chemical! similarity! between! the! reference! amino! acid! and! the!

alternative! is! considered! providing! a! score! that! evaluates! the! mutation!

tolerability.!Variants!with!score!lower!than!0.05!were!classified!as!“deleterious”,!

in!according!to!software!recommendations.!

SIFT!also!compared!all!variants! found! in! the!exomes!with! those!present! in! the!

dbSNP!database!(version!140),!to!identify!those!that!were!novel.!!

!

3.2!Step!2:!Filtering!of!candidate!deleterious!variants!!

2a.! Analysis! of! deleterious! variant! distribution! among! animals! having!

extremes!EBV!values!for!male!and!female!fertility!traits!!

Association! between! variants! and! the! classification! in! the! tails! of! the! EBV!

distribution!was! estimated! by!Fisher"exact" test!which! compares! frequencies! of!

alleles! (a! vs.! A)! in! the! two! tails! not! assuming!H=W! equilibrium;!genotypic" test,!

that! compares! the! frequency! of! genotypes! (aa! vs.! Aa! vs.! AA)! and! the! recessive"

gene"action"test,!which!tests!for!the!distribution!of!one!homozygous!class!versus!

the!others!(aa!vs!aA,!AA).!All!tests!are!implemented!in!PLINK!functions.!The!5%!

significance! threshold! was! set! empirically! by! permutation! (N=100,000)! either!

point=wise,! that! is! not! corrected! for! multiple! testing! (EMP1! =! Empirical!

Probability!1)!and!thereafter!family=wise,!corrected!for!multiple!testing!(EMP2!=!

Empirical!Probability!2).!

109



Genes!exceeding!EMP1!were! considered! suggestive! and! those!exceeding!EMP2!

significant! candidates! to! be! deleterious! recessives! and! their! characteristics!

conservation!across!species!and!function!further!investigated.!

!

2b.! Quest! for! regions! candidate! to! carry! deleterious! variants! in! the!

population!analysed!with!the!HD!BeadChip.!

Basic! population! genetics! parameters! and! Multi! Dimensional! Scaling! were!

calculated! with! GenABEL! R! package! (Aulchenko! et! al.,! 2007)! to! evaluate! the!

presence!of!cryptic!structure! in!the!data!that!may!influence!the!outcome!of!the!

downstream!analyses.!!

Expected!and!observed!allelic!and!genotypic!frequencies!and!Fisher!exact!test!of!

Hardy=Weinberg! proportions! (Janis! E! Wigginton,! 2005)! were! calculated! with!

PLINK!on! the!HD!SNP!dataset.!Values!were! averaged! in! sliding!windows!of!10!

markers.!This!value!(10!markers)!was!chosen!after!testing!different!window!size!

as! represent! a! good! compromise! between! noise! reduction! and! resolution! (not!

shown).!!

Candidate! regions! containing! deleterious! mutations! were! identified! following!

two!different!approaches.!!

In! one! approach,! hereafter! refereed! to! as! “Out! of! Hardy=Weinberg”! approach!

(OHW),!markers!significantly!deviating!from!of!Hardy=Weinberg!equilibrium!at!P!

≤!8.47!*!10=8! (nominal!value!P≤!0.05!Bonferroni!corrected! for!multiple! testing)!

were!first!identified.!Windows!with!at!least!three!significant!markers!below!this!

threshold!and!having!a!homozygote!deficit!were!considered!candidates!to!carry!

deleterious! mutations.! In! this! OHW! approach! we! applied! very! stringent!

constraints! to! reduce! false! positive! discoveries! due! to! the! Wahlund! effect!

induced!by!population!substructure!(see!results!and!Figure!S5).!!

In! the!second!approach,!hereafter!referred! to!as! “Lack!Of!Homozygotes”! (LOH)!

approach,! the! differences! between! observed! and! expected! frequencies! of!

homozygotes!for!the!minor!allele!were!computed!and!averaged!across!markers!

included! in! each! sliding! window.! Values! were! standardized! and! only! regions!

carrying! three! overlapping! windows! below! =3Z! score! value! were! considered!
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candidates! to! carry! deleterious! mutations.! Thereafter,! significant! windows!

carrying!at!least!one!marker!in!common!were!joined!to!define!region!boundaries.!

Exome!sequencing!knowledge!and!HD!BeadChip!data!were!crossed! in!order! to!

identify!genes!carrying!severe!variants!located!within!significant!regions!or!their!

proximity! (50Kb! upstream! or! downstream).! These! genes! were! considered!

candidates! to! be! deleterious! recessives! and! their! characteristics! conservation!

across!species!and!function!was!further!investigated.!

!

3.3.!Step!3.!Assessment!of!candidate!deleterious!variants!

Genes! carrying! variations! classified! as! deleterious! by! SIFT! or! ANNOVAR! and!

either!as!suggestive!by!fertility!EBV!tails!analysis!or!as!significant!by!OHW!e!LOH!

analyses! of! the! Holstein! bull! population! were! submitted! to! comparative!

genomics,! population! genetics! and! functional! analyses.! In! order! to! prioritize!

genes/variants! discovered,!we! scored! each! evaluation! using! a! subjective! scale!

ranging! from! =3! to! 3! to! measuring! the! evidence! in! favour! (scores! 1! to! 3)! or!

against!(scores!=1!to!=3)!the!deleterious!effect!of!the!SNPs.!The!score!0!in!all!cases!

indicated! the! absence! of! evidence! or! that! a! specific! assessment! failed.! The!

complete!score!scale!therefore!ranged!from!=9!to!9.!

!

3a.!Comparative!genomics!

For! comparative! genomics! purposes,! the! position! of! each!mutation!was! “lifted!

over”! from! UMD3.1! bovine! coordinates! to! hg19! human! coordinates,! using! the!

specific!tool!at!UCSC!(Kent!et!al.,!2002!=!http://genome.ucsc.edu/).!Orthologous!

proteins! were! aligned! using! the! UCSC! genome! browser! and! amino! acid!

conservation! assessed! in! a! set! of! 100! vertebrate! species! that! included! human,!

primates! (11! species),! euarchontoglires! (e.g.!mouse,!14! species),! laurasiatheria!

(e.g.!sheep;!25!species);!afrotheira!(e.g.!elephant;!6!species);!other!mammals!(e.g.!

platypus;!5!species);!birds!(e.g.!chicken;!14!species);!sarcopterygii!(e.g.!turtle;!8!

species);! fish! (e.g.! zebrafish;! 16! species).! Results! of! amino! acid! conservation!

analysis!were!recorded!only!if!homologous!protein!from!at!least!50!species!could!

be!retrieved!and!aligned.!Thereafter!amino!acid!conservation!was!scored!3!if!the!
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amino!acid!was!conserved!in!all!vertebrates,!2!if!conserved!in!all!mammals!and!1!

if!conserved!in!the!large!majority!(at!least!90%)!of!mammals.!A!score!of!=1!was!

given! when! the! amino! acid! was! not! conserved! among! species! and! a! score! =3!

when! both! variants! observed! in! cattle! were! carried! by! other! species.! Finally!

when!either!the!lift!over!process!or!the!protein!alignment!failed,!the!comparison!

was!considered!non!informative!and!given!a!score!0.!!

!

3b.!Search!of!haplotypes!associated!to!deleterious!variants!and!analysis!of!

HD!population!data!

To! acquire! further! evidence,! we! searched! for! the! haplotypes! that! carry! the!

deleterious! variations! and! estimated! their! frequency! in! the!

homozygous/heterozygous!status!within!the!bull!population!genotyped!with!the!

HD!BeadChip.!

We!used!a!multistep!approach!to!find!haplotypes!carrying!deleterious!variants:!i)!

from! the! phased! HD! BeadChip! data! we! extracted! the! haplotypes! of! the! 20!

sequenced!animals!in!the!region!of!the!variant!(100!markers!on!each!side);!ii)!in!

these! 20! animals! we! searched! the! shorter! haplotype! able! to! distinguish!

homozygous! and/or! heterozygous! animals! for! the! deleterious! variant! from! all!

other! haplotypes;! iii)! we! assessed! the! frequency! of! homozygotes! and!

heterozygotes! for! the!haplotype! in! the!whole!population!of!bulls! characterised!

with!the!HD!BeadChip.!!

Scores!in!this!case!were!=3!in!the!case!of!unique!haplotypes!showing!a!number!of!

homozygotes!non!significantly!different!from!the!number!expected!from!Hardy=

Weinberg!proportions;!3!in!the!case!of!unique!haplotypes!showing!a!number!of!

homozygotes! significantly! lower! than! expected;! 1! in! the! case! of! unique!

haplotypes!never!homozygous!and!rare;!0!whenever!no!unique!haplotype!could!

be!found.!

!

3c.!Functional!analyses!

With! PantherDB! (Mi! et! al.,! 2010)! resources,! we! classified! our! gene! list! into!

functional!categories!according!to!the!Gene!Ontology!classification.!All!suggestive!
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and!candidate!Ensembl!Gene!ID!submitted!to!the!bulk!analysis!were!recognized!
and! annotated.! Beyond! the! GO! term! characterization,! in! order! to! understand!
potential!detrimental!effects!of!mutations!and!also!pinpoint!potential!candidates!
for! fertility! traits,! we! retrieved! information! for! each! gene! according! to! the!
following! parameters:! i)! the! involvement! in! known! Mendelian! or! complex!
diseases! from!OMIM!database! ii)! the!availability!of!knock=out!mice! iii)! and! the!
eventual! expression! in! reproductive! tissues! from! the! Gene! Expression! Atlas!
(http://www.ebi.ac.uk/gxa/)!(Table!4).!

