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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
Epistasisdescribestheeffectof ageneticlocuschangingwith thegenotypeatanotherlocus.In
quantitativegenetics,it is representedasaninteractionbetweentheeffectsof loci.Epistasisis
generallynot consideredin QTL mappingalthoughit maysignificantlycontributeto pheno-
typicvariation[1,2].Evaluatingepistasiscanhelpidentify geneticnetworksandprovidea
greaterunderstandingof thebiologyunderlyingcomplextraits.It shouldincreasetheaccuracy
of estimatedeffects.Accurateestimatesarefundamentalto designingsuccessfulbreeding
schemesusingtheQTL. It isparticularlyimportant to know if theeffectof alocusaltersdirec-
tion dependingon thegeneticbackground.

ErhualianisaChineseindigenouspig breed.In thepast,pig breedingin Chinawasmainly
local,whichhasresultedin geographicallydistinctbreeds.White Duroc isacrossof theDuroc
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breed,whichoriginatedin theUnited Statesbut isbelievedto haveat leastpartialEuropean
ancestry,with aEuropeanwhite-colouredbreed.Erhualianpigsproducelargelittersandhave
goodoffspringsurvivalratesbut aslowgrowthrate.White Durocshavehighergrowthrates
andlessbodyfat.ChineseandEuropeanpigsappearto betheresultof separatedomestications
of localwild boarpopulationsaround8,000±6,000yearsago[3,4].Sequencingdatasuggests
thatChineseandEuropeanwild boarsdivergedaround1 million yearsago[5]. Europeanand
Chinesepigsalsoclusterto separategroupsbasedon microsatellitedata,with Durocsat the
baseof theEuropeanclusterandErhualianandotherbreedsfrom thesamearea,furthestfrom
theEuropeancluster[6].

Pigshavesigmoidalgrowthcurvesthataretypicalof mammals,wheretheir growthrateini-
tially increaseswith ageandthendeclinesasindividualsreachtheir maturebodysize[7]. We
examinedgrowthataseriesof ages.Theallocationof resourcesto varioustissuesis likely to
shift with time, thereforedistinctQTL arelikely to beidentifiedatdifferentages.In contrast,
QTL thataremostfundamentalfor growthshouldbedetectedatmultiple ages.Investigating
epistasiswill provideafuller pictureof thegeneticfactorsaffectinggrowthandmayidentify
newloci or effectsof known loci at further ages.Additionally,QTL that interactwith more
thanonelocuscanhaveanincreasedimpactbecauseof their influenceon othergenes.

Therearefewassessmentsof epistasisin pigs.In thepopulationweanalysehere,two pairs
of epistaticQTL for bodydimensionsandorganweightswereidentified[8]. A pair of QTL
with joint effectson latebodyweightin anIberianwith Landracecrosswasfound [9] but the
interactionbetweentheseloci wasnot significant.However,severalstudieshaveexploredQTL
for piggrowthatdifferentageswithout investigatingepistasis.Ai etal.[10] previouslyanalysed
bodyweightin thispopulation.Theyfound loci on chromosomes4,7 and8 with effectsat
morethanoneagebut thesefindingsmayhavebeengeneratedbycorrelationsbetweenbody
weightsovertime.GrowthQTL in similarpositionson chromosomes4 and7 weredetectedat
morethanoneagein acrossbetweenMeishan,abreedfrom nearto theErhualian,andEuro-
peanLargeWhites[11]. A combinedanalysisof sevenpopulationsgeneratedfrom Meishanor
Europeanwild boarcrossedwith WesterncommercialbreedsalsofoundaQTL in thesame
regionof chromosome4 that influencedbirth weightandoverallgrowth[12]. Twostudiesof
MeishanandWhite crossesdetectedQTL in similarpositionson chromosome1 effecting
earlygrowthandweightat two ages[11,13].A QTL nearthat locationalsohadchromosome-
widesignificanteffectson growthovertwo weightintervalsin acrossbetweenWesterncom-
merciallines[14].

Studiesin chickenhaveshownepistasiscanbeimportant for growth.In acrossbetween
White LeghornsandaRedJunglefowl,11of 17QTL affectinghatchweightor growthwere
involvedin epistasis[15]. TheadditionalQTL identifiedby testingfor epistasisexplainedup
to 10%of theresidualtrait variance.With chickensfrom adivergentselectionexperiment,
assessingtheindividual effectsof loci only identifiedoneQTL for weightat theselectionage
[16]. Epistaticanalysisshowedthis locuswasthecentreof anetworkof fiveotherQTL,which
togetherexplained45%of theweightdifferencebetweentheparentallinesat theselectionage
[17]. Interestingly,whengrowthwasinvestigatedratherthanweight,therewereno morethan
minimal networksof threeloci ateachage[18].

Whenepistasisisdetected,wewantto knowwhattheimpactison thephenotype.Epistatic
modelsareusuallyformulatedwith interactionvariablesthatareproductsof additiveand
dominancevariablesfor eachlocusandepistasishasbeendescribedbywhichinteraction
termsaresignificant,for exampleasadditive-by-additiveor additive-by-dominance[19].
Howeverthisdoesnot maketheeffectsof eachlocusexplicit.It isalsohardto infer thepheno-
typicconsequencesif morethanoneinteractionterm issignificant.Here,weproposeanew
approachfor representingepistasis.Weestimateseparateadditiveanddominanceeffectsof a
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locusfor eachgenotypeat theotherlocusandreport thesignificanteffects.Weprovidea
mathematicalframeworkfor calculatingtheeffectsandtheir standarderrors.

WemappedQTL by their independentandepistaticeffectson growthatdifferentagesin
anErhualianandWhite DurocF2 cross.Wewereparticularlylookingfor loci with effectsat
severalagesor that interactedwith morethanoneQTL.To reducetheimpactof correlations
betweenbodyweightsovertime,weexaminedweightincrease,correctedfor effectsof start
weight.Wealsoadjustedfor aneffectof motherandotherexplanatoryvariables.Werefineda
methodfor testingepistasis,primarily in howto correctfor theindividual effectsof loci andby
generatingheatmapsto guidetheprocess.Our newapproachwasappliedto thephenotypic
outcomeof epistasis.Theeffectsof loci atvariedagesandin differentinteractionswerecom-
pared.To showtheimportanceof consideringepistasisin QTL mapping,wemeasuredthe
varianceexplainedandeffectsizesof epistaticandindependentQTL,determinedhowmany
epistaticloci weredetectedbyastandardQTL scan,andlookedat thechangein estimated
effectswhenepistasiswasomitted.

Materials and Methods

Animals
TheF2 crosshasbeendescribedpreviously[20] andQTL for multiple phenotypeshavebeen
identifiedin theseanimals.Thepopulationwasgeneratedfrom 17Erhualiansowsand2
White Durocboars.TheF1 generationcomprised59sowswith 9boarsand1912F2 individuals
wereproducedin sixbatchesandfour parities.A simulationstudyfound that for apopulation
of 840F2 individuals,thepowerto detectepistasiswhentheinteractionof theQTL accounts
for 2.5%of thetotalphenotypicvariance,wasabout7±35%[21]. Therefore,apopulation
approximatelydoublethissize(whentakinginto accountnormalmortality) waschosento
maximisetheopportunity to detectepistasis.Somepigswerefosteredandpigswerekeptwith
their motheror fostermotherfor 46days.At this time themotherwasremoved.At around80
days,pigswereseparatedinto maleandfemalegroupsof 6±10individuals.Individualsfrom
thesamefamily weregenerallykepttogetherbut largefamiliesweresplit up andsmallfamilies
combined.Three-quartersof themaleswerecastratedatarangeof ages.More thanhalf the
pigsweremovedto adifferentlocation,alsoatarangeof ages.Nearlythree-quartersof indi-
vidualswerestarvedfor 24hoursbeforethelastweightmeasurement.

Seriousconsiderationwasgivento pig welfareandtheguidelinesfor thecareanduseof
experimentalanimalsestablishedby theMinistry of Agricultureof Chinawereadheredto.
Theethicscommitteeof JiangxiAgriculturalUniversityapprovedthisstudy.A veterinarian
inspectedthepigstwiceadaylookingfor signsof illnessincludingdiarrhoea,cough,fever,
lameness,impairedgrowth,herniaandrectalprolapse.PigswerealsotestedbyELISAatdays
18,46and120for antibodiesto five infectiousdiseasesincludingswinefever,Brucellosisand
PRRS,whichwereprevalentin thearea.Pigswereeuthanizedif theyremainedill for more
thanthreedays,showedtheabnormalitiesdescribedabove,or hadabovethresholdlevelsof
specificantibodiesin accordancewith thediseaseactionplandeterminedby theveterinarian.
Euthanasiawascarriedout byelectricshockbeforebleedingaccordingto Chineseindustry
standards(GBT17236±1998).

Pigswerekeptin solidfloor pensinsideseveralbarns.Eachpregnantsowwashousedin an
8m2 stywith aroof,windowanddoor.Thestyhada1.8m2 areaonly accessibleto pigletsto
providesomeprotectionfrom themother,andaconnected6m2 playgroundwith no roof.
After weaning,pigswerefed�� ������� on adiet containing21%crudeprotein,3300kJdigest-
ibleenergyand1.25%lysine,andwaterwasavailable�� �������. Largerpigsweremovedto
24m2 stiesandtheir dietwaschangedto 16%crudeprotein,3100kJdigestibleenergyand
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0.78%lysinewith wateravailable�� �������. Outsidebreeding,sowswerekeptin groupsof
4±6in a12m2 stywith a6 m2 playground.Breedingboarswerekeptindividually in 6m2 sties
with a6 m2 playground.Youngboarsthatwerebeingkeptfor breedingweresimilarlyhoused
but two perpen.Manurewasclearedform thepenstwiceaday.

