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Abstract

Epistasis describes an interaction between the effects of loci. We included epistasis in quan-
titative trait locus (QTL) mapping of growth at a series of ages in a cross of a Chinese pig
breed, Erhualian, with a commercial line, White Duroc. Erhualian pigs have much lower
growth rates than White Duroc. We improved a method for genomewide testing of epistasis
and present a clear analysis workflow. We also suggest a new approach for interpreting
epistasis results where significant additive and dominance effects of a locus in specific back-
grounds are determined. In total, seventeen QTL were found and eleven showed epistasis.
Loci on chromosomes 2, 3, 4 and 7 were highlighted as affecting growth at more than one
age or forming an interaction network. Epistasis resulted in both the QTL on chromosomes
3 and 7 having effects in opposite directions. We believe it is the first time for the chromo-
some 7 locus that an allele from a Chinese breed has been found to decrease growth. The
consequences of epistasis were diverse. Results were impacted by using growth rather
than body weight as the phenotype and by correcting for an effect of mother. Epistasis
made a considerable contribution to growth in this population and modelling epistasis was
important for accurately determining QTL effects.

Introduction

Epistasislescribeshe effectof agenetidocuschangingwith the genotypeatanotherlocus.In
quantitativegeneticsit is represente@dsan interactionbetweerthe effectf loci. Epistasiss
generallynot consideredn QTL mappingalthoughit maysignificantlycontributeto pheno-
typic variation[1,2]. Evaluatingepistasi€anhelpidentify geneticnetworksand providea
greateunderstandingof the biologyunderlyingcomplextraits. It shouldincreasdghe accuracy
of estimateceffectsAccurateestimatesrefundamentato designingsuccessflbreeding
schemesisingthe QTL. It is particularlyimportantto know if the effectof alocusaltersdirec-
tion dependingon the genetichackground.

Erhualianis a Chineseéndigenouspig breed.In the past,pig breedingin Chinawasmainly
local,which hasresultedin geographicallglistinct breedsWhite Duroc is acrossof the Duroc
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breedwhichoriginatedin the United Statesut is believedo haveatleastpartial European
ancestrywith a Europeanwhite-colouredoreed.Erhualianpigsproducelargelitters andhave
goodoffspringsurvivalratesbut aslowgrowth rate.White Durocshavehighergrowthrates
andlesshodyfat. Chineseand Europearpigsappeato betheresultof separatelomestications
of localwild boarpopulationsaround8,000+6,009earsago[3,4]. Sequencinglatasuggests
that Chineseand Europearwild boarsdivergedaroundl1 million yearsago[5]. Europearand
Chinesepigsalsoclusterto separatgroupsbasedn microsatellitedata,with Durocsatthe
baseof the Europearclusterand Erhualianand other breedsrom the sameareafurthestfrom
the Europearcluster|6].

Pigshavesigmoidalgrowth curvesthat aretypicalof mammalswheretheir growth rateini-
tially increasesvith ageandthendeclinesasindividualsreachtheir maturebodysize[7]. We
examinedgrowth at a serieof agesTheallocationof resourceso varioustissuess likely to
shiftwith time, thereforedistinct QTL arelikely to beidentified at differentageslin contrast,
QTL thataremostfundamentafor growth shouldbedetectedat multiple ageslnvestigating
epistasisvill provideafuller picture of the genetidfactorsaffectinggrowth and mayidentify
newloci or effectsof known loci at further agesAdditionally, QTL thatinteractwith more
thanonelocuscanhaveanincreasedmpactbecausef their influenceon othergenes.

Therearefewassessments epistasisn pigs.In the populationweanalyséere two pairs
of epistaticQTL for bodydimensionsandorganweightswereidentified[8]. A pair of QTL
with joint effecton latebodyweightin anlberianwith Landracecrosswasfound [9] butthe
interactionbetweerthesdoci wasnot significant.However severastudieshaveexploredQTL
for pig growth at differentagesvithout investigatingepistasisAi etal.[10] previouslyanalysed
bodyweightin this population.Theyfound loci on chromosomed, 7 and 8 with effectsat
morethan oneagebut thesdindingsmayhavebeengeneratedby correlationshetweerbody
weightsovertime. Growth QTL in similar positionson chromosomed and 7 weredetectecdat
morethanoneagein acrossbetweerMeishanabreedfrom nearto the Erhualian,and Euro-
peanLargeWhites[11]. A combinedanalysi®f severpopulationsgeneratedrom Meishanor
Europearwild boarcrossedvith WesterncommerciabreedsalsofoundaQTL in the same
regionof chromosomet thatinfluencedbirth weightandoverallgrowth[12]. Two studiesof
Meishanand White crossesletectedQTL in similar positionson chromosomel effecting
earlygrowthandweightattwo ageg11,13].A QTL nearthatlocationalsohadchromosome-
wide significanteffectson growth overtwo weightintervalsin acrossbetweenVesterncom-
merciallines[14].

Studiedn chickenhaveshownepistasi€anbeimportant for growth.In acrossbetween
White LeghornsandaRedJunglefowl11of 17 QTL affectinghatchweightor growthwere
involvedin epistasi$l5]. TheadditionalQTL identified by testingfor epistasiexplainedup
to 10%o0f theresidualtrait variance With chickendrom adivergentselectiorexperiment,
assessintpeindividual effectsf loci only identified one QTL for weightatthe selectiorage
[16]. Epistaticanalysishowedhis locuswasthe centreof a networkof five other QTL, which
togetherexplained45%of the weightdifferencebetweerthe parentalinesat the selectiorage
[17]. Interestingly whengrowthwasinvestigatedatherthanweight,therewereno morethan
minimal networksof threeloci ateachage[18].

When epistasiss detectedywewantto know whattheimpactis on the phenotypeEpistatic
modelsareusuallyformulatedwith interactionvariableghat areproductsof additiveand
dominancevariabledor eachlocusandepistasifiasbeendescribedy whichinteraction
termsaresignificant,for exampleasadditive-by-additiveor additive-by-dominace[19].
Howeverthis doesnot makethe effectsof eachlocusexplicit. It isalsohardto infer the pheno-
typic consequencaé morethanoneinteractiontermis significant.Here,weproposeanew
approachor representingepistasiswWe estimateseparatedditiveand dominanceeffectsof a
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locusfor eachgenotypeatthe otherlocusandreportthe significanteffectsWe providea
mathematicaframeworkfor calculatingthe effectsandtheir standarderrors.

We mappedQTL by their independentand epistaticeffectson growth at differentagesn
an Erhualianand White Duroc F, cross We wereparticularlylooking for loci with effectsat
severahgeor thatinteractedwith morethanoneQTL. To reducetheimpactof correlations
betweerbodyweightsovertime, weexaminedwveightincreasegorrectedfor effectsof start
weight.We alsoadjustedfor an effectof motherandotherexplanatoryariablesWerefineda
methodfor testingepistasisprimarily in howto correctfor theindividual effectsof loci and by
generatingheatmapsto guidethe processOur newapproachwasappliedto the phenotypic
outcomeof epistasisT he effectf loci at variedagesandin differentinteractionswerecom-
pared.To showtheimportanceof consideringepistasisn QTL mapping,wemeasuredhe
varianceexplainedand effectsizesf epistaticandindependenQTL, determinedhow many
epistatidoci weredetectedy astandardQTL scanandlookedatthe changen estimated
effectsvhenepistasisvasomitted.

Materials and Methods
Animals

TheF, crosshasbeendescribedreviously[20] and QTL for multiple phenotypeshavebeen
identifiedin theseanimals.The populationwasgeneratedrom 17 Erhualiansowsand 2
White Duroc boars.TheF, generatiorcomprisedb9 sowswith 9 boarsand1912F, individuals
wereproducedin sixbatchesandfour parities.A simulationstudyfound thatfor apopulation
of 840F,; individuals,the powerto detectepistasisvhentheinteractionof the QTL accounts
for 2.5%of the total phenotypicvariancewasabout7+35%421]. Therefore apopulation
approximatelydoublethis size(whentakinginto accounthormal mortality) waschoserto
maximisethe opportunity to detectepistasisSomepigswerefosteredand pigswerekeptwith
their motheror fostermotherfor 46 days At this time the motherwasremoved At around80
days pigswereseparatedto maleandfemalegroupsof 6+ 10individuals.Individualsfrom
the samefamily weregenerallyjkepttogetherbut largefamiliesweresplit up and smallfamilies
combined.Three-quarter®f the maleswverecastratedit arangeof agesMore than halfthe
pigsweremovedto adifferentlocation,alsoat arangeof agesNearlythree-quarter®f indi-
vidualswerestarvedor 24hoursbeforethe lastweightmeasurement.

Seriousonsiderationwasgivento pig welfareandthe guidelinesfor the careand useof
experimentabknimalsestablishetby the Ministry of Agriculture of Chinawereadheredo.
The ethicscommitteeof JiangxiAgricultural Universityapprovedhis study.A veterinarian
inspectedhe pigstwiceadaylookingfor signsof illnessincluding diarrhoeacough fever,
lamenesdmpairedgrowth, herniaandrectalprolapsePigswerealsotestedby ELISAat days
18,46and120for antibodiedo five infectiousdiseasemcluding swinefever Brucellosisand
PRRSwhichwereprevalentn the area Pigswereeuthanizedf theyremainedill for more
thanthreedays showedhe abnormalitiesdescribechbove pr hadabovethresholdlevelsof
specificantibodiesn accordancevith the diseasactionplandeterminedby the veterinarian.
Euthanasiavascarriedout by electricshockbeforebleedingaccordingto Chinesdandustry
standard§GBT17236+1998).