Also!for!these!data!we!used!the!same!scale!attributing!a!range!from!=3!points!to!
genes! having! no! relation! with! fertility,! viability! and! genetic! defects! and! no!
relevant! phenotypic! effects! in! knock=out! mouse! models,! to! 3! to! gene! closely!
related! to! fertility! and! viability,! associated! to! genetic! defects! in! human! and!
affecting!fertility!or!survival!when!knocked=out.!In!particular!a!score!ranging!=1!
to!+1!was!attributed!to!genes!associated!to!human!syndromes!(=1=no!association!
recorded!in!OMIM!database,!0=no!information!in!OMIM,!1=association!in!OMIM).!
A! score! with! same! range! to! information! collected! from! knock=out! mouse!
phenotypes!(=1=knock=out!mouse!shows!no!impaired!phenotype;!0=no!knockout!
mouse! has! been! produced;! 1=! knock=out! mouse! shows! impaired! phenotype).!
The!same!score!was!attributed!to!molecular!functions!(=1=function!unrelated!to!
fertility!and!viability;!0=function!indirectly!related,!as!immunity!and!metabolism;!
1=function!directly!related,!as!fertility!and!development).!

!

!

Results!

Exome!capture!and!sequencing!

A! total!of!225414!probes!were!used! for! capturing! the!cattle!exome! (53.55!Mb,!
about! 2%! of! UMD3.1! reference! genomes).! Mitochondrial! (MT)! and! Y!
chromosome! were! not! included! in! probe! design.! The! number! of! probes! per!
chromosome!spanned!from!2,500!on!BTA27!to!almost!12,000!in!BTA3!(Table!S2).!
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The! average! exome! sequencing! depth! was! 40.58,! slightly! lower! than! the!

expected!50X.!All!animals!had!at!least!24X!average!genomes!sequenced!but!in!a!

same! animal! the! sequencing! depth! varied! across! chromosomes! and! regions!

within!chromosomes.!The!lowest!chromosome!average!value!observed!was!10X!

in!BTA25!of!the!shallower!sequenced!animal.!Average!coverage!per!animal!and!

chromosome!and!overall!means!are!shown!in!Figures!S1.!!

In! total,!1,613,461,402! raw!100bp!pair=ends! sequence! reads!were!produced.!A!

total! of! 1,425,514,112! 100bp! reads! were! mapped! and! properly! paired! to! the!

reference! genome.! Paired! reads! per! animal! ranged! between! 41,973,510! and!

138,840,392.!

In!synthesis,!sequencing!depth!was!variable,!as!expected,!and!almost!all!animals!

had!some!regions!of!scarce!or!no!sequence!depth,!but!overall!all!exome!regions!

were! sufficiently! covered! to! permit! a! comprehensive! analysis! of! molecular!

variants!of!the!animals!investigated.!

!

Step!1.!Search!for!candidate!deleterious!variants!!

Variant'detection'and'annotation'

The!sequencing!depth!of!all!variants!called!on!the!alignment!of!all!reads!across!

animals!followed!a!Chi=square!distribution.!Average!depth!was!796.94,!spanning!

from!2X!to!5000X,!with!peak!frequency!class!at!150=250X!(Figure!S2).!!

A! multistep! approach! was! followed! to! clean! the! exome! sequence! dataset.!

Cleaning! process! steps! and! the! number! on!markers! retained! in! each! step! are!

described!in!Table!2.!

! !
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Table!2.!Type!and!number!of!markers!detected!and!retained!after!dataset!cleaning.!

Type!of!variation!
Number!of!variations!(N.)!

Raw!
data!

After!variant!
cleaning!

After!genotype!cleaning!
(only!autosomal)!

Complex! 1213! 963! 0!
Deletion!*! 6938! 5031! 0!
Insertion!*! 5510! 3656! 0!
Multiallelic!Complex! 5710! 3995! 0!
Multiallelic!SNP! 803! 512! 0!
SNP! 242988! 203079! 164277!
Total! 263162! 217236! 164277!
*!when!compared!to!the!reference!genome!

!

A!total!of!263,162!variants!were!identified.!Among!these!217,236!(82,55%)!were!
retained!after!applying!the!variant!filters!(see!materials!and!methods!section).!!

According! to! GATK! classification,! the! vast! majority! (93.48%)! of! variations!
identified! were! biallelic! SNPs,! followed! by! insertions! and! deletions! (InDels;!
4.0%),! more! complex! variations! and! multiallelic! SNPs! (2.52%).! Indels! and!
complex!variations,!although!less!frequent!than!SNPs,!affected!a!relevant!portion!
of!the!exome!(49,589!bp).!The!number!of!variants!detected!per!chromosome!was!
significantly! correlated! to! the! number! of! probes! used! (r=0.8761!P=2.28x10=10)!
and!of!bases!captured!(r=0.8424!P=5.3x10=19)!per!chromosome,!however!BTA23,!
BTA27! BTAX! had! an! outlier! behaviour,! the! former! two! containing! higher!
variation!(4.50!and!4.45!variants!per!Kb)!and!the!latter!lower!(0.84!variants!per!
Kb)!than!the!average!(3.22!variants!per!Kb).!!

Bialleic! SNPs!were! further! filtered! for! genotype! quality! (sequence! depth! >! 5X!
and!sequence!quality!>!20)!and!BTAX!markers.!The!final!autosomal!SNP!dataset!
counted!164,277!SNPs.!Among!these!17,829!biallelic!SNPs!(10.9%)!described!for!
the!first!time!have!been!submitted!to!dbSNP.!!

Variants’! annotation! is! shown! in! Table! 3a.! Variants!were! detected! in! different!
gene!domains!(exons,!introns,!3’!untranslated!regions)!as!well!as!upstream!and!
downstream!genes.!More!than!31%!of!the!variations!were!detected!in!exons!and!
among! them! more! than! 41%! have! the! potential! to! have! an! effect! on! gene!
function!by!affecting!splicing!or!alter!protein!structure!(Table!3b).!!
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!

Table! 3:! A)! number! of! autosomal! SNPs! annotated! in! each! gene! region;! B)! number! and!

classification!of!autosomal!SNPs!altering!gene!function!

A)!

Gene!region! N.!of!SNPs!(autosomes)!
Downstream! 1170!
Exonic! 51293!
Intergenic! 49901!
Intronic! 58116!
ncRNA_exonic! 160!
ncRNA_intronic! 3!
ncRNA_splicing! 2!
Splicing! 184!
Upstream! 1445!
Upstream;downstream! 54!
UTR3! 1345!
UTR5! 604!
Total! 164277!

B)!

Effect!of!exonic!SNPs! N.!of!SNPs!(autosomes)!
Nonsynonymous!single!nucleotide!variation! 20839!
Stopgain!single!nucleotide!variation!*! 213!
Stoploss!single!nucleotide!variation!*! 10!
Synonymous!single!nucleotide!variation! 30226!
Unknown! 5!
Total! 51293!

*!when!compared!to!the!reference!genome!

!

Among!the!51,293!exonic!SNPs,!4,166!in!2,978!genes!were!classified!“deleterious”!

by! SIFT.! Among! these,! 3,210! in! 2,356! genes! were! observed! at! least! twice.!

ANNOVAR!identified!223!stop!gain!(213)!or!loss!(10)!variants!in!217!genes.!!

The!average!concordance!at!24,390!SNPs! in! common!between!exomes!and! the!

HD! Beadchip! was! 97.16%! (Table! S3).! Discordance! was! due! to! either! alleles!

detected! by! sequencing! and!not! detected! by! genotyping! (exome=heterozygote,!

Beadchip=homozygote)! and! vice=versa! (exome=homozygote,!

Beadchip=heterozygote).! Discordances! were! randomly! distributed! among!

markers! and! inversely! correlated! to! sequencing! depth! (Figure! S3),! indicating!

that! most! errors! are! likely! occurring! during! sequencing,! even! if! occasional!
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Beadchip! failure! in!detecting!some!allele!cannot!be!excluded.!Two!animals!had!

an!outlier!behaviour,!one!having!84.6%!and!the!second!71.9%!concordance.!Both!

animals!were!retained!for!variant!discovery,!while!they!were!excluded!from!the!

analyses!of!EBV!tails.!Without!these!two!outlier!animals!the!mean!concordance!

increases!to!99.38%.!!

Multidimensional! scaling! confirmed! the! absence! of! a! substructure! in! animals!

sequenced!(Figure!S4).!!

!

Step!2.!Filtering!of!candidate!deleterious!variants!!

Analysis'of'EBV'tails'

Fisher!exact! test! is!generally!used! to! test! for! the!association!between!a!variant!

and! a! Mendelian! disease.! Samples! are! divided! in! cases! and! controls! and! the!

association! between! alleles! or! genotypes! and! the! disease! is! tested! under!

different! inheritance! models.! Here! we! used! the! same! method! to! test! for!

association! between! alleles/genotypes! and! animals! from! opposite! tails! of! the!

EBV!distribution!for!i)!male!fertility!(N=4!high!+!4!low);!ii)!female!fertility!(N=5!

high!+!4!low)!and!iii)!male!and!female!fertility!(N=9!high!+!8!low).!!

Genotypes! were! tested! under! all! inheritance! models! implemented! in! PLINK.!

