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Abstract

While several studies have investigated general properties of the genetic architecture of nat-
ural variation in gene expression, few of these have considered natural, outbreeding popula-
tions. In parallel, systems biology has established that a general feature of biological
networks is that they are scale-free, rendering them buffered against random mutations. To
date, few studies have attempted to examine the relationship between the selective pro-
cesses acting to maintain natural variation of gene expression and the associated co-
expression network structure. Here we utilised RNA-Sequencing to assay gene expression
in winter buds undergoing bud flush in a natural population of Populus tremula, an outbreed-
ing forest tree species. We performed expression Quantitative Trait Locus (eQTL) mapping
and identified 164,290 significant eQTLs associating 6,241 unique genes (eGenes) with
147,419 unique SNPs (eSNPs). We found approximately four times as many local as distant
eQTLs, with local eQTLs having significantly higher effect sizes. eQTLs were primarily
located in regulatory regions of genes (UTRs or flanking regions), regardless of whether
they were local or distant. We used the gene expression data to infer a co-expression net-
work and investigated the relationship between network topology, the genetic architecture
of gene expression and signatures of selection. Within the co-expression network, eGenes
were underrepresented in network module cores (hubs) and overrepresented in the periph-
ery of the network, with a negative correlation between eQTL effect size and network con-
nectivity. We additionally found that module core genes have experienced stronger
selective constraint on coding and non-coding sequence, with connectivity associated with
signatures of selection. Our integrated genetics and genomics results suggest that purifying
selection is the primary mechanism underlying the genetic architecture of natural variation
in gene expression assayed in flushing leaf buds of P. tremula and that connectivity within
the co-expression network is linked to the strength of purifying selection.
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Author summary

Numerousstudieshaveshownthat manygenomicpolymorphismscontributing to phe-
notypicvariationarelocatedoutsideof protein codingregions suggestinghat theyactby
modulatinggeneexpressionk-urthermore phenotypesreseldomexplainedoy individ-
ual genesbut ratheremergerom networksof interactinggenesThe effectof regulatory
variantsandtheinteractionof genesanbedescribedy co-expressiometworks which
areknown to containasmallnumberof highly connectechodesand manymorelowly
connectechodesmakingthemrobustto randommutation. While previousstudieshave
examinedhe geneticarchitectureof geneexpressiotvariation,fewwereperformedin
naturalpopulationswith fewerstill integratingthe co-expressiometwork.We undertook
astudyusinganaturalpopulationof Europearaspen( ),  showingthat
highly connectedyeneswithin the co-expressiometwork hadlowerlevelsof polymor-
phism,hadpolymorphismssegregatingtlowerfrequenciesindwith lowerthanaverage
effectsizessuggestingurifying selectioractson centralcomponentsof the network. Fur-
thermore,the mosthighly connectedyeneswithin co-expressiometworkhubswere
underrepresentetbr identified expressiomuantitativetrait loci, suggestinghat purifying
selectioron individual SNPds driven by stabilisingselectingon geneexpressionln
contrast,genesn the peripheryof the networkdisplayedsignature®f relaxedselective
constraint.Highly connectedyenesrethereforebufferedagainstargeexpressionmodu-
lation, providing amechanistidink betweerselectivgressuresndnetworktopology,
whichactin cohortto maintainthe robustnesstthe populationlevelof the co-expression
networkderivedfrom flushingbudsin .

Introduction

A centralaim of biologyis to understanchow emergenphenotypesreencodedn the
genomeandhow geneticvariationengenderphenotypicvariationwithin populations While
muchemphasisvas,andis, placedon studyingthe geneticof thoseemergenphenotypesess
attentionhasbeenpaidto the geneticof the variousstepsalongthe centraldogmaof molecu-
lar biology (in essencehe progressiorof genometo RNA to protein) that underliethe emer-
genceof aphenotypeof interest. The availabilityof massivelyarallelsequencingechnologies
affordsnewpossibilitiedor addressindpiologicalquestionsfor examplesnablingthe genera-
tion of genomeassemblieandpopulation-wideresequencingatathat canbeusedto
perform genome-widessociatiorstudie GWAS),evenin speciesvith largegenomeghat
harbourhigh levelsof polymorphismor that displayrapid linkagedisequilibrium(LD) decay
[1]. Theuseof genome-wideesequencingataallowsthe discoveryof, in theory,all genetic
polymorphismswithin anindividual. Thesegenetiomarkers of which singlenucleotidepoly-
morphisms(SNPs)yarecurrentlythe mostcommonlyconsideredcanthenbeusedto perform
associatioror linkagemappingto identify the subsebf polymorphismsngenderingpheno-
typic variationamongindividuals.

