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traits, it receivedncreasedttentionin thelight of globalwarming[2+5]. Bud phenologycan
beinfluencedby globalwarmingandinteractionsbetweerthe climateand photoperiod[4, 6,
7]. However the phenologyof treespeciesloesnot showsimplelinearresponset warming
temperature$8]. In the caseof alatitudinal transferfrom southto north, i.e.,if plantsexperi-
encecolderthanoptimal temperaturedpongertime would berequiredfor the duration of bud
formation andthe cessatiorf growth canbedelayed6]. Onecomponentof phenotypicplas-
ticity istransgenerationaffectsvhenthe parent'senvironmentinfluencesoffspringresponses
to environmentalconditionsindependenbf geneticchange$9, 10], whichis alsoknown as
transgenerationgbhenotypicplasticity(TGP).It is particularlyimportant for treeresponses
climatechangg10]. Mostformer studieqon plants)havefocusecdn transgenerationglpar-
ticularly maternal)effectsf sexuallyreproducedoffspring,examiningthe effectof the mater-
nal environmenton seedyerminationandfloweringtime [11+13].Variousstudieshy
comparingthe performanceof the progenyin maternalandnon-maternalenvironmentshave
shownthat maternaleffectsarelikely adaptivd12, 14]. However,in heterogeneousnviron-
mentswherethe progenyenvironmentis hardto predict,the phenotypesvith low varianceof
fitnessgetaselectivadvantagavhichis alsoknown asbethedgingphenomenandin such
conditionsthe advantagef parentaleffectanight not beobserved15]. Althoughthusfar this
effecthasbeenstudiedmainly in non-clonalplants transgenerationgblasticityis alsoapplica-
bleto asexuallgenerategrogeny[14].

Asexuakeproductionlacksthe variation-generatingnechanismsf meioticrecombination
andsegregationyhichreduceshe potentialfor geneticallybasedadaptation16]. Neverthe-
lessmanyclonalspeciepersistand successfullgxpandn arangeof differentenvironments.
Someof the mostsuccessfluihvasiveplantspeciesreclonal[17,18]. Clonalindividualshave
theadvantagef resourcesharing(suchaswater,carbohydrategandmineralnutrients)
betweerthe connectedamets an effectknown asclonalintegrationwhichis probablyone
reasorof their invasionsuccesgl8]. Furthermore gpigenetiozariationmight contributeto
adaptationof asexuaplantsin awiderangeof, particularlystressfulenvironmentg19]. It is
suggestethat, giventhe absencef meioticresettingof epigenetianodificationin clonal
reproduction,vegetativeffspringcaninherit epigenetiénformation of previousenvironmen-
tal interactionsfrom the maternalramet[16]. Transgenerationaffectavereobservedn
clonaloffspringof Festuca rubra and Trifolium repens and sometransgenerationaffectsn
clonalplantsof Trifolium repens werereportedasadaptiveg 20, 21]. DNA methylation the
addition of amethylgroupto oneof thefour basesn the DNA molecule(usuallycytosine)js
recognizedasoneof the prime epigenetianechanismso correlatewith geneexpressiorand
might playanimportantrole in transgenerationaffectsHowever the processebehind
transgenerationatffectsarenot wellunderstood14,19,22]. Yet,transgenerationadffectsn
clonalplantsareimportant for forestmanagementieforestatiorprogrammesandnurseries,
becausenanytreespeciege.g.poplarswillowsandmanyfruit trees)arereproducedvegeta-
tively by meansof cuttingsor grafting.

Poplars(Populus sp.),memberof the Salicaceae, haveawide distribution in theworld and
caneasilybe propagated/egetativelyThe specieshereforeservessanidealmodelto study
responsesf asexuallyeproducingplantsto climatechangePopulus is afastgrowinggenus
importantfor biomasgroduction,andcanproduce70+10%onsof abovegroundiomassper
hectareafter 10+15yeard23]. Thehybrid poplarsarealsoplantedwidelyin Europefor wood
production,windbreaksandsoil protection[24, 25].