Pigswerekeptin solidfloor pensinsideseverabarns.Eachpregnantsowwashousedn an
8 m? stywith aroof, window anddoor. Thestyhada 1.8m? areaonly accessible® pigletsto
providesomeprotectionfrom the mother,andaconnecteds m? playgroundwith no roof.
After weaning pigswerefed on adiet containing21%crudeprotein,3300kJdigest-
ible energyand 1.25%lysine,andwaterwasavailable . Largerpigsweremovedto
24m? stiesandtheir dietwaschangedo 16%crudeprotein, 3100kJ digestibleenergyand

PLOS ONE | DOI:10.1371/journal.pone.0162045 January 6, 2017 3/27



@° PLOS | ONE

Epistasis in Pig Growth

0.78%ysinewith wateravailable . Outsidebreeding sowswerekeptin groupsof
4+6in a12m? stywith a6 m? playground Breedingboarswerekeptindividually in 6 m? sties
with a6 m? playground.Youngboarsthat werebeingkeptfor breedingweresimilarly housed
but two perpen.Manurewasclearedorm the penstwiceaday.

Therewere226pigletsthat died beforethe experimentakndpoint. Thisis 12% whichis
belowthe 16%mortality ratefrom live birth to slaughterfound nationwidefor pig farmsin
the United Statesn 2012[22]. Thedeathscorrespondo anaveragef 1.5pigletsperlitter.
Thismight beexpectedgiventhatthereis oftenarunt in alitter andthesehavehighermortal-
ity rates Crossebetweerdistinct breedgendto havea highernumberof runts. Therewere
134pigletseuthanisedecausef illness A further 51werecrushedby asow,thisis aknown
problemin pig rearingandhappensvhenthe motherchangegosition;it is higherwhen
mothersarenot constrainedasin this study.Sowsalsokilled 5 pigletsby biting them.There
werel4pigletsthat died of hypothermia Again,thisis aknown causeof pigletmortality; pig-
letshavedifficulty in regulatingtheir bodytemperatureijn partbecaus¢heylackbrown adi-
posetissue Another 13 pigletsdied unexpectedlyPostmortemexaminationsvereconducted
by the veterinarianbut the causeof deathis unknown. Theremaining9 pigletsdied dueto
complicationdollowing blood sampling At the end of the experimentthe majority of pigs
werekilled by electricshockbeforebleedingaccordingto Chineseandustry standardgGBT
1723611998 0omepigswerekeptto producean F; generation.

Genotyping

Genotypingwascarriedout on all Fo and F; individualsand 1757F, aspreviouslydescribed
[23]. Datafrom 178microsatellitecoveringthe 18 autosomesvereusedin this study.Male
andfemalespecifidinkagemapswerecreatedusingCRI-MAP [24]. Sexspecificmarkerposi-
tionswereconvertedrom Kosambito Haldanemapdistancedor intervalmappingbecause
themethodassumego interferencen recombination.Thelengthsof the maleandfemale
autosomamapswere2,361and 3,215cM, respectivelyThe numberof markersper chromo-
somerangedfrom 5to 24andthe meansex-averagedistancebetweermarkerswasl7cM.

Phenotyping

QTL mappingwasperformedon the F, generationAnimalswereweighedat birth, 21and46
daysold andapproximatelyl1 20,210and 240daysold. Traitsanalysedverebirth weightand
changén weightbetweerthe following agesbirth to 21 days(Gg.»1), 21+46days(Go; 49, 46+
120days(Gaes.129, 120+21@ays(G1o0-219, 46£210ays(Gye.219 and210+24@ays(Go1o-249-
Thecombinedintervalof 46+210dayswasanalyseaswellas46+120and 120+21@laysbe-
causdewerindividualsweremeasurecht 120daysthanthe othertime points.

Data preparation

Therewasvariationin the agewhenthe laterweightmeasurementseretaken.To reducethis
variation,only animalsmeasuredvithin thefollowing agesvereincluded:Ggg.126 119+130
daysfor the secondneasuremeni;,9.o19 119+ 13@aysfor thefirst measuremenand 209+
213daysfor the secondneasurementyith anintervalof 80+90daysG4e.016 205+213lays
for the secondmeasuremeniG,19.049 207121 daysfor thefirst measuremenand 237+242
daysfor the secondneasurementyith aninterval of 27+34days Individualswhoseweights
declinedoverthe courseof the experimentexcepfor thefinal weightafterstarvationor that
diedbeforethe endof the experimentwereexcludedrom the analysisFemaledérom batches
1 and2 wereexcludedrom the analysesf growth after46 daysbecaus¢heywerefed adiffer-
entdiet.
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Theresidualsafterfitting explanatoryariablego the phenotypesvereusedfor the QTL

analysisA setof variablesvastestedfor eachageandonly thosethat weresignificantat

< 0.05wereincluded.Correctingfor othervariableshouldincreasehe powerto detect
QTL by reducingtheresidualvariance Weightat the startof anintervalwastestedbecauseave
wantedto identify QTL thataffectgrowthindependenof startweight.Effectsof sex batch,
motherand parity wereevaluatedor all agesFor fosteredpigs,thefostermotherandherpar-
ity wereusedfor growth afterbirth. Numberof offspringand numberof live offspringwere
consideredascovariatedor birth weightandgroup sizeatthefirst measuremenagefor inter-
valsstartingbeforel20days For intervalswhereweightwasnot recordedat afixed age effects
of measuremenageweretestedaswellasmeasuremenintervalfor G;59.210aNd Gz10.240
Effectsof agewhenmovedand castratiorwerecheckedor growth afterday46.Agewhen
movedwasfirst treatedasafactorwith levelsspanningsix-dayintervals thensimplified by
groupingtogetherconsecutivéevelswith similar effectestimatesandfinally checkingdifferent
boundariedetweerevelso maximisethe explainedsumof squaresAn effectof starvation
wastestedfor G,1g.240

Variableswerefitted togetherin amixed modelwith motherasarandomeffectandthe

othervariablesasfixed effectsModellingwasperformedin R version2.15.1[25]. A restricted
maximumlikelihood (REML) methodin thelme4packagerersion0.999375+2&asused.
Fixedeffectaveretestedby testswith the estimatedesidualvarianceasthe denominator.In
mixedmodelsthe distribution maynot beagoodapproximationof thedistribution of this
teststatisticandthe appropriatedenominatordegreesf freedomis unclear.We estimated

usinga !? approximationfor , Where isthedegree®ffreedomfor the effectunder
theassumptiorthatthe denominatordegree®f freedomis large.The effectof motherwas
testedby alikelihood ratio testof the REML likelihoodsfor modelswith andwithout mother.
Non-significanteffectsveresequentiallyemovedin orderof highest value.Themodelwas
refit aftereachremovalandthe significanceestswererecalculatedThe modelof significant
explanatoryariablegs referredto asthe basemodel. The phenotypesnd explanatoryari-
ablesn thebasemodelsaregivenassupplementarynformation in S3+SJexts.

Data analysis

IndependentQTL analysis. Firstly,loci wereassesseassuminghattheyactedindepen-
dently,i.e.without consideringepistasisThe methodfrom HaleyandKnott [26] wasused
but with the probabilitiesof the allelesat eachpositionoriginating from the Erhualian() or
White Durocline () calculatedbytriM [26,27].triM usesnformation from all markerson a
chromosomeasproposedoy Haley . [28] but appliesahiddenMarkov modelalgorithm,
which canhandlemanymore partiallyinformativemarkers Additive () anddominance()
variablesat1 cM intervalswerecalculatechs = ( ) () and = (), where() is
the probability of havinggenotype. The and valuedor eachcM positionaregivenin S2
Text. Thefollowing linear modelwasfit for eachposition:

~" mi ¥ t LAt

where~istheadjustedphenotype, and aretheadditiveanddominancecoefficientsrespec-
tively, for thetestedpositionand isanormally distributederror. Thismodelandthefollow-
ing epistaticnodelsarein the ; formulation [29]. Themeanvalueof the phenotypeor
individualswith agivengenotypds calledthe genotypicvalue,and isthe meanofthegeno-
typic valuedor thetwo homozygotesThe additivecoefficientis halfthe differencebetween
the genotypicvalueof the homozygotesThe dominancecoefficientis the differencebetween
the genotypicvalueof the heterozygotandthe meanof the homozygotegenotypicvalues.
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ratioswerecalculatedor the combinedadditiveand dominancecoefficientsA genome-

widesignificancehresholdof < 0.05wasdeterminedfor eachtrait by 1000permutationsof
the phenotypeselativeto the genotype$30]. For eachchromosomewnherethe  ratio
exceedethethresholdthe positionwith the highest ratio wascalleda putativeQTL. We
alsorecordedthe setof surroundingpositionswith valuesabovethe significancehreshold,
whichwecallthe QTL span.f therewasmorethanonesetof positionsabovethethreshold
separatedby only asmallgap,the total stretchfrom thelowestto highestpositionwastakenas
the QTL span.Theadditiveanddominancevariabledor all putativeQTL werethenaddedto
model(1) andthe modelfit againto searctor additional QTL usingthe samesignificance
threshold.The processvasrepeatedintil no more putativeQTL werefound.

Epistatic QTL analysis. SecondlypairwiseepistasisvasevaluatedWe useda similar
approacho Carlborgetal.[31] but with someamendmentsThefollowing linearmodelwas
fit to all pairsof positions:

AL AP ST S AP I AP : 1 1 f 2t
where 1, ;, sand ,aretheadditiveanddominancevariabledor thefirst andsecondposi-
tionstestedrespectivelyand 9; 9; 9; 9 areadditiveand dominancecoefficientor

thefirst and secondposition,respectivelyThe additiveand dominancecoefficientsarerepre-
sentedwvith a becaus¢heydo not havethe sameinterpretationasin the singlelocusmodel
([29] and seeEpistaticeffects)The areinteractionvariablegeneratedby multiplying
togetherthe additiveor dominancevariablefor thefirst position,asindicatedby thefirst letter
in the subscriptwith the additiveor dominancevariablefor the secondoosition,asindicated
bythesecondetterin thesubscriptfor example = ; ,. Theparameters , , and

areadditiveby additive,additive(at thefirst locus)by dominance(atthe secondocus),
dominance(at thefirst locus)by additive (at the secondocus),anddominanceby dominance
coefficientsrespectively. isthe meangenotypicvaluefor genotypeshatarehomozygotesit
bothloci.

