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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

Numerousstudieshaveshownthatmanygenomicpolymorphismscontributing to phe-
notypicvariationarelocatedoutsideof proteincodingregions,suggestingthat theyactby
modulatinggeneexpression.Furthermore,phenotypesareseldomexplainedby individ-
ualgenes,but ratheremergefrom networksof interactinggenes.Theeffectof regulatory
variantsandtheinteractionof genescanbedescribedbyco-expressionnetworks,which
areknownto containasmallnumberof highlyconnectednodesandmanymorelowly
connectednodes,makingthemrobustto randommutation.While previousstudieshave
examinedthegeneticarchitectureof geneexpressionvariation,fewwereperformedin
naturalpopulationswith fewerstill integratingtheco-expressionnetwork.Weundertook
astudyusinganaturalpopulationof Europeanaspen(������� ��	
���), showingthat
highlyconnectedgeneswithin theco-expressionnetworkhadlowerlevelsof polymor-
phism,hadpolymorphismssegregatingat lowerfrequenciesandwith lowerthanaverage
effectsizes,suggestingpurifying selectionactson centralcomponentsof thenetwork.Fur-
thermore,themosthighlyconnectedgeneswithin co-expressionnetworkhubswere
underrepresentedfor identifiedexpressionquantitativetrait loci,suggestingthatpurifying
selectionon individual SNPsisdrivenbystabilisingselectingon geneexpression.In
contrast,genesin theperipheryof thenetworkdisplayedsignaturesof relaxedselective
constraint.Highly connectedgenesarethereforebufferedagainstlargeexpressionmodu-
lation,providingamechanisticlink betweenselectivepressuresandnetworktopology,
whichactin cohort to maintaintherobustnessat thepopulationlevelof theco-expression
networkderivedfrom flushingbudsin �. ��	
���.

Introduction
A centralaimof biologyis to understandhowemergentphenotypesareencodedin the
genomeandhowgeneticvariationengendersphenotypicvariationwithin populations.While
muchemphasiswas,andis,placedon studyingthegeneticsof thoseemergentphenotypes,less
attentionhasbeenpaidto thegeneticsof thevariousstepsalongthecentraldogmaof molecu-
lar biology(in essence,theprogressionof genometo RNA to protein) thatunderlietheemer-
genceof aphenotypeof interest.Theavailabilityof massivelyparallelsequencingtechnologies
affordsnewpossibilitiesfor addressingbiologicalquestions,for exampleenablingthegenera-
tion of �	 ��� genomeassembliesandpopulation-wideresequencingdatathatcanbeusedto
performgenome-wideassociationstudies(GWAS),evenin specieswith largegenomesthat
harbourhigh levelsof polymorphismor thatdisplayrapid linkagedisequilibrium(LD) decay
[1]. Theuseof genome-wideresequencingdataallowsthediscoveryof, in theory,all genetic
polymorphismswithin anindividual.Thesegeneticmarkers,of whichsinglenucleotidepoly-
morphisms(SNPs)arecurrentlythemostcommonlyconsidered,canthenbeusedto perform
associationor linkagemappingto identify thesubsetof polymorphismsengenderingpheno-
typicvariationamongindividuals.