Herewesetup acommongardenexperimento assessud phenologyof cuttingscollected
from genetgrowingin differentclimatic environmentgfurther referredto as:parenttrees)
andrepresentindive differentclonesof Populus trichocarpa x P. deltoides and Populus tricho-
carpa (further referredto as:genotypes)Parentireesrepresentingasinglegenotypavere
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grownacrossa latitudinal gradientof >2100kilometres(correspondingo a4.9EGempera-
ture differenceanddifferentphotoperiodsof up to 3.5hours),and cuttingsof theseparent
treeswerethengrownin thecommongardenWe hypothesizatransgenerationaffectof
temperatureexperiencedby the parenttreeson bud phenologyof the vegetativelyby stem
cuttings)producedoffspringwithin genotypesturthermore weinvestigatedNA methyla-
tion variationasa potentialepigenetianechanisnfor transgenerationaffectgin this case,
epigenetiozariationin the generation®f cuttings)usingMethylation SensitiveAmplified
Fragment_engthPolymorphism(MSAP)analysi§26]. Theaim of the moleculampart of this
studywasto look for significantnaturalvariationin genome-widddNA methylationpatterns
within individualsplantsof asingleclone(genotypeandvegetativelypropagatedrom parent
treeswith differenthistories(thatis, grownin contrastingmacroclimatescros€urope) that
lastedaftergrowingfor four yearsn acommonenvironment.

Materials and methods
Description of the clones

Betweerthe 1980<0 1990<cuttingsof five hybrid poplargenotypesiamelyBeaupfRaspalje
andUnal (all Populus trichocarpa x P. deltoides), Fritzy Pauley(P. trichocarpa), and Trichobel
(P. trichocarpa x P. trichocarpa) wereproducedfrom adulttreesunderthe renownedpoplar
breedingprogrammeatthe Institute of Forestand Nature (INBO), Geraardsbergeim Bel-
gium. Theadulttreesthat resultedfrom the original seedlingselectedn the breedingpro-
gramme(further referredto as’provenancérees’remainedin Grimminge,Belgiumandwere
not transferred Asexuallyreproducedoffspringof the provenancdrees(onwardsreferredto
as parenttrees'or “genets'yveretakenascuttingsandplantedin Spain(nearMadrid), Italy
(CasaléMonferrato), France(Saint-UsageBeuxesGueme Penfaojand Sweder(Uppsala)
to establiststoolbedsfor the purposeof treebreeding(Tablel). Later,newstoolbedswere
establishedh thevicinity of the old stoolbedsfrom cuttingsof the former beds.

Sample (cuttings) collection

Betweerebruaryand April 2014beforethe startof bud burst,wecollectedB17oneyearold cut-
tingsof 22cm lengthof the abovementionedfive Populus genotypegrowingat seversites;
including the localsiteof the provenancereesin Grimminge,Belgium(Tablel). 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) | MJanT® (°C) M]l.llyTb (°C) IMAT* (°C) |DL? (h) | DL? (h) Cuttings planted (year)
1 Jan. 1 May

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 | GuemimePenfao | 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 | Provenanetrees

Italy CasaléMonferrato | 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 | Geraardsbeyen | 50.78 3.88 29 3.96 18.18 10.86 7.81 14.58 | Commongarden

aMJanT-meanmonthly temperatue for January,
PMJulyT-meanmonthly temperatire for July,

°‘MAT- meanannualtemperatire
dDL-Daylength

https://da.org/10.1371durnal.pon®208591.t001
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genotypesverepresentn all the seversitesandthe numberof cuttingsof eachgenotypewvasnot
evenlydistributedeitherdueto mortality or bud damageEachcutting wasmeasuredcollar
diameter)andplantedin individual 5 L potscontainingstandardootting soil (Saniflorpro, NPK
12-14-24)andmonitoredin acommongardenoutsidethe Institute of Forestand Nature
(INBO), GeraardsbergemBelgium(Tablel). Thecuttingswereregularlyirrigatedandfungicide
(‘Caddy'-Cyproconazolejvasappliedtwo timeson 5/05/2015and 26/08/201%luring the grow-
ing seasorin thecommongardenlt wasknown that the applicationof the abovefungicide
(Cyproconazoleinfluencedthe geneexpressiorf the fungalpathogenshut the effecton the
DNA methylationor on the geneexpressiorof the plantcommunityis yetto bediscovered27].

