


traits,it receivedincreasedattentionin thelight of globalwarming[2±5].Budphenologycan
beinfluencedbyglobalwarmingandinteractionsbetweentheclimateandphotoperiod[4, 6,
7]. However,thephenologyof treespeciesdoesnot showsimplelinearresponsesto warming
temperatures[8]. In thecaseof alatitudinal transferfrom southto north, i.e.,if plantsexperi-
encecolderthanoptimal temperatures,longertime wouldberequiredfor thedurationof bud
formationandthecessationof growthcanbedelayed[6]. Onecomponentof phenotypicplas-
ticity is transgenerationaleffectswhentheparent'senvironmentinfluencesoffspringresponses
to environmentalconditionsindependentof geneticchanges[9, 10],whichisalsoknownas
transgenerationalphenotypicplasticity(TGP).It isparticularlyimportant for treeresponsesto
climatechange[10]. Most formerstudies(on plants)havefocusedon transgenerational(par-
ticularlymaternal)effectsof sexuallyreproducedoffspring,examiningtheeffectsof themater-
nalenvironmenton seedgerminationandfloweringtime [11±13].Variousstudies,by
comparingtheperformanceof theprogenyin maternalandnon-maternalenvironments,have
shownthatmaternaleffectsarelikely adaptive[12,14].However,in heterogeneousenviron-
mentswheretheprogenyenvironmentishardto predict,thephenotypeswith low varianceof
fitnessgetaselectiveadvantagewhichisalsoknownasbethedgingphenomenaandin such
conditionstheadvantageof parentaleffectsmight not beobserved[15]. Althoughthusfar this
effecthasbeenstudiedmainly in non-clonalplants,transgenerationalplasticityisalsoapplica-
bleto asexuallygeneratedprogeny[14].

Asexualreproductionlacksthevariation-generatingmechanismsof meioticrecombination
andsegregation,whichreducesthepotentialfor geneticallybasedadaptation[16]. Neverthe-
less,manyclonalspeciespersistandsuccessfullyexpandin arangeof differentenvironments.
Someof themostsuccessfulinvasiveplantspeciesareclonal[17,18].Clonalindividualshave
theadvantageof resourcesharing(suchaswater,carbohydratesandmineralnutrients)
betweentheconnectedramets,aneffectknownasclonalintegrationwhich isprobablyone
reasonof their invasionsuccess[18]. Furthermore,epigeneticvariationmight contributeto
adaptationof asexualplantsin awiderangeof, particularlystressful,environments[19]. It is
suggestedthat,giventheabsenceof meioticresettingof epigeneticmodificationin clonal
reproduction,vegetativeoffspringcaninherit epigeneticinformation of previousenvironmen-
tal interactionsfrom thematernalramet[16]. Transgenerationaleffectswereobservedin
clonaloffspringof Festuca rubra andTrifolium repens andsometransgenerationaleffectsin
clonalplantsof Trifolium repens werereportedasadaptive[20,21].DNA methylation,the
additionof amethylgroupto oneof thefour basesin theDNA molecule(usuallycytosine),is
recognizedasoneof theprimeepigeneticmechanismsto correlatewith geneexpressionand
might playanimportant role in transgenerationaleffects.However,theprocessesbehind
transgenerationaleffectsarenot wellunderstood[14,19,22].Yet,transgenerationaleffectsin
clonalplantsareimportant for forestmanagement,reforestationprogrammesandnurseries,
becausemanytreespecies(e.g.poplars,willowsandmanyfruit trees)arereproducedvegeta-
tivelybymeansof cuttingsor grafting.

Poplars(Populus sp.),memberof theSalicaceae, haveawidedistribution in theworld and
caneasilybepropagatedvegetatively.Thespeciesthereforeservesasanidealmodelto study
responsesof asexuallyreproducingplantsto climatechange.Populus isafastgrowinggenus
important for biomassproduction,andcanproduce70±105tonsof abovegroundbiomassper
hectareafter10±15years[23]. Thehybrid poplarsarealsoplantedwidelyin Europefor wood
production,windbreaksandsoilprotection[24,25].