Therewere226pigletsthatdiedbeforetheexperimentalendpoint.This is12%,whichis
belowthe16%mortality ratefrom livebirth to slaughter,foundnationwidefor pig farmsin
theUnited Statesin 2012[22]. Thedeathscorrespondto anaverageof 1.5pigletsperlitter.
Thismight beexpected,giventhat thereisoftenarunt in alitter andthesehavehighermortal-
ity rates.Crossesbetweendistinctbreedstendto haveahighernumberof runts.Therewere
134pigletseuthanisedbecauseof illness.A further 51werecrushedbyasow,this isaknown
problemin pig rearingandhappenswhenthemotherchangesposition;it ishigherwhen
mothersarenot constrained,asin thisstudy.Sowsalsokilled 5 pigletsbybiting them.There
were14pigletsthatdiedof hypothermia.Again,this isaknowncauseof pigletmortality;pig-
letshavedifficulty in regulatingtheir bodytemperature,in partbecausetheylackbrownadi-
posetissue.Another13pigletsdiedunexpectedly.Postmortemexaminationswereconducted
by theveterinarianbut thecauseof deathisunknown.Theremaining9 pigletsdieddueto
complicationsfollowingbloodsampling.At theendof theexperiment,themajority of pigs
werekilled byelectricshockbeforebleedingaccordingto Chineseindustrystandards(GBT
17236±1998).Somepigswerekeptto produceanF3 generation.

Genotyping
Genotypingwascarriedout on all F0 andF1 individualsand1757F2 aspreviouslydescribed
[23]. Datafrom 178microsatellitescoveringthe18autosomeswereusedin thisstudy.Male
andfemalespecificlinkagemapswerecreatedusingCRI-MAP[24]. Sexspecificmarkerposi-
tionswereconvertedfrom Kosambito Haldanemapdistancesfor intervalmappingbecause
themethodassumesno interferencein recombination.Thelengthsof themaleandfemale
autosomalmapswere2,361and3,215cM, respectively.Thenumberof markersperchromo-
somerangedfrom 5 to 24andthemeansex-averageddistancebetweenmarkerswas17cM.

Phenotyping
QTL mappingwasperformedon theF2 generation.Animalswereweighedatbirth, 21and46
daysold andapproximately120,210and240daysold.Traitsanalysedwerebirth weightand
changein weightbetweenthefollowingages:birth to 21days(G0-21), 21±46days(G21-46), 46±
120days(G46-120), 120±210days(G120-210), 46±210days(G46-210) and210±240days(G210-240).
Thecombinedintervalof 46±210dayswasanalysedaswellas46±120and120±210daysbe-
causefewerindividualsweremeasuredat120daysthantheothertime points.

Data preparation
Therewasvariationin theagewhenthelaterweightmeasurementsweretaken.To reducethis
variation,only animalsmeasuredwithin thefollowingageswereincluded:G46-120, 119±130
daysfor thesecondmeasurement;G120-210, 119±130daysfor thefirst measurementand209±
213daysfor thesecondmeasurement,with anintervalof 80±90days;G46-210, 205±213days
for thesecondmeasurement;G210-240, 207±211daysfor thefirst measurementand237±242
daysfor thesecondmeasurement,with anintervalof 27±34days.Individualswhoseweights
declinedoverthecourseof theexperiment,exceptfor thefinal weightafterstarvation,or that
diedbeforetheendof theexperimentwereexcludedfrom theanalysis.Femalesfrom batches
1and2wereexcludedfrom theanalysesof growthafter46daysbecausetheywerefedadiffer-
entdiet.
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Theresidualsafterfitting explanatoryvariablesto thephenotypeswereusedfor theQTL
analysis.A setof variableswastestedfor eachageandonly thosethatweresignificantat
	 < 0.05wereincluded.Correctingfor othervariablesshouldincreasethepowerto detect
QTL byreducingtheresidualvariance.Weightat thestartof anintervalwastestedbecausewe
wantedto identify QTL thataffectgrowthindependentof startweight.Effectsof sex,batch,
motherandparitywereevaluatedfor all ages.For fosteredpigs,thefostermotherandherpar-
ity wereusedfor growthafterbirth. Numberof offspringandnumberof liveoffspringwere
consideredascovariatesfor birth weightandgroupsizeat thefirst measurementagefor inter-
valsstartingbefore120days.For intervalswhereweightwasnot recordedatafixedage,effects
of measurementageweretested,aswellasmeasurementintervalfor G120-210andG210-240.
Effectsof agewhenmovedandcastrationwerecheckedfor growthafterday46.Agewhen
movedwasfirst treatedasafactorwith levelsspanningsix-dayintervals,thensimplifiedby
groupingtogetherconsecutivelevelswith similareffectestimatesandfinally checkingdifferent
boundariesbetweenlevelsto maximisetheexplainedsumof squares.An effectof starvation
wastestedfor G210-240.

Variableswerefitted togetherin amixedmodelwith motherasarandomeffectandthe
othervariablesasfixedeffects.Modellingwasperformedin Rversion2.15.1[25]. A restricted
maximumlikelihood(REML)methodin thelme4packageversion0.999375±28wasused.
Fixedeffectsweretestedby 
 testswith theestimatedresidualvarianceasthedenominator.In
mixedmodels,the
 distribution maynot beagoodapproximationof thedistribution of this
teststatisticandtheappropriatedenominatordegreesof freedomisunclear.Weestimated
	 usinga�!2 approximationfor � � 
, where� is thedegreesof freedomfor theeffect,under
theassumptionthat thedenominatordegreesof freedomis large.Theeffectof motherwas
testedbyalikelihoodratio testof theREMLlikelihoodsfor modelswith andwithout mother.
Non-significanteffectsweresequentiallyremovedin orderof highest	 value.Themodelwas
refit aftereachremovalandthesignificancetestswererecalculated.Themodelof significant
explanatoryvariablesis referredto asthebasemodel.Thephenotypesandexplanatoryvari-
ablesin thebasemodelsaregivenassupplementaryinformation in S3±S9Texts.

Data analysis
IndependentQTL analysis. Firstly,loci wereassessedassumingthat theyactedindepen-

dently,i.e.without consideringepistasis.Themethodfrom HaleyandKnott [26] wasused
but with theprobabilitiesof theallelesateachpositionoriginatingfrom theErhualian(�) or
White Duroc line (
) calculatedby triM [26,27].triM usesinformation from all markerson a
chromosomeasproposedbyHaley�� ��. [28] but appliesahiddenMarkovmodelalgorithm,
whichcanhandlemanymorepartiallyinformativemarkers.Additive (�) anddominance(�)
variablesat1cM intervalswerecalculatedas� = 	(

)±	(��) and� = 	(�
), where	(�) is
theprobabilityof havinggenotype�. The� and� valuesfor eachcM positionaregivenin S2
Text.Thefollowing linearmodelwasfit for eachposition:

~� ˆ m‡ �� ‡ �� ‡ �� …1†

where~� is theadjustedphenotype,� and� aretheadditiveanddominancecoefficients,respec-
tively,for thetestedpositionand�� isanormallydistributederror.Thismodelandthefollow-
ing epistaticmodelsarein the
 1 formulation [29]. Themeanvalueof thephenotypefor
individualswith agivengenotypeiscalledthegenotypicvalue,and� is themeanof thegeno-
typicvaluesfor thetwo homozygotes.Theadditivecoefficientishalf thedifferencebetween
thegenotypicvaluesof thehomozygotes.Thedominancecoefficientis thedifferencebetween
thegenotypicvalueof theheterozygoteandthemeanof thehomozygotegenotypicvalues.
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 ratioswerecalculatedfor thecombinedadditiveanddominancecoefficients.A genome-
widesignificancethresholdof 	 < 0.05wasdeterminedfor eachtrait by1000permutationsof
thephenotypesrelativeto thegenotypes[30]. Foreachchromosomewherethe
 ratio
exceededthethreshold,thepositionwith thehighest
 ratio wascalledaputativeQTL.We
alsorecordedthesetof surroundingpositionswith valuesabovethesignificancethreshold,
whichwecalltheQTL span.If therewasmorethanonesetof positionsabovethethreshold
separatedbyonly asmallgap,thetotal stretchfrom thelowestto highestpositionwastakenas
theQTL span.Theadditiveanddominancevariablesfor all putativeQTL werethenaddedto
model(1) andthemodelfit againto searchfor additionalQTL usingthesamesignificance
threshold.Theprocesswasrepeateduntil no moreputativeQTL werefound.

EpistaticQTL analysis. Secondly,pairwiseepistasiswasevaluated.Weusedasimilar
approachto Carlborgetal.[31] but with someamendments.Thefollowing linearmodelwas
fit to all pairsof positions:

~� ˆ m‡ � 0
1� 1 ‡ � 0

1� 1 ‡ � 0
2� 2 ‡ � 0

2� 2 ‡ ��� � �� ‡ ��� � �� ‡ ��� � �� ‡ ��� � �� ‡ �� …2†

where� 1, � 1, � 2 and� 2 aretheadditiveanddominancevariablesfor thefirst andsecondposi-
tionstested,respectively,and� 0

1; � 0
1; � 0

2; ��� � 0
2 areadditiveanddominancecoefficientsfor

thefirst andsecondposition,respectively.Theadditiveanddominancecoefficientsarerepre-
sentedwith a� becausetheydo not havethesameinterpretationasin thesinglelocusmodel
([29] andseeEpistaticeffects).The� areinteractionvariablesgeneratedbymultiplying
togethertheadditiveor dominancevariablefor thefirst position,asindicatedby thefirst letter
in thesubscript,with theadditiveor dominancevariablefor thesecondposition,asindicated
by thesecondletterin thesubscript,for example��� = � 1� 2. Theparameters��� , ��� , ��� and
��� areadditivebyadditive,additive(at thefirst locus)bydominance(at thesecondlocus),
dominance(at thefirst locus)byadditive(at thesecondlocus),anddominancebydominance
coefficients,respectively.� is themeangenotypicvaluefor genotypesthatarehomozygotesat
both loci.