Given!the!low!number!of!samples,!no!variant!was!significant!after!correction!for!

multiple! comparisons! (EMP2)! and! only! suggestive! variants! could! be! found!

(significant! at! 5%! at! EMP1).!We! considered! suggestive! of! carrying! deleterious!

alleles!a!list!of!101!genes!carrying!112!variants!(Table!S4).!!

!

Detection'of'regions'carrying'deleterious'mutation'from'800K'SNP'data"

After! applying! quality! control! parameters,! 26,653! and! 146,991! markers! were!

removed! from! the! original! dataset! for! excessive! missing! data! and! MAF,!

respectively.!In!addition!17!individuals!removed!for!low!genotyping!rate.!As!with!

exomes,! only! autosomal! SNPs!were! retained! for! the! analyses,! thus! obtaining! a!

working!dataset!of!590,680!SNPs!and!992!animals.!!
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MDS!(Figure!S5)!analysis! indicates! that! the!dataset!has!some!substructure! that!

might!affect!downstream!analyses.!We!accounted!for!the!risk!of!finding!markers!

out!of!Hardy=Weinberg!proportions!due!to!the!Wahlund!effect,!by!choosing!very!

stringent!significance!threshold!in!the!OHW!analyses.!!

To! detect! regions! candidate! to! carry! deleterious! recessive!mutations! we! used!

two! approaches,! the! “Outside! Hardy! Weinberg”! (OHW)! and! the! “Lack! Of!

Homozygotes”! (LOH)! approaches! (see! materials! and! methods).! The! two!

approaches! complement! each! other! in! the! detection! of! regions! carrying! less!

homozygotes! than! expected:! OHW! identifies! regions! in! which! a! few! markers!

have! extreme! homozygote! deficit,! while! LOH! detects! regions! in! which! many!

markers!have!a!moderate!deficit.!

In! the! SNP! dataset,! 1884! markers! were! significantly! out! of! Hardy=Weinberg!

equilibrium!(P!≤!8.47!*!10=8).!A!total!of!485!windows!were!identified!with!at!least!

3! markers! out! of! 10! exceeding! this! threshold.! Among! these,! 84! contained!

markers!significant!because!of!homozygote!deficit.!These!84!windows!identified!

11!OHW!candidate!regions!in!9!chromosomes!(Table!S5).!

The!LOH!approach!identified!2335!windows!below!=3!Z!score!of!the!standardised!

difference!between!observed!and!expected! frequency!of!homozygotes! for!MAF.!

These!identified!326!LOH!candidate!regions!spread!on!all!autosomes!(Table!S6).!

Only!regions!formed!by,!at!least,!3!single!windows!were!retained!reducing!LOH!

candidate!regions!to!240.!!

Deleterious! variants! (SIFT! deleterious! and! stop! codon! gained/lost)! were!

intersected!with!significant!OHW!and!LOH!region.!Seven!of!these!mapped!within!

OHW! sliding! windows,! 36! within! LOH! sliding! windows.! Among! these! 5! were!

located! in! regions! significant! in! both! OHW! and! LOH.! Other! 51! deleterious!

variants! mapped! in! the! immediate! vicinity! (+/=50Kb)! of! significant! windows.!

These! 83! variants! affect! 66! unique! genes! candidate! to! carry! deleterious!

recessive!alleles!(Table!S7).!!

Five! regions!were! common! to!OHW!and!LOH:!one!on!BTA4! (LOH=74,959,610=

75,151,417;! OHW=74,970,653=75,151,417),! two! on! BTA7! (LOH=9.626,435=

10,099.512;! OHW=9,628,735=10,099,512;! LOH=10,575,691=11,171,132;!
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OHW=10,486,424=11,087,441),! one! on! BTA15! (LOH=80,299,924=80,928,311;!

OHW=80,299,924=80,921,274)! and! one! on! BTA18! (LOH=28,122,373=

28,185,525;!OHW=!28,106,022=28,164,693).!

!

Step!3.!Assessing!candidate!deleterious!variants!!

After! the! two! filtering! step! previously! described! a! total! of! 191! SNPs! were!

retained! out! of! the! 3433! classified! as! deleterious! by! SIFT! and! Annovar,! and!

analysed! further.! These! are! carried! by! 163! genes.! Eighteen! genes! carried! 2!

candidate!SNPs,!three!genes!3!SNPs!and!one!gene!5!SNPs.!In!addition!4!SNPs!in!

four! genes!were! identified! as! potential! candidates! in! both! the! analysis! of! EBV!

tails!and!of!bull!population.!

A! total!of!12!SNPs! introduced!stop!codons!while! the! remaining! induced!amino!

acid! substitutions!or! splicing! variants.! In! the! filtered!dataset! the!proportion!of!

stop! codons! on! total! variation! (6.3%)! was! only! slightly! higher! than! the!

proportion! found! in! the! entire! dataset! (5.1%:! 225! stop! codon! out! of! 4391!

deleterious!SNPs).!

!

Comparative'genomics'

Protein!multiple!alignment!was!successful!in!146!out!of!191!comparisons.!In!26!

cases!the!most!frequent!amino!acid!in!cattle!was!very!highly!conserved!either!in!

all!vertebrates!(N=9)!or!in!all!mammals!(N=17).!In!other!23!cases!the!amino!acid!

was! conserved! in! at! least! 90%! of! mammalian! species.! In! the! last! class! were!

generally! included! amino! acids! that! changed! in! mammalian! species!

phylogenetically! very!distant! from! cattle! (e.g.! platypus! and! related! species).! In!

97! instances! the! amino! acid! could! change! quite! freely! and! occasionally! both!

variants!observed!in!cattle!were!carried!by!other!species.!

!

Haplotype'analysis'of'HD'population'data'

The! search! for! haplotypes! associated! to! the!191! variants! for! further! testing! in!

the! population! identified! 101! unique! and! invariant! haplotypes! common! to! all!
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carriers!of!a!target!variant!and!different!from!all!those!found!in!non!carriers.!In!

additional!36!cases!a!non!completely!invariant!haplotype!could!be!associated!to!

the!mutation.!Conversely!in!54!instances!a!reliable!haplotype!could!not!be!found!

(table! S8).! In! total! 38! haplotypes! had! no! homozygous! individuals! in! the!

population.! This!was! expected! in! the! case! of! 33! rather! rare! haplotypes! (fewer!

than! 100! heterozygotes! observed! in! the! population).! Conversely! 5! haplotypes!

were! rather! frequent! (from! 170! to! almost! 300! heterozygotes! observed! in! the!

population)!and!the!expectation!was!to!find!7.8!to!22.2!homozygous!individuals!

in! the!population! instead!of! the!none! found.!Another!variant!had!a!remarkable!

high! frequency! (35%)! and! a! clear! outlier! behaviour.! Only! 11! homozygous!

individuals!were!observed!out!of!the!121!expected.!!

!

Functional'analysis'of'candidate'genes'

To! assess! the! potential! deleterious! effects! of! the! variants! identified! we! also!

retrieved! functional! information! for! each! gene! according! to! the! following!

parameters:!i)!association!to!known!Mendelian!or!complex!diseases!listed!in!the!

OMIM! database! ii)! availability! and! effect! of! gene! knock=out! in! mice! iii)!

expression! profiles,!with! particular! attention! in! reproductive! tissues,! from! the!

Gene!Expression!Atlas!(Table!4).!

Twenty! genes! out! of! 163! have! a! recognized! phenotype! in! humans.! These! are!

mostly!severe!syndromes.!Unfortunately!only!a!few!genes!have!a!null=mice!line!

produced!with!phenotypic!data!available!

According! to! the! expression! data! available! from! Ensembl,! these! genes! are!

generally! (with! some!exceptions)!expressed! in!a!variety!of! tissues!with!a! clear!

tendency!to!be!highly!expressed!in!testis.!

!
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Discussion(

Deleterious* recessive* variants* are*naturally* present* in* outbred* animal* species.*

They*do*not*create*problems*as*long*as*they*remain*at*low*frequency*in*random*

mating* populations.* Under* these* conditions* these* variants* remain* in* the*

heterozygous*state*and*do*not*produce*phenotypic*effects.*However,*as*soon*as*

their* frequency* increases* and*mating*occurs*between* related* individuals,* their*

deleterious*effects*become*apparent*and*highly*affect*the*welfare*and*viability*of*

animals*carrying*them*in*the*homozygous*state.**

In* industrial*dairy* cattle*breeds*crossbreeding* is*generally*avoided*and*breeds*

are*in*practice*genetic*isolates*in*which*artificial*insemination*(AI)*is*widely*used*

for* rapidly* spreading* the*genetic*progress* in* the*population.*As*a* consequence*

elite*sires*have*many*thousand*and*sometimes*hundreds*of*thousand*daughters.*

Under* these* conditions* mating* between* relatives* becomes* practically*

unavoidable* in* the* long*term.* In* fact,* in*spite*of* the*close*control*of* inbreeding*

and*of*the*mating*system,*genetic*defects*regularly*appear*to*the*surface.*Some*

examples* are* the* Complex* Vertebral* Malformation* (CVM)* and* the* Bovine*

Leucocyte* Adhesion* Deficiency* (BLAD)* in* Holstein* (Schütz* et* al.,* 2008)* and*