Advancesn sequencingechnologiehaveconcordantlyrevolutionisedranscriptomics
studiesparticularlyin non-modelorganismsFollowingseminalwork [2,3], numerousearly
studiesin arangeof speciegstablishethatthereis asignificantheritablecomponentunderly-
ing naturalvariationof geneexpressiorevelsamongindividualswithin populationg4+16]
andthatthis variationunderliesanumberof phenotype$1 7+£24].Giventhesdindings, it
becamepparenthat geneexpressiowvaluescouldbeconsideredn the samewayasanyother
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quantitativephenotypeandbesubjectedo linkageor associationmappingto identify poly-
morphismscontributing to expressiorevelvariationamongindividuals[25], asfirst reported
in [19], with theidentifiedloci termedexpressiorQuantitativeTrait Locus(eQTL;[6]) or, less
commonly,expressiortevelpolymorphismgELPs{26]). eQTLsareclassifiechseitherlocal
or distantactingdependingon the physicalocationof the associategolymorphismin rela-
tion to the genethatthe eQTLis mappedfor: localeQTLsareusuallydefinedasbeinglocated
within aspecifiedphysicaldistanceof the genelocationon the samechromosomewhile dis-
tanteQTLsrepresenpolymorphismshat arelocatedbeyondthat thresholddistanceor on
anotherchromosomeeQTLscanbefurther classifiecasactingin -~ or eQTLsactin
anallele-specificnannerandareusuallyconsideredo belocal,althoughlong-range inter-
actionscanoccur,for examplevhenapolymorphismis locatedin anenhancethatis physi-
callydistantfrom the geneof interest; actingeQTLsaffectboth allelesof ageneandare
mostcommonlylocateddistantto that gene Therecontinuesto bestronginterestin eQTLsas
theycanidentify mechanistidinks betweerphenotypeandgenotypg27,28].Importantly, the
majority of polymorphismshathavebeenassociatetb phenotypesisingGWASIn awide
rangeof speciesrelocatedoutsideof protein codingor transcribedregions[29+32],suggest-
ing thattheyinfluenceexpressiomatherthan alteringprotein or transcriptfunction.

A numberof previouseQTLstudieshavebeenconductedusingplant speciesncluding

[33+37], [39+41]and [42,43],andin foresttree
specie$7,44+46] Thesetogethemwith studiesn othereukaryoticsystemshaveyieldedgener-
alitiesconcerningthe geneticarchitectureof geneexpressiovariation,including thatagreater
numberof localeQTLsaretypicallyidentified andthattheseindividually explainalargerpro-
portion of geneexpressiowvariancethando distanteQTLs[34,47+50]Much of the previous
work wasconductedusingcontrolled,andfor treespeciedn particularinter-specificcrosses,
comparison®f accessionsr wasperformedin non-naturalsystemsndit is not clearhow
generallyapplicableheir conclusionsarefor naturalpopulationsof unrelatedindividuals.Few
studieshaveconsideredvhetherobservedheritablevariationis adaptivg51,52]or whether
signature®f populationdifferentiationareobservedtthetranscriptomdevel[52+57],andit
is not yetclearthe extentto which selectioractingon geneexpressiorunderliesadaptivephe-
notypictrait variation[52].

Systemsiologyhasgreatlyimprovedour understandingof the sharedregulationof genes,
revealinghetopologicalpropertiesof transcriptionalco-expressiometworks A salientfea-
ture of thetopologyof co-expressiometworksis thattheyarescale-freehavingfewhighly
connectechodes(genespnd manynodeswith fewconnectionsThis propertyimpartsan
inherentability to bufferagainssinglemutationsof largenegativesffectasrandommutation
of anexpressiomattern( . . aneQTL)or codingsequenceavill more oftenaffectanetwork
nodeof low connectivity[58+60].Althoughtherehavebeenanumberof eQTLstudiesper-
formed,the contextof eQTLswithin the co-expressiometworkand howthis relatego pat-
ternsof selectiorhavenot beenafocus.