Theresidualsumof square¢SSEWwasusedfor significancdesting,with alower SSEcorre-
spondingto abetterfit of the modelto thedata.A genomewidé&SSEhresholdof < 0.05
(SSEKenomd Wasdeterminedby 1000permutationsof the phenotypeselativeto the genotypes
usingageneticalgorithm[32]. Only pairsof positionswith a SSHowerthan SSgenomewere
kept.

The SSHs loweredfor pairsinvolving a positioncloseto aputativeQTL becausef the
effectof thatlocus,andthis needgo becorrectedfor. It wassuggestethatwhenonelocusin
apairwaswithin 10cM of analreadydetectedTL amodified significancdestshouldbe
used[33]. We insteadproposethat the modified testshouldbeappliedto all positionswithin
the QTL spanfoundin theindependenQTL analysishencethe breadthof positionsis tai-
loredto eachlocus.To visualisgeheimpactof individual loci andguidethe testingprocesswe
plotted SSBenomeSSEasa heatmapfor theretainedpairs.

Locus-specifiSSEhresholdof < 0.05(SSEpecifig Weredeterminedfor eachputative
QTL from theindependenQTL analysidy permutation[33]. An epistaticnodelof the puta-
tive QTL wasfit with everyothergenomepositionastheinteractinglocusandthe A andD
variableof the otherpositionandtheinteractionvariablepermuted;1000permutationswere
usedAll pairsinvolving apositionwithin the QTL spanwerecomparedagainstSSEpeciricand
only pairswith an SSEbelowSSE,cciicwerekept.When both positionsin apair wereinsidea
QTL span the pair wastestedagainsthe lowestSSEpecitic

A heatmapof SSEpeciicSSEwhereappropriate and SSEenome SSEotherwisewasgener-
atedfor theremainingpairs.Thesemapsshowedsmallclustersof possiblespistaticpairs.For
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eachcluster the pair with the highestvaluein the heatmap (lowestSSEbeneathttherespective
threshold)wasfound. Becauséhereis ahardboundary(the edgeof the QTL span)where
SSEpecificS used partsof regionsin theinitial heatmapcanremainadjacento the boundary
whilst pairsinsidethe boundaryareremoved Comparingthe heatmapsshowssuchedge
effectsWhenweobservedhis, wecheckedf therewasa pair with alowerabsoluteSSEnside
theboundaryandif sothe clusterwasignored.Finally,theinteractionof thelociin apair was
assessdayan testof the four interactioncoefficientdogetherand testsof eachcoefficient.
Pairswith < 0.05for the testor < 0.0125or anycoefficientwerecalledputativeepistatic
pairs.

Model simplification. The putativeQTL andputativeepistaticpairswerecombinedinto
amodelof the raw phenotypewith the explanatoryariablego determinewhethertheloci
weresignificantin this full model.Whenalocusin a putativeepistaticpair matchedwith a
putativeQTL, whichwedefinedasbeingwithin 20cM or insidethe regionof the putative
QTL, weassumedhat theywerethe samdocusandfit only the epistatidocus,usingthe posi-
tion from the epistaticanalysislf thereweresimilar positionsamongstepistaticpairs,we
includedtheseasseparatédoci. Thefollowing mixed modelwasfit by REML:

P P
" mi b:t gi :t -H: "'91 :11: (:Jl :li ?2 :Zi (:)2 :Zi

T .31

where istherawphenotype, isthemodelmatrix for fixedeffects, isthevectorof fixed
effectcoefficients, isthemodelmatrix for mothersand isthevectorof randommaternal
effectcoefficients. and ,for examplearethe additivecoefficientandadditivevariablefor
putativeQTL . 4, = and ,for examplearetheadditivecoefficientfor locuslin puta-
tive epistatigpair andthe additiveby dominancecoefficientandvariablefor this pair.
equateso the meangenotypicvaluef genotypeshat arehomozygotesit all loci aftercor-
rectingfor the effectof the explanatoryariables.

Putativeepistaticpairsweretestedfor asignificantinteractionin (3). Thesignificance
thresholdwas < 0.05in an testof thesetof interactioncoefficientoor < 0.0125n a test
of anyindividual interactioncoefficient Non-significantpairswereremovedsequentiallyin
orderofthehighest valuefor the setof interactionterms.If eitherlocusmatchedaputative
QTL, thelocuswaskeptin the modelasaputativeQTL unlessherewasasimilar positionin a
remainingputativeepistaticpair. The position of the locuswasreassesseflit wasdifferentfor
theremovedpair andthe putativeQTL; the positionswerecomparedn the currentmodel
andtheonegivingthe highestiog likelihood wasused.The modelwasrefitted afterremoving
eachpair andthe significanceestswererecalculatedWhen only significantpairsremained,
anyloci locatedwithin 20cM of eachotherin differentpairswereexaminedWe assumedhat
thesewerethe samdocusandreplacedhemwith onelocusin the model. Thedifferentposi-
tionswerecomparedandthe onewith the highestiog likelihood wastaken.We reportthe loci
remainingin pairsafterthis processasepistaticQTL.

We appliedstringentthresholdsfor detectingepistasiswhich meanghattrue effectscould
bemissedecausef insufficientpower.Givenan expectatiorthat someQTL will affect
growthat morethanoneage wetestedwhetherthe pairsof epistatidoci weresignificantat
otheragesPairsweretestedby addingthem separatelyo the currentmodel,removingany
matchingputativeQTL andevaluatinghe interactionasin the previousstep.If morethan
onepair wassignificant,thesepairswerealsoevaluatedy addingthemtogetherto the current
model,removinganymatchingputativeQTL andtestingthe interactionasbefore Pairsfound
significantwereretainedin the model.For distinction, wedescribehesdoci aspointwise-sig-
nificant epistaticQTL.
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Finally,putativeQTL in the modelthatwerenot in epistaticpairsweretestedor signifi-
cancen (3). Thesignificancahresholdwas < 0.05in an testof theadditiveanddomi-
nancecoefficientscombinedor < 0.025n a testof eithercoefficient.Loci satisfyinghis
criterion arereportedasindependenQTL. In comparingQTL acrossagesweconsideredoci
within 30cM of eachother,whetherindependenbr epistaticasthe samdocus.

Varianceexplainedby the QTL. Thepercentageesidualvarianceexplainedoy partsof
themodelwascalculatedastheincreasen penalisedesidualsumof squaregPSSpf remov-
ing therelevanttermsfrom thefinal model,divided by the PSSf the basemodel,and multi-
plied by 100.Thecontribution of pointwise-significanpairswasincludedfor epistaticQTL.

Graphical representationof epistasis. Weillustrateepistasidy plotting the genotypic
valuedor eachgenotypecombination.Genotypicvaluesverecalculatedelativeto the mean
for homozygotesitall loci andassumingconstantvaluedor the explanatoryariablesFrom
(2), the genotypicvaluesaregivenby

>
= o
N O

-0 .4t

where for example, isthevaluefor genotype  atthefirstlocusand atthesec-
ond locus.To facilitatecomparisorbetweeragesgenotypicvaluesverestandardisedby divid-
ing themby the squareroot of the residualvariancefrom the basemodel.Differentgenotypes
atthefirst locusareshownalongthe x-axis.Valuesfor the samegenotypeatthe secondocus
arejoined by linesanddifferentgenotypestthe secondocusaredistinguishedoy theline
type.Thelinesillustratethe changén phenotypewith genotypeatthefirst locus.Vertical dis-
tancedetweerthelinesatthe positionsof the x-axistick marksshowthe changdan phenotype
with genotypeatthe secondocus.Non-parallelinesareindicativeof epistasibecaus¢he
effectschangewith the genotypeatthe otherlocus.

Forthe QTL thatinteractedwith two loci atthe sameage the genotypicvaluedependn
thegenotypestall threeloci. Theequationsaregivenin S1Text.

Epistatic effects. Additive anddominanceeffectdor alocuswerecalculatedseparatelyor
eachgenotypeat the otherlocus.Theyweremeasuredrom the genotypicvaluesanalogouslyo
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theadditiveanddominancecoefficientsn the singlelocusmodel(1). Hence,
T t=2

Lt N R
L t=2

17 ¥ t=2 .5t

where () istheadditiveeffectfor locus for genotype attheotherlocusand () isthecor-
respondingdominanceeffect.From (4) the setof effectsare

T
1 L
e 0t
e 00
e 18
e 1S
2 0 0%
2 LS
s 7 0%
pee T7 0%
e 108
LI .61

e

Providedthetwo loci arein linkageequilibrium, the averagadditiveand dominance
effectdor alocus,weightedby the genotypdrequenciestthe otherlocus,areequivalento
the additiveand dominancecoefficientfrom the singlelocusmodel.

Forthe QTL thatinteractedwith two loci atthe sameage additiveand dominanceeffects
varywith the combinationof genotypesit both otherloci. Theequationsaregivenin S1Text.
Valuesfor the othertwo loci only dependon thefirst locusand arecalculatedasin (6).

Thesignificanceof the additiveanddominanceeffectsvastestedby testsThestandard
errorsof the effectswverecalculatedisingthe variancesand covariance$rom the fitted model
asshownin S1Text.The valuedor apair werecorrectedfor multiple testingby Holm's

method,whichis asequentiaBonferroniapproachandasignificancehresholdof < 0.05was
used[34]. Forthe QTL thatinteractedwith two loci atthe sameagethe setof effectfor both
pairsweretestedogetherwith asignificanceghresholdof < 0.lafterthe Holm correction.

9/27
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Thethresholdwasadjustedbecaus&ewereassessinggrmsfrom two pairs,both of which had
significantepistasisn thefinal model.

Theadditiveand dominanceeffectof independenQTL areequalto the valuesof their
additiveanddominancecoefficientsThesignificanceof theseeffectavastestedby testswith
asignificancehresholdof < 0.025To facilitatecomparisorbetweeragesepistaticadditive
anddominanceeffectsandadditiveanddominanceeffectof independenQTL werestan-
dardisedby dividing themby the squareroot of theresidualvariancefrom the basemodel.