Herewesetup acommongardenexperimentto assessbudphenologyof cuttingscollected
from genetsgrowingin differentclimaticenvironments(further referredto as:parenttrees)
andrepresentingfivedifferentclonesof Populus trichocarpa × P. deltoides andPopulus tricho-
carpa (further referredto as:genotypes).Parenttreesrepresentingasinglegenotypewere
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grownacrossalatitudinalgradientof>2100kilometres(correspondingto a4.9ÊCtempera-
turedifferenceanddifferentphotoperiodsof up to 3.5hours),andcuttingsof theseparent
treeswerethengrownin thecommongarden.Wehypothesizeatransgenerationaleffectof
temperatureexperiencedby theparenttreeson budphenologyof thevegetatively(bystem
cuttings)producedoffspringwithin genotypes.Furthermore,weinvestigatedDNA methyla-
tion variationasapotentialepigeneticmechanismfor transgenerationaleffects(in thiscase,
epigeneticvariationin thegenerationsof cuttings)usingMethylationSensitiveAmplified
FragmentLengthPolymorphism(MSAP)analysis[26]. Theaimof themolecularpartof this
studywasto look for significantnaturalvariationin genome-wideDNA methylationpatterns
within individualsplantsof asingleclone(genotype)andvegetativelypropagatedfrom parent
treeswith differenthistories(that is,grownin contrastingmacroclimatesacrossEurope),that
lastedaftergrowingfor four yearsin acommonenvironment.

Materials and methods

Description of the clones

Betweenthe1980sto 1990scuttingsof fivehybrid poplargenotypesnamelyBeaupreÂ, Raspalje
andUnal (all Populus trichocarpa × P. deltoides), FritzyPauley(P. trichocarpa), andTrichobel
(P. trichocarpa × P. trichocarpa) wereproducedfrom adult treesundertherenownedpoplar
breedingprogrammeat theInstituteof ForestandNature(INBO), Geraardsbergenin Bel-
gium.Theadult treesthat resultedfrom theoriginal seedlingsselectedin thebreedingpro-
gramme(further referredto as`provenancetrees')remainedin Grimminge,Belgiumandwere
not transferred.Asexuallyreproducedoffspringof theprovenancetrees(onwardsreferredto
as`parenttrees'or `genets')weretakenascuttingsandplantedin Spain(nearMadrid), Italy
(CasaleMonferrato),France(Saint-Usage,Beuxes,GuemeÂnePenfao)andSweden(Uppsala)
to establishstoolbedsfor thepurposeof treebreeding(Table1).Later,newstoolbedswere
establishedin thevicinity of theold stoolbedsfrom cuttingsof theformerbeds.

Sample (cuttings) collection

BetweenFebruaryandApril 2014beforethestartof budburst,wecollected817oneyearold cut-
tingsof 22cmlengthof theabovementionedfivePopulus genotypesgrowingatsevensites;
includingthelocalsiteof theprovenancetreesin Grimminge,Belgium(Table1).Not all five

Table 1. Background information of the study sites across Europe where poplar trees were transplanted and sampled.

Country Site Latitude (˚) Longitude (˚) Elevation (m) MJanTa (˚C) MJulyTb (˚C) MATc (˚C) DLd (h)

1 Jan.

DLd (h)

1 May

Cuttings planted (year)

France Beuxes 47.09 0.18 43 5.42 19.17 11.99 8.36 14.25 1994

Spain Madrid 40.68 -4.10 988 3.46 21.98 11.92 9.14 13.79 1996

France GuemeÂnePenfao 47.63 1.89 139 3.54 19.04 11.04 8.29 14.30 1985

Belgium Grimminge 50.78 3.93 28 3.96 18.18 10.86 7.81 14.58 Provenancetrees

Italy CasaleMonferrato 45.08 8.30 161 1.49 18.94 9.46 8.63 14.10 1982

France Saint-Usage 47.08 5.24 178 0.69 18.22 9.10 8.36 14.25 1994

Sweden Uppsala 59.86 17.64 18 -0.87 16.97 7.01 5.71 15.70 1990

Belgium Geraardsbergen 50.78 3.88 29 3.96 18.18 10.86 7.81 14.58 Commongarden

aMJanT-meanmonthly temperature for January,
bMJulyT-meanmonthly temperature for July,
cMAT- meanannualtemperature
dDL-Daylength