Weaver*disease*in*Brown*(McClure*et*al.,*2013).*In*these*cases*the*effects*of*the*

recessive*deleterious*alleles*are*clear*and*molecular*diagnostic*tools*have*been*

developed*to*avoid*their*further*spreading*and*to*initiate*the*eradication*process.*

However,* recessive* deleterious* alleles* may* produce* their* effects* in* a* more*

deceitful* way,* for* example* by* affecting* fertility,* inducing* early* lethality* or*

influence* disease* susceptibility.* All* these* effects* are* difficult* to* track*with* the*

current* methods* of* phenotype* measurements,* but* have* an* impact* on* the*

economy*of*the*livestock*sector*and*on*animal*welfare.*

In*this*paper*we*sought*for*deleterious*recessive*alleles*in*Italian*Holstein*cattle.*

This* breed* is* recently* experiencing* a* decrease* in* the* genetic* trend* of* fertility*

traits* (Pryce* et* al.,* 2014),* therefore* we* started* our* search* from* the* exome*

sequences* of* 20* sires,* 19* of* which* having* extreme* EBV* values* for* male* and*

female*fertility.*
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The* choice*of* sequencing*exomes*was*a* compromise*between* completeness*of*

information,*accuracy*of*variant*and*genotype*detection*and*cost.*Exomes*clearly*

give* incomplete* information,* since* they* miss* all* variation* in* regulatory* sites*

outside* gene* boundaries* (ENCODE* Consortium,* 2012).* These* may* be* very*

relevant*for*the*control*of*trait*variation,*but*they*are*still*very*poorly*annotated*

in* livestock.* On* the* other* hand,* sequencing* exomes* yields* millions* instead* of*

billions*base*pairs,*a*deeper*sequencing*of*target*regions*and*a*consequent*more*

reliable*variant*and*genotype*calling*(Figure*S1*and*S2).*The*analysis*of*exome*

data* is* also* less* demanding* in* terms* of* computer* time* (thousands* instead* of*

millions* variants* are* to* be* analysed)* and* easier* in* terms* of* biological*

interpretation.* Exome* sequencing* revealed* to* be* very* effective* in* the*

identification*of*a*number*of*mutations*affecting*human*health*(Bamshad*et*al.,*

2011;* Yang* et* al.,* 2013).* All* these*were* defects* caused* by*mutations* in* single*

genes* producing* clear* phenotypic* effects* having*Mendelian* inheritance.* These*

conditions*do*not*hold*in*our*investigation,*therefore*we*had*to*devise*strategies*

to* integrate* exome* data* with* other* information* collected* from* the* Holstein*

population*and*other*species.**

The*overall*procedure*for*identify*the*candidate*deleterious*recessive*was*based*

on* the* rationale* that* deleterious* recessive* alleles* in* coding* sequences* are*

expected*to*be:*i)*caused*by*severe*alteration*of*the*proteins*encoded*by*genes;*

ii)*mostly,*if*not*exclusively,*carried*at*the*heterozygous*state*in*the*population;*

iii)*unevenly*distributed*in*animals*of*high*and*low*fertility;*iv)*likely*conserved*

in*different*species*because*of*selection*constraint;*v)*likely*associated*to*genetic*

defects*in*any*species,*when*severely*damaged.**

A* stepwise* procedure* was* set* up* for* reducing* candidates* to* a* number*

manageable* for* functional* analysis* (Figure*1).* In* the* first* step*mutations*were*

discovered,*in*the*second*filtered*and*in*third*assessed.**

This*procedure*identifies*only*some*of*the*deleterious*recessives*existing*in*the*

population*analysed.*Since*we*sequenced*only*exomes*and*not*whole*genomes,*

our*analyses*is*limited*to*coding*sequences*and*at*the*moment*to*SNP*variation.*

We*therefore*miss*regulatory*variations*outside*genes*and* the*effects*of* indels*

and*more*complex*variations.**
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The*number*of*animals*sequenced*is*limited.*Deleterious*recessives*are*expected*

to*be*rare*in*the*population*and*we*have*sampled*only*20*animals*from*a*subset*

of*sires*authorized*to*AI* in*Italy.*Although*we*have*taken*among*them*those* in*

the*minus* tail* of* fertility* trait,* that*might*have* a*higher* genetic* load,* it’s* likely*

that*we*have*missed*other*variants*existing*in*the*population.*On*the*other*hand,*

variants*carried*by*AI*authorized*bulls*are*the*ones*that*will*have*a*larger*impact*

on*the*population*if*widely*spread*by*elite*bulls*and*therefore*they*are*the*most*

interesting*from*a*breeding*point*of*view.*

Most* deleterious* variants* are* expected* to* be* very* rare,* and* therefore* not*

detected* by* the* approach* here* adopted* or* detected* and* afterwards* discarded*

during*the*filtering*processes.**

Sequencing* is* prone* to* errors.* Some* real* variants* may* have* been* discarded*

during*QC*of*sequence*data,*due*to*poor*sequence*quality*or*poor*coverage*of*the*

region.**

Some*of*the*variations*classified*as*“non*deleterious”*by*the*software*used*may*

indeed*have* an* effect.* In* fact* synonymous*mutation* are*non`neutral*whenever*

the*different*tRNAs*for*a*same*amino*acid*have*different*relative*abundance*and*

translation*rates*(Goymer,*2007).*

*

1.(Searching(candidate(deleterious(variants(in(exomes(

Exomes*produced*a*fair*amount*of*data.*All*together*53.55*Mb*were*sequenced.*

These* represent* 99.98%* of* the* exome* sequences* targeted* by* probes.* Among*

these*only*3.5%*had*a*sequencing*depth*across*animals*<60X.*Sequencing*depth*

is* a* key* factor* for* variant* detection* and* even* more* so* when* the* genotype* of*

sequenced*animals*is*to*be*inferred.*Investigating*the*concordance*between*the*

genotypes* detected* at* more* than* 20K* SNP* by* both* Beadchip* and* exome*

sequencing,*we* observed* a* clear* inverse* relationship* between* sequence* depth*

and*number*of*discordances*(Table*S3*and*Figure*S3).*The*average*sequencing*

depth* expected* (50X)* and* realised* in* practice* (40.58)* in* this* investigation,*

yielded*rather*accurate*genotypes,*since*the*average*concordance*observed*was*

over*97%*and* increased* to*over*99%*when*two*outlier*animals*were*removed*
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from* the* dataset.* The* reason* for* the* outlier* behaviour* of* these* samples* was*
likely* a* suboptimal* quality* of* DNA* submitted* to* sequencing.* Overall,* almost*
215,000* variants* passed* quality* controls* and* among* them* 192,440* autosomal*
SNPs* have* been* investigated* in* detail.* As* found* in* other* investigations,* most*
variants* were* rare* (Peloso* et* al.,* 2014).* For* example* the* MAF* distribution*
observed*in*46904*SNPs*classified*neutral*has*a*mean*of*0.197*and*a*median*of*
0.167*values*(Figure*S6).*

The*first*step*in*our*research*was*to*identify*SNPs*causing*severe*alterations*in*
the* proteins* coded* by* genes.* These* were* relevant* changes* in* conformation,*
alterations*of*splicing*sites*or*truncations*of*proteins.*To*accomplish*this*task*we*
relied*on*two*software,*SIFT*and*ANNOVAR*that*identified*4,902*such*variations*
in*3423*genes.* Interestingly* the* subset*of*deleterious*variants*has* significantly*
lower*mean* (0.156)*and*median* (0.10)* compared* to*neutral* variations* (Figure*
S6).* This* subset* is* therefore* at* least* enriched* in* variants* under* purifying*
selection*having*a*deleterious*effect*at*the*population*level.**

The*number*of*deleterious*alleles*detected*is*high*and*it*is*unlikely*they*all*have*
a* relevant* phenotypic* effect,* even* if* most* variants* are* rare.* In* fact,* variants*
deleterious* for* a* protein* are* not* automatically* deleterious* for* an* organism,* as*
the* protein* change* induced* by* the* variant,* although* relevant,* may* not* affect*
protein*function;*variation*may*occur*in*one*member*of*a*gene*family,*so*that*its*
function* may* be* compensated* by* other* family* members;* the* protein* function*
may* be* compensated* by* other* proteins* or* the* affected* metabolic* pathway*
compensated* by* alternative* pathways.* The* challenge* was* therefore* to* filter* a*
subset*of*variants*likely*having*a*phenotypic*effect*to*be*proposed*for*validation*
at*a*larger*scale.*To*accomplish*this*task*we*sought*for*additional*information*in*
exome*sequences*and*in*a*large*population*of*Holstein*sires*genotyped*with*the*
bovine*HD*Beadchip.*

*
( (
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2.(Filtering(deleterious(variants(

The* second* step* consisted* in* filtering* the* several* thousand* deleterious* SNPs*
identified* in* exomes* to* search* for* SNPs* and* genes* that* worth* deeper*
investigation.*We*used*two*strategies*to*accomplish*this*task.**

*

2.1.$ Distribution$ of$ deleterious$ variants$ in$ fertility$ EBV$ plus9variant$ and$

minus9variant$animals$

Fertility* traits* are* controlled* by* a* high* number* of* genes* and* are* highly*
genetically* heterogeneous.* Even* using* a* selected* subset* of* variants* identified*
from* exome* sequencing,* classic* association* analyses* would* need* sample* sizes*
much* larger* that* the* one* available* in* this* investigation* to* have* a* reasonable*
statistical* power* (Stitziel* et* al.,* 2011).* The* first* approach*we* applied,*was* the*
analysis*of* SNP*allelic* and*genotypic*distribution*between* the*minus*and*plus`
variant* tails* of* male* and* female* fertility* EBVs.* Given* the* very* low* number* of*
animals* sequenced,*we*decided* to* use* a* simple*model* to* exclude* from* further*
analyses* all* markers* showing* no* evidence* of* association* with* the* EBV* tails,*
rather*than*to*find*significant*associations.**

We* divided* samples* in* cases* (minus`variant* animals* for* fertility* EBV)* and*
controls* (plus`variant* animals)* and* tested* all* possible* models* of* inheritance*
implemented* in* the*Plink*package* for* tackling* simple* genetic* defects.*We* then*
used* an* empirical* point`wise* significant* threshold* based* on* permutations* to*
highlight* SNPs* having* alleles* or* genotypes* showing* an* uneven* distribution*
between*cases*and*controls*and*considered*these*as*worth*further*investigation.*
A*total*of*112*SNPs*in*101*genes*passed*this*filtering*process.*

$

2.2$Detection$of$regions$carrying$deleterious$mutation$from$800K$SNP$data!