Independenteffectsmodel. We alsofit amodelof the QTL thatwereidentified by the
independenQTL analysisvithout anyinteractions Lociwerefit to the raw phenotypedy
REML.Themodelwas

P
“mt bt gt .. F % LT

where isthesetof QTL identified by theindependenQTL analysisWe referto this asthe
independenteffectanodel. The QTL weretestedfor significanceat < 0.05in an testof the
additiveanddominancecoefficientdogetheror < 0.025n a testof eithercoefficient.The
valuedor significantcoefficientaverestandardisedby dividing themby the squareroot of the
residualvariancefrom the basemodel.Theadditionalpercentageesidualvarianceexplained
by the epistaticnodelovertheindependeneffectanodelwascalculatedrom the difference
in PSSetweerthetwo models.

Conversionof QTL positionsto the MARC map. QTL positionswereconvertedo the
MARC pig map[35] to facilitatecomparisorwith loci in the pig QTL databasg36]. Thenear-
estmarkersflankingeachQTL thatwerein both the study-specifiand MARC mapswere
usedand positionscalculatedy interpolationbetweerthesemarkers.Thepositionsof the
QTL ontheoriginal Haldanemaparegivenin S1Table.

Results

Theaverag@growthrateincreasedip to day210andslightlydroppedfor days210+£240
(Tablel). Tablel showsthe numberof animalsincludedfor eachphenotypethe explanatory
variablesn eachbasenodelandtheresidualvarianceof the phenotypesfteradjustingfor the
explanatoryariablesTherewasa significanteffectof motheratall agesSexwasa significant
factorfor all the phenotypeexcepiGae.12¢ maleshadheavierbirth weightsbut femalesad
higherweightgains.Growth increasedvith weightatthe startof theintervalexcepin the
final period.Birth weightdecreasewith thetotal numberof offspringandgrowthup to day
46decreasewith groupsize After adjustingfor the explanatoryariablegherewasalow cor-
relationbetweerall the non-overlappingraits (maximumPearson'$| = 0.13,Table2). Sev-
eralof thesehadbeenmoderatelycorrelatedbeforethe adjustment(Pearson's = 0.20+0.45).
As expectedtherewasa moderateto high correlationbetweenG,6.210andboth G46.120and
G120.010(Pearson's = 0.57and0.83 respectively).

Fig Lillustratesthe processve usedto identify putativeepistaticQTL for G4g.016 Fig 1A
showsthe SSHor locus-pairswith avaluebelowthe genomewidesignificancehresholdin a
subsebf the genomeThecolouredregionstretchinghorizontallyacrosghe graphreflectsthe
effectof alocuson chromosomet andthe colouredverticalslice the effectof alocuson chro-
mosome7, both of which wereidentifiedin theindependenQTL analysisTheblacklines
showthe QTL spandeterminedfrom theindependentnalysidor thesdoci andloci on chro-
mosomes, 3and5. A locuson chromosomel wasalsodetectedn theindependenQTL
analysigut no spanfor this locusis shownbecaus¢he locus-specifisignificancehreshold
washigherthan SSEenomeandthereforeonly the genomewidehresholdwasappliedfor this
QTL region.Fig 1Bshowsthe valuesof SSEpeciricSSEwithin QTL spansand SSEenomeSSE
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Table 1. Descriptio n of traits and base models.

Trait N2
BW 1505
Go.n 1503
Go1.46 1501
Gae-120 759
G120-210 684
Gue-210 1074

G210-240 963

Mean, kg
1.2
4.1
6.0
21
48
69
15

ADGP", kg/day Explan atory variable s Residual variance
- mother, sex, batch, n. offspring®, n. live offspring® 0.047

0.2 mother, sex, batch, weight, group size 0.71

0.24 mother, sex, batch, parity, weight, group size 2.4

0.28 mother, batch, weight, age® 21

0.53 mother, sex, batch, parity, weight, interval, castration 86

0.42 mother, sex, batch, weight, moved', castration 140

0.5 mother, sex, batch, age?, interval, moved", castration, starvation 31

Mother was treated as a random effect and the other explanatory variables as ®xedeffects.

#Number of individuals.

bAverage daily growth rate.

“Total number of offspring born.

dNumber of offspring born alive.
®Age above 119 days for second weight measurement.

fGrouped into not moved, moved before day 105, and moved day 105 or after.
9Age above 207 days for ®rstweight measurement.

"Grouped into not moved, moved before day 115, and moved day 115 or after.

doi:10.137/journal.pon€162045001

elsewheréWheretwo QTL spanscrossedihe lowestSSE,iicwasused With the additional
thresholdspnly smallclustersemain. The blackcrosseshowthe pair with the highestvalue
in the heatmapfor eachcluster Redcrosseshowtwo instancesvhereregionsin Fig 1A were
splitinto separatelustershecauseélifferentthresholdswvereappliedeithersideof the bound-
aryof aQTL span.Thepairsmarkedwith thered crossesverediscardecbecause pair the
othersideof the boundaryhadalowerabsoluteSSEOf the eightpairsindicatedby black
crossedn Fig 1B,four weresignificantwhentheinteractionwastestedandonly one,the
interactionof a secondocuson chromosomé? with the chromosome? locus, remainedafter
modelsimplification.

Therewerel7 QTL detected Table3), whichtogetherexplainedl+27%of theresidualphe-
notypicvariancg(Table4). ElevenQTL showedepistasisn sevennteractingpairs(Tableb).
With pointwisesignificantpairsincluded,therewasepistasigor five of the severagesexam-
ined. Therewerebetweeroneandfour epistaticpairsattheseagesandtogethertheyexplained
3+17%of theresidualphenotypicvariance(Table4). No epistasisvasseerfor Gy »; and
Go10.240 Therewerebetweeroneandfour independenQTL perage(Table6) andtogether
theyexplainedl+15%of the residualvariancg(Table4). The highesthumbersof both epistatic
pairsandindependenQTL werefound for G4¢.,16 EpistaticQTL explainedmoreresidual
variancehanindependenQTL atthreeagegTable4). Therelativecontribution washighest
for birth weightwherethe epistaticpair explainedwicetheresidualvarianceof theindepen-
dentlocus.

Table 2. Pearson correlatio ns between adjusted traits.

BW
Go-21
G21.46
Gae-120
Gi20-210

G46-210

doi:10.137/journal.pon@162045®02

Go-21
0.01

G21.46 Gae-120 G120-210 Gae-210 G210-240
0.03 0.04 0.06 0.06 0.11
-0.02 -0.03 -0.02 0.00 -0.02
0.00 -0.13 -0.03 -0.02
0.07 0.57 0.12
0.83 0.04
-0.01
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Fig 1. Process of epistas is significanc e testing . Graphic represents analysis of growth from 46+210 days for loci on
chromosomes 1+4 paired with loci on chromosomes 5+7. The level of the residual sum of squares (SSE) below a significance
threshold is shown for pairs of loci. Black lines represent QTL spans for loci identified in the independent QTL analysis. (A)
Level of SSE below genomewide threshold (SSEgenome)- (B) Level of SSE below locus-specific threshold (SSEgpeciric), where
appropriate, and the genomewide threshold, otherwise. Black crosses show pairs taken forward for further testing and red
crosses show pairs that were discarded because of edge effects.

doi:10.1371/jounal.pone.0162@g001
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Table 3. Growth QTL.

QTL Chrom osome Position , cM Trait Epistatic
Ql.1 1 36 Gae-210
Q1.2 1 88 G120-210 Y
(88) (Gae-210) y
Q2.1 2 (10) (Ga6-120) y
10 Gus-210 Y
Q2.2 2 47 Gi120-210 Y
Q3.1 3 33 G21-46 Y
29 Gae-210 Y
42 Gi20-210
Q3.2 3 88 G21.46
Q4.1 4 72 G21.46
71 Gae-120
66 Gi20-210 Y
64 Gus-210
Q4.2 4 128 BW Y
(128) (Gap-120) y
Q5 5 112 Gas-210
Q6.1 6 (17) (G120-210) y
17 Gae-210 Y
Q6.2 6 88 G21.46
98 Gas-120
Q7.1 7 59 BW Y
64 G21-46 Y
59 Gae-120 y
64 Gi20-210
58 Gus-210
64 G210-240
Q7.2 7 (156) (Gap-120) y
156 Gus-210 Y
Q8 8 38 Gi20-210 Y
38 Gue-210 y
Q9 9 79 Go-21
Q13 13 (58) (G120-210) y
58 Gas-210 Y
Q18 18 17 BW

QTL are shown by chromosome with the traits for which they were found and the position identi®edfor each trait, calibrated to the consensus pig linkage
map. Epistatic effects are indicated by Y, with  showing QTL that were also detected by the independent QTL analysis. Pointwise-signi®cantepistatic QTL
are indicated by y and shown in brackets if they were not detected by the independent QTL analysis.

doi:10.137/journal.pon€162045003

Two QTL, Q7.1andQ3.1,wereepistaticat two ageswith differentloci andathird, Q2.1,
interactedwith two loci atthe sameage Q7. linteractedwith Q4.2to affectbirth weightand
wasepistatiowith Q3.1for G,1.46 Q3.1alsointeractedwith Q2.1for G4¢.016 Q2.1wasaddi-

tionally epistaticwith Q7.2in thatinterval. Takinginto accounteffectsatdifferenceagesthese
loci formedasmallnetwork (Fig 2). ThepairsQ7.1x Q4.2and Q2.1x Q7.2werealsopoint-
wisesignificantfor G46.126 Q7.1and Q3.1hadindependenteffectsat otheragesQ7.1laffected
G120-210 Ga6-210aN0d G210.240 Q3. 1affectedG120.210
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Table 4. Percentag e residual variance explained by QTL.