Theresidualsumof squares(SSE)wasusedfor significancetesting,with alowerSSEcorre-
spondingto abetterfit of themodelto thedata.A genomewideSSEthresholdof 	 < 0.05
(SSEgenome) wasdeterminedby1000permutationsof thephenotypesrelativeto thegenotypes
usingageneticalgorithm[32]. Only pairsof positionswith aSSElowerthanSSEgenomewere
kept.

TheSSEis loweredfor pairsinvolvingapositioncloseto aputativeQTL becauseof the
effectof that locus,andthisneedsto becorrectedfor. It wassuggestedthatwhenonelocusin
apair waswithin 10cM of analreadydetectedQTL amodifiedsignificancetestshouldbe
used[33]. Weinsteadproposethat themodifiedtestshouldbeappliedto all positionswithin
theQTL spanfound in theindependentQTL analysis;hencethebreadthof positionsis tai-
loredto eachlocus.To visualisetheimpactof individual loci andguidethetestingprocess,we
plottedSSEgenome-SSEasaheatmapfor theretainedpairs.

Locus-specificSSEthresholdsof 	 < 0.05(SSEspecific) weredeterminedfor eachputative
QTL from theindependentQTL analysisbypermutation[33]. An epistaticmodelof theputa-
tiveQTL wasfit with everyothergenomepositionastheinteractinglocusandtheA andD
variablesof theotherpositionandtheinteractionvariablespermuted;1000permutationswere
used.All pairsinvolvingapositionwithin theQTL spanwerecomparedagainstSSEspecificand
only pairswith anSSEbelowSSEspecificwerekept.Whenbothpositionsin apair wereinsidea
QTL span,thepair wastestedagainstthelowestSSEspecific.

A heatmapof SSEspecific-SSE,whereappropriate,andSSEgenome-SSEotherwise,wasgener-
atedfor theremainingpairs.Thesemapsshowedsmallclustersof possibleepistaticpairs.For

Epistasis in Pig Growth

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



eachcluster,thepair with thehighestvaluein theheatmap(lowestSSEbeneaththerespective
threshold)wasfound.Becausethereisahardboundary(theedgeof theQTL span)where
SSEspecificisused,partsof regionsin theinitial heatmapcanremainadjacentto theboundary
whilstpairsinsidetheboundaryareremoved.Comparingtheheatmapsshowssuchedge
effects.Whenweobservedthis,wecheckedif therewasapair with alowerabsoluteSSEinside
theboundaryandif sotheclusterwasignored.Finally,theinteractionof theloci in apair was
assessedbyan
 testof thefour interactioncoefficientstogetherand� testsof eachcoefficient.
Pairswith 	 < 0.05for the
 testor 	 < 0.0125for anycoefficientwerecalledputativeepistatic
pairs.

Model simplification. TheputativeQTL andputativeepistaticpairswerecombinedinto
amodelof therawphenotypewith theexplanatoryvariablesto determinewhethertheloci
weresignificantin this full model.Whenalocusin aputativeepistaticpair matchedwith a
putativeQTL,whichwedefinedasbeingwithin 20cM or insidetheregionof theputative
QTL,weassumedthat theywerethesamelocusandfit only theepistaticlocus,usingtheposi-
tion from theepistaticanalysis.If thereweresimilarpositionsamongstepistaticpairs,we
includedtheseasseparateloci.Thefollowingmixedmodelwasfit byREML:

� ˆ m‡ � b ‡ � g‡
P

� …�� � � ‡ � � � � †‡
P

�…�0�;1� �;1 ‡ � 0
�;1� �;1 ‡ � 0

�;2� �;2 ‡ � 0
�;2� �;2 ‡ ��;�� � �;��

‡ ��;�� � �;�� ‡ ��;�� � �;�� ‡ ��;�� � �;�� †‡ �� …3†

where� is therawphenotype,� is themodelmatrix for fixedeffects,�� is thevectorof fixed
effectcoefficients,� is themodelmatrix for mothersand�
 is thevectorof randommaternal
effectcoefficients.� � and� � , for example,aretheadditivecoefficientandadditivevariablefor
putativeQTL �. � �,1, ��,�� and��,�� , for example,aretheadditivecoefficientfor locus1 in puta-
tiveepistaticpair � andtheadditivebydominancecoefficientandvariablefor thispair. �
equatesto themeangenotypicvaluesof genotypesthatarehomozygotesatall loci aftercor-
rectingfor theeffectsof theexplanatoryvariables.

Putativeepistaticpairsweretestedfor asignificantinteractionin (3).Thesignificance
thresholdwas	 < 0.05in an
 testof thesetof interactioncoefficientsor 	 < 0.0125in a� test
of anyindividual interactioncoefficient.Non-significantpairswereremovedsequentially,in
orderof thehighest	 valuefor thesetof interactionterms.If eitherlocusmatchedaputative
QTL, thelocuswaskeptin themodelasaputativeQTL unlesstherewasasimilarpositionin a
remainingputativeepistaticpair.Thepositionof thelocuswasreassessedif it wasdifferentfor
theremovedpair andtheputativeQTL; thepositionswerecomparedin thecurrentmodel
andtheonegivingthehighestlog likelihoodwasused.Themodelwasrefittedafterremoving
eachpair andthesignificancetestswererecalculated.Whenonly significantpairsremained,
anyloci locatedwithin 20cM of eachotherin differentpairswereexamined.Weassumedthat
thesewerethesamelocusandreplacedthemwith onelocusin themodel.Thedifferentposi-
tionswerecomparedandtheonewith thehighestlog likelihoodwastaken.Wereport theloci
remainingin pairsafterthisprocessasepistaticQTL.

Weappliedstringentthresholdsfor detectingepistasis,whichmeansthat trueeffectscould
bemissedbecauseof insufficientpower.GivenanexpectationthatsomeQTL will affect
growthatmorethanoneage,wetestedwhetherthepairsof epistaticloci weresignificantat
otherages.Pairsweretestedbyaddingthemseparatelyto thecurrentmodel,removingany
matchingputativeQTL andevaluatingtheinteractionasin thepreviousstep.If morethan
onepair wassignificant,thesepairswerealsoevaluatedbyaddingthemtogetherto thecurrent
model,removinganymatchingputativeQTL andtestingtheinteractionasbefore.Pairsfound
significantwereretainedin themodel.Fordistinction,wedescribetheseloci aspointwise-sig-
nificant epistaticQTL.
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Finally,putativeQTL in themodelthatwerenot in epistaticpairsweretestedfor signifi-
cancein (3).Thesignificancethresholdwas	 < 0.05in an
 testof theadditiveanddomi-
nancecoefficientscombinedor 	 < 0.025in a� testof eithercoefficient.Loci satisfyingthis
criterion arereportedasindependentQTL. In comparingQTL acrossages,weconsideredloci
within 30cM of eachother,whetherindependentor epistatic,asthesamelocus.

Varianceexplainedby the QTL. Thepercentageresidualvarianceexplainedbypartsof
themodelwascalculatedastheincreasein penalisedresidualsumof squares(PSS)of remov-
ing therelevanttermsfrom thefinal model,dividedby thePSSof thebasemodel,andmulti-
pliedby100.Thecontribution of pointwise-significantpairswasincludedfor epistaticQTL.

Graphical representationof epistasis. Weillustrateepistasisbyplotting thegenotypic
valuesfor eachgenotypecombination.Genotypicvalueswerecalculatedrelativeto themean
for homozygotesatall loci andassumingconstantvaluesfor theexplanatoryvariables.From
(2), thegenotypicvaluesaregivenby

� 
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where,for example,� �


 is thevaluefor genotype�
 at thefirst locusand

 at thesec-
ond locus.To facilitatecomparisonbetweenages,genotypicvalueswerestandardisedbydivid-
ing themby thesquareroot of theresidualvariancefrom thebasemodel.Differentgenotypes
at thefirst locusareshownalongthex-axis.Valuesfor thesamegenotypeat thesecondlocus
arejoinedby linesanddifferentgenotypesat thesecondlocusaredistinguishedby theline
type.Thelinesillustratethechangein phenotypewith genotypeat thefirst locus.Verticaldis-
tancesbetweenthelinesat thepositionsof thex-axistick marksshowthechangein phenotype
with genotypeat thesecondlocus.Non-parallellinesareindicativeof epistasisbecausethe
effectschangewith thegenotypeat theotherlocus.

For theQTL that interactedwith two loci at thesameage,thegenotypicvaluedependson
thegenotypesatall threeloci.Theequationsaregivenin S1Text.

Epistaticeffects. Additiveanddominanceeffectsfor alocuswerecalculatedseparatelyfor
eachgenotypeat theotherlocus.Theyweremeasuredfrom thegenotypicvaluesanalogouslyto
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theadditiveanddominancecoefficientsin thesinglelocusmodel(1).Hence,

� 1…�†ˆ …�

 � � � �� � †=2

� 1…�†ˆ � �
 � � …�
 
� ‡ � � �� †=2

� 2…�†ˆ …�� 

 � � �� � †=2

� 2…�†ˆ � �� 
 � …��
 
 ‡ � �� � †=2 …5†

where� �(�) is theadditiveeffectfor locus� for genotype� at theotherlocusand� �(�) is thecor-
respondingdominanceeffect.From(4) thesetof effectsare

� 1…

 †ˆ � 0
1 ‡ ���

� 1…

 †ˆ � 0
1 ‡ ���

� 1…�
 †ˆ � 0
1 ‡ ���

� 1…�
 †ˆ � 0
1 ‡ ���

� 1…��†ˆ � 0
1 � ���

� 1…��†ˆ � 0
1 � ���

� 2…

 †ˆ � 0
2 ‡ ���

� 2…

 †ˆ � 0
2 ‡ ���

� 2…�
 †ˆ � 0
2 ‡ ���

� 2…�
 †ˆ � 0
2 ‡ ���

� 2…��†ˆ � 0
2 � ���

� 2…��†ˆ � 0
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Providedthetwo loci arein linkageequilibrium, theaverageadditiveanddominance
effectsfor alocus,weightedby thegenotypefrequenciesat theotherlocus,areequivalentto
theadditiveanddominancecoefficientsfrom thesinglelocusmodel.