The* analysis* of* exomes* alone* was* therefore* insufficient* to* tag* recessive*
deleterious*genes*in*Italian*Holstein*and*we*sought*for*additional*information*in*
1009*Italian*Holstein*bulls*genotyped*at*high*density*that*are*part*of*the*genomic*
selection* program* run* by* ANAFI.* The* rationale* of* the* approach* is* that*
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deleterious* recessives* are* expected* to* be* absent* or* rare* in* the* homozygous*

status* in* the* population.* Hence,* they* may* be* tagged* searching* for* genome*

regions* having* markers* or* haplotypes* lacking* or* having* significantly* less*

homozygotes*than*expected*under*a*neutral*model.**

We* used* two* complementary* approaches* to* identify* these* candidate* regions.*

One*(OHW)*searched*for*very*strong*signals*produced*by*single*markers*out*of*

Hardy`Weinberg* equilibrium* at* P≤8.47x10`8.* A* minimum* of* three* significant*

markers*in*a*sliding*windows*of*10*was*set*to*reach*significance,*to*capture*more*

reliable*signals,*avoid*excessive*single*marker*noise*and*account* for*a*possible*

Wahlund* effect* due* to* presence* of* the* genetic* structure* in* the* population,*

difficult*to*avoid*in*the*set*of*progeny*tested*bulls*analysed.*The*second*approach*

(LOH)* captured* more* moderate* signals* but* from* multiple* markers* in* larger*

regions.* Both* approaches* were* designed* to* detect* signals* in* regions* in* which*

deleterious*variants*are*still*in*segregation*and*are*not*excessively*rare.*

As*expected,*the*two*approaches*identified*regions*that*only*partially*overlapped*

(Tables*S5,*S6*e*S7).*In*particular,*5*regions*out*of*the*11*identified*by*OHW*were*

in* common* to* the* 240* identified* by* LOH.* Two* of* these* regions* overlap* with*

previous* investigations* that* used* the* BovineSNP50* Beadchip.* Sahana* et* al.*

(2013)* found* a* region* candidate* to* carry*potential* lethal* haplotypes* in*Nordic*

Holstein* on* BTA7* in* the* region* 6,708,007`10,907,840.* This* interval* overlaps*

with*both*BTA7*regions*detected*in*this*study.*VanRaden*et*al.*(2011)*detected*

in*U.S.*Holstein*a*large*region*on*BTA15*spanning*76Mb`82M*(on*BTA*3.0)*that*

included*LRP4* gene,* responsible* for* the*mulefoot*defect.*Our*analyses*with* the*

HD*Beadchip*indicates*on*the*one*side*that*the*large*region*detected*by*Sahana*

et*al.*(2013)*may*consist*in*two*nearby*regions.*On*the*other*side*the*signal*we*

detected*on*BTA*15*does*not* include*the*LRP4* locus*that* is*completely* fixed* in*

the*Italian*bulls*population*analysed.**

In* total*83*mutations* in*66*genes* fell* in* either*or*both*OHW*and*LOH*regions.*

These* were* joined* to* the* SNPs* output* of* the* EBV* tail* analyses* for* further*

assessment.*

(
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3.(Assessing(filtered(deleterious(variants(

Different* characteristics* of* the* filtered* deleterious* variants* were* assessed* to*

identify* among* them* strong* candidates* to* submit* to* a* large`scale* validation*

study.*The*assessment*phase*permitted*to*gain*additional*information*in*favour*

or* against* SNP* and* gene* candidature* to* be* deleterious.* We* quantified* this*

evidence*using*a*subjective*score.**

*

3.1$Comparative$genomics$analysis$

In* the* case* of* comparative* genomics,* the* score* quantified* the* level* of*

conservation*of* the*alternative*amino*acid*residues* induced*by*SNP*variants* in*

Italian*Holstein*cattle.*Comparison*was*run*against*a*set*100*vertebrate*species*

that* included* 62* mammals.* The* level* of* conservation* is* a* good* proxy* for* the*

expected* severity* of* a* mutation.* In* the* case* of* the* 46* SNPs* that* induced* the*

change* of* an* amino* acid* highly* conserved* in* the* species* investigated*we*may*

hypothesize* a* strong* selection* pressure* in* favour* of* the* maintenance* or* the*

invariant* amino* acid* at* that* position.* Therefore* the* amino* acid* change* or* the*

stop*codon*we*observed* in*cattle*may*affect*not*only*the*protein*structure*and*

function* but* also* the* phenotype* of* homozygous* animals.* Interestingly,* in* all*

these*cases,*the*SNP*allele*coding*for*the*non*conserved*variants*was*the*minor*

allele.**

Conversely,*in*all*cases*of*high*variability*of*the*target*amino*acid*across*species*

(as*many*as*seven*different*amino*acids*have*sometimes*been*observed)*poorly*

supports* the* presence* of* phenotypic* effects* due* to* its* change.* Sometimes* the*

information*collected*is*against*the*presence*of*a*deleterious*mutation,*as*in*the*

case* of* the* presence* in* different* species* of* both* alleles* identified* by* exome*

sequencing.*This* suggests* that*neither* of* these* is* greatly* affecting* the* viability*

and*fitness*of*animals*carrying*them.*

We*also*observed*a*number*of*failures*(N=45)*in*the*lift*over*of*SNP*coordinates*

from*cattle*to*human*or*in*protein*alignment.*This*happened*for*example*in*the*

case*of*uncharacterized* cattle*proteins* that*have*no*orthologous* in* the*human*

genome,* and* of* some*olfactory* receptors* that* belong* to* a* highly* variable* gene*
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family.* Even* if* the* failure* of* alignment* is* an* indication* of* poor* protein*
conservation*across*species,*the*conservation*of*the*target*amino*acid*could*not*
be*assesses*and*in*these*cases*we*preferred*to*consider*the*information*missing*
and*to*score*it*accordingly.*

*

3.2$Haplotype$analysis$

A*second*assessment*of*the*filtered*candidates*was*on*their*behaviour*in*the*sire*
population.* The* ideal* test* would* be* the* direct* genotyping* of* the* SNPs* in* the*
population*and* the*evaluation*of* their*allelic*and*genotypic*proportions.* In* the*
absence*of*this*information,*we*first*inferred*the*HD*haplotype*associated*to*SNP*
alleles*and*assessed*the*behaviour*of*the*haplotype*in*the*population,*assuming*
this*as*a*surrogate*of*the*SNP*behaviour.*Since*deleterious*alleles*are*expected*to*
be*rare*and*this* is*also*what*we*observed* from*comparative*genomic*analyses,*
we*investigate*the*frequency*only*of*the*haplotype*carrying*the*minor*SNP*allele*
against*the*expectation*to* find*the*corresponding*haplotype*never*homozygous*
or* a* number* of* times* much* lower* than* expected* from* its* frequency* in* the*
population.* The* strategy* yielded* some* interesting* confirmation* but* was* only*
partially*successful.**

First*of*all*the*identification*of*a*unique*haplotype*carrying*the*rare*variant*was*
not* always* possible* or* straightforward.* In* some* cases* carriers* of* a* same* rare*
variant*did*not*share*exactly*the*same*haplotype.*We*accepted*some*variation*if*
the* haplotype* remained* clearly* distinguishable* from* those* of* animals* not*
carrying*the*rare*variant,*but*at*the*same*time*reduced*the*stringency*of*the*test.*
In*quite*a*number*of*cases*a*same*haplotype*carried*both*candidate*deleterious*
SNP* variants.* This* may* occur* for* example* in* the* case* of* recent* mutations.* In*
these*last*cases*the*test*could*not*be*carried*out.*Finally,*most*rare*variants*were*
associated*to*rare*haplotypes*that*are*not*likely*to*have*homozygous*individuals*
in*the*population*independently*of*the*SNP*effect.**

This*assessment*was* therefore*only* significant* for*a* few*haplotypes* that*had*a*
large* number* of* heterozygous* individuals* and* no* or* only* a* very* few*
homozygotes*and*for*those*that*had*a*large*number*of*homozygotes.**
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*