https://doi.org/10.1371/journal.pone.0208591.t001
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genotypeswerepresentin all thesevensitesandthenumberof cuttingsof eachgenotypewasnot
evenlydistributedeitherdueto mortality or buddamage.Eachcuttingwasmeasured(collar
diameter)andplantedin individual5L potscontainingstandardpottingsoil (Saniflorpro,NPK
12-14-24)andmonitoredin acommongardenoutsidetheInstituteof ForestandNature
(INBO), Geraardsbergen,Belgium(Table1).Thecuttingswereregularlyirrigatedandfungicide
(`Caddy'-Cyproconazole)wasappliedtwo timeson 5/05/2015and26/08/2015during thegrow-
ing seasonin thecommongarden.It wasknownthat theapplicationof theabovefungicide
(Cyproconazole)influencedthegeneexpressionof thefungalpathogens,but theeffecton the
DNA methylationor on thegeneexpressionof theplantcommunityisyetto bediscovered[27].

Observation of growth and bud phenology

Wequantifiedautumnphenology(budset)in 2014andbothspringandautumnphenology
(budburstandbudset)in 2015.Thebudburstandbudsetwasassessedonceaweek(starting
on 17March2015i.e.Dayof theyear(DOY) 76for budburstandon 13August2014(DOY
225)and21August2015(DOY 233)for budset)until all thecuttingscompletedbudburst
andbudset.Thebudsetandbudburstwasmonitoredbyscoringeachplantaccordingto the
methodof [28,29]with afewmodificationsasdetailedin S1Table.Wemeasuredtheheight
(cm) of thecuttingsin December2014afterendof thegrowingseason.

Temperature and day length data

Themean1982±2014annualtemperature(ÊC)(MAT), meanmonthly temperaturefor July
(MJulyT),meanmonthly temperaturefor January(MJanT)at thesevensiteswheretheclones
hadbeengrowingwerecalculatedusingtheRFc packagein Rversion3.3.3[30]. Wechose
meanJulyandJanuarytemperaturesto representthewarmestandcoldestmonth of theyear,
becauseit hasbeenshownbeforethatminimum andmaximumtemperatures,ratherthan
meanannualtemperatures,betterpredictleafing,floweringandgrowthof severalplantspecies
[31±33].Daylengthon 1 May(DL1May)anddaylengthon 1January(DL 1Jan)atall seven
siteswerecalculatedaccordingto [34].

Thegrowingperiodof eachplant for 2015wascalculatedbycountingthenumberof calen-
dardaysbetweencompletebudburst(budburstscoreequalto 5) andcompletebudset(bud
setscoreequalto 0).

Determination of DNA methylation

Plant materials and sample collection. DNA methylationvariationwasstudiedwithin
thepoplarclonesgrowingin thecommongardenexperiment.On 17April 2017(that is,after
four growingseasonsin thecommongarden),54leafsamples(young,freshlydeveloped
leaves)werecollectedfrom oneyearold stemof thecuttingsin thecommongarden(S2
Table).Justaftercollection,freshleaveswerestoredin silicageluntil DNA extraction.

DNA samples. DNA sampleswereobtainedfrom thesameplant tissueandcollectedat
identicaldevelopmentalstage(newlyexpanded,fully-grownleaves).TotalgenomicDNA was
extractedfrom theseleaveswith theQuickPickTMPlantDNA kit (IsogenLifeScience,De
Meern,Nederland).Theintegrity of theDNA wasassessedon 1.5%agarosegels,andDNA
quantificationwasperformedwith Quant-iT PicoGreendsDNAAssayKit (Life Technologies)
usingaSynergyHT platereader(BioTek).