Observation of growth and bud phenology

We quantifiedautumnphenology(bud set)in 2014andboth springandautumnphenology
(bud burstandbud set)in 2015.Thebud burstandbud setwasassesseahceaweek(starting
on 17March2015i.e.Dayof theyear(DOY) 76for bud burstandon 13 August2014(DOY
225)and21 August2015(DOY 233)for bud set)until all the cuttingscompletedoud burst
andbud set.Thebud setandbud burstwasmonitored by scoringeachplantaccordingto the
methodof [28,29] with afewmaodificationsasdetailedin S1Table.We measuredhe height
(cm) of the cuttingsin Decembe®014afterendof the growingseason.

Temperature and day length data

Themean1982+2014nnualtemperaturg EC)(MAT), meanmonthly temperaturefor July
(MJulyT),meanmonthly temperaturdior JanuaryMJanT)atthe seversiteswherethe clones
hadbeengrowingwerecalculatedusingthe RFc packagén R version3.3.3[30]. We chose
meanJulyandJanuantemperatureso representhe warmestand coldestmonth of theyear,
becausét hasbeenshownbeforethat minimum andmaximumtemperatures;atherthan
meanannualtemperatureshetterpredictleafing floweringand growth of severaplant species
[31+33].Daylengthon 1 May (DL1May)anddaylengthon 1 JanuaryDL 1Jan)atall seven
siteswerecalculatedaccordingto [34].

Thegrowingperiod of eachplantfor 2015wascalculatedy countingthe numberof calen-
dardaysbetweercompletebud burst(bud burstscoreequalto 5) andcompletebud set(bud
setscoreequalto 0).

Determination of DNA methylation

Plant materials and sample collection. DNA methylationvariationwasstudiedwithin
the poplarclonesgrowingin the commongardenexperimentOn 17 April 2017(thatis, after
four growingseasons thecommongarden) 54leafsamplegyoung,freshlydeveloped
leavesyverecollectedrom oneyearold stemof the cuttingsin thecommongarden(S2
Table).Justaftercollection freshleavesverestoredin silicageluntil DNA extraction.

DNA samples. DNA samplesvereobtainedfrom the sameplanttissueandcollectedat
identicaldevelopmentattaggnewlyexpandedfully-grown leaves)Total genomicDNA was
extractedrom thesdeavesvith the QuickPick TM PlantDNA kit (IsogerLife ScienceDe
Meern,Nederland) Theintegrity of the DNA wasassessenh 1.5%agaros@elsand DNA
guantificationwasperformedwith Quant-iT PicoGreerdsDNA AssaKit (Life Technologies)
usingaSynerg\HT platereader(BioTek).

Verifying clone (genotype) identity with microsatellite markers. Twelvenuclearmicro-
satelliteloci (SSRs)vereusedto verify the identity of the genotypesWe selecteESRshat
werefound usefulfor theidentification of Populus genotypesn former studieq35,36].PCR
productswererun on an ABI 3500analyzemith the GeneScan-6001Z sizestandardand
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analyzedisingGeneMappe#.1(ThermoFisherScientific).Detailson microsatellitesand
PCR-conditionsaregivenin S3Table.

Methylation-sensitive Amplified Length Polymorphism. TheMethylationSensitive
Amplified LengthPolymorphism(MSAP)method,a modified versionof the Amplified Frag-
mentLengthPolymorphism(AFLP)DNA fingerprinting technique[37], wasadaptedrom
[26]. Briefly,weinitially tested32primer combinationson asubsebf 16 samplesisingtwo sets
of restrictionandligation reactions Severcombinationsof EcoRI (labelledprimers)/ HpallD
Mspl primers(S4Table)wereselectedor the MSAPanalysif the total 54 sampleshasedn
clarity andreproducibility of amplifiedbandsandthe presencef polymorphism.Eleversam-
pleswerereplicatedstartingfrom the samdeafsampleandtwo different DNA-extractionsto
assesgeproducibility. PCRampliconswerefluorescentlyabeledwith oneof two dyesNED
andVIC, andwererun in simplexon an ABI 3500analyzemith the GeneScan-6001Z size
standard(ThermoFisherScientific).The EcoRIPMspl andEcoRIDHpall DNA fingerprinting
profileswereprocesseger primer combination.Only fragments>150bpin sizewereconsid-
eredto reducethe potentialimpactof sizehomoplasig38]. The genotypingerror ratewasesti-
matedfor eachprimer combinationaccordingto [39] andbasedn the 11replicates.