For theQTL that interactedwith two loci at thesameage,additiveanddominanceeffects
varywith thecombinationof genotypesatbothotherloci.Theequationsaregivenin S1Text.
Valuesfor theothertwo loci only dependon thefirst locusandarecalculatedasin (6).

Thesignificanceof theadditiveanddominanceeffectswastestedby � tests.Thestandard
errorsof theeffectswerecalculatedusingthevariancesandcovariancesfrom thefitted model
asshownin S1Text.The	 valuesfor apair werecorrectedfor multiple testingbyHolm's
method,which isasequentialBonferroniapproachandasignificancethresholdof 	 < 0.05was
used[34]. For theQTL that interactedwith two loci at thesameage,thesetof effectsfor both
pairsweretestedtogetherwith asignificancethresholdof 	 < 0.1aftertheHolm correction.
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Thethresholdwasadjustedbecausewewereassessingtermsfrom two pairs,bothof whichhad
significantepistasisin thefinal model.

Theadditiveanddominanceeffectsof independentQTL areequalto thevaluesof their
additiveanddominancecoefficients.Thesignificanceof theseeffectswastestedby � testswith
asignificancethresholdof 	 < 0.025.To facilitatecomparisonbetweenages,epistaticadditive
anddominanceeffectsandadditiveanddominanceeffectsof independentQTL werestan-
dardisedbydividing themby thesquareroot of theresidualvariancefrom thebasemodel.

Independenteffectsmodel. Wealsofit amodelof theQTL thatwereidentifiedby the
independentQTL analysiswithout anyinteractions.Lociwerefit to therawphenotypesby
REML.Themodelwas

� ˆ m‡ � b ‡ � g‡
P

�…�� � � ‡ � � � �†‡ �� …7†

where� is thesetof QTL identifiedby theindependentQTL analysis.Wereferto thisasthe
independenteffectsmodel.TheQTL weretestedfor significanceat 	 < 0.05in an
 testof the
additiveanddominancecoefficientstogetheror 	 < 0.025in a� testof eithercoefficient.The
valuesfor significantcoefficientswerestandardisedbydividing themby thesquareroot of the
residualvariancefrom thebasemodel.Theadditionalpercentageresidualvarianceexplained
by theepistaticmodelovertheindependenteffectsmodelwascalculatedfrom thedifference
in PSSbetweenthetwo models.

Conversionof QTL positions to the MARC map. QTL positionswereconvertedto the
MARC pig map[35] to facilitatecomparisonwith loci in thepig QTL database[36]. Thenear-
estmarkersflankingeachQTL thatwerein both thestudy-specificandMARC mapswere
usedandpositionscalculatedby interpolationbetweenthesemarkers.Thepositionsof the
QTL on theoriginalHaldanemaparegivenin S1Table.

Results
Theaveragegrowthrateincreasedup to day210andslightlydroppedfor days210±240
(Table1).Table1showsthenumberof animalsincludedfor eachphenotype,theexplanatory
variablesin eachbasemodelandtheresidualvarianceof thephenotypesafteradjustingfor the
explanatoryvariables.Therewasasignificanteffectof motheratall ages.Sexwasasignificant
factorfor all thephenotypesexceptG46-120; maleshadheavierbirth weightsbut femaleshad
higherweightgains.Growth increasedwith weightat thestartof theintervalexceptin the
final period.Birth weightdecreasedwith thetotalnumberof offspringandgrowthup to day
46decreasedwith groupsize.After adjustingfor theexplanatoryvariablestherewasalow cor-
relationbetweenall thenon-overlappingtraits(maximumPearson's|�| = 0.13,Table2).Sev-
eralof thesehadbeenmoderatelycorrelatedbeforetheadjustment(Pearson's� = 0.20±0.45).
Asexpected,therewasamoderateto highcorrelationbetweenG46-210andbothG46-120and
G120-210(Pearson's� = 0.57and0.83,respectively).

Fig1 illustratestheprocessweusedto identify putativeepistaticQTL for G46-210. Fig1A
showstheSSEfor locus-pairswith avaluebelowthegenomewidesignificancethresholdin a
subsetof thegenome.Thecolouredregionstretchinghorizontallyacrossthegraphreflectsthe
effectof alocuson chromosome4 andthecolouredverticalslice,theeffectof alocuson chro-
mosome7,bothof whichwereidentifiedin theindependentQTL analysis.Theblacklines
showtheQTL spansdeterminedfrom theindependentanalysisfor theseloci andloci on chro-
mosomes2,3 and5.A locuson chromosome1 wasalsodetectedin theindependentQTL
analysisbut no spanfor this locusisshownbecausethelocus-specificsignificancethreshold
washigherthanSSEgenomeandthereforeonly thegenomewidethresholdwasappliedfor this
QTL region.Fig1Bshowsthevaluesof SSEspecific-SSEwithin QTL spansandSSEgenome-SSE
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elsewhere.Wheretwo QTL spanscrossed,thelowestSSEspecificwasused.With theadditional
thresholds,only smallclustersremain.Theblackcrossesshowthepair with thehighestvalue
in theheatmapfor eachcluster.Redcrossesshowtwo instanceswhereregionsin Fig1A were
split into separateclustersbecausedifferentthresholdswereappliedeithersideof thebound-
aryof aQTL span.Thepairsmarkedwith theredcrosseswerediscardedbecauseapair the
othersideof theboundaryhadalowerabsoluteSSE.Of theeightpairsindicatedbyblack
crossesin Fig1B,four weresignificantwhentheinteractionwastested,andonly one,the
interactionof asecondlocuson chromosome7 with thechromosome2 locus,remainedafter
modelsimplification.

Therewere17QTL detected(Table3),whichtogetherexplained1±27%of theresidualphe-
notypicvariance(Table4).ElevenQTL showedepistasisin seveninteractingpairs(Table5).
With pointwisesignificantpairsincluded,therewasepistasisfor fiveof thesevenagesexam-
ined.Therewerebetweenoneandfour epistaticpairsat theseagesandtogethertheyexplained
3±17%of theresidualphenotypicvariance(Table4).No epistasiswasseenfor G0-21and
G210-240. Therewerebetweenoneandfour independentQTL perage(Table6) andtogether
theyexplained1±15%of theresidualvariance(Table4).Thehighestnumbersof bothepistatic
pairsandindependentQTL werefound for G46-210. EpistaticQTL explainedmoreresidual
variancethanindependentQTL at threeages(Table4).Therelativecontribution washighest
for birth weightwheretheepistaticpair explainedtwicetheresidualvarianceof theindepen-
dentlocus.

Table 1. Descriptio n of traits and base models.

Trait Na Mean, kg ADGb, kg/day Explan atory variable s Residual variance

BW 1505 1.2 - mother, sex, batch, n. offspringc, n. live offspringd 0.047

G0-21 1503 4.1 0.2 mother, sex, batch, weight, group size 0.71

G21-46 1501 6.0 0.24 mother, sex, batch, parity, weight, group size 2.4

G46-120 759 21 0.28 mother, batch, weight, agee 21

G120-210 684 48 0.53 mother, sex, batch, parity, weight, interval, castration 86

G46-210 1074 69 0.42 mother, sex, batch, weight, movedf, castration 140

G210-240 963 15 0.5 mother, sex, batch, ageg, interval, movedh, castration, starvation 31

Mother was treated as a random effect and the other explanatory variables as ®xedeffects.
aNumber of individuals.
bAverage daily growth rate.
cTotal number of offspring born.
dNumber of offspring born alive.
eAge above 119 days for second weight measurement.
fGrouped into not moved, moved before day 105, and moved day 105 or after.
gAge above 207 days for ®rstweight measurement.
hGrouped into not moved, moved before day 115, and moved day 115 or after.

doi:10.1371/journal.pone.0162045.t001

Table 2. Pearson correlatio ns between adjusted traits.

G0-21 G21-46 G46-120 G120-210 G46-210 G210-240

BW 0.01 0.03 0.04 0.06 0.06 0.11

G0-21 -0.02 -0.03 -0.02 0.00 -0.02

G21-46 0.00 -0.13 -0.03 -0.02

G46-120 0.07 0.57 0.12

G120-210 0.83 0.04

G46-210 -0.01

doi:10.1371/journal.pone.0162045.t002
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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 (SSEspecific), 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/journal.pone.0162045.g001
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Two QTL,Q7.1andQ3.1,wereepistaticat two ageswith differentloci andathird, Q2.1,
interactedwith two loci at thesameage.Q7.1interactedwith Q4.2to affectbirth weightand
wasepistaticwith Q3.1for G21-46. Q3.1alsointeractedwith Q2.1for G46-210. Q2.1wasaddi-
tionallyepistaticwith Q7.2in that interval.Takinginto accounteffectsatdifferenceages,these
loci formedasmallnetwork(Fig2).ThepairsQ7.1x Q4.2andQ2.1x Q7.2werealsopoint-
wisesignificantfor G46-120. Q7.1andQ3.1hadindependenteffectsatotherages.Q7.1affected
G120-210, G46-210andG210-240. Q3.1affectedG120-210.

Table 3. Growth QTL.