Verifying clone (genotype) identity with microsatellite markers. Twelvenuclearmicro-
satelliteloci (SSRs)wereusedto verify theidentity of thegenotypes.WeselectedSSRsthat
werefoundusefulfor theidentificationof Populus genotypesin formerstudies[35,36].PCR
productswererun on anABI 3500analyzerwith theGeneScan-600LIZ sizestandardand
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analyzedusingGeneMapper4.1(ThermoFisherScientific).Detailson microsatellitesand
PCR-conditionsaregivenin S3Table.

Methylation-sensitive Amplified Length Polymorphism. TheMethylationSensitive
Amplified LengthPolymorphism(MSAP)method,amodifiedversionof theAmplified Frag-
mentLengthPolymorphism(AFLP)DNA fingerprinting technique[37], wasadaptedfrom
[26]. Briefly,weinitially tested32primer combinationson asubsetof 16samplesusingtwo sets
of restrictionandligationreactions.Sevencombinationsof EcoRI (labelledprimers)/ HpaIIÐ
MspI primers(S4Table)wereselectedfor theMSAPanalysisof thetotal54samples,basedon
clarityandreproducibilityof amplifiedbandsandthepresenceof polymorphism.Elevensam-
pleswerereplicated,startingfrom thesameleafsampleandtwo differentDNA-extractionsto
assessreproducibility.PCRampliconswerefluorescentlylabeledwith oneof two dyes:NED
andVIC, andwererun in simplexon anABI 3500analyzerwith theGeneScan-600LIZ size
standard(ThermoFisherScientific).TheEcoRIÐMspI andEcoRIÐHpaII DNA fingerprinting
profileswereprocessedperprimer combination.Only fragments�150bp in sizewereconsid-
eredto reducethepotentialimpactof sizehomoplasie[38]. Thegenotypingerror ratewasesti-
matedfor eachprimer combinationaccordingto [39] andbasedon the11replicates.

Statistical analysis

Bud phenology. All statisticalanalyseswereperformedin Rversion3.3.3[40]. Linear
mixedeffectsmodels(lmer function in the lme4 packagein R)wereusedto analysetherelation-
shipbetweenphenology(budburstandbudset)andtemperature(MJanT,MJulyT,MAT),
stemdiameter(mm) anddaylength(DL1MayandDL1Jan)of thesevensites(parentalenviron-
ment)wheretheparenttreesof thedifferentgenotypesweregrowing[41]. Thenumberof cut-
tings(ramets)pergenotypecollectedateachof thesevenparentalenvironments,however,was
not evenlydistributed(S2Table).So,insteadof onecombinedmodelwith genotype asrandom
factor,weappliedtheabovemodelfor eachgenotypeseparatelyto reducethebiasof smallvs.
largesamplesizesin themodel.Moreover,thephenologicalresponsecanalsodiffer depending
on thegenotype.Sincetherelationshipbetweenthephenologyandtemperaturevariablesmay
changeoverthegradualprogressof budsetor budburst[42], weappliedthesamelinearmixed
effectsmodelfor eachobservationday(daysof theyear,DOY) separatelyfor 2014and2015.
Weusedsite asarandomeffectin themodels.Theweightedmeanof theslopesof all genotypes
for eachtemperaturevariablewasthencalculatedbyusingtheslopesfrom themixedmodelsby
bootstrapping500times(boot function in theboot packagein R) [43]. Similarly,weusedlinear
mixedeffectmodelsto analysetherelationshipbetweenthelengthof thegrowingseasonand
temperaturevariables(MJanT,MJulyT,MAT) anddaylength(DL1MayandDL1Jan)usingsite
asrandomeffectfor eachgenotype.Then,wecalculatedtheweightedmeanof theslopesfrom
themodelsagainbyusingbootstrappingasabove.Wealsoanalysedtherelationshipbetween
height(cm) of thecuttingsafteronegrowingseasonthatwasin 2014andtotaldays(day)
neededto openthebud(time to budburstscore5) startingfrom 17March(= observationday
1) in 2015usingGeneralisedLinearmodelswith Poissonerror distributions.