3.3$Functional$analysis$

The* final* assessment* was* the* analysis* of* the* function* of* genes* carrying* the*

candidate* deleterious* SNP.* This* has* some* limitation,* since* knowledge* of* gene*

function* is* only* partial* and* mainly* gained* from* investigations* on* species*

different* from* cattle.* In* any* case,* we* considered* the* association* to* genetic*

defects*in*human*and*the*induction*of*severe*phenotypes*in*mouse*knock*out*as*

a* positive* indication* of* the* likely* phenotypic* effect* of* the* severe* protein*

alteration*we*observed*in*cattle.*In*addition*gene*function*and*expression*profile*

was* evaluated* in* search* for* evidence* of* gene* involvement* in* fertility,*

development*or*processes*fundamental*for*cell*and*organism*viability.*

Among*genes*identified*22*are*associated*to*human*syndromes*(Table*4).*Eleven*

syndromes*are*neurological*diseases*affecting*brain*development*and* inducing*

mental* retardation* (e.g.* Donnay`Barrow* Syndrome* and* Autosomal* recessive*

primary* microcephaly),* the* others* influence* development* (e.g.*

Cerebrooculofacioskeletal* Syndrome* 1* and* Adams`Oliver* syndrome)* or* organ*

function*(e.g.*Congenital*pulmonary*alveolar*proteinosis).**

Most* of* the* same* defects* translated* into* Holstein* would* induce* physical* and*

behavioural* anomalies* likely* causing*young*bulls* to*be* excluded* from*progeny*

testing.* It*should* in* fact*be*considered*that*the*animals*we*analysed*are*on*the*

one*side*those*that*will*most*influence*the*genetic*make*of*future*generation*but*

are* not* a* random* sample* of* Holstein* animals.* These* bulls* have* been* progeny*

tested*and*authorised*to*be*used*in*artificial*insemination*in*Italy.*Candidates*to*

progeny*testing*derive*from*the*mating*of*the*best*1%*sires*and*best*2%*dams*of*

the* Italian* Holstein* population.* At* the* age* of* 4* months* they* are* taken* to* the*

Italian* Holstein* breeder* association* (ANAFI)* test* station* where* they* are*

subjected* to* performance* test,* sanitary* controls* and* behavioural* tests.*

Thereafter*the*quality*of*their*semen*is*checked,*before*authorization*is*granted*

to*enter*in*progeny*test.*In*this*sample*of*animals*it*is*therefore*expected*to*find*

never* at* the* homozygous* state* mutations* causing* lethality,* physical*

malformation,* abnormal* behaviour* and* semen* infertility.* Also* those* having* a*
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major*effect*on*semen*quality*and*high*susceptibility*to*diseases*are*expected*to*

be*rarely*carried*at*the*homozygous*status.**

Association* with* human* syndromes* is* a* strong* evidence* of* the* potential*

phenotypic*effect*of*mutations*altering*the*gene*structure.*However*it*should*be*

considered* that* variants* found* in* humans* are* different* from*variants* found* in*

cattle* and* that* the* severity* of* the* phenotype* induced* by* a* deleterious* gene* is*

often* variable* even* within* species.* Therefore* we* evaluated* this* information*

together*with*the*other*indirect*evidences*of*variants*to*be*deleterious.**

We*also*enquired*the*website*of*the*International*Mouse*Phenotype*Consortium*

(https://www.mousephenotype.org/)* to* search* for* the* effects* of* null* alleles* in*

mice.* The* few* genes* for*which*null`mice* line* is* available* are* involved* in* basic*

functions*for*the*organism*that*span*from*vision*(IAH1*and*EPB41L4A),*to*aging*

(RGP1)*and*tissues*development*(FABP12,!RIPPLY3,!RGNEF)*or*fertility*(CFAP96).*

As*with*genes*associated*to*human*syndromes,*most*of*the*abnormal*phenotypes*

observed*in*knock*mouse*would*hamper*young*bulls*to*enter*progeny*testing.*

Gene* Ontology* (GO)* was* evaluated* on* the* entire* gene* set.* No* enrichment* on*

particular*categories/GO*terms*was*observed.*The*most*represented*categories*

in* Biological* Processes* were* as* expected* “metabolic* process”* and* “cellular*

process”,* however,* lower* level* terms* “reproduction”* and* “developmental*

process”* are* represented* with* meaningful* hits.* The* analysis* of* Molecular*

Function* indicates* that*many* of* the* hits* are* enzymes* (“catalytic* activity”)* and*

have*regulatory*roles*(“binding”*and*“enzyme*regulator*activity”).*This*result*can*

be* interpreted* in*different*ways.*On* the*one* side*deleterious* alleles*may* exert*

their* deleterious* effect* in* a* number* of* different* cellular* and* developmental*

processes:* the* correct* process* is* one,* while* there* is* many* options* to* make* it*

wrong.*Also,*the*number*of*genes*investigated*is*relatively*low*and*for*many*of*

them* there* is* little* or* no* information* available* (e.g.* 11* genes* code* for* a*

completely*uncharacterized*protein).*In*addition*some*of*them*may*turn*out*not*

to*be*really*deleterious*and*add*noise*to*the*GO*analysis.*

As* a* final* step* all* the* previous* information* (GO,* expression* patterns,* known*

function)*have*been*used* to* estimate* a* score*measuring* the* importance*of* the*

gene* function* for*cattle* survival*and*reproduction.*The*scoring*of* function*was*
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particularly*difficult.*GO*categories*were*general*and*all*functions*tagged*have*a*
relevant* importance* for* animal* survival* and*production.*Therefore* in* this* case*
we*didn’t*use*the*whole*score*range*planned*(from*`1*to*1)*and*gave*no*negative*
scores.*A*positive*score*of*1*was*attributed*only* to*genes*playing*an* important*
role*in*fertility*and*development.**

$

3.4$Strong$candidate$deleterious$variants$

The*scoring*process*yielded*21*variants*with*a*total*score*=*0,*35*variants*with*
positive* and* 135* with* negative* values* (Figure* 2* and* Table* 5).* Although* the*
process*was*not*error*free,*as*it*relied*on*incomplete*information*and*had*some*
degree*of*subjectivity,*particularly*in*the*choice*of*relative*weights,*it*identified*a*
set* of* variants* that* may* be* considered* strong* candidates* to* have* deleterious*
effects* in* the* Italian* Holstein* breed.* Variants* were* evaluated* individually* and*
those* in* a* same* genes* had* sometimes* different* scores.* For* example* the* five*
variants*carried*by*ALPK2*had*scores*ranging*from*`7*to*`2.**

*

*
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Interestingly,,13,of,the,22,genes,associated,to,human,syndromes,carry,variants,

appearing, in, the, short, list, of, the, 35, positives, and, only, 6, in, that, of, 135, with,

negative, values., This, in, spite, of, the, low, weight, (from, @1, to, 1), given, to, this,

parameter.,Eight,of,the,35,positive,variants,are,in,proteins,still,uncharacterized.,,

Six,variants,had,a,score,of,4,or,higher.,The,highest,score,(total,score=7),was,for,

ELMO3, (Engulfment, and, cell, motility, gene, 3)., This, gene, is, involved, in, cell,

motility, and, migration., ELMO3, is, also, a, homolog, of, C.( elegans, Ced12, that, is,

required, for, many, developmental, processes, included, gonadal, morphogenesis.,

Mutant, for, this, gene, in, C.( elegans, suffer, from, abnormal, development,, usually,

with, lethal, consequences, or, sub@lethal, developmental, defects,, including, small,

embryos,,delayed,development,,and,reduced,fertility,(Gumienny,et,al.,,2001).,In,

human, it, is, expressed, in, testis,, prostate, and, ovary,

(http://www.genecards.org/cgi@bin/carddisp.pl?gene=ELMO3).,,

The,gene,DNAJC13,(DnaJ,(Hsp40),homolog,,subfamily,C,,member,13),had,a,total,

score, of, 5., This, gene, is, involved, in, the, onset, of, Parkinson, disease., DNAJC13,

regulates, the, dynamics, of, clathrin, coats, on, early, endosomes., Cellular, analysis,

shows, that, the, mutation, Arg855Ser, identified, by, Vilariño@Güell, et, al., (2014),

confers, a, gain@of@function, that, impairs, endosomal, transport.,A,possible, role,of,

DNAJC13,gene,in,Tourette,syndrome/chronic,tic,disorder,is,under,investigation,

(Sundaram,et,al.,,2011).,

A, second, gene,had, a, score,of, 5,,THBS2, (Thrombospondin,2)., It, belongs, to, the,

thrombospondin, family, and, is, a, powerful, inhibitor, of, tumour, growth, and,

angiogenesis., It, is, highly, expressed, in, testis,, in, fetal, Leydig, cell., Hirose, et, al.,

(2008), found, a, significant, association, between, an, intronic, SNP, in, the, THBS2,

gene, and, lumbar, disc, herniation., Thrombospondin@2, is, also, a, matricellular,

protein,found,in,human,serum.,Deletion,of,TSP@2,causes,age@dependent,dilated,

cardiomyopathy, (Hanatani, et, al.,, 2014)., Mutant, mice, for, this, gene, display, a,

variety, of, mutant, phenotype;, Kyriakides, et, al.,, 1998, suggest, that, THBS2,

modulates, the, cell, surface, properties, of, mesenchymal, cells,, affecting, cell,

functions,such,as,adhesion,and,migration.,,
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Three, genes, had, a, score, of, 4,, all, three, are, associated, to, human, syndromes.,