QTL Chrom osome Position , cM Trait Epistatic

Q1.1 1 36 G46-210

Q1.2 1 88 G120-210 Y�

(88) (G46-210) y

Q2.1 2 (10) (G46-120) y

10 G46-210 Y�

Q2.2 2 47 G120-210 Y

Q3.1 3 33 G21-46 Y

29 G46-210 Y�

42 G120-210

Q3.2 3 88 G21-46

Q4.1 4 72 G21-46

71 G46-120

66 G120-210 Y�

64 G46-210

Q4.2 4 128 BW Y

(128) (G46-120) y

Q5 5 112 G46-210

Q6.1 6 (17) (G120-210) y

17 G46-210 Y

Q6.2 6 88 G21-46

98 G46-120

Q7.1 7 59 BW Y�

64 G21-46 Y�

59 G46-120 y

64 G120-210

58 G46-210

64 G210-240

Q7.2 7 (156) (G46-120) y

156 G46-210 Y

Q8 8 38 G120-210 Y

38 G46-210 y

Q9 9 79 G0-21

Q13 13 (58) (G120-210) y

58 G46-210 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:10.1371/journal.pone.0162045.t003
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OneQTL,Q4.1,hadindependenteffectsatseveralagesandwasepistaticatoneage.It
affectedG21-46, G46-120andG46-210; andinteractedwith Q2.2for G120-210. OneotherQTL,
Q6.2,wasdetectedatmorethanoneage.Q6.2hadindependenteffectson G21-46andG46-120.

Fourepistaticpairswerepointwisesignificantwhentheyweretestedfor effectsatother
ages.ThepairsQ7.1x Q4.2andQ2.1x Q7.2aredescribedabove.Q7.1x Q4.2wastheonly
pair with evidenceof epistasisatadistinctagefrom whenit wasdetected.In theother
instances,theageswereoverlapping.Thepair Q1.2x Q8wasdetectedfor G120-210andwas
pointwisesignificantfor G46-210, andQ13x Q6.1wasfound for G46-210andwaspointwisesig-
nificant for G120-210.

Plotsof epistasisareshownin Fig3.Weevaluatedadditiveanddominanceeffectsfor each
locusbygenotypeat theotherlocusanddescribeepistasisby thesignificanteffects(Table7).
EpistasisbetweenQ7.1andQ4.2for birth weightswitchedthedirectionof theQ7.1effect.The
ErhualianalleleatQ7.1hadapositiveeffectwhenQ4.2washeterozygous(�
) but anegative
effectwhenQ4.2washomozygousErhualian(��, Fig3A).ForQ2.1interactingwith Q7.2for
G46-210, Q7.2changedfrom havinganadditiveto dominanceeffect.Q7.2hadapositiveeffect
of theWhite DurocallelewhenQ2.1was�
 but apositivedominanceeffectwhenQ2.1was
homozygousWhite Duroc (

, Fig3I). PairsQ1.2x Q8andQ2.2x Q4.1,both for G120-210,
showedsomesymmetryin effects.ForQ1.2x Q8,theWhite Durocallelehadpositiveeffects
of similarmagnitudeatboth loci whentheotherlocuswas�
 (Fig3E).ForQ2.2x Q4.1,the
White DurocalleleatQ2.2hadapositiveeffectwhenQ4.1was�� or �
 andtheWhite

Table 4. Percentag e residual variance explained by QTL.

BW G0-21 G21-46 G46-120 G120-210 G46-210 G210-240

Independ ent 1.5 1.2 4.9 6.6 9.1 14.8 2.0

Epistati c 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:10.1371/journal.pone.0162045.t004

Table 5. Epistatic pairs.

Trait Pair(s) % Var explained a % Epistati cb

BW Q7.1 x Q4.2 3.0 1.9

G21-46 Q7.1 x Q3.1 2.6 1.5

G46-120 (Q7.1 x Q4.2) 5.4 1.5

G46-120 (Q2.1 x Q7.2) 2.2 1.4

G120-210 Q1.2 x Q8 6.8 2.8

G120-210 Q2.2 x Q4.1 6.6 1.8

G120-210 (Q13 x Q6.1) 2.2 1.5

G46-210 Q13 x Q6.1 2.1 1.9

G46-210 Q2.1 x Q7.2 and Q2.1 x Q3.1 5.7 1.2, 0.7c

G46-210 (Q1.2 x Q8) 1.6 0.7

Pointwise-signi®cant pairs are shown in brackets.
aPercentage 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:10.1371/journal.pone.0162045.t005
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DurocalleleatQ4.1hadapositiveeffectwhenQ2.2was�� (Fig3F).Therewasoneinterac-
tion, Q13x Q6.1for G46-210, whereboth loci hadonly dominanceeffects(Fig3H).

In thegenomewide-significantseparateepistaticpairs,eitherbothQTL hadasignificant
effectin only onegeneticbackground,or oneQTL hadaneffectin two backgroundsandthe
otherhadaneffectin onebackground.In themorecomplexinteractionof Q2.1with two loci,
Q2.1hadsimilareffectsfor two Q7.2genotypeswhenQ3.1washeterozygous,Q7.2haddiffer-
enteffectsin two backgroundsandQ3.1hadaneffectin onebackground.Additive epistatic
effectsnearlyalwaysoccurredin an�� or �
 background.In mostcasestheWhite Duroc
allelehadapositiveeffectbut Q3.1andQ7.1showedpositiveeffectsof theErhualianallele.
Dominanceepistaticeffectsmostoftenoccurredin a

 backgroundandnearlyalwayswith-
out anadditiveeffect.Bothpositiveandnegativedominanceepistaticeffectswereseen.

IndependentQTL mostlyshowedpurelyadditiveeffectsor additiveeffectswith dominance.
Therewasonly onecaseof adominanceeffectin theabsenceof anadditiveeffect.A similar
numberof independentloci showedpositiveeffectsof theErhualianalleleastheWhite Duroc
allele.Q3.2,Q6.2,Q7.1andQ9all hadbeneficialeffectsof theErhualianallele.

Theeffectsof Q3.1andQ7.1weredifferentin eachof their interactions.Asdescribed
above,in epistasiswith Q4.2for birth weight,Q7.1hadapositiveadditiveeffectof the
Erhualianallelein an�
 backgroundandanegativeeffectin an�� background.In epistasis
with Q3.1for G21-46, Q7.1insteadhadapositivedominanceeffectin a

 background
(Fig3B).In thepointwise-significantepistasiswith Q4.2for G46-120, Q7.1hadapositiveeffect
of theErhualianallelein an�
 backgroundbut unlike theeffectfor birth weight,theErhua-
lian allelewasalsodominant(Fig3C).WhenQ7.1actedindependently,it hadapositivedomi-
nanteffectof theErhualianallele(Table6) that resembledtheeffecton G46-120in an�

background.

Q3.1in epistasiswith Q7.1for G21-46hadapositiveeffectof theErhualianallelein an��
background(Fig3B).ForG46-210in epistasiswith Q2.1,Q3.1hadanegativedominanceeffect

Table 6. Independ ent QTL.

Trait QTL % Variance explained i Effects ii (s.e.)

a d

BW Q18 1.5 0.17(0.05) 0.23(0.08)

G0-21 Q9 1.2 -0.13(0.04) -0.19(0.06)

G21-46 Q4.1 2.5 0.25(0.04)

G21-46 Q6.2 1.4 -0.20(0.04)

G21-46 Q3.2 0.9 -0.15(0.04)

G46-120 Q4.1 4.2 0.33(0.06)

G46-120 Q6.2 2.2 0.50(0.10)

G120-210 Q7.1 6.7 -0.32(0.05) 0.21(0.07)

G120-210 Q3.1 2.6 0.23(0.05)

G46-210 Q7.1 5.9 -0.33(0.04) 0.19(0.06)

G46-210 Q4.1 5.2 0.34(0.04)

G46-210 Q5 2.4 0.23(0.04)

G46-210 Q1.1 1.1 0.16(0.04)

G210-240 Q7.1 2.0 -0.13(0.05) 0.23(0.07)

iPercentage residual variance explained by the QTL
iiSigni®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:10.1371/journal.pone.0162045.t006
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in an�� background(Fig3J).Acting independentlyfor G120-210, Q3.1hadanegativeeffectof
theErhualianallele,whichwasin theoppositedirectionto theepistaticeffecton G21-46.

Q4.2interactingwith Q7.1haddifferenteffectson birth weightandin thepointwise-signif-
icantepistasisfor G46-120. Forbirth weight,Q4.2hadapositiveadditiveeffectof theWhite
Durocallelein an�� background(Fig3A).ForG46-120, Q4.2hadanegativedominanceeffect
in a

 background(Fig3C).

For theotherthreepairsthatwerepointwisesignificantatasecondage,thepatternof geno-
typicvaluesshowedsimilaritiesbetweentheagesbut effectsin theoriginal intervalwereusu-
allynot significantin thesecondandsomeweremuchsmaller.Q1.2x Q8hadpositive
additiveeffectsof both loci in an�
 backgroundon G120-210. ForG46-210, Q8hadanadditive
effectbut therewaslittle additiveeffectof Q1.2(Fig3Eand3K).EpistasisbetweenQ13and
Q6.1producedapositivedominanceeffectof Q13in an�
 backgroundandanegativedomi-
nanceeffectof Q6.1in a

 backgroundfor G46-210. ForG120-210, neitherlocushadasignifi-
canteffectandQ6.1showedfar lessdominance(Fig3Gand3H). Theresultsfor Q2.1x Q7.2
wouldbeexpectedto differ betweenG46-210andG46-120becausefor G46-210Q2.1alsointer-
actedwith Q3.1.ForG46-210, Q2.1hadadditiveeffectswhenQ7.2was�
 or 

 andQ3.1
was�
; Q7.2hadanadditiveeffectin an�
 backgroundanddominanceeffectin a


background.ForG46-120, therewasanoveldominanceeffectof Q2.1whenQ7.2was

.
Therewereno othersignificanteffectsalthoughQ2.1hadanominallysignificant(	 < 0.025)
additiveeffectin a

 backgroundandQ7.2hadanominallysignificantadditiveeffectin an
�
 background(Fig3D and3I).