DNA methylation. WeusedGeneMapperv3.7(ThermoFisherScientific)for thesizingof
theDNA fragments(rawdata)andtheRawGenov 2.0RCRANpackage[44] for automaticscor-
ing of thevariationin thesizedfragmentpatternsandto transformthefragmentprofilesinto a
binarycharactermatrix,using0or 1 to definetheabsenceor thepresenceof aspecificDNA
band,respectively.Themsap wasusedto assessthecytosineCpGmethylationprofileof CCGG
motifsfor eachsampleandto analyzethedata[45].Thepresenceof bothEcoI / MspI andEcoRI /
HpaII products(pattern1/1)denotesanunmethylatedstate,thepresenceof onlyoneof the
EcoRI/ HpaII (1/0)or EcoRI/ MspI (0/1)productsrepresentmethylatedstates(hemimethylated
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or internalC methylation)andabsencefrom bothEcoRI / MspI andEcoRI / HpaII products(0/0)
isconsideredasanuninformativestate,asit couldbecausedbyeitherfragmentabsenceor hyper-
methylation[45].Theepigeneticstatescoringerror ratewasestimatedfor eachprimer combina-
tion from discordantscoresin MspI andHpaII profilesof 11individualsthatwereprocessed
twicefrom differentDNA extracts.Followingtheprocedurein [46],everyloci wasthenclassified
aseitherMethylation-susceptibleloci (MSL)or Nonmethylatedloci (NML), dependingon
whethertheobservedproportion of methylatedstatesacrossall samplesexceededtheestimated
error rate.Only sampleswithout missingdatafor thesevenprimer combinationsandfor both
enzymecombinationsareincludedin theanalysis.Thisresultedin 52samplesanalyzed(repli-
catedsamplesexcluded)for in total233MSAP-fragments.

Theanalysiswasperformedbygroupingtheclonespercountry.Theamountof geneticand
epigeneticvariationwasestimatedusingtheShannondiversityindex(S).Theepigeneticdif-
ferentiationbetweengroups(φST) wastestedusinganalysesof molecularvariance(AMOVA)
basedon 1000permutations.A Manteltestwasperformedto obtainthecorrelationbetween
MSLandNML andto shedlight on howmuchepigeneticvariationwasinfluencedby the
geneticbackground.Thegenetic(NML) andepigenetic(MSL)structurewasassessedbya
principalcoordinatesanalysis(PCoA).

Results

Bud burst, bud set and growing season

Weobservedearlierbudburst(thatmeansahigherbudburstscore)in cuttingsin 2015where
theparenttreeexperiencedwarmermeanJanuary,Julyandmeanannualtemperatureacross
almostall poplargenotypes,whichwaspresentedbypositiveslopeof therelationshipbetween
temperatureandmeanbudburstscore(Fig1).Theplotsshowingtherelationshipbetween
meanannualtemperatures(MAT) experiencedbyparenttreesandmeanbudburstscoreof
thecuttingsof four genotypeson dayof theyear83areavailablein S1Fig.Tallerplantsexhib-
itedsignificantlyearlierbudburstin thesecondgrowingseason(S2Fig).Thecuttingsalsoset
budsearlier(thatmeanslowerbudsetscore)with warmerJanuaryandmeanannualtempera-
turesin parentalenvironment,whichwasindicatedbyanegativeslopeof therelationship
betweentemperatureandmeanbudsetscore(Fig2).Thesignificantdifferencein budsetwas
observedonly on onedayduring thesecondgrowingseason.Wedid not observeanyconsis-
tent relationshipbetweenbudburstanddaylength(1 Mayand1 January)of thesiteswhere
theparenttreeshavebeengrowing(S3Fig).However,thedaylengthson 1 Mayand1January
of thegrowingsitesof theparenttreeshadasignificantinfluenceon budsetin 2014(only on
dayof theyear247),but in thefollowingyearno significanteffectwasobserved(S4Fig).