Advancesin sequencingtechnologieshaveconcordantlyrevolutionisedtranscriptomics
studies,particularlyin non-modelorganisms.Followingseminalwork [2,3],numerousearly
studiesin arangeof speciesestablishedthat thereisasignificantheritablecomponentunderly-
ing naturalvariationof geneexpressionlevelsamongindividualswithin populations[4±16]
andthat thisvariationunderliesanumberof phenotypes[17±24].Giventhesefindings,it
becameapparentthatgeneexpressionvaluescouldbeconsideredin thesamewayasanyother
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quantitativephenotypeandbesubjectedto linkageor associationmappingto identify poly-
morphismscontributing to expressionlevelvariationamongindividuals[25], asfirst reported
in [19], with theidentifiedloci termedexpressionQuantitativeTrait Locus(eQTL;[6]) or, less
commonly,expressionlevelpolymorphisms(ELPs;[26]). eQTLsareclassifiedaseitherlocal
or distantactingdependingon thephysicallocationof theassociatedpolymorphismin rela-
tion to thegenethat theeQTLismappedfor: localeQTLsareusuallydefinedasbeinglocated
within aspecifiedphysicaldistanceof thegenelocationon thesamechromosome,whiledis-
tant eQTLsrepresentpolymorphismsthatarelocatedbeyondthat thresholddistanceor on
anotherchromosome.eQTLscanbefurther classifiedasactingin ��� or ����: ��� eQTLsactin
anallele-specificmannerandareusuallyconsideredto belocal,althoughlong-range��� inter-
actionscanoccur,for examplewhenapolymorphismis locatedin anenhancerthat isphysi-
callydistantfrom thegeneof interest;���� actingeQTLsaffectbothallelesof ageneandare
mostcommonlylocateddistantto thatgene.Therecontinuesto bestronginterestin eQTLsas
theycanidentify mechanisticlinks betweenphenotypeandgenotype[27,28].Importantly, the
majority of polymorphismsthathavebeenassociatedto phenotypesusingGWASin awide
rangeof speciesarelocatedoutsideof proteincodingor transcribedregions[29±32],suggest-
ing that theyinfluenceexpressionratherthanalteringproteinor transcriptfunction.

A numberof previouseQTLstudieshavebeenconductedusingplantspeciesincluding
����������� ������� [33±38],�	� 
��� [39±41]and����� ������ [42,43],andin foresttree
species[7,44±46].These,togetherwith studiesin othereukaryoticsystems,haveyieldedgener-
alitiesconcerningthegeneticarchitectureof geneexpressionvariation,including thatagreater
numberof localeQTLsaretypicallyidentifiedandthat theseindividually explainalargerpro-
portion of geneexpressionvariancethando distanteQTLs[34,47±50].Much of theprevious
work wasconductedusingcontrolled,andfor treespeciesin particularinter-specific,crosses,
comparisonsof accessionsor wasperformedin non-naturalsystemsandit isnot clearhow
generallyapplicabletheir conclusionsarefor naturalpopulationsof unrelatedindividuals.Few
studieshaveconsideredwhetherobserved,heritablevariationisadaptive[51,52]or whether
signaturesof populationdifferentiationareobservedat thetranscriptomelevel[52±57],andit
isnot yetcleartheextentto whichselectionactingon geneexpressionunderliesadaptivephe-
notypictrait variation[52].

Systemsbiologyhasgreatlyimprovedour understandingof thesharedregulationof genes,
revealingthetopologicalpropertiesof transcriptionalco-expressionnetworks.A salientfea-
tureof thetopologyof co-expressionnetworksis that theyarescale-free,havingfewhighly
connectednodes(genes)andmanynodeswith fewconnections.Thispropertyimpartsan
inherentability to bufferagainstsinglemutationsof largenegativeeffectasrandommutation
of anexpressionpattern(�.	. aneQTL)or codingsequencewill moreoftenaffectanetwork
nodeof low connectivity[58±60].Althoughtherehavebeenanumberof eQTLstudiesper-
formed,thecontextof eQTLswithin theco-expressionnetworkandhowthis relatesto pat-
ternsof selectionhavenot beenafocus.

Speciesin the������� genushavebeenestablishedasapowerfulmodelsystemfor forest
treegenomicsdueto their relativelysmallgenome,rapid growth,propensityfor clonalprop-
agationandeaseof genetictransformation[61]. �. ��	
��� (Europeanaspen)hasmanyfea-
turesthat renderit aparticularlyusefulmodelfor populationgeneticsandspeciationstudies
[62,63],studiesof whicharefacilitatedbyavailabilityof adraft �	 ��� genomeassembly
[64] andpopulationresequencingdata[65]. In thisstudy,weaimedto determinetheevolu-
tionary forcesthatmaintainthegeneticvariationof geneexpressionwithin thecontextof the
correspondingco-expressionnetworkusinganaturalcollectionof �. ��	
���. Specifically,
wewishedto testwhetherco-expressedsetsof genesareenrichedfor specificbiologicalfunc-
tions,whethernetworktopologyinfluencesgeneexpressionandsequenceevolutionof the
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constituentgenes,andhowselectioninteractswith networktopologyto affectthepatternsof
geneticvariationwithin populations.To addressthesequestionswegeneratedpopulation-
wideRNA-Seqdatain, assayinggeneexpressionin winter budsat thepoint of budbreak.We
performedeQTLmappingandconstructedaco-expressionnetwork,whichwasscalefree
andmodular,with highlyconnectedgenesin themodulecoresbeingunder-representedfor
eQTLsandwith eQTLeffectsizebeingnegativelycorrelatedwith geneconnectivity.Patterns
of polymorphismanddivergencewithin genesin modulecoresimply that theyarelikely
experiencingstrongerselectiveconstraintrelativeto genesin thenetworkperiphery.Our
resultssuggestthatpurifying selectionplaysanimportant role in bufferingthetranscrip-
tional networkagainstlargeperturbationsandthatnaturalvariationin geneexpressionis
moreprevalentin genesof low networkconnectivityasaresultof relaxedselective
constraint.