Mutation, in, HERC2, (HECT, and, RLD, domain, containing, E3, ubiquitin, protein,

ligase,2),is,involved,in,autosomal,recessive,mental,retardation@38,(Puffenberger,

et,al.,,2012).,Ji,et,al.,(2000),identified,in,mutant,mouse,neuromuscular,secretory,

vesicle,defects,and,sperm,acrosome,defects.,Moreover,genetic,variations,in,this,

gene, are, associated, with, skin/hair/eye, pigmentation, variability., Mutations, in,

DOLK, gene, (dolichol, kinase), are, associated, with, dolichol, kinase, deficiency,

(Lefeber,et,al.,,2011).,COX10,(cytochrome,c,oxidase,assembly,homolog,10),gene,

is, associated, to, mitochondrial, complex, IV, deficiency, causing, Leigh, syndrome,

(Antonicka,et,al.,,2003).,,

,

,

Conclusions)

Exome,sequencing,therefore,provided,valuable,information,on,coding,sequence,

variants, and, on, their, potential, effect, on, protein, function., As, a, group,, variants,

classified,as,deleterious,were,rarer,than,variants,classified,as,neutral.,Since,this,

is,an,expected,effect,of,purifying,selection,,this,set,of,variant,was,likely,enriched,

for,variants,having,a,phenotypic,effect.,,

The,inclusion,in,the,analyses,of,plus,and,minus,variant,animals,for,fertility,traits,

likely,permitted,to,sequence,the,most,important,variants,influencing,these,traits,

but,the,low,number,of,animals,sequenced,combined,with,the,complexity,of,the,

trait,permitted,to,find,only,a,suggestive,association,between,SNPs,and,traits.,It’s,

likely, that, a,much, larger, number, of, individuals, is, to, be, sequenced, if, genome,

wide,association,is,the,strategy,ones,want,to,pursue.,

We, explored, an, alternative, strategy, to, confirm, suggestive,deleterious, variants,

based, on, indirect, evidence, of, the, variant, effect, by, assessing:, i), evolutionary,

constraints,associated,to,the,amino,acid,residue,coded,by,the,variant;,ii),variant,

behaviour, in, a, large, population., In, the, absence, of, direct, genotyping, of, the,

candidate,variants,,we,used,haplotype,information,as,surrogate;,iii),function,and,

effects,in,other,species.,,
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We, attempted, to, quantify, these, criteria, through, a, score, subjective, and, only,

indicative,,but,permitted, to,highlighted,35,genes, so, far,neglected, in, cattle,,but,

deserving,further,attention,and,potentially,having,deleterious,effects,in,Holstein,

and,other,cattle,breeds.,These,may,be,part,of,the,recessive,deleterious,set,that,

constitute,the,genetic,load,of,Italian,Holstein.,,

,

,

,
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,

Supplementary) Table) S4.) List) of) suggestive) genes) deriving) from) the)
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• Geno_HomoMajor:,Number,of,animals,with,homozygote,genotype,for,major,allele;,,

• HW_inside:,Deleterious,mutation/s,inside,“Out,of,Hardy@Weinberg”,region;,,

• HW_outside:,Deleterious,mutation/s,outside,“Out,of,Hardy@Weinberg”,region;,,

• DH_inside:,Deleterious,mutation/s,inside,“Lack,of,Homozygosity”,region;,,

• DH_outside:,Deleterious,mutation/s,outside,“Lack,of,Homozygosity”,region;,,
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• GeneClass:, Classifications, of, gene, @, 1:, deleterious, mutation/s, inside, OHW, and, LOH,
region,,2:,deleterious,mutation/s,inside,OHW,or,LOH,region;,,

• 2:,deleterious,mutation/s,outside,OHW,and/or,LOH,region;,,
• LOW_MinorAllele:,minor,allele,for,low,fertility,(male,and,female),dataset;,,
• LOW_MAF:,minor,allele,frequency,from,low,fertility,(male,and,female),dataset;,,
• LOW_CR:,SNP,call,rate,from,low,fertility,(male,and,female),dataset;,,
• LOW_HomoMinor:,Number,of,animals,from,low,fertility,(male,and,female),dataset,with,

homozygote,genotype,for,minor,allele;,,
• LOW_Het:, Number, of, animals, from, low, fertility, (male, and, female), dataset, with,

heterozygote,genotype;,,
• LOW_HomoMajor:,Number,of,animals,from,low,fertility,(male,and,female),dataset,with,

homozygote,genotype,for,major,allele;,,
• LOW_HWeqPvalue:, Hardy@Weinberg, equilibrium, p@value, from, low, fertility, (male, and,

female),dataset;,,
• HIGH_MinorAllele:,minor,allele,from,high,fertility,(male,and,female),dataset;,,
• HIGH_MAF:,minor,allele,frequency,from,high,fertility,(male,and,female),dataset;,,
• HIGH_CR:,SNP,call,rate,from,high,fertility,(male,and,female),dataset;,,
• HIGH_HomoMinor:,Number,of,animals,from,high,fertility,(male,and,female),dataset,with,

homozygote,genotype,for,minor,allele;,,
• HIGH_Het:, Number, of, animals, from, high, fertility, (male, and, female), dataset, with,

heterozygote,genotype;,,
• HIGH_HomoMajor:,Number,of,animals,from,high,fertility,(male,and,female),dataset,with,

homozygote,genotype,for,major,allele;,,
• HIGH_HWeqPvalue:,Hardy@Weinberg, equilibrium,p@value, from,high, fertility, (male, and,

female),dataset;,,
• Male_TREND:, inheritance, models, implemented, in, PLINK,, trend, test,, on, male, fertility,

dataset;,,
• Male_,GENOTYPES:, inheritance,models, implemented, in,PLINK,,genotypic, test,,on,male,

fertility,dataset;,,
• Male_, RECESSIVE:, inheritance, models, implemented, in, PLINK,, recessive, test,, on, male,

fertility,dataset;,,
• Female_TREND:,inheritance,models,implemented,in,PLINK,,trend,test,,on,female,fertility,

dataset;,,
• Female_GENOTYPES:, inheritance, models, implemented, in, PLINK,, genotypic, test,, on,

female,fertility,dataset;,,
• Female_RECESSIVE:,inheritance,models,implemented,in,PLINK,,recessive,test,,on,female,

fertility,dataset;,,
• Male&Female_TREND:, inheritance, models, implemented, in, PLINK,, trend, test,, on, male,

and,female,fertility,dataset;,,
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• Male&Female_GENOTYPES:, inheritance,models, implemented, in, PLINK,, genotypic, test,,

on,male,and,female,fertility,dataset;,,

• Male&Female_RECESSIVE:,inheritance,models,implemented,in,PLINK,,recessive,test,,on,

male,and,female,fertility,dataset;,,

• EMP1_Male:,Empirical,p@value,on,male,fertility,dataset;,,

• EMP1_Female:,Empirical,p@value,on,female,fertility,dataset;,,

• EMP1_Male&Female:,Empirical,p@value,on,male,and,female,fertility,dataset.,

,

Supplementary)Table)S8.)Results)of)haplotype)analysis.)))
Header(code:,,

• Chrom:,chromosome,

• Pos:,physical,position,on,UMD,3.1,genome,

• Exome_homo:,number,of,homozygote,,for,deleterious,mutation,,sequenced,animals,

• Exome_het:,number,of,heterozygote,sequenced,animals,for,deleterious,mutation,

• Outcome:, NotFound:, It, was, impossible, to, associated, a, haplotype, to, the, mutation;,

NotOpt:, Non, completely, invariant, haplotype, could, be, associated, to, the,mutation;,OK:,

Putative,haplotype, associate, to,mutation,was, found., In, few, case, alternative,haplotype,

was,reported.,,

• Len:,length,of,haplotype,,in,number,of,SNPs,

• Pop_num:,numbers,of,selected,haplotype,detected,in,Holstein,population,

• Pop_homo:, numbers, of, homozygote, animals, in, Holstein, population, for, selected,

haplotype,

• Pop_het:, numbers, of, heterozygotes, animals, in, Holstein, population, for, selected,

haplotype, ,

• Exp:,Expected,number,of,homozygote,animal,,

• Alternative:, if, only, one, heterozygote, sequenced, animals, for, deleterious,mutation,was,

found,all,two,possible,haplotypes,where,tested,

,

Supplementary)Table)S9.)Descriptive)results)for)the)Biological)Process)(BP)))

Number,of,genes,belonging,to,Biological,Process,GO,terms.,)

,

Supplementary) Table) S10.) Descriptive) results) for) the)Molecular) Function)

(MF))