Theresultsof linearmixedeffectmodelsfor eachgenotypeon eachobservationday(DOY)
for budburstin 2015andbudsetin 2014and2015canbefound in S5andS6Tables.

Parentaltemperaturealsosignificantlyaffectedthelengthof thegrowingseasonof poplar
cuttingsprobablydueto earlierbudset.Thelengthof thegrowingseasonwassignificantly
shorterwith warmermeanannualtemperatureof thetranslocatedsitesacrossall thegeno-
types(theweightedmean= -0.509,upperandlowerconfidenceintervalswere-0.07046and
-1.37171respectivelyacross500bootstrappedvalues)(Fig3).Remarkably,therewasno effect
of daylengthon thelengthof thegrowingseason(S5Fig).

Clone verification and DNA methylation

Thecloneidentificationwasconfirmedby theresultsof themicrosatelliteanalysis(S3Table).
Themeanestimatedgenotypingerror ratewas0.022(S4Table).Of these233MSAP-frag-
ments,142wereMethylationSensitiveLoci (MSL)(of which114(80%)werepolymorphic)
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and91wereNon MethylationSensitiveLoci (NMS) (70(77%)werepolymorphic).Therewas
no higherdegreeof epigeneticvariationcomparedto geneticvariation(S6Fig).In contrast,
themeanShannon'sdiversityindexfor MSL(Mean± SE= 0.403± 0.165)wassignificantly
lowerthanthecorrespondingfigurefor NML (0.494±0.162)(Wilcoxon ranksumtestwith
continuity correction:W = 2631.5,P< 0.001).

TheAMOVA-basedestimateof epigeneticdifferentiationbetweengroupswaslow andnot
statisticallysignificant(φST= 0.0189,p = 0.198).TheManteltestindicatedahighcorrelation
betweenMSLandNML (r = 0.845,p< 0.001,nperm= 1000).Similarly,thePCoAbasedon
themethylatedloci wasverysimilar to thePCoAfor thenon-methylatedloci, suggestinga
highdependencebetweengeneticandepigeneticvariation.

Discussion

Theresultsof thisstudyindicatethepresenceof atransgenerationaleffectmediatedbyparental
environmenton thebudphenologyof asexuallyproducedoffspring(vegetativecuttings)of dif-
ferentPopulus genotypes.Previousstudiesin Populus sp.haveshownthat treesfrom more
southernlocationsdisplayearlierbudburstandshootgrowthcessationlaterin thesummer

Fig 1. Mean weighted (bootstrapped) slopes of the relationship between the mean bud burst score in 2015 and mean January, July and mean annual temperatures

experienced by the parent trees. Error barsdenote95%confidenceintervals(upperandlower)acrossthe500bootstrappedvalues.Significancesat the95%levelare
denotedby �. ‘Earlier’ meansthatbudsburstearlierwith increasingtemperaturesand‘Later’ meansthatbudsburstlaterwith increasing temperatures.

https://doi.org/10.1371/journal.pone.0208591.g001
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comparedto treesfrom morenorthernorigins[28,47,48].In thisstudy,thetemperaturesexpe-
riencedby theparenttreesin differentregionsacrossEuropelikely alteredthebudflushof the
cuttingsin thecommongarden.Althoughgrowingin acommonenvironment,wefoundacor-
relationof earlierbudburstwith warmerJanuary,Julyandmeanannualtemperaturesof the
parentenvironment.This indicatesthat theparentalenvironmentmayhaveplayedanimpor-
tant role in alteringthetiming of budburst.Processesresponsiblefor suchtransgenerational
effectsarenot yetperfectlyunderstood,but themostimportant processesarelikely thenutrient
conditionsof theparentplantandepigeneticinheritance[49]. In Norwayspruce,[42] found
thatanepigeneticmemorymechanismaffectsthetiming of budburstphenologyandthe
expressionof budburstrelatedgenesin geneticallyidenticalNorwayspruceepitypes(anepige-
neticalterationin agene),allowingthemto adaptrapidly to achangingenvironment.Thetem-
peraturesumexperiencedby thedevelopingembryoandphotoperiodconditionsduring
embryogenesisepigeneticallyshift thegrowthcycleof theembryos,givingriseto differentepi-
typesfrom thesamegenotype[50]. Althoughthelatterstudiesprovideevidencefor thestable
inheritanceof epigeneticmarksundersexualreproduction,severalstudiesalsodemonstratethe
stabletransmissionof DNA methylationfrom parentto clonaloffspringin asexually