Results
Weutilisedthenortherncommongarden(locatedat63.9ÊN, nearUme�, Sweden)of the
SwedishAspen(SwAsp)collection[66], whichcomprises116�. ��	
��� genotypessampled
from twelvegeographiclocationsspanningthespeciesdistribution rangein Sweden(56.2Êto
66.4ÊN, Fig1A).TheSwAspcollectionwaspreviouslyshownto containabundantgeneticvar-
iation,with low linkagedisequilibrium(LD) [63,67]andminimal populationstructure[68].
Basedon wholegenomere-sequencingdataalignedto a�	 ��� assemblyof the�. ��	
���
genome(availableatPopGenIE.org;[64]), wecalled4,509,654SNPsafterstringentfiltering,
whichweutilisedto performeQTLmapping.To examinethegeneticarchitectureof natural
variationin geneexpressionwithin theSwAspcollection,wegeneratedpaired-endRNA-Seq
expressiondatafrom winter budsat thepoint of springbudbreak/flushfor 219individuals
(clonalreplicates),representing86genotypes.

Population level gene expression similarity
Wefirst examinedthedistribution of broad-senseheritability (� 2) andpopulationdifferentia-
tion (� ST) (Fig1Band1Crespectively)for all expressed,annotatedgenes.� 2 rangedfrom 0.0
to 1.0with amean(� s.d)of 0.30(0.22)andwith 5,924genes(17%)having� 2 > 0.5.Permuta-
tion testingshowedthat21,219geneshadsignificantlyhigherheritability thanexpectedby
chance(p < 0.01).Therewasaweakpositivecorrelationbetween� 2 andmedianexpression
level(Pearsonr = 0.09;df = 32,767;p < 2.2�10�16 ), andarelativelystrongpositivecorrelation
to expressionvariance(Pearsonr = 0.43;df = 32,767;p < 2.2�10�16 ). � STrangedfrom 0.0to
1.0with amean(� s.d)of 0.06(0.12)andhadaweaknegativecorrelationwith expressionvari-
ance(Pearsonr = -0.02;df = 29,670;p < 4.5�10�4 ) andapositivecorrelationwith median
expression(Pearsonr = 0.18;df = 29,670;p < 2.2�10�16 ). Thesefindingsaresimilar to those
reportedfor anumberof species[5±17,53],suggestingthat theexpressionof alargeproportion
of genesisundersubstantialgeneticcontrol andthat theexpressionof highlyexpressedgenes
isundergenerallytightergeneticcontrol thangeneswith lowerexpression.

While anumberof previousstudieshaveidentifiedevidencefor heritabilityof geneexpres-
sion[52,69,70],therelationshipbetweenexpressionvariationandpopulationstructurehas
beenexploredless.Our previouswork hasestablishedthat thereisminimal populationstruc-
tureat thegeneticlevelin theSwAspcollection[68]. To examinewhetherpopulationstructure
wasapparenton thebasisof expressionvariationamonggenotypes,weperformedhierarchical
clusteringof all individuals(Fig1D) or genotypes(S1Fig).While someevidenceof clustering
amonggenotypeswasapparent(regionsof bluein Fig1D,S1Fig),genotypes(or individuals)
did not clusteraccordingto populationof origin (asindicatedby they axiscolorbars),

Gene co-expression network connectivity is an important determinant of selective constraint

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1006402 April 13, 2017 4 / 33

https://doi.org/10.1371/journal.pgen.1006402


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 QST 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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