Q4.1hadsimilareffectsatdifferentages.Whenit actedindependently,theWhite Duroc
alleleadditivelyincreasedgrowth(Table6). In epistasiswith Q2.2for G120-210, asdescribed
above,Q4.1hadapositiveadditiveeffectof theWhite Durocallelein an�� background
(Table7).Q6.2haddifferenteffectsat thetwo ageswhereit wasdetected.ForG21-46, the
Erhualianallelehadapositiveadditiveeffect.ForG46-120, Q6.2hadapositivedominanceeffect
(Table6).

Themeanmagnitudeof significantepistaticeffectswas0.39for additiveeffectsand0.58for
dominanceeffects(Table7). In comparison,thevaluesfor significantindependenteffects
were0.21and0.26,respectively(Table6).Q4.1andQ2.1hadthelargestadditiveepistatic
effectsof 0.6for G120-210andG46-210, respectively.Q3.1hadthelargestdominanceepistatic
effectof 1.0for G46-210. For independentQTL,Q4.1hadthelargestadditiveeffectof 0.34for
G46-210. Q6.2hadthelargestindependentdominanceeffectof 0.5for G46-120.

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/journal.pone.0162045.g002
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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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Separateepistaticpairson averageexplained3.5%of theresidualphenotypicvariance,with
theinteractiontermsexplaining1.5%of thevariance(Table5).Theinteractionsinvolving
Q2.1explained5.7%of theresidualvariance;thetwo setsof interactiontermsexplained1.2%
and0.7%of thevariance.PairQ1.2x Q8for G120-210explainedthemostresidualvariance
(6.8%)andhadthehighestvarianceattributableto theinteractionterms(2.8%).Independent
QTL explainedon average2.8%of theresidualphenotypicvariance(Table6).Q7.1explained
themostresidualphenotypicvarianceof anindependentQTL at6.7%for G120-210.

In mostcases,onelocusin anepistaticpair wasdetectedby theindependentQTL analysis
(Table7).For thegenomewide-significantepistasisof Q13x Q6.1,neitherlocuswasdetected
by theindependentanalysis.Therewasonly onecase,Q2.1x Q3.1for G46-210, whereboth loci

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. (I) 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:10.1371/journal.pone.0162045.g003

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

Trait QTL Interacting QTL Epistatic effects i (s.e.) Indepen dent effects ii (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)

G21-46 Q7.1 Q3.1 WW: d = 0.6(0.2) a = -0.10(0.04), d = 0.17(0.05)

G21-46 Q3.1 Q7.1 EE: a = -0.4(0.1)

G46-120 (Q7.1) (Q4.2) EW: a = -0.25(0.08), d = 0.3(0.1) a = -0.23(0.05)

G46-120 (Q4.2) (Q7.1) WW: d = -0.5(0.2)

G46-120 (Q2.1) (Q7.2) WW: d = 0.5(0.2)

G46-120 (Q7.2) (Q2.1)

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

G120-210 Q8 Q1.2 EW: a = 0.39(0.08)

G120-210 Q2.2 Q4.1 EE: a = 0.4(0.1), EW: a = 0.26(0.08)

G120-210 Q4.1 Q2.2 EE: a = 0.6(0.1) a = 0.33(0.05)

G120-210 (Q13) (Q6.1)

G120-210 (Q6.1) (Q13)

G46-210 Q13 Q6.1 EW: d = 0.3(0.1)

G46-210 Q6.1 Q13 WW: d = -0.7(0.2)

G46-210 Q2.1 Q7.2, Q3.1 EWEW:iii a = 0.6(0.1), WWEW: a = 0.5(0.1) a = 0.22(0.04)

G46-210 Q7.2 Q2.1 EW: a = 0.20(0.06), WW: d = 0.4(0.1)

G46-210 Q3.1 Q2.1 EE: d = -1.0(0.3) a = 0.23(0.05)

G46-210 (Q2.1) (Q8)

G46-210 (Q8) (Q2.1) EW: a = 0.27(0.06) a = 0.18(0.04)

Loci that showed pointwise-signi®cantepistasis are indicated by brackets.
iSigni®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.
iiFor loci that were detected by the independent QTL analysis, signi®cant effects in the independent effects model.
iiiTwo locus genotype, with the ®rstgenotype for Q7.2 and the second for Q3.1.

doi:10.1371/journal.pone.0162045.t007
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wereboth foundby theindependentanalysis.In total fiveQTL wereonly identifiedby theepi-
staticanalysis.Theepistaticmodelexplainedup to 9%moreresidualvariancethanamodelof
theQTL detectedby theindependentanalysisthatassumedno interactions(theindependent
effectsmodel)(Table8).Theproportionallygreatestamountof additionalresidualvariance
explainedwasfor birth weight,whereit wasthree-quarterstheamountexplainedby theinde-
pendenteffectsmodel.

ForepistaticQTL thatweredetectedby theindependentQTL analysis,wecomparedesti-
matedeffectsbetweentheindependenteffectsandepistaticmodels.Clearly,anindependent
effectcannotcaptureaneffectthatchangesdirectionunderepistasis.In theindependent
effectsmodel,Q7.1showedapositiveeffectof theErhualianalleleon birth weight;thenegative
effectof thisallelewasonly apparentwith epistasis.Thereweretwo othereffectsseenwith
epistasisbut not whenalocuswastreatedasanindependentQTL: thedominanceeffectof
Q7.1for G46-120, anddominanceof Q3.1for G46-210. Whentheindependenteffectsmodel
gaveaneffectof thesametypeanddirectionasasignificantepistaticeffect,theestimatedsize
wason average0.6of theepistaticvalue(Table7). In two cases,anoutcomewasobservedin
theindependenteffectsmodelthatwasnot significantwith epistasis:Q7.1showedanegative
effectof theErhualianalleleon G21-46andQ3.1hadapositiveeffectof theWhite Durocallele
on G46-210. However,theloci eachhadanominallysignificantepistaticeffectin thesame
direction in onebackground.

Discussion
With epistasisincluded,weinvestigatedQTL for pig growthataseriesof ages.Thedetected
QTL explainedup to 27%of theresidualphenotypicvariance.Weidentifiedloci on chromo-
somes3,4 and7 (Q3.1,Q4.1andQ7.1)thathadeffectsatmorethanoneage.Thesearelikely
to beregionsthatarefundamentalto growthbecausethespecificgrowthprocessesare
expectedto changewith age.Q3.1,Q7.1andalocuson chromosome2 (Q2.1)formedasmall
networkof QTL thatwereeachepistaticwith morethanonelocus.Thisnetworkisalsoof
interestto explorefurther.

Q7.1hadeffectsat themostages.Theonly intervalwhereit hadno effectwasbirth to 21
days.Q7.1wasepistaticfor growthbefore46days,showedpointwisesignificantepistasisfor
46±120daysandactedindependentlyat theotherages.It explainedthemostresidualpheno-
typicvarianceof anindependentQTL.Q4.1affectedgrowthat thesecondmostages.It influ-
encedgrowthin all intervalsbetween21and210days.It predominantlyhadindependent
effectsbut wasepistaticfor growthfrom 120±210days.Q4.1hadthelargestindependentaddi-
tiveeffect.Q3.1showedeffectsat threeages.It wasepistaticfor growthfrom 21±46daysand
46±210daysandactedindependentlyfor 120±210days.It hadthelargestdominanceeffectin
epistasis.Q2.1interactedwith two loci in theperiodof 46±210daysandshowedpointwisesig-
nificant epistasisfor 46±120days.It hadthelargestadditiveeffectin epistasis.

A locuson chromosome6 (Q6.2)wasthefinal QTL detectedatmorethanoneage,with
independenteffectsin two periods.Howevertheeffectsweredifferentbetweenthesetimes.
Thepositionsidentifiedwere10cM apart.Therefore,wereasonthat theseareprobablytwo
separateloci.Wetestedall epistaticpairsfor pointwise-significanteffectsatotherages.This

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 22.5 2.0

Epistati c 1.9 - 1.5 4.8 9.0 4.8 -

doi:10.1371/journal.pone.0162045.t008
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indicatedonemorelocusthatmight haveanimpactataseconddistinctage.It wasanother
positionon chromosome4(Q4.2)that interactedwith Q7.1for birth weightandwaspointwise
significantfor 46±120days.Howevertheepistaticeffectsandthepatternof genotypicvalues
weredifferentat theseages.Weconcludethat thechromosome4 locusisprobablydistinct
from thebirth weightQTL andthechromosome7 QTL thesameasfoundatotherages,
becausethechromosome7 effectsin an�
 backgroundweresimilar to theindependent
effectsof Q7.1atotherages.Theresolutionfrom intervalmappingis limited, andfor anyof
theloci identifiedatmorethanoneage,it ispossiblethat theyaredifferentgeneticelements.
Theotherpairswith pointwisesignificanteffectsatasecondagewerecaseswheretheage
intervalsoverlappedandwefeelthis is insufficientevidenceof effectsatmorethanoneage.

Aswellasidentifyingageneticnetwork,evaluatingepistasisindicatedamoreimportant role
for Q2.1andQ3.1thanwasapparentfrom theindependentQTL analysis.Theindependentanal-
ysisdetectedaneffectof Q2.1on growthfrom 46±210daysbut assessingepistasisshowedthat
this locusinteractswith two QTL in that interval.Effectsof Q3.1on growthfrom 46±210days
and120±210dayswerefound in theindependentanalysisbut thismight occurbecausetheyare
overlappingperiods.TheepistaticanalysisrevealedthatQ3.1affectedgrowthataseparateage.
Thenumberof epistaticQTL iscomparableto resultsfor growthin chickens[15,18].Wefound
moreepistasisthanwasdetectedfor bodydimensionsandorganweightsin thispopulation[8].