Statistical analysis

Bud phenology. All statisticabnalysesvereperformedin R version3.3.340]. Linear
mixed effectanodels(imer function in the lme4 packagen R) wereusedto analyseherelation-
shipbetweemphenology(bud burstandbud set)andtemperaturgMJanT,MJulyT,MAT),
stemdiameter(mm) anddaylength(DL1MayandDL1Jan)of the seversites(parentalenviron-
ment) wherethe parenttreesof the differentgenotypesveregrowing[41]. Thenumberof cut-
tings (ramets)per genotypecollectedat eachof the severparentalenvironmentshoweverwas
not evenlydistributed(S2Table).So,insteadof onecombinedmodelwith genotype asrandom
factor,weappliedthe abovemodelfor eachgenotypeseparatelyo reducethe biasof smallvs.
largesamplesizesn the model.Moreover the phenologicatesponseanalsodiffer depending
on the genotypeSincetherelationshipbetweerthe phenologyandtemperaturevariablesnay
changeoverthe gradualprogresf bud setor bud burst[42], weappliedthe samdinear mixed
effectanodelfor eachobservatiorday(daysof theyear,DOY) separatelyor 2014and2015.
We usedsite asarandomeffectin the models Theweightedmeanof the slopef all genotypes
for eachtemperaturevariablewasthen calculatey usingthe slopesrom the mixed modelsby
bootstrappingb00times(boot function in the boot packagen R)[43]. Similarly,weusedlinear
mixed effectmodelsto analyseherelationshipbetweerthe lengthof the growingseasorand
temperaturevariablegMJanT,MJulyT,MAT) anddaylength(DL1MayandDL1Jan)usingsite
asrandomeffectfor eachgenotypeThen,we calculatedhe weightedmeanof the slopedrom
the modelsagainby usingbootstrappingasabove We alsoanalysedhe relationshipbetween
height(cm) of the cuttingsafteronegrowingseasorthat wasin 2014andtotal days(day)
neededo openthebud (time to bud burstscoreb) startingfrom 17March (= observatiorday
1)in 2015usingGeneralised.inearmodelswith Poissorerror distributions.

DNA methylation. WeusedGeneMappew3.7(ThermoFisherScientific)for the sizingof
the DNA fragmentqraw data)andthe RawGenw 2.0R CRAN packagé44] for automaticscor-
ing of thevariationin the sizedfragmentpatternsandto transformthe fragmentprofilesinto a
binary charactematrix, using0 or 1 to definethe absencer the presencef aspecificDNA
band,respectivelyThe msap wasusedto assesthe cytosineCpG methylationprofile of CCGG
motifs for eachsampleandto analyzehe data[45]. The presencef both Ecol / Mspl and EcoRI/
Hpall products(pattern1/1) denotesan unmethylatedstate the presencef only oneof the
EcoRl/ Hpall (1/0) or EcoRI/ Mspl (0/1) productsrepresenmethylatedstateghemimethylated
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or internal C methylation)andabsencérom both EcoRI/ Mspl and EcoRI/ Hpall products(0/0)
is consideredasan uninformativestate asit could becausedy eitherfragmentabsencer hyper-
methylation[45]. The epigeneticstatescoringerror ratewasestimatedor eachprimer combina-
tion from discordantscoresn Mspl and Hpall profilesof 11individualsthatwereprocessed
twicefrom differentDNA extractsFollowingthe procedurein [46], everyloci wasthen classified
aseitherMethylation-susceptiblci (MSL) or Nonmethylatedoci (NML), dependingon
whetherthe observegroportion of methylatedstatesacrossall samplegxceedethe estimated
error rate.Only samplesvithout missingdatafor the severprimer combinationsandfor both
enzymecombinationsareincludedin theanalysisThisresultedn 52samplesnalyzedrepli-
catedsamplegxcluded)or in total 233MSAP-fragments.

