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Abstract

Expansion of the maize growing area was central for food security in temperate regions. In

addition to the suppression of the short-day requirement for floral induction, it required

breeding for a large range of flowering time that compensates the effect of South-North gra-

dients of temperatures. Here we show the role of a novel florigen gene, ZCN12, in the latter

adaptation in cooperation with ZCN8. Strong eQTLs of ZCN8 and ZCN12, measured in 327

maize lines, accounted for most of the genetic variance of flowering time in platform and

field experiments. ZCN12 had a strong effect on flowering time of transgenic Arabidopsis

thaliana plants; a path analysis showed that it directly affected maize flowering time together

with ZCN8. The allelic composition at ZCN QTLs showed clear signs of selection by breed-

ers. This suggests that florigens played a central role in ensuring a large range of flowering

time, necessary for adaptation to temperate areas.

Author summary

Thecultivationof maizein temperateclimatesrequiredthesuppressionof photoperiod
sensitivityandtheselectionof awiderangeof floweringtime for theadaptationto local
environmentalconstraints.Photoperiodicfloweringrequirestheproductionof asystemic
proteinsignalreferredto astheflorigen,which is transcriptionallyactivatedin leaves.A
keyquestionis to whatextenttheexpressionof theflorigengenecanexplainflowering
time variabilityof temperatemaize,wherephotoperiodsensitivityhasbeeneliminatedby
artificial selection.Our resultsreveallargevariability in two relatedflorigengeneswhich
isstronglycorrelatedwith variability in floweringtime.Usingassociationgenetics
approacheswecoulddetectgenomicregionsresponsiblefor theexpressionof thetwo flo-
rigensthatpreciselyco-localisewith floweringtime-relatedregions,therebysupporting
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thesignificanceof quantitativechangesin florigenlevelsin driving floweringtime vari-
ability.Markersassociatedwith florigenexpression/floweringtime displaysignificantsig-
naturesof selectionindicatingthatvariablepatternsof florigenaccumulationunderpin
theadaptationof temperatemaizeflowering.

Introduction
Maizewasdomesticated9000yearsagoin centralMexicofrom teosinte(��� ���� subsp.���	

������), atropicalplant thatonly flowersundershortdays[1]. In contrastto its wild ances-
tor, modernmaizeshowsalargegeographicdistribution from 0 to 50ÊN. Adaptationto
temperatelatitudes,with longdaysduring summer,requiredbreedersto first suppressthe
short-dayrequirementfor floral induction,but asecondadaptationwasalsorequired.Because
thetime to floweringstronglydependson temperature,it is shorterfor agivennon-photoperi-
odicgenotypeat lowerthanathigherlatitudesof thetemperatearea.A longintrinsic cycle
duration isnecessaryto counteractthiseffectin warmestareas,therebyavoidingdecreasesin
cumulatedphotosynthesisandbiomass.Conversely,ashortintrinsic duration isneededin the
coolestareasto avoidgrainfilling to occurin Autumn with low light andtemperature[2].
Accordingly,therangeof time to floweringin currentgermplasmtypicallyrangesfrom 35to
90daysaftersowingin agivensite[3].

About ninetyquantitativetrait loci (QTLs)in themaizegenomeaccountfor thenatural
diversityin floweringtime [4±8]andmostof themexplainasmallproportion of thepheno-
typicvariance,with prevalentlyadditiveeffects[4]. Themolecularcharacterizationof afew
large-effectalleleshelpeduncoverkeyeventsunderpinningthefloweringadaptationof maize
from tropicalto temperateclimates[9]. Thesealleleswerefound to regulatetheexpressionof
florigens,i.e.floral genesexpressedin theleafvasculature.Florigenproteinsaremembersof
thePhosphatidylEthanolamineBindingProteins(PEBPs)family that includeFLOWERING
LOCUST in ����������� andHeadingdate3ain ricethatmovesystemicallyto promoteflow-
eringat theshootapex[10]. Themaizegenomeencodesseveralflorigengenes,including ���
�������������� � (����) thatactsasmajor florigen[9,11±13].Its expressiononly occurs
undershort-dayconditionsin tropicallyadaptedmaize,but not in longdays[13]. Theuncou-
pling of ���� expressionfrom shortday-dependentactivationoccurredin astepwisemanner
throughtheselectionof mutationsin the���� expressionregulatoryprocesses.Forexample,
independenttransposoninsertionsat two related����� genes(� and� ) reducemaizeflow-
eringphotoperiodsensitivity[14,15].Theactive(expressed)allelesof ������ and� of trop-
icalmaizedelayfloweringunderlongdaysbyrepressing���� [13,16].Thegradual
northboundexpansionof maizewasalsodrivenbyvariationsatcis-regulatorysequencesof
the���� promoter[9], whichmodify thebinding landscapefor differenttranscriptionfactors
[17]. Another ���� regulatorynodeinvolves��!���"�, whichin turn repressesthe����
negativeregulator���#�� #� ���#��$.% (���$.%) [18]. Both��!���"� and���$.% map
within well-characterizedQTLsof floweringtime suggestingthatallelicvariationsat these
genescontrol partof thediversityof floweringtime of temperatemaize[19±22].Classicmuta-
genesisscreensalsoidentifiedmajorgenesthataffectfloweringtime, therebyhelpingto refine
the���� regulatorypathwaywith additionalcomponents.Theseinclude�&��#����&�#��
(���) and������ '�(���&� � (�'�) thatencode,respectively,anupstreamregulatorrequired
for ���� expression[23,24]andabZIP transcriptionfactorpresumablyrequiredfor ZCN8
proteinsignallingat theshootapex[13,25].
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Althoughtheabovestudiesrevealaprominentrolefor ���� activationin thecontrol of
floweringtime in shortvslongdays,its contribution to thegeneticvariabilityof flowering
time in non-photoperiodictemperatemaizevarietiesis lessclear.Indeed,it hasbeenargued
that thevariability in floweringtime in temperatemaizeiscontrolledbyotherpathwaysthat
actin parallelto or downstreamof ���� transcriptionalactivation[26]. Two elementschal-
lengethisview:(i) thedownregulationof ���� in temperatemaizeleadsto asignificantdelay
in floweringtime (albeitlessprominentcomparedto ��� or �'� mutants)[13,16,18],(ii) QTL
mappingshowsthat floweringtime is linked to allelicvariationsatagenomicregionthathar-
bours���� (alsoknownasthe)�#$ QTL) [6,19,27,28].