BW G0-21 G21-46 G46-120 G120-210 G46»210 G210-240
Independ ent 15 1.2 4.9 6.6 9.1 14.8 2.0
Epistati ¢ 3.0 - 2.6 8.0 17.3 10.4 -
All QTL 4.4 1.2 8.4 14.4 26.8 27.3 2.0

The variance explained was calculated by removing the terms from the full model. Therefore, if there are correlations between the independent and epistatic
variables, the sum of the variances explained by each will be lower than the total variance explained.

doi:10.137/journal.pon@162045004

OneQTL, Q4.1 hadindependenteffectsat severahgesaandwasepistaticat oneage It
affectedG,1.46 Gas-120aNd Gae.216 andinteractedwith Q2.2for Gy5g.219 OneotherQTL,
Q6.2,wasdetectecat morethanoneage Q6.2hadindependentffecton G, 46and Gas.120

Four epistaticpairswerepointwisesignificantwhentheyweretestedor effectsat other
agesThepairsQ7.1x Q4.2andQ2.1x Q7.2aredescribechbove Q7.1x Q4.2wasthe only
pair with evidenceof epistasiat adistinct agefrom whenit wasdetectedIn the other
instancesthe agesvereoverlapping The pair Q1.2x Q8 wasdetectedor G;2¢.210andwas
pointwisesignificantfor Ge.o16 and Q13x Q6.1wasfound for G4¢.210and waspointwisesig-
nificantfor Gi20.019

Plotsof epistasigireshownin Fig 3. We evaluategdditiveand dominanceeffectdor each
locusby genotypeat the otherlocusanddescribeepistasidy the significanteffectq Table7).
EpistasibetweerQ7.1and Q4.2for birth weightswitchedthedirection of the Q7.1effect.The
Erhualianalleleat Q7.1hadapositiveeffectwhenQ4.2washeterozygou¢ )  butanegative
effectwhenQ4.2washomozygougrhualian( , Fig3A). For Q2.linteractingwith Q7.2for
Gu6.210 Q7.2changedrom havingan additiveto dominanceeffect.Q7.2hada positiveeffect
of theWhite Duroc allelewhenQ2.1was  butapositivedominanceeffectwhenQ2.1was
homozygoudVhite Duroc( ,  Fig3l). PairsQ1.2x Q8 andQ2.2x Q4.1,both for Gi50.219
showedsomesymmetryin effectsFor Q1.2x Q8,the White Duroc allelehadpositiveeffects
of similar magnitudeat bothloci whentheotherlocuswas  (Fig 3E).For Q2.2x Q4.1the
White Duroc alleleat Q2.2hadapositiveeffectwhenQ4.1was  or andthe White

Table 5. Epistatic pairs.

Trait Pair(s) % Var explained % Epistati c®
BW Q7.1xQ4.2 3.0 1.9
G21.-46 Q7.1xQ3.1 2.6 15
Gus-120 (Q7.1xQ4.2) 5.4 15
Gus-120 (Q2.1xQ7.2) 2.2 1.4
G120-210 Q1.2xQ8 6.8 2.8
G120-210 Q2.2xQ4.1 6.6 1.8
Gi20-210 (Q13xQ6.1) 2.2 15
Gus-210 Q13x Q6.1 2.1 1.9
Gus-210 Q2.1xQ7.2and Q2.1x Q3.1 5.7 1.2,0.7°
Gus-210 (Q1.2xQ8) 1.6 0.7

Pointwise-signi®cant pairs are shown in brackets.

@Percentage residual variance explained by QTL together.

bPercentage residual variance explained by the interaction terms of pairs.
CFirst value is for Q2.1 x Q7.2, second value is for Q2.1 x Q3.1.

doi:10.131/journal.pon8162045.t005
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Table 6. Independ ent QTL.

Trait QTL % Variance explained ' Effects (s.e.)
a d

BW Q18 15 0.17(0.05) 0.23(0.08)
Goo1 Q9 1.2 -0.13(0.04) -0.19(0.06)
Go1as Q4.1 25 0.25(0.04)

Gora6 06.2 14 -0.20(0.04)

Gara6 03.2 0.9 -0.15(0.04)

Gas.120 Q4.1 42 0.33(0.06)

Gas.120 06.2 22 0.50(0.10)
G120.910 Q7.1 6.7 -0.32(0.05) 0.21(0.07)
Gio0.210 03.1 26 0.23(0.05)

Gus 210 Q7.1 5.9 -0.33(0.04) 0.19(0.06)
Gus.210 Q4.1 5.2 0.34(0.04)

Gas.210 Q5 2.4 0.23(0.04)

Gus.210 Q1.1 11 0.16(0.04)

G10.240 Q7.1 2.0 -0.13(0.05) 0.23(0.07)

iPercentage residual variance explained by the QTL

isigni®cantadditive (a) and dominance (d) effects. Effects were standardized by dividing by the square root
of the residual variance from the base model. Standard errors are given in brackets. A positive additive effect
means that the White Duroc allele increased the phenotypic value.

doi:10.131/journal.pon8162045.t006

Durocalleleat Q4.1hada positiveeffectwhenQ2.2was  (Fig 3F).Therewasoneinterac-
tion, Q13x Q6.1for G46.01¢ Whereboth loci hadonly dominanceeffect{Fig 3H).

In the genomewide-significardeparatepistaticpairs,eitherboth QTL hadasignificant
effectin only onegeneticbackgroundpr oneQTL hadan effectin two backgroundsindthe
otherhadan effectin onebackgroundln the more complexinteractionof Q2.1with two loci,
Q2.1hadsimilar effectdor two Q7.2genotypesvhenQ3.1washeterozygousQ7.2haddiffer-
enteffectdn two backgroundand Q3.1hadaneffectin onebackground Additive epistatic
effectsearlyalwaysoccurredin an  or backgroundIn mostcaseshe White Duroc
allelehada positiveeffectbut Q3.1and Q7.1showedbositiveeffectof the Erhualianallele.
Dominanceepistaticeffectanostoftenoccurredin a backgroundandnearlyalwayswith-
out anadditiveeffect Both positiveand negativedominanceepistaticeffectavereseen.

IndependenQTL mostlyshowedpurelyadditiveeffectsor additiveeffectawith dominance.
Therewasonly onecaseof adominanceeffectin the absencef anadditiveeffect.A similar
numberof independentoci showedpositiveeffectof the Erhualianalleleasthe White Duroc
allele Q3.2,06.2,Q7.1and Q9 all hadbeneficiakeffectof the Erhualianallele.

Theeffectof Q3.1and Q7.1weredifferentin eachof their interactions As described
abovejn epistasisvith Q4.2for birth weight,Q7.1hada positiveadditiveeffectof the
Erhualianallelein an backgroundandanegativeeffectin an  backgroundIn epistasis
with Q3.1for G,1.46 Q7.linsteadhada positivedominanceeffectin a background
(Fig 3B).In the pointwise-significanepistasisvith Q4.2for G44.109 Q7.1hada positiveeffect
of theErhualianallelein an  backgroundout unlike the effectfor birth weight,the Erhua-
lian allelewasalsodominant (Fig 3C).When Q7.1lactedindependentlyjt hadapositivedomi-
nant effectof the Erhualianallele(Table6) that resembledhe effecton G6.150in an
background.

Q3.1in epistasisvith Q7.1for G,;_4shada positiveeffectof the Erhualianallelein an
backgroundFig 3B).For G46.010in epistasisvith Q2.1,Q3.1hadanegativedominanceeffect
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Fig 2. Epistatic network of Q2.1, Q3.1 and Q7.1. Interactions are shown by lines between loci. Ages where epistasis
occurred are shown at the top of the diagram. When a pair was pointwise significant at a second age this is shown in
brackets underneath the interaction.

doi:10.1371/joural.pone.062045.g002

inan  backgroundFig 3J).Acting independentlyfor G;,9.,19 Q3.1hadanegativesffectof
the Erhualianallele whichwasin the oppositedirectionto the epistaticeffecton G,; 46

Q4.2interactingwith Q7.1haddifferenteffectson birth weightandin the pointwise-signif-
icantepistasigor G46.106 FOr birth weight,Q4.2hada positiveadditiveeffectof the White
Durocallelein an  backgroundFig 3A). For G46.12¢ Q4.2hadanegativedominanceeffect
ina backgroundFig 3C).

Forthe otherthreepairsthat werepointwisesignificantatasecondage the patternof geno-
typic valuesshowedsimilaritiesbetweerthe agedut effectdn the original intervalwereusu-
ally not significantin the secondand someweremuch smaller Q1.2x Q8 hadpositive
additiveeffectof both lociin an backgroundon G;,¢.51¢ FOr G46.210 Q8 hadanadditive
effectbut therewaslittle additiveeffectof Q1.2(Fig 3Eand 3K). EpistasidbetweerQ13and
Q6.1produceda positivedominanceeffectof Q13in an backgroundandanegativedomi-
nanceeffectof Q6.1in a backgroundor Gg.219 FOr G120.21¢ Neitherlocushadasignifi-
canteffectand Q6.1showedar lessdominance(Fig 3G and 3H). Theresultsfor Q2.1x Q7.2
would beexpectedo differ betweenG,s.210and Gag.120becauséor G46.010Q2.1alsointer-
actedwith Q3.1.For G46.016 Q2.1hadadditiveeffectavhenQ7.2was  or andQ3.1
was ; Q7.2hadanadditiveeffectin an backgroundanddominanceeffectin a
backgroundFor G615 therewasanoveldominanceeffectof Q2.1whenQ7.2was .
Therewereno other significanteffectsalthoughQ2.1hadanominally significant( < 0.025)
additiveeffectin a backgroundand Q7.2hadanominally significantadditiveeffectin an

backgroundFig 3D and 3l).

Q4.1hadsimilar effectsat differentagesWhenit actedindependentlythe White Duroc
alleleadditivelyincreasedyrowth (Table6). In epistasisvith Q2.2for G;2¢.019 asdescribed
aboveQ4.1hadapositiveadditiveeffectof the White Duroc allelein an  background
(Table7).Q6.2haddifferenteffectsat the two ageswvhereit wasdetectedFor G,; 46 the
Erhualianallelehadapositiveadditiveeffect.For G44.1,¢ Q6.2hada positivedominanceeffect
(Table6).