Theanalysisvasperformedby groupingthe clonesper country. Theamountof geneticand
epigeneticzariationwasestimatedisingthe Shannordiversityindex (S). The epigenetidif-
ferentiationbetweergroups(esy) wastestedusinganalysesf molecularvariancf AMOVA)
basedn 1000permutations A Manteltestwasperformedto obtainthe correlationbetween
MSLandNML andto shedlight on how muchepigeneticzariationwasinfluencedby the
genetichackgroundThegenetidNML) andepigenetidMSL) structurewasassesseuly a
principal coordinatesanalysigPCoA).

Results
Bud burst, bud set and growing season

We observedearlierbud burst(that meansahigherbud burstscore)in cuttingsin 2015where
the parenttreeexperiencedvarmermeanJanuary,Julyand meanannualtemperatureacross
almostall poplargenotypesyhich waspresentedy positiveslopeof the relationshipbetween
temperatureandmeanbud burstscore(Fig 1). The plotsshowingthe relationshipbetween
meanannualtemperature§MAT) experiencedby parenttreesand meanbud burstscoreof
the cuttingsof four genotype®n dayof theyear83areavailablén S1Fig. Tallerplantsexhib-
ited significantlyearlierbud burstin the secondgrowingseasorfS2Fig). Thecuttingsalsoset
budsearlier(that meandowerbud setscore)with warmerJanuarnand meanannualtempera-
turesin parentalenvironment,which wasindicatedby a negativeslopeof the relationship
betweertemperatureand meanbud setscore(Fig 2). Thesignificantdifferencein bud setwas
observednly on onedayduring the secondgrowingseasonWe did not observeanyconsis-
tentrelationshipbetweerbud burstanddaylength(1 May and 1 January)f the siteswhere
the parenttreeshavebeengrowing (S3Fig). However the daylengthson 1 May and 1 January
of the growingsitesof the parenttreeshadasignificantinfluenceon bud setin 2014(only on
dayoftheyear247),butin thefollowing yearno significanteffectwasobservedS4Fig).

Theresultsof linear mixed effectmodelsfor eachgenotypeon eachobservatiorday(DOY)
for budburstin 2015andbud setin 2014and2015canbefoundin S5andS6Tables.

Parentatemperaturealsosignificantlyaffectedhe lengthof the growingseasorof poplar
cuttingsprobablydueto earlierbud set.Thelengthof the growingseasorwassignificantly
shorterwith warmermeanannualtemperatureof thetranslocateditesacrossll the geno-
types(the weightedmean= -0.509 upperandlower confidencantervalswere-0.07046nd
-1.3717Xespectivelyacros600bootstrappedialues)Fig 3). Remarkablytherewasno effect
of daylengthon the lengthof the growingseasorfS5Fig).

Clone verification and DNA methylation

The cloneidentificationwasconfirmedby theresultsof the microsatelliteanalysigS3Table).
Themeanestimatedyenotypingerror ratewas0.022(S4Table).Of these233MSAP-frag-
ments,142wereMethylation Sensitivd_oci (MSL) (of which 114(80%)werepolymorphic)
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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%confiderceintervals(upperandlower)acrosshe 500bootstrapedvaluesSignificanceatthe 95%levelare
denotedby *. ‘Earlier’ meanshatbudsburstearlierwith increasingemperaturesand‘Later” meanghatbudsburstlaterwith increasiny temperaturs.

https://da.org/10.1371durnal.pon®208591.g0D

and91wereNon Methylation Sensitive_oci (NMS) (70 (77%)werepolymorphic). Therewas
no higherdegreef epigenetiozariationcomparedo geneticvariation (S6Fig).In contrast,
themeanShannon'sliversityindexfor MSL (Mean+ SE= 0.403t 0.165)wassignificantly
lowerthanthe correspondindigurefor NML (0.494+0.162)Wilcoxon rank sumtestwith
continuity correction:W = 2631.5P < 0.001).

The AMOVA-basedestimateof epigenetidifferentiationbetweergroupswaslow and not
statisticallysignificant(¢st= 0.0189p = 0.198) The Manteltestindicateda high correlation
betweerMSLandNML (r = 0.845p < 0.001nhperm= 1000) Similarly,the PCoAbasecn
the methylatedoci wasverysimilar to the PCoAfor the non-methylatedoci, suggesting
high dependencéetweergeneticand epigenetiovariation.