A genome-widestudyof temperatemaizegermplasmwasnecessaryto reconcilethese
viewson thepotentialroleof florigenexpressionin thecontrol of floweringtime of temperate
maize.Hereweaddressthisquestionby jointly measuringfloweringtime andtheexpression
of ����, andof two relatedgeneswith unknownvariability,���% and����$ [12], in apanel
of 327maizetemperatelines.Our studyrevealedlargevariationsin ���� and����$ tran-
scriptlevels,whichcloselycorrelateto floweringtime.Regulatoryregionsfor ���� and
����$ coincidedwith floweringtime QTLsandwedetectedsignaturesof selectionfor some
of theseregions.Collectively,theseresultssuggestthat theadaptationof maizewithin temper-
ateregionsderivesfrom thecontrol of florigenpathways.

Results

���� levelshighly correlatewith flowering time in temperatemaize
Wefirst measuredthetime from germinationto pollensheddingon florets(anthesis),to the
emergenceof silksfrom theear(silking) andalsothefinal leafnumberwhichreflectsthedura-
tion from germinationto floral transition,in four experimentsin aphenotypingplatformand
in thefield.Largevariabilitywasobservedin two platformexperimentsfor anthesis(BLUES
rangingfrom 56to 99d20ÊC), silking(from 57to 101d20ÊC) andleafnumber(from 13to 25)
(S1AandS1BFig),resultingin narrow-senseheritabilityup to 0.80(S1Table).Fieldexperi-
mentsprovidedsimilar resultsto thoseobtainedin theplatform(Fig1A,S1CFig,S1Table).

Fig 1. ���� contributesto flowering time variability in temperatemaizelines.(A) Relationship betweengenotypicvaluesfor anthesisin field (2015±2016)and
platform(2014)experiments.(B) Anthesistime plottedagainst���� expressionafterthefloral transition(platformexperiment in 2014).(C) Relationship between
anthesismeasuredin thefield (2015±2016)and���� expressionin theplatformexperiment (2014).In (A), (B) and(C) &= 313lines.GenotypicvaluesareBLUEs.
Anthesistimeexpressedin equivalentdaysat20ÊCaftergermination. Theredtrianglerepresentsgenotypicvaluesfor thereferenceline B73.Correlation coefficientsare
displayedtogetherwith their significance(� � � p < 10� 4).

https://doi.org/10.1371/journal.pgen.1008882.g001
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Wethenmeasuredflorigenexpressionof thesamelines,in samplescollectedfrom fully
expandedleavesof plantsgrownin thephenotypingplatform.Sampleswerecollectedin the
earlymorning at two dates,whenleaves4and7 reachedligulation,representing��&� '��� pre
andpostfloral transition[13]. Carewastakento preciselyrecordtheharvesttime of eachindi-
vidualsampleandto recordthedevelopmentalstageof everysampledplant,whichslightlydif-
feredbetweenplantsbecauseof thegeneticvariabilityof thephyllochron[29]. Mixed models
includingafixedeffectof samplingdateandtime of day(both of themsmall,S2A±S2DFig),
togetherwith spatialeffectsin thegreenhouse,wereusedto extractgenotypicvaluesfor each
line (S3CandS3DFig).

The���� expressiondisplayedlargegeneticvariability.Thefour biologicalreplicates,ana-
lysedat two samplingdates,providedhighlycorrelatedexpressionlevels(up to r = 0.88)when
valueswerenormalisedby thoseof thehousekeepinggenes*+�,*����	���-*.����.
���/!� �$ (*��) and����.����� 0����� � ��12� (�0��) (S3AandS3BFig).����
accumulationsignificantlyincreasedbetweenthetwo samplingdates(S4BFig),consistent
with previousstudies[13], with higherheritability in thesecondthanin thefirst date(h2 =
0.64and0.58,respectively).Still,wecoulddetectasignificantcorrelationin ���� accumula-
tion betweenthetwo samplingdates(r = 0.53,S4AFig).Wethusfocusedon ���� expression
detectedat thesecondsamplingdate(leaf7 stage).

Anthesistime wassignificantlycorrelatedwith theBLUEsof ���� (r = -0.6,Fig1B)andso
wasthetotal leafnumber(r = -0.65,S5AFig).Therankingof genotypesfor ���� wascon-
firmed in anindependentplatformexperiment(year2015)on asubsetof genotypes(n = 4rep-
licatesfor 276lines,r = 0.63,S5CFig).���� transcriptlevelsdetectedin thephenotyping
platformwerealsohighlycorrelatedwith floweringtimesmeasuredin field experiments(Fig
1CandS5AandS5BFig).Foranygivenexpressionlevelat thesecondsamplingdate,lines
characterisedbyastrongincreasein expressionfloweredearlierthantheotherlines(r = -0.36,
S4CFig).Thissuggeststhatconstitutivelyhigh levelsof ���� andanincreasein ���� expres-
sionduring developmentbothcontributeto earlyfloweringtime in temperatemaize.

����� is anovelregulator of maizeflowering and it is co-expressedwith
����
Although����$ levelshavenot beendocumentedsofar for their role in floweringtime, they
showedhighheritability (narrow-senseh2 = 0.67,S1Table)anddisplayedastrongcorrelation
with anthesistime (r = -0.64,Fig2A) andleafnumberin all platformandfield experiments
(S6AFig).����$ expressionalsotightly correlatedwith thatof ���� (r = 0.76,Fig2Band
S6BFig),suggestingcommonregulatorymechanisms.Thiswasin contrastto the���%
expressionthatdisplayedlow heritability (narrowsenseh2 = 0.11,S1Table)andaweakercor-
relationwith floweringtime (r = -0.31,S6CFig) than����, despitesynteny[30] andshared
biochemicalfunctions[31]. ���% and���� expressionswerealsoweaklycorrelated(S6C
Fig).Theaccumulationof �������, aputativeupstreamregulatorof theflorigengenesin
maize[32], wasnot linked to ���� or ���% expressions,nor with floweringtime (S6DFig).