Weinvestigatedaneffectof motherbecausevariationsbetweenmothersin milk volumeor
qualitycouldbeimportant.Themotherexplainedasmuchas19%of thephenotypicvariance,
with thegreatestinfluenceon 21±46and46±210days.Asthisshows,therecontinuedto bean
effectof motherafterthemotherswereremovedat46days,whichsuggeststhebenefitsfrom
maternalprovisionarelonglasting.It isalsopossiblethat theeffectcapturesdifferences
betweenfamiliesin whichQTL allelesarepresent.Our analysisassumesthat theQTL arefixed
for alternativeallelesin thetwo breedsbut thismaynot bethecase.Someof thepigswerefos-
teredbut afull crossfosteringexperimentwouldbeneededto disentanglematernalresource
or environmentaleffectsfrom geneticeffects.

Including motherin thebasemodelhadanimpacton theresults.Without mother,for
birth weight,adifferentQTL on chromosome7 wasdetectedasepistaticwith Q18andthe
epistasisbetweenQ7.1andQ4.2,whichwasoneof themostinterestingresults,wasnot found.
Forgrowthfrom 21±46days,without mother,Q3.2wasnot identifiedandQ7.1wasmissedby
theindependentQTL analysis,althoughits interactionwith Q3.1wasdetected.Whenmother
wasomittedfor growthfrom days46±210,thetwo interactionsinvolvingQ2.1andtheeffect
of Q1.1weremissedandQ7.1showedepistasiswith Q3.2,whichwehadnot detectedfor this
interval.Wei etal.[8] similarly found that includinganeffectof familycouldaltertheQTL
thatweredetected.Forgrowthfrom 1±21daysand210±240days,omitting motherdid not
changetheQTL thatweredetected.Wedid not investigatetheeffectof removingmotherfrom
themodelsfor growthfrom 46±120and120±210days.

Ai etal.[10] previouslyanalysedthepopulationweinvestigatedfor QTL with independent
effectson bodyweight.Theyreportedcorrelationcoefficientsbetweenadjacentbodyweights
of 0.59±0.92.QTL mayhavebeendetectedatmorethanoneagebecauseof thesecorrelations.
Locimayalsohavebeenidentifiedbecauseof accumulatedeffectsfrom birth to themeasure-
menttime.Weinsteadanalysedtheincreasein bodyweightbetweenmeasurementsandcor-
rectedfor effectsof startweight.Weaimedto specificallydetectQTL affectinggrowthwithin
anageinterval.Thisshouldallowusto determinetheperiodwherealocusinfluencesgrowth
moreprecisely.Wealsoaccountedfor moreexplanatoryvariablesthanAi etal.[10], whichas
describedabovefor theeffectof mother,canidentify moreloci.Forour adjustedphenotypes,
excludingG46-210comparedto G46-120andG120-210, themaximumcorrelationcoefficient
betweenadjacentintervalswasonly 0.07.
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Wecomparedour resultswith Ai etal.'s[10] findings,excludingQTL thatweonly identi-
fiedbyour epistaticanalysis.Theloci theydetectedfor agivenagewerecontrastedwith the
QTL wefound for growthfrom thepreviousmeasurementto thatage.QTL theyfound for day
210werecomparedwith theloci weidentifiedfor eitherG46-210or G120-210. Ai etal.[10] found
mostQTL for weightat240days,wherefive loci weredetected.Threeof these,whichcorre-
spondto Q4.1,Q7.1andQ8,theyalsodetectedfor day210.Theothertwo correspondto our
loci Q3.1andQ5.Wefoundonly Q7.1hadasignificanteffecton growthfrom 210±240days
but all five loci affectedgrowthfrom 46±210or 120±210days.Hence,webelievemostof the
effectsreportedbyAi etal.[10] for bodyweightat240daysarecausedbycorrelationsbetween
bodyweightsor acumulativeimpactof loci overtime. In particular,our resultsindicatethat
thechromosome8 QTL theyidentifiedatmorethanoneageprobablyonly affectedtheearlier
period.

Ai etal.[10] identifiedQ7.1for severalagesbut reportedthat its impactwasdiscontinuous,
with no significanteffectbetweenbirth and210days.Wehaveshownit hasamuchbroader
influenceacrossage.FiveQTL thatweidentifiedfor growthfrom days46±210or 120±210
werenot detectedbyAi etal.[10] for day210.Two of theseweredetectedinsteadfor day240,
suggestingtheyhadinsufficientpowerto find themat theprevioustime point andthepower
wasincreasedbymeasuringthecumulativeeffectoveralongerperiod.Theothers,including
Q2.1,theydid not find atall.Ai etal.[10] did not detectoneQTL thatwefound for growth
from 21±46daysor aneffectof Q6.2on day120.TheyreportedoneQTL thatwedid not iden-
tify; alocuson chromosome10found for day46.

Weproposeanewschemefor describingepistasis,wheresignificantadditiveanddomi-
nanceeffectsof alocusin specificbackgroundsaregiven.Wethink thishelpsin understand-
ing theoutcomeof epistasisbecauseit isanextensionof thestandardrepresentationfor single
locuseffects.Our approachisusefulfor assessingtheconsequencesof introducinganewallele
in abreedingscheme,whichdependson theeffectsof theallelein thegeneticbackgrounds
present.Theresultsshowwhethertheeffectof alocuschangesdirectionwith thegeneticback-
ground.Effectsatdifferentagescanalsobecompared,including if thelocusactsindepen-
dently,to evaluatewhethertheyalterwith ageor theinteractinglocus.

Previously,epistasishasbeendescribedbywhichof theinteractiontermsin Eq(2) aresig-
nificant [19]. Forexample,epistasisiscalleddominancebyadditiveif only thedominanceby
additivecoefficientissignificant.Dominancebyadditiveepistasisis interpretedasthedomi-
nanceeffectof locus1 beingdifferentwhenlocus2 is �� than

, andtheadditiveeffectof
locus2 beingdifferentwhenlocus1 is �
 ratherthan�� or 

. However,Eq(6) showsthat
thedominancebyadditivecoefficientisnot sufficientto determinewhetheralocushasasig-
nificant effectin anyof thesebackgroundsor thedirectionof theeffect.Theeffectsizesalso
dependon thevaluesof othercoefficientsin themodel.Asanexample,theepistasisbetween
Q7.1andQ3.1for growthfrom days21±46isdominancebyadditive.Wefound thatQ7.1had
apositivedominanceeffectwhenQ3.1was

 (homozygousWhite Duroc) but no signifi-
canteffectwhenQ3.1was�� (homozygousErhualian)andQ3.1hadanegativeeffectof the
White DurocallelewhenQ7.1was�� but no significanteffectin otherbackgrounds.It isalso
difficult to understandtheoverallconsequenceswhenmorethanoneinteractioncoefficientis
significant.Two interactioncoefficientsweresignificantfor 3of the7epistaticpairs.One
advantageof definingepistasisby theinteractioncoefficientsis thatonly four valuesaretested
for significance.Forour approach,12effectsaretestedandstatisticalpoweris reducedby the
multiple-testingcorrection.However,wefoundasignificanteffectfor all exceptonecaseof
epistasis,whichwasaninstancewheretheinteractionwasonly pointwisesignificant.

Anotherwayto look atepistasisisbydifferencesin thegenotypicvaluesof theninegeno-
type-combinations[31]. Thereare36pairwisecomparisonsandhencethemultiple-testing
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penaltyishigherthanfor our approach.Wetried thisalternativeon our genomewide-signifi-
cantsimplepairs.At leastonegenotypehadsignificantlyhigherpredictedgrowththanoneor
moreothers.But thegenotypescouldnot besplit into groupswherethephenotypesfor one
groupweresignificantlydifferentfrom all theothergenotypes.Hencewecouldnot saythat
somegenotypeshadsignificantlyhigheror lowergrowththantherest.Forexample,for Q1.2x
Q8affectinggrowthfrom 120±210days,genotype�


 (�
 atQ1.2and

 atQ8)had
highergrowththan�
��, ���
, and

��; andgenotype

�
 hadhighergrowth
than�
�� and���
. Noneof thesehadsignificantlydifferentgrowthfrom thefour remain-
ing genotypes.Thepairwisedifferencescouldbecomplex,asin thisexample,wherethesetof
differencesfor severalgenotypesoverlapbut do not match.Wethink this representationis
lessclearthanour scheme,whichshowedthat theWhite DurocalleleatbothQ1.2andQ8
increasedgrowthwhentheotherlocuswasheterozygous.

Q7.1andQ3.1eachhadeffectsin oppositedirections.Theeffectof Q7.1on birth weight
switcheddirectionwith thegenotypeatQ4.2.At otherages,Q7.1mostlyhadapositiveeffect
of theErhualianallelebut it alsohadanominallysignificantnegativeeffectof theErhualian
alleleon growthfrom 21±46dayswhenQ3.1washeterozygous.Thiseffectwassignificantin
anindependenteffectsmodel,suggestingthat it isatrueeffect,whichwehadinsufficient
powerto detectbecauseof our correctionfor multiple testing.Q3.1hadapositiveeffectof the
Erhualianallelein epistasiswith Q7.1atoneagebut atanotherageit actedindependentlyand
theErhualianallelehadanegativeeffect.Q3.1alsohadanominallysignificantnegativeeffect
of theErhualianallelein asecondinteraction,whichsimilarly isprobablyatrueeffectbecause
it wasidentifiedin theindependenteffectsmodel.Theseresultsshowthatepistasiscansub-
stantiallymodify theeffectof alocusandtheoutcomecanbealteredbywhichsecondlocusis
involved.