Discussion

Theresultsof this studyindicatethe presencef atransgenerationatffectmediatedby parental
environmenton the bud phenologyof asexuallyproducedoffspring(vegetativeuttings)of dif-
ferentPopulus genotypesPreviousstudiesn Populus sp.haveshownthattreesirom more
southernlocationsdisplayearlierbud burstand shootgrowth cessatiortaterin the summer
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temperatures experienced by the parent trees. Error barsdenote95%confidencenterval (upperandlower)acrosshe 500bootstrapedvaluesSignificanceatthe 95%
levelaredenotedby *. “Earliermeanshat budssetearlierwith increasingemperaturesnd " Latermeanshat budssetlaterwith increasingemperaturs.

https://da.org/10.1371durnal.pon®208591.90D

comparedo treesfrom morenorthern origins[28,47,48].In this study,thetemperaturegxpe-
riencedby the parenttreesin differentregionsacros€uropelikely alteredthe bud flush of the
cuttingsin the commongarden Althoughgrowingin acommonenvironment,wefound acor-
relationof earlierbud burstwith warmerJanuary,Julyandmeanannualtemperaturesf the
parentenvironment.This indicateshat the parentalenvironmentmayhaveplayedanimpor-
tantrolein alteringthetiming of bud burst.Processe®sponsibldor suchtransgenerational
effectaarenot yetperfectlyunderstood but the mostimportant processearelikely the nutrient
conditionsof the parentplantandepigenetiénheritance[49]. In Norwayspruce[42] found
thatanepigenetieanemorymechanisiaffectshetiming of bud burstphenologyandthe
expressiomf bud burstrelatedgenesn geneticallydenticalNorwayspruceepitypegan epige-
neticalterationin agene)allowingthemto adaptrapidly to achangingenvironment.Thetem-
peraturesumexperiencedby the developingembryoand photoperiodconditionsduring
embryogenesigpigeneticallghift the growth cycleof the embryosgiving riseto differentepi-
typesfrom the samegenotypd50]. Althoughthe latter studiegprovideevidencdor the stable
inheritanceof epigenetianarksunder sexuateproduction,severastudiesalsodemonstratehe
stabletransmissiorof DNA methylationfrom parentto clonaloffspringin asexually
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reproducingplantspecie$19, 51]. Significantvariabilityin DNA-methylationpatternsaswell
assignificantvariationin bud phenologywasfound in Lombardypoplar,acloneof Populus
nigra thatis worldwidedistributedsincethe 18thcentury[52]. However in this studyusing
MSAPwedid not find evidencdor variationin genome-widdDNA methylationpatterns
within plantsof the samegenotypeandpropagatedrom parenttreeswith differentenviron-
mentalhistorieslt is possiblehat epigeneticzariationwas(at leastpartly) erasede.g by epige-
neticresettingresultingin reducedoolymorphismsan DNA methylation)atthetime the leaves
werecollectedor molecularanalysigafteralmostfour yearsn the commonenvironmentand
two yearsafterthe assessmeif bud phenology)In addition, the environmentalclonehistory
of the parenttreesmight havebeentoo shortto shapestrongdifferencesn genome-widédNA
methylationpatternsin responséo the environmentahistory. More powerfulmolecular
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techniquessuchasbisulphitehigh-throughputsequencingechniques[53Jareneededo fur-
therinvestigatehe mechanism$ehindthe transgenerationaffectsobservedn this study.

The programmingto startspringgrowthis actuallysetduring fall whenthe plantenters
dormancy.In poplar,it isknownthat photosynthatemountspresentin the stemandroot in
thelateautumncancontributesubstantiallyto growth and overwinteringcarbohydratestor-
age[54]. Increasedyrowth likely influencedthe bud bursttime, which wassuggestewith our
observatiorthattaller cuttings(afteroneyearof growth) burstbudsearlierin the second
growingseasonThereforetherewasa possibilitythatthe observeghenologicathangesvere
aresultof developmentgplasticity,which could alsobeconsideredaswithin-generational
plasticity.