In orderto demonstratetheroleof ����$ on floweringtime,weclonedthe����$ gene
for over-expressionstudiesin ����������� #3���&�. Thisdemonstratedastrongflorigenic
activityfor theZCN12protein.Transgeniclinesoverexpressing����$ floweredsignificantly
earliercomparedwith control plants(Fig2C±2E).Sixteenof the40transgenicplantsshowed
anextremelyearlyfloweringphenotypecharacterisedby theconversionof theshootapical
meristemin aterminal flower,with no observablevegetativeleaves.Thesametransformation
for the���� genealsocausedsignificantlyearlierflowering,but with only two casesof
extremeearlyflowering.
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Fig 2. ����� is anovelmaizeflorigen co-regulated with ����. ����$ expressioncorrelateswith anthesistime
(platformexperiment2014),(A), andwith ���� expression (B).GenotypicvaluesareBLUEs.Pearson'scorrelation
coefficientsareindicatedwith their significance(� � � , p < 10�4 ). Theredtrianglerepresentsgenotypicvaluesfor the
referenceline B73.In (A) and(B),n = 173.(C) ArabidopsisT1plantsoverexpressing ����$ but not ���� showan
extremeearlyfloweringphenotypecomparedto emptyvectortransformation (Vect.);plantswerephotographed 3weeks
aftersowing,horizontalbar,1cm.(D) ���� and����$ T1over-expressingplantsareearlierfloweringthanwild type
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Direct rolesof ����� and ���� in the control of flowering time
Wethenshowedthat ����$ hadadirecteffecton maizefloweringtime.Indeed,structural
equationmodellingrejectedmodelsin which ����$ hadanupstreameffectbycontrolling
���� and/or ���% expressions,whichwould in turn control anthesis(Fig3A and3B,S7A
andS7BFig).Conversely,our analysissupportedmodelsin which ����$ accumulationhada
directeffecton anthesistime,with either����$ beingcontrolledby ����, or ���� being
controlledby ����$ or co-variationof bothgenes(Fig3C,S7CFig).Thelattermodelsdis-
playedgoodindicesof fit (RMSEA< 0.05,comparativefit index> 0.95).Theywereconsid-
eredasequallyplausible,therebysupportingtheexistenceof atwo-tier florigensystemin
maizein which ����$ actsin parallelwith ����.

���� and ����� regulatorsmap to region controlling maizeflowering
time
Wethenanalysedto whichextentgenomicregionscontrolling florigensexpressionco-local-
isedwith regionscontrolling floweringtime.A genome-wideassociationstudy(GWAS)iden-
tified 570QTLswhich largelyoverlappedbetweenfield andgreenhouseexperiments(S2and
S3Tables),resultingin 214meta-QTLsthatharbouredat leastoneQTL (Fig4A) of flowering
time, in eitherfield or greenhouseexperiments.An eQTLGWASdetected52meta-QTLsfor
����, amongwhichhalfco-localisedwith floweringtime QTLs.Wealsodetected85meta-

(p < 0.01,one-wayANOVA with post-hocTukeyHSDtest).Horizontalbars,meanvaluesof rosetteleavesnumber.
n = 37,38and14for, respectively,45�:2�:���� 45�:2�:����$ andwild type(emptyvector).(E)RT-PCRanalysison
����/�$ transcriptsderivedfrom independent T2 transgenicplantsof theindicated genotypes.Amplification of vectors
(Vect)harbouringgenomicversionsof ���� and����$ affordedapositivecontrolwhereasuntransformedwild type
andno DNA reactions(-) wereusedasnegativecontrols.Actin expressionwasusedfor normalization(lowerpanel).
Numberson theleft arekb basedon DNA ladder(Mk) migration.Amplificationswereconductedfor 25cycles.

https://doi.org/10.1371/journal.pgen.1008882.g002

Fig 3. ����� directly affectsanthesis.Threefamiliesof pathdiagramsweretestedagainstthewholedataset(BLUEs,platformexperiment of 2014).Modelsin which
����$ hasanindirecteffecton anthesis(A andB)wererejected,whereasmodelsin whichboth ���� and����$ directlyaffectanthesiswereaccepted,with an
indirecteffectof ���% (C).Arrows,linearfunctionalrelationshipsbetweenanthesisandflorigenexpression. Simple-headedarrows,relationshipsareconsideredas
causalby themodel.Double-headedarrows,freecorrelations. Standardizedpathcoefficientsareindicatedon eacharrowwith thelevelof significance(� � � : P< 0.001,
ns:not significant). Othermodelstestedaredisplayedin S7Fig.

https://doi.org/10.1371/journal.pgen.1008882.g003
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Fig 4. ��� eQTLsaremajor contributors to the geneticvarianceof flowering time. (A) ���-relate d QTLsoverlap
with floweringtime QTLs.Venndiagramhighlights`meta-QTLs' sharedamongflowering-relatedtraitsand���
transcriptsaccumulation.ªFloweringº meta-QTLsaredefinedasregionscontainingat leastoneQTL amonganthesis,
silking,totalnumberof leavesin at leastoneexperiment (platform,field,years).ª���	º meta-QTLsaredefinedas
regionscontainingat leastone���- eQTLin at leastoneexperiment (platform2014±2015) andleafstage.(B)
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QTLsfor ����$ and38for ���% (Fig4A).12meta-QTLsweresharedbetween���� and
����$, of which7mappedto floweringtime QTLs(Fig4A).Theyalsooverlappedwith flow-
eringtime QTLsdetectedin publishedstudies[7] (S4Table).��� eQTLshadahighcontribu-
tion to thegeneticvarianceof floweringtime asshownbymixed-modelsappliedto individual
experiments(S5Table).Indeed,in theplatformexperimentof 2014,the19��� eQTLsthat
co-localisedwith anthesisQTLsaccountedfor 57%of thegeneticvarianceof anthesisin the
platformexperiment(vs75%for all 43QTLsof anthesis).Similarresultswerefoundwhen
consideringanthesisin thefield,or total leafnumberin eachexperiment(S5Table).

Weinspectedthe��� eQTLsfor thepresenceof candidategenesor QTLsalreadyknown
to control floweringtime.In theBin 3.05hotspotregionknownfor floweringtime regulation
[21,33],weidentifiedfive���-related eQTLswhichco-localisedwith at leastoneQTL of
floweringtime (S3Table).An eQTLof ����/�$ (158.73±159.93Mb)waslocatedatagenomic
positioncompatiblewith thenewlydescribedtranscriptionalregulator��!���"� (.�!�!
$.�%�"5 ) [18,21,34](Fig4Band4C).AnothereQTLregion(Bin 8.05)comprisedthegene
.�!�!$.%  ""5 (alsoknownas���$.%) (S8BFigandS4Table),encodingafloral repressor
[19] andnegativeregulatorof ���� [18].