Themeanmagnitudeof significantepistaticeffectavas0.39for additiveeffectsand 0.58for
dominanceeffectgTable7).In comparisonthevaluedor significantindependenteffects
were0.21and0.26 respectivelyTable6). Q4.1and Q2.1hadthe largestadditiveepistatic
effectf 0.6for Gy59.210aNd G46.216 respectivelyQ3.1hadthe largesidominanceepistatic
effectof 1.0for G46.016 FOrindependenQTL, Q4.1hadthe largestadditiveeffectof 0.34for
Gu6.210 Q6.2hadthelargestindependentdominanceeffectof 0.5for G46.126
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Fig 3. Consequ ences of epistasi s. Standardized genotypic values are shown for the nine genotype combinations at a pair of loci.
Values were standardized by dividing them by the square root of the residual variance from the base model. Tick marks on the x-axis
give the genotype at the first QTL and different line types represent the genotype at the second QTL. E represents the Erhualian allele
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and W the White Duroc allele. Genomewide significant epistasis is shown in black and pointwise significant interactions are shown in
grey. The two pairs involving Q2.1 are each illustrated for a selected genotype at the third locus. (A) Epistasis between Q7.1 and Q4.2 for
birth weight. (B) Epistasis between Q7.1 and Q3.1 for growth from days 21+46. (C) Epistasis between Q7.1 and Q4.2 for growth from
days 46+120. (D) Epistasis between Q2.1 and Q7.2 for growth from days 46+120. (E) Epistasis between Q1.2 and Q8 for growth from
days 120+210. (F) Epistasis between Q2.2 and Q4.1 for growth from days 120+210. (G) Epistasis between Q13 and Q6.1 for growth
from days 120+210. (H) Epistasis between Q13 and Q6 for growth from days 46+210. (1) Epistasis between Q2.1 and Q7.2 when Q3.1
has genotype EW for growth from days 46+210. (J) Epistasis between Q2.1 and Q3.1 when Q7.2 has genotype EE for growth from days
46+210. (K) Epistasis between Q1.2 and Q8 for growth from 46+210 days.

doi:10.137/journal.pon@162045.g003

Separatepistaticpairson averagexplained3.5%of the residualphenotypicvariancewith
theinteractiontermsexplainingl.5%of the variancg(Table5). Theinteractionsinvolving
Q2.1explainedb.7%of theresidualvariancethe two setsof interactiontermsexplainedl.2%
and0.7%of thevariance PairQ1.2x Q8for G501 explainedhe mostresidualvariance
(6.8%)andhadthe highestvarianceattributableto the interactionterms(2.8%) Independent
QTL explainedon average.8%of the residualphenotypicvariancegTable6). Q7.1explained
themostresidualphenotypicvarianceof anindependenQTL at 6.7%for G159.210

In mostcasespnelocusin anepistatigpair wasdetectedy theindependenQTL analysis
(Table7). Forthe genomewide-significargpistasi®f Q13x Q6.1,neitherlocuswasdetected
bytheindependentnalysisTherewasonly onecaseQ2.1x Q3.1for G4¢.0160 Wherebothloci

Table 7. Epistatic effects and values estimated in the indepen dent effects model.

Trait QTL Interacting QTL Epistatic effects ' (s.e.) Indepen dent effects  (s.e.)
BW Q7.1 Q4.2 EE: a=0.22(0.08), EW: a = -0.28(0.06) a=-0.14(0.04)
BW Q4.2 Q7.1 EE: a=0.35(0.08)

Gora Q7.1 Q3.1 WW: d =0.6(0.2) a=-0.10(0.04), d = 0.17(0.05)
G146 Q3.1 Q7.1 EE:a=-0.4(0.1)

Gae.120 (Q7.1) (Q4.2) EW: a=-0.25(0.08), d = 0.3(0.1) a=-0.23(0.05)
Gae.120 (Q4.2) Q7.1) WW: d =-0.5(0.2)

Gae-120 (Q2.1) (Q7.2) WW: d =0.5(0.2)

Guae-120 (Q7.2) (Q2.1)

Gi20.210 Q1.2 Q8 EW: a = 0.41(0.08) a=0.29(0.06)
G120.210 08 Q1.2 EW: a = 0.39(0.08)

Gi20.910 Q2.2 Q4.1 EE: a=0.4(0.1), EW: a = 0.26(0.08)

Gi20.210 Q4.1 Q2.2 EE:a=0.6(0.1) a=0.33(0.05)
Ga20-210 (Q13) (Q6.1)

Gi20-210 (Q6.1) (Q13)

Gue-210 Q13 Q6.1 EW:d=0.3(0.1)

Guas.210 Q6.1 Q13 WW: d =-0.7(0.2)

Gas-210 Q2.1 Q7.2,Q3.1 EWEW:a=0.6(0.1), WWEW: a = 0.5(0.1) a=0.22(0.04)
Gae.210 Q7.2 Q2.1 EW: a = 0.20(0.06), WW: d = 0.4(0.1)

Gus.210 Q3.1 Q2.1 EE:d=-1.0(0.3) a=0.23(0.05)
Gae-210 (Q2.1) (Q8)

Gus 210 (Q8) (Q2.1) EW: a = 0.27(0.06) a=0.18(0.04)

Loci that showed pointwise-signi®cantepistasis are indicated by brackets.

'Signi®cantadditive (a) and dominance (d) epistatic effects. The genotype at the other locus is shown in bold. Effects were standardized by dividing by the
square root of the residual variance from the base model. Standard errors are given in brackets. A positive additive effect means that the White Duroc allele
increased the phenotypic value.

iFor loci that were detected by the independent QTL analysis, signi®cart effects in the independent effects model.

iTwo locus genotype, with the ®rstgenotype for Q7.2 and the second for Q3.1.

doi:10.137/journal.pon®162045007
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Table 8. Residual variance explained by independen t effects model and addition al variance explained by epistati c model.

BW G0-21 G21-46 G46-120 G120-210 G46»210 G210-240
Independ ent 2.5 1.2 6.9 9.6 17.8 225 2.0
Epistati ¢ 1.9 - 1.5 4.8 9.0 4.8 -

doi:10.137/journal.pon®162045008

wereboth found by theindependenianalysisin total five QTL wereonly identified by the epi-
staticanalysisThe epistatiomodelexplainedup to 9%moreresidualvariancethanamodelof
the QTL detectedby theindependentnalysighatassumedho interactions(the independent
effectanodel) (Table8). Theproportionallygreatesamountof additionalresidualvariance
explainedwasfor birth weight,whereit wasthree-quarteréhe amountexplainedby theinde-
pendenteffectamodel.

For epistaticQTL thatweredetectedy theindependenQTL analysiswe comparedesti-
matedeffectdetweertheindependeneffectsand epistationodels Clearly,anindependent
effectcannotcapturean effectthat changeslirection underepistasisin theindependent
effectanodel,Q7.1showeda positiveeffectof the Erhualianalleleon birth weight;the negative
effectof this allelewasonly apparentwith epistasisThereweretwo other effectsseerwith
epistasidbut not whenalocuswastreatedasanindependenQTL: the dominanceeffectof
Q7.1for G4e.126 anddominanceof Q3.1for G46.016 Whentheindependenteffectanodel
gavean effectof the sameypeanddirection asa significantepistaticeffect the estimatedsize
wason averag®.60f the epistaticvalue(Table7). In two casesan outcomewasobservedn
theindependenteffectanodelthat wasnot significantwith epistasisQ7.1showedanegative
effectof the Erhualianalleleon G,1_4sand Q3.1hada positiveeffectof the White Duroc allele
on G46.210 However the loci eachhadanominally significantepistaticeffectin the same
directionin onebackground.

Discussion

With epistasisncluded,weinvestigated)TL for pig growth ataserieof agesThedetected
QTL explainedup to 27%of the residualphenotypicvariance We identified loci on chromo-
somes3,4and7(Q3.1,Q04.1andQ7.1)that hadeffectsat morethan oneage Thesearelikely
to beregionsthat arefundamentako growth becaus¢he specificgrowth processeare
expectedo changewith ageQ3.1,Q7.1andalocuson chromosome2 (Q2.1)formedasmall
networkof QTL that wereeachepistatiowith morethanonelocus.This networkis alsoof
interestto explorefurther.

Q7.1hadeffectsatthe mostagesTheonly intervalwhereit hadno effectwasbirth to 21
days.Q7.1wasepistaticfor growth before46days showedpointwisesignificantepistasisor
46+120aysandactedindependentlyatthe otherageslt explainedhe mostresidualpheno-
typic varianceof anindependenQTL. Q4.1affectedgrowth atthe secondmostagesilt influ-
encedgrowthin allintervalsbetweer2land210days It predominantlyhadindependent
effectdbut wasepistaticfor growthfrom 120+21@lays Q4.1hadthelargesindependentddi-
tive effect.Q3.1showedeffectsat threeageslt wasepistaticfor growthfrom 21+46daysand
46+210aysandactedindependentlyfor 120+21@layslt hadthelargesdominanceeffectin
epistasisQ2. linteractedwith two lociin the period of 46+210aysand showedpointwisesig-
nificant epistasigor 46+120days It hadthe largestadditiveeffectin epistasis.

A locuson chromosomeb (Q6.2)wasthefinal QTL detectecat morethanoneagewith
independenteffectdn two periods. Howeverthe effectsveredifferentbetweerthesetimes.
Thepositionsidentifiedwere10cM apart.Therefore wereasorthattheseareprobablytwo
separatédoci. We testedall epistaticpairsfor pointwise-significaneffectsat otheragesThis
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indicatedonemorelocusthat might haveanimpactatasecondlistinctagelt wasanother
positionon chromosomet (Q4.2)thatinteractedwith Q7.1for birth weightandwaspointwise
significantfor 46x120ays Howeverthe epistaticeffectsandthe patternof genotypicvalues
weredifferentattheseagesWe concludethatthe chromosomet locusis probablydistinct
from the birth weightQTL andthe chromosomer QTL the sameasfound atotherages,
becaus¢hechromosomer effectdn an  backgroundweresimilar to theindependent
effectof Q7.1atotheragesTheresolutionfrom intervalmappingis limited, andfor any of
thelociidentifiedat morethanoneagejt is possiblehat theyaredifferentgeneticelements.
Theother pairswith pointwisesignificanteffectsatasecondagewerecasesvheretheage
intervalsoverlappedandwefeelthis is insufficientevidenceof effectsat morethanoneage.