Wedid not observeanyeffectof daylengthon bud burst. Absentto low photoperiod-sensi-
tivity to bud burstof two poplarspeciesvasalsoreportedin [55]. However the photoperiod
signalwasknown to haveaninfluencein reducingthetemperaturesumrequirementto bud
burstin Europearbeech56]. If weinfer thatthe genotypeshat wereexposedo awarmer
parentalenvironmentmight requiremore accumulatedeatfor bud burst,thenthis means
thatbud burstof thesegenotypesvill bedelayeduntil reachingthe sufficientheatsum[57].
Winter warming caninfluencethe bud bursttime via affectingthe dormancyandthe chilling
requirement58]. Advancingbud burstwith winter warming,thereforesuggestthat chilling
requirementwasfulfilled earlierandtemperaturesummayhaveplayedimportant rolein con-
trolling the bud bursttime [59].

We unexpectedlpbservedarlierbud setwith warmerwinter (January)and meanannual
temperaturegxperiencedy the parenttrees but the differencewasobservednly on oneday
during the secondgrowingseasonin generalthe growth cessatiofin manytemperatespecies
wasdelayedvith globalwarmingandan extensiorof the growingseasomwasobserved59,
60]. Followingthereportof [20], the changen bud phenologydetectecheremight beinflu-
encedby origin (effectof treeprovenance)parentalenvironment(differentgeographic
regions)andthe offspring senvironment.

Earlierbud setin our studywaslinked to earlierbud burstby allowingthe plantsan earlier
startof dormancyfor the chilling accumulationwhich canbeatrade-offbetweeravoiding
latefrost damageand extendinggrowingseasonEarlierbud breaktranslatednto earlierbud
set,whichwasalsoreportedin Quercus robur L. and Fagus sylvatica [61]. Although,in poplar,
adelayedud setwith warmingwasfound by [6]. Equatorwardransferof agenotypein gen-
eral,shortenghe periodof activegrowth dueto the reductionof the growing-seasophotope-
riod, therebyadvancingautumngrowth cessatiori6, 57]. Temperaturecanalsointeractwith
the photoperiodto alterthe photoperiodicsignalto growth cessatiorin poplar[6, 28].
Though,from the studyof [59], weknow that the growth cessatiofin manytemperatespecies
is not constrainecdby photoperiod.In our study,morelikely the interactiveeffectof photope-
riod andtemperaturehadanadditionalinfluenceon the earliergrowth cessatiori6]. The phe-
nologicalchangesn our studyareprobablynot adaptiveand might changeovertime.
Adaptiveplasticityis alsodependenbn the accuracyof the environmentalkcuesthe degreeof
environmentaheterogeneitynd stableepigenetianarksatleastwithin anindividual'slife-
time [62].

Theshorteningof the growingseasorin cuttingsof whichthe parenttreesexperienced
warmermeanannualtemperaturesvasmostlydueto the earlierbud set.In somespecies
including poplar,photosynthesiandbiomasgrowth canbesustainedintil leafsenescence
[54], which playsanimportant role in winter dormancyandspringgrowth by providing suffi-
cientresourcesindroot growth. It islikely thatthe earlierbud setresultedin lowergrowth
therebyproviding limited resourcesor winter storageand subsequenspringgrowth.Higher
Januargtemperaturesvould thenfail to promotegrowthbeventhoughthetreesburstbuds
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earlierbwith limited biomassstorageUnlike our findings, earlierstudiesreportedan
extendedyrowingseasornespitesarlierspringgrowthandleafsenescendé1]. However cli-
matewarmingmayhaveapositiveeffecton thelengthof the growingseasorasobservedy
manyobservationahnd climatemanipulationexperimentg4, 59+61653+65].

Conclusion

In sum,weshowthatalatitudinal transferof poplarclonesresultedin contrastingphenologi-
calresponseto temperatureWe further our understandingof the responsef treesto climate
changebecausavedo showthatthe parentalenvironmentcaninfluencethe phenologyof the
cuttings.Togethemwith otherfactorssuchasgeneticvariability, variabletemperaturesensitiv-
ity amongspecieshe environmentalcondition of parenttreesneedgo betakeninto account
to betterpredicttheresponsef treesto climatechangeNeverthelesshe mechanisnbehind
the shift of thetiming of bud phenologyremainscomplexandunclearwhich providesthe
opportunity to further investigatehe mechanisnbehindthe phenologicakhift dueto heter-
ogenougarentalenvironmentsandwhethersuchphenologicalariationis adaptive.
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