Analysisof publishedwhole-genomeexpressiondatasets[35] wasusedto checkif tran-
scriptswhoseexpressioncorrelatedwith ���� wereover-representedat ��� eQTLsposi-
tions.Weconfirmedsignificantcorrelationsbetweenanthesisand����/�$/% expression
(n = 181lines,r = up to - 0.54)(S9A±S9CFig).Furthermore,thesedatasetsrevealedstrong
patternsof co-regulationnot only between���� and����$ but alsobetween���� and
���% (n = 204lines,r = up to 0.76)(S9D±S9FFig).Additional 549transcriptsshowedasignif-
icantcorrelationwith ���� expressionlevels(S6Table).Thesewereparsedin two clusters
composedof geneswith oppositetrendsto ���� geneexpressionandcorrespondinglyoppo-
siteassociationwith anthesis(S9GFig).Neither��!���"� nor ���$.% nor anyothergenein
theeQTLsregionswithin Bin 3.05wereco-expressedwith ����, andco-expressedtranscripts
werenot particularlyenrichedin eQTLsregions(S4Table).

Signsof selectionat ���� and ����� eQTLsto control maizeflowering
time
Thegeneticgroupsin thestudiedpanelshowedmarkedlydifferentvaluesof ���� expression
levelsandanthesisdates(S10A,S10B,S10DandS10EFig),andclearco-expressionof ����
and����$ within eachgroup(S10CandS10FFig).Theobserveddifferencesin flowering
time betweenadmixturegroupsmaybedueto selectionbypastbreedingof temperatemaize
lines.Consistentwith thishypothesis,wefoundsignificantdifferences,betweentheseven
geneticgroups,in allelicdistribution atQTLsshowingco-locationbetween����/�$ expres-
sionandfloweringtime (Fig5A).Allelesfor increasedexpressionof ���� and����$ were
morefrequentin geneticgroupsbredfor earlymaturity (Fig5A).Hence,apoolof earlymatu-
rity alleleswasrepresentedwithin all geneticgroups,but in differentproportions,suggesting
thatsomecombinationswerepreferentiallyselectedin differentgroups.

Regionalassociationplot for onemeta-QTLon chromosome3.Distribution of the-log10(pval)for all variantsin the
region.Thedottedgreyline correspondsto±log10(pval)= 4.5for anthesis-relatedtraitsevaluatedin thefield (purple)
andplatform(orange)and4 for theexpressiontraitsevaluatedin theplatform(green).(C), linkagedisequilibrium
(LD) heatmapof all SNPsin theQTL showingthelocalLD (r2) betweenall thevariants;Blacklinesrepresentthe
distribution of theSNPsandtheblueboxesrepresentsthegenesmappedfor theregion.Redasterisksrepresentthe
positionof themostsignificant SNPs.(SeealsoS4Tablefor candidategenes).Greyareasrepresentsub-regions
harbouring themostsignificantSNPsandgenesandhavinglow LD betweenthemon average.

https://doi.org/10.1371/journal.pgen.1008882.g004
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Fig 5. Floweringtime precocity of temperatemaizederivesfrom selectionat ������� regulatory regions.(A) Allelic distributions
within geneticgroupsfor 8majorQTLs.TheSNPsdisplayedbelongto thecoresetof 19QTLscommon to anthesisin theplatform

PLOS GENETICS Florigen expression in temperate maize correlates with flowering time

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008882 July 16, 2020 9 / 25



Wefurther testedfor genome-widedeviationfrom neutralityin our panelfor thechromo-
somes3and8harbouringmajormeta-QTLs.Fst outliersapproachusingBayeScanhighlighted
SNPsunderselectionin the���-related QTLsandotherregionsthatmight contributeto flow-
eringtime (Fig5BandS7Table).Whencomparingall sixpopulations(excludingtheadmixture
group`diversedent'),theBayeScanrevealedSNPsunderselectionrangingfrom alog10(PO)Ð
posterioroddsÐof 0.5to 1 (substantiallysignificant)to higherthan1(highlysignificant).Most
importantly,thisanalysisrevealedSNPsunderselectioncomprisedin the���-related QTLs
regions,further indicatingthecontribution of ����6�$ regulationto floweringvariability.

Discussion

����� and ���� areco-regulatedby trans-actingfactorsto control
temperatemaizeflowering
Our studyprovidesanexamplefor howshiftsin reproductivedevelopmentthatenablelocal
adaptationcanemergethroughdifferentflorigenlevels.Besidesconfirming theroleof ����
in floweringtime regulationwealsouncovertheroleof ����$ in thisprocess.Interestingly
����$ ismoredistantlyrelatedto ���� than���% [12] andlocatedin aregionwhichisnot
syntenicto ���� [30], yetit underwentasimilar regulatorytrajectoryto ���� asshownby
thestrongco-variationacrossdifferentlinesandexperiments.

GWASapproachessupportthemajorcontribution of trans-actingfactorsin driving the
expressionof ���� and����$ in temperatemaize.WealsodetectedaSNPassociatedwith
anthesisandsilking locatedapproximately1.7kbpupstreamof ���� (i.e.AX-91100620,S2
Table).However,thisandeightotherSNPslocatedin thisputativeregulatoryregionwerenot
associatedwith ���� transcriptlevels.It isunlikely that theabsenceof cis-typeeQTLsfor
���� coulddependon insufficientcoverageof thegeneticdiversity,sincetheywerediscovered
on alargesetof diverseinbredlines:32,758accessionsfor 6GBSmarkers,[36] and30acces-
sionsfor 3Affymetrix Axiom markers[34]. Multiple trans-actinggenesandcomplexlong-
rangeregulatoryinteractionsarethusmorelikely responsiblefor theaccumulationof ����/
����$. Supportingthishypothesis,wedetectedtrans-eQTLsfor ����6����$ thatcolocalize
with two genomicregionsÐ)�#� and)�#4Ðcarrying genesinvolvedin floweringtimevariation
(Fig4B,S8BFig).Theseregionsincludetranscriptionalregulatorsknownto beunderselection
in maizelatitudinaladaptation,namely��!���"�6)�#4 [18,21,33]and���$.%6)�#� [19,22].
Wedid not detectanyobviouscandidategenesassociatedwith photoperiodicsignalling(e.g.
������ ), suggestingits smallcontribution in ����6�$ regulationin our panel.