Number,of,genes,belonging,to,Molecular,Function,GO,terms.,

,
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Conclusion!!
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Since! the! domestication! event,! occurred! in! the! Fertile! Crescent! around! 10,000!
years!ago,!the!bovine!species!was!selected!by!humankind!to!fulfil!his!needs.!The!
creation!of!breeds,!occurred!around!200!years!ago,!intensified!the!differentiation!
between! populations! and! promoted! the! development! of! intensive! selection!
schemes.!TraditionalA!and!nowadays!genomicA!selections!are!producing!positive!
genetic!trends!in!many!productive!traits,!despite!the!still!poor!knowledge!about!
phenotype! biology.! A! deeper! understanding! of! genome! organization! and! gene!
biology! would! increase! the! accuracy! of! genomic! evaluation! by! incorporating!
prior!knowledge.!
!
This!thesis!explores!the!bovine!genome!by!highAthroughput!technologies!A!such!
as!Next!Generation!Sequencing!and!HighADensity!Genotyping!A!with!established!
and! innovative! procedures,! to! investigate! the! biology! of! complex! traits! and! to!
provide!new!data!and!molecular!tools!to!bovine!breeding.!
!
These! goals! have! been! achieved! by! complementary! approaches! and! different!
methods.!In!Chapter!2!selection!signatures!were!investigated!independently!into!
five! Italian! breeds! using! Illumina! BovineSNP50! BeadChip.! Then,! a!multiAbreed!
approach! was! applied,! clustering! breeds! into! dairy! (Italian! Holstein,! Italian!
Brown!and! Italian! Simmental)! and!beef! (Marchigiana,! Piedmontese! and! Italian!
Simmental)! groups.! Regions! under! recent! positive! selection! shared! by! breeds!
with!a!same!productive!aptitude!were!investigated!in!further!detail!by!retrieving!
genes! in! the! region! and! analysing! their! function! by! ontology! and! pathway!
analysis.! In! the! dairy! group,! selection! signals! appear! nearby! genes! related! to!
mammary!gland!(metabolism!and!resistance!to!mastitis)!and!feeding!adaptation.!
In! the!beef!group,!genes! in!selected!regions!are! involved! in!animal!growth!and!
meat!quality!(texture!and!juiciness).!Hence,!candidate!genes!identified!belong!to!
networks! and! pathways! important! in! directing! a! breed! towards! either! beef! or!
dairy!production.!
In! Chapter! 3,! a! GWAS! approach! was! used! in! dairy! cattle! to! correlate! SNP! to!
complex! phenotypes! having! an! economic! value.! Three! independent! “classical”!
singleAmarker!regressions!were!run!in!three!Italian!dairy!cattle!(Italian!Holstein,!
Italian!Brown!and!Italian!Simmental).!Using!the!traditional!single!SNP!approach,!
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only! few! SNPs! were! above! the! nominal! genomeAwide! significance! threshold,!
while! applying! a! geneAbased! method! identified! significant! candidate! genes!
associated!with!milk!physiology! and!mammary! gland!development! in! all! three!
populations.!Interestingly,!genes!found!in!different!breeds!have!similar!function!
but! are! not! the! same,! suggesting! that! breed! history,! demography,! selection!
criteria!and!stochastic!events,!as!genetic!drift,!have!an!impact!on!the!definition!of!
the!main!molecular!target!of!selection!schemes.!!
Current! intensive! selection! strategies! rapidly! spread! the! genetic! gain! in! the!
population!but!hold!the!associated!risk!of!disseminating!defective!genes!causing!
genetic! defects! (e.g.! mulefoot,! complex! vertebral! malformation! and! others)! or!
decreasing! fertility.! In! Chapter! 6,! different! technologies! and! approaches! were!
combined! to! obtain,! filter! and! prioritize! genes! candidate! to! be! deleterious.!
Exome! sequence! data!were! exploited! to! identify! deleterious! variants! affecting!
Italian!Holstein!cattle!in!a!set!of!20!animals!extreme!for!fertility!traits.!More!than!
5000! candidate! deleterious! SNP! variants! were! identified.! To! bypass! the! small!
number!limitation!and!the!lack!of!power!of!any!statistic!analysis!on!20!animals,!a!
stepwise! approach!was! used! to! first! filter! and! then! prioritize! these! candidate!
deleterious! variants.! Polymorphisms! were! retained! if! having! asymmetric!
distribution! in! bulls! from! opposite! tails! of! fertility! EBV! distributions! and/or!
mapping! in! genomic! regions! outlier! for! lack! of! homozygosity! in! a! 1009! bull!
population! genotyped! with! the! Illumina! BovineHD! BeadChip.! A! total! of! 191!
variants! in!163!genes!passed! the!processes.!These!were!assessed!by! searching!
additional! evidences! in! favour! or! against! their! deleterious! effect! through!
different!approaches:!i)!checking!the!variant!conservation!across!100!vertebrate!
species! by! comparative! genomics;! ii)! finding! haplotypes! associated! with!
candidate!mutations!and!evaluating!their!frequency!in!Holsteins;!iii)!integrating!
human!and!mouse! functional!annotations.!A! score!was!proposed! to!weight! the!
result! of! these! assessments! and! rank! the! variants:! 35! of! them! had! positive!
scores.! These! occurred! in! genes! involved! in! basic! biological! mechanisms! as!
fertility,!development,!and! immunity!and!resulted!enriched! in!genes!associated!
to!genetic!defects!reported!in!human.!These!mutations!are!strong!candidates!to!
be! recessive! deleterious! variants! worth! to! be! further! investigated! in! a! larger!
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population!to!better!understand!their!biology,!impact!and!possible!application!in!
breeding.!!
!
To! increase! the! reliability! of! results! based! on! genomic! data! and! to! reduce! the!
impact! of! subjective! choices! in! data! analysis,! new! tools/approaches! were!
developed!(i.e.!the!multiAbreed!approach!in!Selection!Signature!–!Chapter!2;!the!
postAGWAS! geneAbased! approach! –! Chapters! 3! and! 4)! and! the! existent! ones!
critically!evaluated!(imputation!methods!–!Chapter!5).!!
In! Chapter! 4,! the! postAGWAS! geneAbased! method! used! in! Chapter! 3! was!
implemented! in! the! MUGBAS! (MUlti! species! GeneABased! Association! Suite)!
software.! In! contrast! to! existing! software,! MUGBAS! is! species! and! annotation!
free.! A!multipleAtesting! correction!was! included! in! the! package,! in! addition! to!
computing! parallelization,! for! faster! processing,! and! plot! representation! for!
better!understanding.!The!software!uses!singleAmarker!GWAS!data!and!a!given!
annotation! to! estimate! geneA/regionAwise! association! pAvalues.! As! previously!
mentioned! in! Chapter! 3,! the! “classical”! GWAS! approach! (single! SNP)! found!
signals! only! in! Italian!Holstein,!while!MUGBAS! geneAbased! approach! identified!
significant!signals!in!all!breeds!investigated.!!
In! Chapter! 5,! the! impact! of! different! bovine! reference! sequences! on! genotype!
imputation! was! investigated.! In! this! work,! Illumina! BovineSNP50! BeadChip!
genotypes!of! Italian!Simmental!bulls!were!reAmapped!on!the!three!most!recent!
reference!genome!assemblies.!We!compared!four!different! imputation!methods!
from!low!(Illumina!BovineLD!v.1.0!Beadchip)!to!high!density.!The!test!population!
was!divided!into!four!subpopulations!on!the!basis!of!relationship!and!genotype!
data!availability.!Updating!SNP!coordinates!on!the! three! tested!cattle!reference!
genome! assemblies! determined! only! a! slight! variation! on! imputation! results!
within!methods.!On!the!other!hand,!large!differences!in!terms!of!accuracy!were!
observed!among!the!four!imputation!methods!tested.!!
!
Genetic! structure! of! industrial! breeds! was! evaluated! assessing! Linkage!
Disequilibrium! (LD).! Since! LD! decay! is! correlated! to! intensity! of! selection! we!
expected! different! behaviours! in! the! breeds! analysed.! Indeed,! as! evident! in!
Chapter! 2! –! Figure! 7,! breeds! subjected! to! lower! selection! intensity! (i.e.!
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Marchigiana,!Piedmontese!and!Italian!Simmental)!display!a!lower!persistence!of!

LD!at!greater!distances!compared!to!those!subjected!to!higher!selection!pressure!

(i.e.!Italian!Holstein!and!Italian!Brown).!Chapter!3!investigates!LD!in!the!DGAT1!

region! of! dairy! cattle! breeds.! In! Italian! Simmental,! LD! is! lower! compared! to!

Italian! Holstein! and! Italian! Brown,! In! spite! of! this,! significant! association!

between!the!DGAT1!region!and!milk!traits!was!found!both!in!Italian!Simmental!

and!in!Italian!Holstein.!In!Italian!Brown!no!association!was!found!because!DGAT1!

is!fixed.!!

!

Data! and! results! presented! in! this! thesis! represent! a! clear! example! of! the!

progress! of! molecular! technologies! occurred! in! last! few! years,! spanning! from!

medium!density!genotyping!to!next!generation!sequencing.!!

The!biology!landscapes!of!some!complex!traits!(i.e.!milk!production!and!quality,!

fertility)!were! improved,! finding! candidate! genes! and!pathways!not!previously!

associated! to! the! phenotype! in! the! bovine! species.! Moreover,! insights! on!

deleterious! mutations! were! inferred! through! a! deep! and! integrated! analysis!

using!NGS!data.!

This! new! knowledge! could! be! used! to! improve! cattle! breeding.! For! example,!

deleterious!recessive!variants!could!be!included!in!bull!evaluations!by!breeders’!

associations! to! reduce! the! genetic! load! of! deleterious! genes! in! parallel! to!

improving!productivity.!

While! technological! progress! has! been! impressive,!we! are! still! only! scratching!

the!surface!of!animal!biology.!New!frontiers!are!being!opened!by!whole!genome!

sequencing! of! many! animals! (e.g.! in! the! 1000! bull! genome! project)! and! by!

stepping! beyond! sequencing! (a! number! of! epigenomic! projects! in! animals! are!

following! the! footprints! of! the! human! ENCODE! project).! The! trend! is! towards!

unravelling! complexity! and! data! production! ability! is! to! be! flanked! by! data!

storing!and!processing!and!above!all!by!new!methods!and!tools!for!data!analysis.!!

!

!
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