Aswellasidentifying ageneticnetwork,evaluatingepistasisndicatedamoreimportant role
for Q2.1and Q3.1thanwasapparenfrom theindependenQTL analysisTheindependentnal-
ysisdetectedan effectof Q2.1on growth from 46+210daysbut assessingpistasishowedhat
this locusinteractswith two QTL in thatinterval. Effectsof Q3.1on growthfrom 46+21Qays
and120+21@layswerefound in theindependen&nalysisut this might occurbecausg¢heyare
overlappingoeriods.Theepistaticanalysisevealedhat Q3. 1laffectechrowth ata separatage.
Thenumberof epistaticQTL is comparableo resultsfor growthin chickend15,18].Wefound
moreepistasishanwasdetectedor bodydimensionsand organweightsin this population[8].

Weinvestigatedin effectof motherbecaus&ariationsbetweermmothersin milk volumeor
quality could beimportant. The motherexplainedasmuchas19%of the phenotypicvariance,
with the greatesinfluenceon 21+46and46+210days Asthis showstherecontinuedto bean
effectof motherafterthe motherswereremovedat 46 dayswhich suggestthe benefitsfrom
maternalprovisionarelonglasting.lt is alsopossibleghatthe effectcaptureslifferences
betweerfamiliesin which QTL allelesarepresentOur analysisassumethatthe QTL arefixed
for alternativeallelesn thetwo breedsbut this maynot bethe caseSomeof the pigswerefos-
teredbut afull crossfosteringexperimentwould beneededo disentanglenaternalresource
or environmentaleffectdrom geneticeffects.

Including motherin the basemodelhadanimpacton the results Without mother,for
birth weight,adifferentQTL on chromosomer wasdetectedasepistatiowith Q18andthe
epistasibetweerQ7.1and Q4.2 whichwasoneof the mostinterestingresults wasnot found.
For growthfrom 21+46days without mother,Q3.2wasnot identifiedand Q7.1wasmissedby
theindependenQTL analysisalthoughits interactionwith Q3.1wasdetectedWhenmother
wasomitted for growthfrom days46+210thetwo interactionsinvolving Q2.1andthe effect
of Q1.1weremissedand Q7.1showedepistasisvith Q3.2 whichwehadnot detectedor this
interval.Wei etal.[8] similarly found thatincluding an effectof family could alterthe QTL
thatweredetectedFor growthfrom 1+21daysand210+24@aysomitting motherdid not
changehe QTL thatweredetectedWe did not investigatehe effectof removingmotherfrom
themodelsfor growthfrom 46+12Gand120+21@ays.

Ai etal.[10] previouslyanalysedhe populationweinvestigatedor QTL with independent
effectson bodyweight. Theyreportedcorrelationcoefficientdbetweeradjacenbodyweights
0f 0.59+0.92QTL mayhavebeendetectecht morethan oneagebecausef thesecorrelations.
Loci mayalsohavebeenidentified becausef accumulatectffectsrom birth to themeasure-
menttime. Weinsteadanalysedhe increasen bodyweightbetweermeasurementandcor-
rectedfor effectof startweight.We aimedto specificallydetectQTL affectinggrowthwithin
anageinterval. This shouldallowusto determinethe periodwherealocusinfluencesggrowth
more preciselyWe alsoaccountedor more explanatoryariableghan Ai etal.[10], whichas
describedabovefor the effectof mother,canidentify moreloci. For our adjustedphenotypes,
excludingGae.210comparedo Gae.120and G129.219 the maximumecorrelationcoefficient
betweeradjacenintervalswasonly 0.07.
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We comparedour resultswith Ai etal.'s[10] findings,excludingQTL thatweonly identi-
fied by our epistaticanalysisTheloci theydetectedor agivenagewerecontrastedwith the
QTL wefound for growthfrom the previousmeasuremento thatage QTL theyfound for day
210werecomparedwith theloci weidentifiedfor eitherGg.2100r G120.210Al €tal.[10] found
mostQTL for weightat 240dayswherefive loci weredetectedThreeof thesewhich corre-
spondto Q4.1,Q7.1andQ8,theyalsodetectedor day210.Theothertwo correspondo our
loci Q3.1and Q5. We found only Q7.1hadasignificanteffecton growthfrom 210+24@lays
but all five loci affectedgrowth from 46+210or 120+21®@ays Hence webelievemostof the
effectgeportedby Ai etal.[10] for bodyweightat 240daysarecausedy correlationsbetween
bodyweightsor acumulativeimpactof loci overtime. In particular,our resultsindicatethat
thechromosome8 QTL theyidentified at morethan oneageprobablyonly affectedhe earlier
period.

Ai etal.[10]identified Q7.1for severahgesut reportedthatits impactwasdiscontinuous,
with no significanteffectbetweerbirth and210days We haveshownit hasamuchbroader
influenceacrossage FiveQTL thatweidentified for growthfrom days46+210r 120+210
werenot detectedy Ai etal.[10] for day210.Two of theseweredetectednsteadfor day240,
suggestingheyhadinsufficientpowerto find themat the previoustime point andthe power
wasincreasedy measuringhe cumulativeeffectoveralongerperiod. Theothers,including
Q2.1,theydid not find atall. Ai etal.[10] did not detectoneQTL thatwefound for growth
from 21+46daysor aneffectof Q6.2on day120.Theyreportedone QTL thatwedid not iden-
tify; alocuson chromosomel0found for day46.

We proposeanewschemdor describingepistasiswheresignificantadditiveand domi-
nanceeffectof alocusin specificbackgroundsiregiven.Wethink this helpsin understand-
ing the outcomeof epistasibecausd is anextensiorof the standardrepresentatiorior single
locuseffectsOur approachs usefulfor assessintipe consequencesf introducing anewallele
in abreedingschemewhich dependon the effectof the allelein the genetichackgrounds
presentTheresultsshowwhetherthe effectof alocuschangeslirection with the geneticback-
ground.Effectsat differentagescanalsobecomparedjncludingif the locusactsindepen-
dently,to evaluatevhethertheyalterwith ageor theinteractinglocus.

Previouslygpistasihiasbeendescribedy which of theinteractiontermsin Eq(2) aresig-
nificant [19]. For examplegpistasiss calleddominanceby additiveif only the dominanceby
additivecoefficientis significant.Dominanceby additiveepistasiss interpretedasthe domi-
nanceeffectof locusl beingdifferentwhenlocus2is than , andtheadditiveeffectof
locus? beingdifferentwhenlocuslis ratherthan or . HoweverEq(6) showshat
thedominanceby additivecoefficientis not sufficientto determinewhetheralocushasasig-
nificant effectin anyof thesebackground®r the direction of the effect.The effectsizesalso
dependon the valuef other coefficientdn the model.Asanexamplethe epistasibetween
Q7.1andQ3.1for growthfrom days21+46s dominanceby additive.We found thatQ7.1had
apositivedominanceeffectwhenQ3.1was (homozygoudNhite Duroc) but no signifi-
canteffectwhenQ3.1was (homozygougrhualian)and Q3.1hadanegativesffectof the
White Duroc allelewhenQ7.1was  but no significanteffectin otherbackgroundslt is also
difficult to understandthe overallconsequenceshenmorethanoneinteractioncoefficientis
significant. Two interactioncoefficientsveresignificantfor 3 of the 7 epistaticpairs.One
advantagef defining epistasidy the interactioncoefficientds that only four valuesaretested
for significanceFor our approach12effectsaaretestedand statisticapoweris reducedby the
multiple-testingcorrection.However wefound a significanteffectfor all excepionecaseof
epistasisywhichwasaninstancewheretheinteractionwasonly pointwisesignificant.

Anotherwayto look at epistasiss by differencesn the genotypicvaluesof the nine geno-
type-combinationg31]. Thereare36 pairwisecomparisongndhencethe multiple-testing
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penaltyis higherthanfor our approachWe tried this alternativeon our genomewide-signif
cantsimplepairs.At leastonegenotypehadsignificantlyhigherpredictedgrowththanoneor
more others.Butthe genotypegouldnot besplitinto groupswherethe phenotypedor one
groupweresignificantlydifferentfrom all the other genotypesHencewe could not saythat
somegenotypesadsignificantlyhigheror lowergrowththantherest.For examplefor Q1.2x

Q8 affectinggrowthfrom 120+21@laysgenotype ( atQl.2and atQ8)had
highergrowththan , and ; andgenotype hadhighergrowth
than and . Noneof thesehadsignificantlydifferentgrowth from the four remain-

ing genotypesThe pairwisedifferencesouldbecomplex,asin this examplewherethe setof
differencedor severagenotypesverlapbut do not match.Wethink this representatioris
lesclearthan our schemeywhich showedhatthe White Duroc alleleat both Q1.2and Q8
increasedyrowthwhenthe otherlocuswasheterozygous.

Q7.1andQ3.1eachhadeffectdn oppositedirections.The effectof Q7.1on birth weight
switcheddirectionwith the genotypeat Q4.2.At otheragesQ7.1mostlyhada positiveeffect
of the Erhualianallelebut it alsohadanominally significantnegativeeffectof the Erhualian
alleleon growthfrom 21+46dayswhenQ3.1washeterozygousT his effectwassignificantin
anindependenteffectanodel,suggestinghatit is atrue effectwhich we hadinsufficient
powerto detectbecausef our correctionfor multiple testing.Q3.1hada positiveeffectof the
Erhualianallelein epistasisvith Q7.1atoneagebut atanotherageit actedindependenthyand
the Erhualianallelehada negativeeffect.Q3.1alsohadanominally significantnegativeeffect
of the Erhualianallelein asecondnteraction,which similarlyis probablyatrue effectbecause
it wasidentifiedin theindependengeffectanodel. Theseesultsshowthat epistasisansub-
stantiallymodify the effectof alocusandthe outcomecanbealteredby which secondocusis
involved.