GrowthQTL in asimilarpositionto Q7.1havebeendetectedin crossesof Europeanbreeds
with Meishanpigs,whicharefrom anareanearto theErhualian[11,13,37,38].TheMeishan
alleleincreasedgrowthin eachcase.Ai etal.[10] found that theErhualianalleleat this locus
increasedbodyweightatseveralages.To our knowledge,it is thefirst time for this locusthat
anallelefrom aChinesebreedhasbeenshownto reducegrowth.Beeckmanetal.[39] detected
aQTL for dailygainon chromosome3 in theregionof Q3.1in acrossof Meishanwith the
commercialPietrainbreed.Theyfound that theMeishanalleledecreasedgrowth.

Therearesomeclassicaltypesof epistasis:complementary,duplicate,dominantandreces-
sive[32] thatcanbeexplainedbysimplemolecularmodels[40]. Complementaryepistasis
existsif thecausalalleleisneededatboth loci to produceaneffect.It couldbecausedbya
direct interactionbetweentheproteinproductsof theloci.Thereisduplicateepistasiswhen
thecausalalleleateitherlocusgeneratesaneffect.It might occurwhenloci havesimilar func-
tionsandareableto compensatefor eachanother.Dominantandrecessiveformsof epistasis
resembleBateson'soriginaldescriptionof analleleatonelocusbeingmaskedby theeffectsof
analleleatanotherlocus.Theeffectof thefirst locusisonly seenwhenthesecondlocusis
homozygousfor thealternativeallele(dominant),or homozygousfor thealternativealleleor
heterozygous(recessive).Thedefinition impliesthat theeffectof thesecondlocusisunaltered
by thegenotypeat thefirst. It isdifficult to seehowthiscouldoccurfor aquantitativetrait: if
thenumericalvalueof thetrait differsbetweengenotypesat thefirst locusfor genotype1 at the
secondlocusbut not genotype2,changingfrom genotype1 to 2at thesecondlocusmustalso
haveadifferenteffectdependingon thegenotypeat thefirst. Or consideredin termsof the
epistasisplots,if oneline ishorizontalandtheotherslopes(effectof first locus),thevertical
distancebetweenthelines(effectof secondlocus)mustchange.

TheinteractionbetweenQ2.2andQ4.1isduplicateepistasis.Theotherpairsdid not match
anyof theclassicaltypes.Noneof thedifferentpairsof loci hadthesamesetof significant
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effectsor asimilarpatternof genotypevalues.Thegenomewidesignificantpairsusuallyhada
significanteffectof onelocusin oneor two backgroundsandsignificanteffectof theother
locusin onebackground.Unlike in theclassicalforms,thereweredominanceeffectswithout
additiveeffectsandadditiveeffectsin aheterozygousbackgroundbut not in ahomozygous
background.Exceptfor Q2.2x Q4.1,wearenot ableto suggestbiologicalmechanismsthat
couldexplaintheepistasisresults.Cordell[41] advisedthatstatisticaldetectionof epistasisis
unlikely to beinformativeaboutthenatureof anyunderlyingmolecularinteractions.Theout-
comeswefound illustratethisproblem.It seemsthat to gainbiologicalinsightfrom epistasis
found in QTL mapping,extensivefollow-upwork will beneededto identify thegenesand
understandtheir function.

Threeepistaticpairswerepointwisesignificantin asecondintervalthatoverlappedwith
theperiodwheretheyweredetected.Thesedid not havethesameeffectsat thetwo ages.In
two cases,effectsfound in theoriginal intervalweregreatlyreducedin thesecond.Webelieve
this isbecauseof thetimescaleoverwhichepistasisoccursrelativeto themeasuredintervals.
Weinvestigatedshorterintervalsof 46±120daysand120±210daysandalongerintervalof
46±210days.If epistasishappensoveralongperiodbut ismeasuredin ashorterinterval,there
will belesstime for theconsequencesto build up andsomeeffectsmaynot beseen.If instead,
epistasisactsin asmallintervalbut ismeasuredoveralongerone,theoverallimpactwill be
lessenedandsomeeffectsmaybecomenegligible.Therewasalsooneepistaticpair andtwo
independentQTL detectedfor growthfrom 46±210daysthatwerenot significantin eitherof
theshorterperiods;andanepistaticpair andindependentQTL,eachseenin oneof theshort
periods,werenot significantin thelongerinterval.Our resultsshowthatdifferentQTL and
effectscanbeidentifiedwhenothermeasurementintervalsareused.Therefore,theageswhen
measurementsaretakenshouldbebasedon periodsof biologicalor economicinterest.Q2.1
interactingwith Q7.2hadaneffectin thesecondperiodthatwasnot significantfor theoriginal
interval.Thisappearsto bebecauseQ2.1wasalsoepistaticwith Q3.1in theoriginal interval
andthepowerwasreducedby fitting additionalinteractionterms.

Weevaluatedtherelativeimportanceof epistasisfor growthin thispopulationin several
ways.Firstly,wecomparedtheoverallresidualphenotypicvarianceexplainedbyepistaticand
independentloci.Epistaticloci explainedmoreof theresidualvariancethanindependentQTL
at threeages.ThemaximumresidualvarianceexplainedbyepistaticQTL was17%for growth
from 120±210days,comparedto 9%explainedby independentloci.Secondly,welookedat
theadditionalresidualvarianceexplainedby themodelwith epistasisoveramodelbasedon
theresultsfrom theindependentQTL analysis.Thiswill bealowervaluebecausesomeof the
epistaticloci weredetectedby theindependentanalysis.Thehighestadditionalvariance
explainedby theepistaticmodelwas9%.Thirdly, wemeasuredtheresidualvarianceexplained
byseparateepistaticpairsandeachindependentQTL.Thepairsexplainedaquartermore
residualvarianceon averagethantheindependentQTL.Finally,wecontrastedthesizeof sig-
nificant effectsbetweenepistaticandindependentloci.Epistaticeffectswereon averageabout
twicethesizeof theeffectsof independentQTL.

Testingall pairsof loci for epistasisiscomputationallydemandingandthepowerto find
interactionsissubstantiallyreducedbycorrectingfor multiple testing.Hence,somestudies
haveonly testedfor interactionsbetweenloci alreadydetectedbyanindependentQTL analysis
[42,43].Suchanapproachisappealingbecausethenumberof loci examinedis likely to riseas
SNPchipsandnextgenerationsequencingareutilised.In humangenetics,genomewideasso-
ciationstudies(GWAS)that testhundredsof thousandsof markerswill probablybeexpanded
to considerepistasis.A GWASstrategywheremarkersarefirst identifiedin asinglelocusanal-
ysis,althoughwith amoreliberalthanusualsignificancethreshold,andonly interactions
betweentheseloci areassessedhasbeenproposed[44]. Theexpectationappearsto bethat
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epistaticloci influencingcomplexhumandiseaseswill showindividual effects[45]. Wefound
oneepistaticpair whereneitherlocuswasdetectedbyanindependentQTL analysis.Eachlocus
hadadominanceeffectin onebackground.Theamountof residualvarianceexplainedby the
interactionof theseQTL wasthehighestof thepairsfoundat thatage,andthethird highestof
all pairs.Therewasonly oneinstancewherebothQTL in apair werefoundby theindependent
analysisandtheinteractionbetweentheseloci explainedthelowestresidualvarianceof thegen-
omewide-significantpairs.Mostpairscomprisedalocusidentifiedby theindependentanalysis
andanovellocus.Fiveloci wereonly foundby theepistaticanalysis.Our resultsshowthat
restrictingtestsof epistasisto loci with measurableindividual effectscanmissinfluentialQTL.

Assomeepistaticloci canbefoundbyanindependentQTL analysis,weexaminedthe
extentto whicheffectscouldbemisinterpretedif epistasiswasnot investigated.Themostseri-
ousoutcomewouldbeaneffectappearingto bein theoppositedirection.Thishappenedwith
Q7.1for birth weight,whichshowedapositiveeffectof theErhualianallelein anindependent
effectsmodelbut wasepistaticwith Q4.2andhadanegativeeffectof theErhualianallelewhen
Q4.2washomozygousErhualian.Two otherloci hadeffectsthatwerenot apparentin the
independentmodel.Anothererror isassumingthatalocushasaneffectwhenit isnegligible
in somebackgrounds.Formostof our loci, therewasalargeeffectin onebackgroundandthe
effectwasmuchsmallerin otherbackgrounds.Finally,thesizeof effectscanbeunderesti-
matedbecauseanindependenteffectsmodelmeasuresaveragesacrossgeneticbackgrounds.
Wefound thatsignificanteffectsfrom theindependentmodelwereon average0.6of thesize
of significantepistaticeffects.It is important thatQTL effectsareaccuratelyestimatedwhen
loci arebeingconsideredfor breedingprogrammes.Errorsin estimatescouldresultin pro-
grammesfailing becauseof unexpectedconsequences,minimal improvement,or in beneficial
QTL beingoverlooked.

Conclusions
WehaveidentifiedQTL on chromosomes2,3,4and7 thatarelikely to haveimportant roles
in growth.Epistasiswassufficientto switchthedirectionof thechromosome7 locuseffecton
birth weightandto causethechromosome3 QTL to haveeffectsin oppositedirections.These
consequencesarebiologicallyinterestingaswellaspertinentto breedingschemesandshould
beinvestigatedfurther includingexploringthemolecularmechanisms.Generally,epistasis
producedasignificanteffectof onelocusin oneor two backgroundsandasignificanteffectof
theotherlocusin onebackground.Theoutcomesweredifferentfor eachpair andageand
only onepair showedaclassicaltypeof epistasis.EpistaticQTL madeaconsiderablecontribu-
tion to theresidualvarianceexplainedandhadlargereffectson averagethanindependentloci.
Manyof theepistaticloci werenot detectedbyastandardQTL scan.For thosethatwereiden-
tified, failing to accountfor epistasisunderestimatedsignificanteffects,missedeffectsanddid
not showthateffectswereabsentin somebackgrounds.Our resultsmotivategreaterinclusion
of epistasisin QTL studies.
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