Specie the genushavebeenestablishe@dsa powerfulmodelsystenfor forest
treegenomicgdueto their relativelysmallgenomerapid growth, propensityfor clonalprop-
agationandeasef genetidransformation[61]. . (Europeanaspenhasmanyfea-
turesthatrenderit aparticularlyusefulmodelfor populationgeneticsand speciatiorstudies
[62,63],studiesof which arefacilitatedby availabilityof adraft genomeassembly
[64] and populationresequencinglata[65]. In this study,we aimedto determinethe evolu-
tionary forcesthat maintainthe geneticvariationof geneexpressiomwithin the contextof the
correspondingco-expressiometworkusinganaturalcollectionof . . Specifically,
wewishedto testwhetherco-expressedetsof genesareenrichedfor specifichiologicalfunc-
tions,whethernetworktopologyinfluenceggeneexpressiorandsequencevolutionof the
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constituentgenesandhow selectiorinteractswith networktopologyto affectthe patternsof
geneticvariationwithin populations.To addresshesequestionsvegenerateghopulation-
wide RNA-Secdatain, assayingeneexpressionn winter budsatthe point of bud break.We
performedeQTLmappingandconstructeda co-expressiometwork,whichwasscaleree
andmodular,with highly connectedyenesn the modulecoresbeingunder-representetbr
eQTLsandwith eQTLeffectsizebeingnegativelycorrelatedwith geneconnectivity Patterns
of polymorphismanddivergencevithin genesn modulecoresimply thattheyarelikely
experiencingstrongerselectiveonstraintrelativeto genesn the networkperiphery.Our
resultssuggesthat purifying selectiorplaysanimportant rolein bufferingthe transcrip-
tional networkagainstargeperturbationsandthat naturalvariationin geneexpressioris
more prevalentin genef low networkconnectivityasaresultof relaxedselective
constraint.

Results

We utilisedthe northern commongarden(locatedat 63.98\, nearUme , Swedenpf the
SwedistAspen(SwAsp)collection[66], which comprises 16 . genotypesampled
from twelvegeographidocationsspanningthe specieslistribution rangein Sweder(56.260
66.48N, Fig 1A). The SwAspcollectionwaspreviouslyshownto containabundantgenetiovar-
iation, with low linkagedisequilibrium(LD) [63,67]andminimal populationstructure[68].
Basedn wholegenomere-sequencinglataalignedto a assemblyfthe .
genomgavailableat PopGenlE.org[64]), wecalled4,509,65&NPsafterstringentfiltering,
whichweutilisedto performeQTLmapping.To examinethe geneticarchitectureof natural
variationin geneexpressiorwithin the SwAspcollection,wegenerategaired-endRNA-Seq
expressiomatafrom winter budsat the point of springbud break/flushfor 219individuals
(clonalreplicates)representind86genotypes.

Population level gene expression similarity

We first examinedthe distribution of broad-senséeritability (%) andpopulationdifferentia-
tion ( s7) (Fig 1Band 1Crespectivelyjor all expressedinnotatedgenes. 2 rangedfrom 0.0
to 1.0with amean( s.d)of 0.30(0.22)andwith 5,924geneg17%)having 2> 0.5.Permuta-
tion testingshowedhat 21,213enesadsignificantlyhigherheritability than expectedy
chancep < 0.01).Therewasaweakpositivecorrelationbetween 2andmedianexpression
level(Pearsorr = 0.09:df = 32,767p < 2.2 101°), andarelativelystrongpositivecorrelation
to expressiovariance(Pearsorr = 0.43.df = 32,767p < 2.2 10'°). grrangedfrom 0.0to
1.0with amean( s.d)of 0.06(0.12)andhadaweaknegativecorrelationwith expressiorvari-
ance(Pearsom = -0.02;df = 29,670p < 4.5 10*) andapositivecorrelationwith median
expressiorfPearsorr = 0.18,df = 29,670p < 2.2 10'°). Thesdindingsaresimilarto those
reportedfor anumberof specie§5+17,53]suggestinghatthe expressiorf alargeproportion
of geness undersubstantiafeneticcontrol andthat the expressiorof highly expressedenes
isundergenerallytighter geneticcontrol thangeneswith lowerexpression.

While anumberof previousstudieshaveidentified evidencdor heritability of geneexpres-
sion[52,69,70]therelationshipbetweerexpressiovariationand populationstructurehas
beenexploredessOur previouswork hasestablishedhat thereis minimal populationstruc-
ture atthe genetidevelin the SwAspcollection[68]. To examinewhetherpopulationstructure
wasapparenin the basisof expressiorvariationamonggenotypesye performedhierarchical
clusteringof all individuals(Fig 1D) or genotype$S1Fig). While someevidenceof clustering
amonggenotypesvasappareniregionsof bluein Fig 1D, S1Fig),genotypegor individuals)
did not clusteraccordingto populationof origin (asindicatedby they axiscolor bars),
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Fig 1. Population location and gene expression overview . (A) Map of the original locations of the SwAsp populations.
The red arrow points to the location of the common garden used in this study. (B) Distribution of gene expression heritability
for all genes and for the subset of genes after filtering to remove uninformative expression. (C) Distribution of gene
expression Qs for all genes and for the subset of genes after filtering to remove uninformative expression. (D) Sample
clustering based on all samples, including biological replicates. The heatmap represents the sample correlation matrix
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