��!���"� and���$.% did not showsignificanttrendsof co-expressionwith their trans-
regulatedtargets����6�$. It is thuspossiblethat that therearemanymoregenesof smaller
effectcontributing to ��� variationswhichwerenot capturedin our GWAS.Theseloci could
affecttheactivityor accumulationof someof theabovementionedtranscriptionfactors.For
example,��7������%$� areknownto interferewith thetranslationof �1�����$ genes[37]
(suchas���$.%), indicatingthat transcriptaccumulationof ���$.% maynot reflectits gene
productlevels.Anothernot mutuallyexclusiveexplanationmaybethat regulatorynetworks
that impacton ���� levelsaretransientor highly tissue-specific,whichwouldmakeit difficult
to compareindependentexpressiondatasets.

experiment in 2014,and��� transcriptaccumulations.At eachlocustheorangecolourcorrespondsto the'lateallele'(i.e.conferring
delayedanthesis),whichis for all 8SNPstheB73allele.Geneticgroupsarelistedaccordingto theflowering time phenology(lateto early,
top to bottom).(B) Genome-widedistribution of FSTBayescan(FSTBS) alongchromosome3and8.SNPsunderselectionarehighlighted
in differentcolorsto reflectthedifferentlevelof confidencefor selection(Black:low confidence,Orange:substantial, Red:strong).
Regionsshadedin bluecorrespondto meta-QTLsintervals.

https://doi.org/10.1371/journal.pgen.1008882.g005
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Wefound limited numbersof geneslocatedwithin eQTLsregionsandco-expressedwith
���� and�$ (S4Table).TheseincludedaputativeRNA binding protein .�!�!$.� %8��
(underlyinga����$-specific eQTL),andtwo chloroplast-associatedproteins(underlyingdif-
ferent���� eQTLs),implying carbonmetabolismin ���� regulation.Carbonstatusis linked
to thetranscriptionalregulationof the����������� florigen0��9����. ���*� � [38] inde-
pendentof photoperiodconditions.Moreover,recentstudiesindicatethat temperatemaize
floweringisassociatedwith expressionof genesinvolvedin carbonpartitioning (whichpro-
videsadifferentmolecularsignaturefrom photoperiodicfloweringinduction) [24]. Wenote
thatpatternsof co-variationsmaynot necessarilydefinecausal,but alsoindirect relationships.
Also,since���� levelsarelinked to flowering,our list of ���� co-expressedgeneswould
leadto overemphasizingtheassociationbetweengeneexpressionandflowering.Thus,co-
expressedgenesmight alsobeassociatedwith adifferent,morebiologicallydistalphenotype.
Overall,our datasupportthecontribution of carbonmetabolismupstreamof ���� andpro-
videaninitial frameworkfor theidentificationof photoperiodindependentmechanismsthat
shape���� levelsacrosstemperatemaizevarieties.

����/�� levelsunderpin independenteventsof selectionfor flowering
adaptation
A largebodyof evidencehighlightstheimportanceof theregulationof geneexpressionin
maizeevolutionandadaptation[39,40]andthecontribution of theexpressedgenometo the
heritablephenotypicvariance[41]. It ishypothesisedthat temperatemaizeis theproductof a
northboundexpansionthroughNorth Americawhichwasdrivenby theaccumulationof an
increasingnumberof earlyfloweringalleles[42,43].���$.% andmanyotherloci wereunder
selectionduring theadaptationto high latitudes[22,27]andgeneralpatternsof differentiation
for floweringtime precocitycloselyfollowedtheproportion of earlyallelesfound in northern
flints (earliest),cornbeltdents(intermediate)andtropicalmaizegenomes(latematurity).
Besidesrevealingthatat leastsomeof theseloci exerttheir effectson floweringtime byaffect-
ing ���� levels,our studyindicatesthatdiversificationin floweringcanbeimposedbycombi-
natorialalleliceffectsin arelativelysmallnumberof ���-related eQTLsregions.While
floweringtime mayrepresentthemain trait underselection,thesealleles(throughtheir effect
on florigenlevels)mayalsoaffectotherphenotypicoutputs,for exampleflorigenlevelshave
beenrelatedto inflorescencedevelopmentin othergrasses[44]. Wefinally provideevidence
for differentsignaturesof selectionin themain regionspreviouslymappedin thegeneticcon-
trol of floweringtime,thusconfirming their potentialcontribution in theadaptationprocess.

Conclusion
Weshowthat florigengenesplayanessentialrole in thegeneticvariabilityof floweringtime in
thoselinesin whichbreedingsuppressedphotoperiodism.Werevealtheroleof anovelflori-
gen,����$, anon-syntenicparalogof ����, whereasotherrelatedcandidateshadno clear
role.Our studypointsto combinationsof trans-typeregulatorymechanismsunderpinning
selectionfor floweringtime in differentgeneticgroupsthroughflorigenlevels.

Materials and methods

Plant material
A maizecollectionof 354lineswasassembledin theframeof theDROPS(Europeanproject
FP7-244374)andAmaizingprojects(FrenchNationalAgencyANR-10-BTBR-01).It consists
of historicalandbreedingAmericanandEuropeandentlinesfrom themain foundergroupof
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modernhybrids[33]. Linesweregenotypedusing50KInfinium HD Illumina array[45], a
600KAxiom Affymetrix array[34] andasetof 500KmarkersobtainedbyGenotypingby
Sequencing(GBS)[33]. Genotypingdatawerefilteredandmissingdatawereimputedusing
BeagleV3.3.2[46] afterassemblingthreesub-matricesandremovingduplicateloci basedon
their physicalposition.After qualitycontrol,758,863polymorphicsingle-nucleotidepolymor-
phisms(SNPs)wereretainedfor GWASanalyses.All physicalpositionsreferredto hereafter
arebasedon theB73referencegenome[47] RefGen_V2.Basedon the50K[33], sevengenetic
groupswereidentifiedusingtheADMIXTURE software.Thesegroupswereconstitutedby:
(i) 53linesin theNon StiffStalk(Iodent) family tracedbyPH207,(ii) 18Europeandentin the
onetracedbyD06,(iii) 38linesin theLancasterfamily tracedbyMo17,(iv) 17in theone
tracedbyOh43,(v) 39linesin thestiff stalkfamily tracedbyB73,(vi) 43linesin theonetraced
byB14a,and(vii) 146linesthatdid not fit into thesixprimary heteroticgroups,suchas
W117,NC358,andF252(referredto asªdiversedentº).B73wasconsideredasthereference
line [47].

Assessmentof flowering relatedtraits in the field
Thepanelwasassessedin two consecutivefield experimentsfor floweringrelatedtraits.Exper-
imentswereconductedatSaintMartin deHinx (INRA experimentalstation,43ÊN,1.3ÊW,
France)in spring-summer2015and2016,usingalpha-latticedesignswith two replicates
underwell-wateredconditionspilotedbysoilsensors.Male(anthesis)andfemale(silking)
floweringdates,aswellasthetotalnumberof leaves(including theoneslost)producedwere
measuredfor all thelines.Air temperaturewasmeasuredeveryhour in eachexperimentat2m
heightoverareferencegrasscanopy,andtheprogressionof thecropcyclesitewascharacter-
izedviathermaltime afteremergence,expressedin equivalentdaysat20ÊC(d20ÊC) [48].