Growth QTL in asimilar positionto Q7.1havebeendetectedn crossesf Europearbreeds
with Meishanpigs,whicharefrom anareanearto the Erhualian[11,13,37,38]The Meishan
alleleincreasedyrowthin eachcaseAi etal.[10] found thatthe Erhualianalleleat this locus
increasedodyweightat severahgesTo our knowledgeit is thefirst time for this locusthat
anallelefrom a Chinesebreedhasbeenshownto reducegrowth.Beeckmaretal.[39] detected
aQTL for daily gainon chromosome3 in theregionof Q3.1in acrossof Meishanwith the
commercialPietrainbreed.Theyfound thatthe Meishanalleledecreasedrowth.

Therearesomeclassicalypesof epistasiscomplementaryduplicate dominantandreces-
sive[32] that canbeexplainedby simplemolecularmodels[40]. Complementanyepistasis
existdf the causahblleleis neededatboth loci to producean effect.lt couldbecausedy a
directinteractionbetweerthe protein productsof theloci. Thereis duplicateepistasisvhen
the causahlleleat eitherlocusgeneratean effect.It might occurwhenloci havesimilar func-
tionsandareableto compensatéor eachanother.Dominantandrecessivéormsof epistasis
resembleBateson'sriginal descriptionof analleleat onelocusbeingmaskedoy the effectsof
analleleat anotherlocus.The effectof thefirst locusis only seerwhenthe secondocusis
homozygoudor the alternativeallele(dominant),or homozygoudor the alternativealleleor
heterozygougrecessive)lhedefinition impliesthat the effectof the secondocusis unaltered
by thegenotypeatthefirst. It is difficult to seehowthis could occurfor aquantitativetrait: if
thenumericalvalueof thetrait differsbetweergenotypestthefirst locusfor genotypel atthe
secondocusbut not genotype2, changingfrom genotypel to 2 atthe secondocusmustalso
haveadifferenteffectdependingon the genotypeatthefirst. Or consideredn termsof the
epistasiplots,if oneline is horizontalandthe other slopegeffectof first locus) the vertical
distancebetweerthelines(effectof secondocus)mustchange.

TheinteractionbetweerQ?2.2and Q4.1is duplicateepistasisTheother pairsdid not match
anyof the classicalypes None of the differentpairsof loci hadthe samesetof significant
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effector asimilar patternof genotypevaluesThe genomewidesignificantpairsusuallyhada
significanteffectof onelocusin oneor two backgroundsindsignificanteffectof the other
locusin onebackgroundUnlike in the classicalorms,thereweredominanceeffectswithout
additiveeffectandadditiveeffectdn aheterozygoubackgroundout notin ahomozygous
background Exceptfor Q2.2x Q4.1,wearenot ableto suggesbiologicalmechanismshat
couldexplainthe epistasisesults Cordell[41] advisedhat statisticaldetectionof epistasiss
unlikely to beinformativeaboutthe natureof anyunderlyingmolecularinteractions.The out-
comeswefoundillustratethis problem.It seemghatto gainbiologicalinsightfrom epistasis
foundin QTL mapping,extensivdollow-up work will beneededo identify the genesaand
understandheir function.

Threeepistaticpairswerepointwisesignificantin asecondntervalthat overlappedvith
the periodwheretheyweredetectedThesealid not havethe sameeffectsatthe two agesin
two caseseffectfoundin theoriginalintervalweregreatlyreducedn the secondWe believe
thisis becausef thetimescalemverwhich epistasi@ccursrelativeto the measuredntervals.
Weinvestigatedshorterintervalsof 46+12@aysand 120+21@aysandalongerinterval of
46+210ayslf epistasi©iappenoveralong periodbut is measuredn ashorterinterval,there
will belesgime for the consequences build up andsomeeffectanaynot beseenlf instead,
epistasigictsin asmallintervalbut is measuredveralongerone,the overallimpactwill be
lessenednd someeffectamaybecomenegligible Therewasalsooneepistaticpair andtwo
independenQTL detectedor growthfrom 46+210daysthat werenot significantin eitherof
theshorterperiods;andan epistaticpair andindependenQTL, eachseerin oneof the short
periods werenot significantin thelongerinterval.Our resultsshowthat differentQTL and
effectcanbeidentified whenother measuremenintervalsareused.Thereforetheagesvhen
measurementaretakenshouldbebasedn periodsof biologicalor economidnterest.Q2.1
interactingwith Q7.2hadan effectin the secondperiodthatwasnot significantfor theoriginal
interval. This appeardo bebecaus€?2.1wasalsoepistatiowith Q3.1in theoriginalinterval
andthe powerwasreducedbyfitting additionalinteractionterms.

We evaluatedherelativeimportanceof epistasigor growthin this populationin several
ways Firstly,wecomparedhe overallresidualphenotypicvarianceexplainedoy epistaticand
independentoci. Epistaticloci explainedmore of the residualvariancehanindependenQTL
atthreeagesThe maximumresidualvarianceexplainedoy epistaticQTL was17%for growth
from 120+21@ayscomparedo 9%explainedby independentoci. Secondlyywelookedat
theadditionalresidualvarianceexplainedby the modelwith epistasi®veramodelbasedn
theresultsfrom theindependenQTL analysisThiswill bealowervaluebecaussomeof the
epistatidoci weredetectedy theindependentanalysisThe highestadditionalvariance
explainedby the epistaticmodelwas9%.Thirdly, wemeasuredhe residualvarianceexplained
by separatepistaticpairsand eachindependenQTL. Thepairsexplainedaquartermore
residualvarianceon average¢hantheindependenQTL. Finally,we contrastedhe sizeof sig-
nificant effectdbetweerepistaticandindependentoci. Epistaticeffectavereon averagabout
twicethe sizeof the effectof independenQTL.

Testingall pairsof loci for epistasiss computationallydemandingandthe powerto find
interactionsis substantiallyreducedby correctingfor multiple testing.Hence somestudies
haveonly testedfor interactionsbetweerioci alreadydetectecby anindependenQTL analysis
[42,43].Suchanapproachs appealindpecaus¢he numberof loci examineds likely to riseas
SNPchipsandnextgeneratiorsequencingreutilised.In humangeneticsgenomewidesso-
ciationstudie GWAS)that testhundredsof thousandf markerswill probablybeexpanded
to considerepistasisA GWASstrategywheremarkersarefirst identifiedin asinglelocusanal-
ysis,althoughwith amoreliberalthanusualsignificancehreshold,andonly interactions
betweerthesdoci areassessduhsheenproposed44]. The expectatiorappearso bethat
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epistatidoci influencingcomplexhumandiseasewill showindividual effectd45]. We found
oneepistaticpair whereneitherlocuswasdetectedry anindependenQTL analysisEachlocus
hadadominanceeffectin onebackgroundTheamountof residualvarianceexplainecby the
interactionof theseQTL wasthe highestof the pairsfound at thatage andthethird highestof
all pairs.Therewasonly oneinstancewhereboth QTL in apair werefound by theindependent
analysisandtheinteractionbetweerthesdoci explainedhe lowestresidualvarianceof the gen-
omewide-significanpairs.Most pairscomprisedalocusidentified by theindependentanalysis
andanovellocus.Fiveloci wereonly found by the epistaticanalysisOur resultsshowthat
restrictingtestsof epistasiso loci with measurabléndividual effectscanmissinfluential QTL.

As someepistatidoci canbefound by anindependenQTL analysisyweexaminedhe
extentto which effectcould be misinterpretedf epistasisvasnot investigatedThe mostseri-
ousoutcomewould bean effectappearingo bein the oppositedirection. This happenedvith
Q7.1for birth weight,which showeda positiveeffectof the Erhualianallelein anindependent
effectanodelbut wasepistatiowith Q4.2and hadanegativeeffectof the Erhualianallelewhen
Q4.2washomozygougrhualian.Two otherloci had effectghat werenot apparenin the
independenmodel.Anothererror is assuminghat alocushasan effectwhenit is negligible
in somebackgroundsFor mostof our loci, therewasalargeeffectin onebackgroundandthe
effectwasmuch smallerin otherbackgroundsFinally,the sizeof effectscanbeunderesti-
matedbecausanindependeneffectanodelmeasureaverageacrosgjenetichackgrounds.
We found thatsignificanteffectdrom theindependenimodelwereon averag®.6of the size
of significantepistaticeffectsit isimportant that QTL effectsareaccuratelyestimatedvhen
loci arebeingconsideredor breedingprogrammesErrorsin estimategouldresultin pro-
grammedailing becausef unexpectedonsequencesjinimal improvement,or in beneficial
QTL beingoverlooked.

Conclusions

We haveidentified QTL on chromosome, 3,4 and 7 thatarelikely to haveimportant roles
in growth. Epistasisvassufficientto switchthe direction of the chromosomér locuseffecton
birth weightandto cause¢he chromosome3 QTL to haveeffectsn oppositedirections.These
consequencearebiologicallyinterestingaswell aspertinentto breedingschemesndshould
beinvestigatedurther including exploringthe molecularmechanismsGenerally epistasis
producedasignificanteffectof onelocusin oneor two backgroundsandasignificanteffectof
theotherlocusin onebackgroundThe outcomeswveredifferentfor eachpair andageand
only onepair showeda classicalypeof epistasisEpistaticQTL madea considerableontribu-
tion to theresidualvarianceexplainedand hadlargereffectson averagehanindependentoci.
Many of the epistatidoci werenot detectedy astandardQTL scan For thosethat wereiden-
tified, failing to accountfor epistasisinderestimatedgignificanteffectsmissedeffectsaanddid
not showthat effectsvereabsenin somebackgroundsOur resultsmotivategreatetinclusion
of epistasisn QTL studies.
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