Fig 2. Mean weighted (bootstrapped) slopes of the relationship between the mean bud set score in 2014 and 2015 and mean January, mean July and mean annual

temperatures experienced by the parent trees. Error barsdenote95%confidenceinterval(upperandlower)acrossthe500bootstrappedvalues.Significancesat the95%
levelaredenotedby �. `Earlier'meansthatbudssetearlierwith increasingtemperaturesand`Later'meansthatbudssetlaterwith increasingtemperatures.

https://doi.org/10.1371/journal.pone.0208591.g002
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reproducingplantspecies[19,51].Significantvariabilityin DNA-methylationpatternsaswell
assignificantvariationin budphenologywasfound in Lombardypoplar,acloneof Populus
nigra that isworldwidedistributedsincethe18thcentury[52]. However,in thisstudyusing
MSAPwedid not find evidencefor variationin genome-wideDNA methylationpatterns
within plantsof thesamegenotypeandpropagatedfrom parenttreeswith differentenviron-
mentalhistories.It ispossiblethatepigeneticvariationwas(at leastpartly)erased(e.g.byepige-
neticresettingresultingin reducedpolymorphismsin DNA methylation)at thetime theleaves
werecollectedfor molecularanalysis(afteralmostfour yearsin thecommonenvironmentand
two yearsaftertheassessmentof budphenology).In addition,theenvironmentalclonehistory
of theparenttreesmight havebeentoo shortto shapestrongdifferencesin genome-wideDNA
methylationpatternsin responseto theenvironmentalhistory.Morepowerfulmolecular

Fig 3. Slopes of the relationship between the length of growing season of five genotypes (Beaupre, Fritzy Pauley, Raspalje, Trichobel and Unal) in 2015 and mean

January, July and annual temperatures experienced by the parent trees. Meanweighted(bootstrapped)slopesareindicatedbyblackpointsanderror barsdenote95%
confidenceintervals(upperandlower)across500bootstrappedvalues.Error barsdenote95%confidenceintervals.̀ Shorter' meansthatgrowingseasonisshorterwith
increasingtemperatureand`Longer'meansthatgrowingseasonis longerwith increasingtemperature.

https://doi.org/10.1371/journal.pone.0208591.g003
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techniques,suchasbisulphitehigh-throughputsequencingtechniques[53],areneededto fur-
ther investigatethemechanismsbehindthetransgenerationaleffectsobservedin thisstudy.

Theprogrammingto startspringgrowthisactuallysetduring fall whentheplantenters
dormancy.In poplar,it is known thatphotosynthateamountspresentin thestemandroot in
thelateautumncancontributesubstantiallyto growthandoverwinteringcarbohydratestor-
age[54]. Increasedgrowthlikely influencedthebudbursttime,whichwassuggestedwith our
observationthat tallercuttings(afteroneyearof growth)burstbudsearlierin thesecond
growingseason.Therefore,therewasapossibilitythat theobservedphenologicalchangeswere
aresultof developmentalplasticity,whichcouldalsobeconsideredaswithin-generational
plasticity.

Wedid not observeanyeffectof daylengthon budburst.Absentto low photoperiod-sensi-
tivity to budburstof two poplarspecieswasalsoreportedin [55]. However,thephotoperiod
signalwasknownto haveaninfluencein reducingthetemperaturesumrequirementto bud
burstin Europeanbeech[56]. If weinfer that thegenotypesthatwereexposedto awarmer
parentalenvironmentmight requiremoreaccumulatedheatfor budburst,thenthismeans
thatbudburstof thesegenotypeswill bedelayeduntil reachingthesufficientheatsum[57].
Winter warmingcaninfluencethebudbursttime viaaffectingthedormancyandthechilling
requirement[58]. Advancingbudburstwith winter warming,thereforesuggeststhatchilling
requirementwasfulfilled earlierandtemperaturesummayhaveplayedimportant role in con-
trolling thebudbursttime [59].