Flowering-relatedtraits measurementsin the platform
Twosubpanelsof 327linesand276linesweregrownin thePhenoarchplatform[49] (https://
www6.montpellier.inrae.fr/lepse_eng/M3P)respectivelyin autumn2014andspring2015
undernaturalfluctuatingdaylengthconditions(with aminimum daylengthof 14hours).The
two subpanelswereoptimizedusingthealgorithmdescribedin Rincentetal.[50] thatallows
to maximisegeneticinformation bydiscardingindividualsthatmight bemoreeasilypredict-
able.Fiveplantsper line weregrownunderwell-wateredconditionsanddailyassessedfor
developmentaltraits.Thenumberof visibleandligulatedleavesof everyplantwasscored
twiceaweek.Anthesis,silking(in d20ÊC) andthetotalnumberof leavesproduced(including
theoneslost)wereassessedfor all thelines.

Tissuesamplingfor transcripts expressionanalysis
Maizeleavesweresampledat two developmentalstages,ligulatedleaf4and7 (L4andL7,
respectively)from plantsgrowingin theplatform.Thesamplingdaywasdecidedbasedon
B73stage,whichwasusedasamorphologicalreference.Fourplantsweresampledfor each
line.Samplesdeprivedof themidveinwerecollectedin thedistalportion of fully expanded
leaves(with clearlyvisibleligule)of eachplantatapproximatelythesametime of theday
(within 90minutesfrom sunrise).Samplingwasconductedoverthreeconsecutivedaysfor
eachsamplingstage,andthefourth samplingwasdonesoonafterthethird one.Thecollected
materialwaskeptin liquid nitrogenandthetubeswerestoredat -80ÊC.
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RNA extraction andcDNA synthesis
Thefrozensamplesweregroundathighspeedwith glassbeadsin aTissueLyserII apparatus
(Qiagen).Qiazolreagent(Qiagen)wasaddedto individual tubesandtotalRNA wasextracted
usingtheDirect-zol�-96 kit (ZymoResearch);on-columnDNaseI digestionwasperformed
following thekit protocol.TotalRNA wasthenquantifiedusingaNanoDropOneinstrument
(ThermoFisher)and1000ngof eachRNA samplewereusedfor retrotranscriptionwith the
High-CapacitycDNA ReverseTranscriptionKit (AppliedBiosystems).ThecDNA samples
werediluted1:5with waterbeforeproceedingto qPCRexperiments.

TAQMAN andSYBRgreenassaysdesign,implementation andanalysis
Thegenomicandcodingsequencesof thetargets.�!�!$.�%�$"8 (����), .�!�!$.�
8�%5"(���%), .�!�!$.� 4""" (����$) and.�!�!$.8 54"� (�������) andthatof
referencegenes.�!�!$.� $8%� (*+�,*���� ������� 1������: [51], and.�!�!$.
�5458� (����.����� 0����� �;) [52], wereretrievedfrom theMaizeGDBwebsite.Probe
designwasdonebyBio-RadspecialistsandPrimePCRProbeCustomAssay(Bio-Rad)were
synthesizedaccordingly;themain featuresof probesandprimersarelistedin S8Table.qPCR
experimentswerecarriedout in aCFX96Real-timePCRSystem(Bio-Rad)usingSsoAd-
vancedUniversalProbesSupermix(Bio-Rad)andfollowingmanufacturer'sspecifications.
Amplification curveswereevaluatedusingtheinstrument'ssoftware(Vs3.1)andrelativegene
expressionwascalculatedbyapplyingthe�ïCt method[53±55].Geneexpressionwasestimated
byaveragingthe�ïCt valuescomputedagainsteither.�!�!$.� $8%�, .�!�!$.�5458�
or themeanof bothasreferences.Expressionin the2015experimentwasevaluatedusing
solely.�!�!$.�5458� asareference.����$ expressionlevelsderivedfrom 173of the327
linesstudied,becausethedetectionassaywasimpairedbyathree-nucleotidedeletionin the
5'UTRof ����$ coincidingwith theforwardprimer annealingsite(S11Fig).Nevertheless,
these173linesdistributedacrossthegeneticgroupsof our panelin similarproportionsasthe
initial 327lines.Thissmalldeletionhadno effectson ����$ transcriptaccumulationasfur-
therassayedbyqPCRusingtheQuantiNovaSYBRGreenPCRKit (Qiagen)on asubpopula-
tion of linescharacterisedby thepresence/absenceof thedeletion.

Mixed-models,BLUEsandheritability calculation
AnalyseswereperformedusingtheRsoftwareversion3.4.3[56]. Preliminarydataexploration
(ANOVA) wasconductedto assesstheeffectsof samplingdayandtime,aswellastheactual
developmentalstageatsampling,on transcriptsaccumulation(S2Fig).Forall traitsmeasured
in thefield andplatformexperiments(flowering-relatedtraitsandtranscriptaccumulation),
modelswereselectedamongseveralmixed-modelsto calculategenotypicmeans.Modelswere
fitted with ASReml-R[57] (version3), including theline andreplicateeffectsasfixed,random
spatialeffects,spatiallycorrelatederrors,andotherfixedeffects(yearfor thefield experiments;
samplingdateor samplingperiodfor transcriptaccumulationin theplatform).Foreachtrait
measuredin thefield andplatformexperiments(flowering-relatedtraitsandtranscriptaccu-
mulation),thebestmixed-modelwasselectedto estimatethebestlinearunbiasedestimations
(BLUEs)of thegenotypicmeans,whichwerethenusedin therestof theanalyses.Thesame
model,but consideringtheline effectsasrandom,wasusedto estimatevariancecomponents,
whichwereusedto calculatebroad-senseheritability.Narrow-senseheritabilitywasestimated
with amodelassumingadditiveSNPeffectsusingtheR-packageHeritability [58] (version1.2)
andarelatednessmatrix asin Millet etal.,[59].
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Structural equationmodelling
Structuralequationmodellingisageneralizedmethodfor theanalysisof covariancerelation-
shipsandisusedto evaluatethefit of datato apriori causalhypothesesaboutthefunctioning
of asystem[60±62].Thesemultivariatehypothesesarerepresentedasgraphicalpathmodels.
Structuralequationmodellingthenallowstheassessmentof thedegreeof fit betweenthe
observedandexpectedcovariancesstructures,whichisexpressedasagoodness-of-fit�!2. Here,
theaimwasto imposeatheoreticalstructurerelatingthedirectandindirect relationships
between����, ����$ and���% transcriptsaccumulationandfloweringtakinginto account
theresultsof bivariatecorrelations.BLUEsfrom theplatformexperiment(2014)wereused
andtheassumptionof univariateaswellasmultivariatenormality wereverified.Network
structurestestedwereconstructedasfollow: (i) anthesiswasplaceddownstreamof genes
expressionbasedon previousknowledge(floweringisaconsequenceof florigensexpression),
(ii) thentestingfor all possiblenetworkstructuresbetweenthe3 florigensactingupstreamof
anthesis.Modelstestedaredetailedin theresultssection.Structuralequationmodelswere
testedin Rusingthelavaanstructuralequationmodellingpackage[63] (version0.6±5),which
usesthestandardmaximumlikelihoodestimator.A significantgoodness-of-fit�!2 statistic
indicatesthat themodeldoesnot fit thedata.Onceamodelhasnot beenrejectedandconsid-
eredbiologicallyplausible,parameterestimatescanbeusedto studydirect,aswellasindirect,
effectsof thevariables.Standardizedpathcoefficientsquantifythestrengthof arelationship,
whereastheeffectsof theothervariablesareheldconstant.Parameterestimatesaretestedfor
significanceusingzstatistics.Rootmeansquareerror approximation(RMSEA)andcompara-
tive fit index(CFI) indicesareusedto assesstheclosenessof fit. Goodmodelshavea
RMSEA< 0.05andCFI > 0.95.

GWASanalysis
GWASwasperformedon individual traits for eachexperimentaspreviouslydescribed[59].
Briefly,weusedthesinglelocusmixedmodel:

/ ˆ m‡ <b ‡ . ‡ �

where/ is thevectorof phenotypicvalues,= theoverallmean,< is thevectorof SNPscores,��
is theadditiveeffect,and. and� representrandompolygenicandresidualeffects.Asin Rin-
centetal.[64], thevariance-covariancematrix of . wasdeterminedbyageneticrelatedness
(or kinship)matrix,derivedfrom all SNPsexceptthoseon thechromosomecontainingthe
SNPbeingtested.TheSNPeffects�� wereestimatedbygeneralizedleastsquares,andtheir sig-
nificance(H0: �� = 0) testedwith anF-statistic.Thismodelaccountingfor relatednesswas
found thebestto control for confoundingfactorsascomparedto modelsaccountingfor struc-
tureor relatednessplusstructure.Analyseswereperformedwith FaST-LMMv2.07[65]. Physi-
calpositionsof significantSNPswereprojectedon theconsensusgeneticmapfor Dentgenetic
material[66]. CandidateSNPsdistantlessthan0.1cM wereconsideredasbelongingto acom-
mon QTL,describedviathemostsignificantSNPin theQTL andtheintervalbetweenall
SNPsbelongingto theQTL.Co-localizationsbetweenQTLs(acrosstraitsandexperiments)
wereidentifiedusingthesame0.1cMwindow.

Regionalplot definition
Annotatedgeneslocatedwithin QTLswereidentifiedaccordingto maizeannotationversion2
(MaizeGDB).For theentireQTL, thepairwiseLD (R2) betweenall variantswasestimated
usingther-packagesnpStat[67] (version1.33.0)andplottedwith LDheatmap[68] (version
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0.99±7)hereshownasatriangleplot. Basedon theLD patternandthelevelsof significanceof
SNPs,theQTL weresplit into sub-regions.

Exploration of selectivepressurefor flowering-relatedtraits and
transcripts accumulation
Allelic distributionswithin thepopulationwereexploredatSNPsrepresentativeof thecore-set
of QTLsandrevealedstrongcontrastsacrossgeneticgroups.An FSTstudywasthenunder-
takenfor identifyingoutlier loci thatwoulddifferentiatethegeneticgroupsmorethanthe
averagegenomicbackground.Bayescanversion2.1[69] decomposestheLocus-population
FSTinto acomponentspecificfor thepopulationsharedbyall loci (beta)andacomponent
specificfor thelocussharedbyall thepopulations(alpha).Departurefrom neutralityatany
givenlocusisassumedwhenalphaissignificantlydifferentfrom zero.Decisionsaboutthe
chanceof eachlocusbeingunderselectionaremadebasedon posteriorodds(PO)comparing
themodelswith andwithout alphacomponent.Weusedasevidenceof SNPsunderselection
markerswith log10(PO)> 0.5whichcorrespondsto markersconsideredsubstantiallysignifi-
cant[27].

Re-analysisof RNAseqdata
Expressioncountsrelativeto RNA-seqexperimentsandfloweringtime [35] weredownloaded
from theCyverseDiscoveryEnvironmentunderthedirectory:https://datacommons.cyverse.
org/browse/iplant/home/shared/commons_repo/curated/Kremling_Nature3RNASeq282_
March2018.Weuseddatafor post-sexualmaturity leavesduring theday(LMAD) because
expressioncountsfor ���%6�6�$ atearlierstages(e.g.leaf3) wereextremelylow andnot avail-
ablefor all lines.Weincludedtranscriptsaccumulationdatasetfor 204dentlines(with no bio-
logicalreplicates),of which182hadalsodataavailablefor anthesis(BLUPs).Wediscarded
extremeoutliers(respectively���� > 400,����$ > 350and���% > 150expression
counts).Wethusobtainedcorrelationsbetweentheexpressioncountsof eachannotatedgene
in themaizegenomeand���� wascalculated(correlationcoefficient(r) andassociatedp-
value).Thesamemethodwasappliedto establishtherelationshipbetweentheexpressionof
eachgeneandanthesisdata.Co-expressiondatawerefurther reducedbyapplyingaBonfer-
roni correctionandanalysedwith ak-meansclusteringapproach[70].