Weunexpectedlyobservedearlierbudsetwith warmerwinter (January)andmeanannual
temperaturesexperiencedby theparenttrees,but thedifferencewasobservedonly on oneday
during thesecondgrowingseason.In general,thegrowthcessationin manytemperatespecies
wasdelayedwith globalwarmingandanextensionof thegrowingseasonwasobserved[59,
60].Followingthereportof [20], thechangein budphenologydetectedheremight beinflu-
encedbyorigin (effectof treeprovenance),parentalenvironment(differentgeographic
regions)andtheoffspring`senvironment.

Earlierbudsetin our studywaslinked to earlierbudburstbyallowingtheplantsanearlier
startof dormancyfor thechilling accumulation,whichcanbeatrade-offbetweenavoiding
latefrostdamageandextendinggrowingseason.Earlierbudbreaktranslatedinto earlierbud
set,whichwasalsoreportedin Quercus robur L. andFagus sylvatica [61]. Although,in poplar,
adelayedbudsetwith warmingwasfoundby [6]. Equatorwardtransferof agenotype,in gen-
eral,shortenstheperiodof activegrowthdueto thereductionof thegrowing-seasonphotope-
riod, therebyadvancingautumngrowthcessation[6, 57].Temperaturecanalsointeractwith
thephotoperiodto alterthephotoperiodicsignalto growthcessationin poplar[6, 28].
Though,from thestudyof [59], weknowthat thegrowthcessationin manytemperatespecies
isnot constrainedbyphotoperiod.In our study,morelikely theinteractiveeffectof photope-
riod andtemperaturehadanadditionalinfluenceon theearliergrowthcessation[6]. Thephe-
nologicalchangesin our studyareprobablynot adaptiveandmight changeovertime.
Adaptiveplasticityisalsodependenton theaccuracyof theenvironmentalcues,thedegreeof
environmentalheterogeneityandstableepigeneticmarksat leastwithin anindividual'slife-
time [62].

Theshorteningof thegrowingseasonin cuttingsof whichtheparenttreesexperienced
warmermeanannualtemperatureswasmostlydueto theearlierbudset.In somespecies
includingpoplar,photosynthesisandbiomassgrowthcanbesustaineduntil leafsenescence
[54], whichplaysanimportant role in winter dormancyandspringgrowthbyprovidingsuffi-
cientresourcesandroot growth.It is likely that theearlierbudsetresultedin lowergrowth
therebyproviding limited resourcesfor winter storageandsubsequentspringgrowth.Higher
Januarytemperatureswould thenfail to promotegrowthÐeventhoughthetreesburstbuds
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earlierÐwith limited biomassstorage.Unlike our findings,earlierstudiesreportedan
extendedgrowingseasondespiteearlierspringgrowthandleafsenescence[61]. However,cli-
matewarmingmayhaveapositiveeffecton thelengthof thegrowingseasonasobservedby
manyobservationalandclimatemanipulationexperiments[4, 59±61,63±65].

Conclusion

In sum,weshowthatalatitudinal transferof poplarclonesresultedin contrastingphenologi-
calresponsesto temperature.Wefurther our understandingof theresponseof treesto climate
changebecausewedo showthat theparentalenvironmentcaninfluencethephenologyof the
cuttings.Togetherwith otherfactorssuchasgeneticvariability,variabletemperaturesensitiv-
ity amongspecies,theenvironmentalcondition of parenttreesneedsto betakeninto account
to betterpredicttheresponseof treesto climatechange.Nevertheless,themechanismbehind
theshift of thetiming of budphenologyremainscomplexandunclear,whichprovidesthe
opportunity to further investigatethemechanismbehindthephenologicalshift dueto heter-
ogenousparentalenvironmentsandwhethersuchphenologicalvariationisadaptive.
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