Genecloning, transformation andgrowth of �	
�������
����$ and���� wereamplifiedfrom genomicDNA from B73with oligonucleotides
lcm116,117,118and119asdetailedin S7Table.Theseprimersincorporatesequencesfor
Gateway-basedcloning(Invitrogen)andincludestartandstopcodons.PCRproductswere
subjectto asecondround of PCRamplificationwith adaptersart77andart78.Gel-purified
PCRproductswereclonedinto GatewaypDONR221vectorthroughBP-mediatedrecombina-
tion andsequenced.����$ and���� entrycloneswerefinally recombinedinto thebinary
destinationvectorpEarleyGate201[71] viaLRclonase.Weusedthefloral dip methodto trans-
form wild-typeColumbiaArabidopsisandprimary transformantswereselectedon soilby
continuousapplicationsof Basta.T1 plantsthatyieldedenoughseedswereanalysedin T2 to
monitor transgene-derivedexpressionbyRT-PCR.Plantsweregrownin aclimaticchamber
underlong-dayconditions(16hoursof light, 8 hoursof dark),ameandaily temperatureof 23
degrees(night-day)and60%humidity, light wasprovidedby fluorescenttubesandPAR
(photosyntheticallyactiveradiation)wasapproximately90�mol m-2 s-1.
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Supporting information
S1Fig.A wide flowering time variability conservedacrossdifferent environments.(A)
Genotypicvaluesof anthesistime,silkingandtotalnumberof leavespergeneticgroup,during
theplatformexperimentin 2014.Geneticgroupsarerepresentedby thenameof their founder.
D06:n = 14;PH207:n = 42;diversedents(d.d.):n = 128;Oh43:n = 16;Mo17:n = 35;B14a:
n = 41;B73:n = 37.(B) Relationshipbetweengenotypicvaluesof thefloweringtraits(respec-
tivelyanthesis,silkingandtotalnumberof leaves)in platformexperimentsconductedover
two consecutiveyears(2014and2015).n = 273linesin commonbetweenbothyears.(C) Rela-
tionshipbetweengenotypicvaluesfor silking(left panel)andthetotalnumberof leaves(right
panel)measuredin theplatform(2014)andfield (2015±2016).n = 313lines.In (A), (B) and
(C),genotypicvaluesareBLUEs.Correlationcoefficientsaredisplayedtogetherwith their sig-
nificance(� � � p < 10�4 ).
(TIF)

S2Fig. ���� transcript accumulationis not consistentlyaffectedby dayof sampling,time
of samplingwithin aday,or actual leafstageat sampling.(A, C) ���� transcriptaccumula-
tion overthreeconsecutivedayspersub-periodof ca.30minutes(covering1.5to 3hoursafter
dawnwithin eachsamplingday)atstageligulatedleaf7 (A) or 4 (C).Thenumberof individu-
alsthatweresampledis indicatedfor eachdaytogetherwith thetime windowof sampling.(B,
D) Distribution of theactualnumberof ligulatedleaveswithin thepopulationat thesampling
stageligulatedleaf7 (B) or 4,(D). Insetsshowtheabsenceof correlationbetween���� tran-
scriptaccumulationandtheactualnumberof ligulatedleaves.
(TIF)

S3Fig.Threemethodsof normalization of ���� transcript accumulationshowhighly
consistentresults.(A, B) Correlationbetweenanthesisandexpressionof ���� transcript
accumulationÐrespectivelymeasuredatstageleaf7 (A) or leaf4 (B)Ðnormalizedeitherby
�0��, by*��, or by theaverage(ªaveº)of �0�� and*�� transcriptaccumulations,for individ-
ualdata(n = 980plants).(C,D) Correlationbetweenanthesisandexpressionof ���� tran-
scriptaccumulationÐrespectivelymeasuredatstageleaf7 (C) or leaf4 (D)Ðnormalized
against�0��, *��, or theaverage(ªaveº)of �0�� and*�� transcriptsaccumulation,for geno-
typicvalues(n = 320lines).In eachpanel,theX andY axesshowtheunitsof thevariabledis-
playedin themaindiagonal.Transcriptaccumulationisexpressedas�ïCt. Anthesistime
expressedin equivalentdaysat20ÊCaftergerminationPearson'scorrelationcoefficientsare
indicatedwith their significance(� � � , p < 10�4 ).
(TIF)

S4Fig. ���� accumulationincreasesbetweenstageligulated leaves4 and7 in agenotype-
dependentfashion.(A, B) Genotypicvaluesof ���� accumulationatstagesligulatedleaf4
and7 in theplatformexperimentof 2014.&= 320lines.Theeffectof stage(L4vsL7) on ����
accumulationwasfoundsignificant(p < 0.001)byANOVA. (C) Relationshipbetweenthe
residualsextractedfrom theregressionbetween���� atstageligulatedleaf4 vs.7 displayed
in (A), andanthesistime measuredin thesameplatformexperiment.Genotypicvaluesare
BLUEs.Pearson'scorrelationcoefficientsareindicatedwith their significance(� � � , p < 10�4 ).
(TIF)

S5Fig.Strongcorrelation between���� accumulationand flowering time is confirmed
acrossdifferent environments.(A) Relationshipbetweengenotypicvaluesof ���� accumu-
lation measuredatstageligulatedleaf7 in theplatformin 2014andthetotalnumberof leaves
respectivelymeasuredin thesameexperiment(left panel)or thefield in 2015±2016(right
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panel).&= 313lines.(B) Relationshipbetweengenotypicvaluesof ���� accumulationin the
platformexperimentof 2015on asubsetof lines(&= 273lines)andfloweringtraitsrespec-
tivelymeasuredduring thesameexperiment(left panel,anthesis;middlepanel,totalnumber
of leaves)or in thefield in 2015±2016(anthesis,right panel).(C) Relationshipbetweengeno-
typicvaluesof ���� accumulationin platformexperimentsof 2014and2015.&= 273lines.
(D) Relationshipbetweengenotypicvaluesof ���� accumulationmeasuredatstageligulated
leaf4 in theplatform(2014)andfloweringtraitseithermeasuredin thesameexperiment(left
panel,anthesis;middlepanel,totalnumberof leaves)or thefield (right panel,anthesis).
&= 313lines.GenotypicvaluesareBLUEs.Pearson'scorrelationcoefficientsareindicated
with their significance(� � � , p < 10�4 ).
(TIF)

S6Fig.Strongcorrelation between����� accumulationandmaizeflowering is confirmed
acrossdifferent environmentswhereas���� and ������� haveaweakor no effect.(A)
Relationshipbetweengenotypicvaluesof ����$ accumulationmeasuredatstageligulated
leaf7 in theplatformin 2014andfloweringtraitsmeasuredin thesameexperiment(total
numberof leaves,left panel)or thefield in 2015±2016(total numberof leavesandanthesis,
middleandright panels).&= 173lines.(B) Relationshipbetweengenotypicvaluesof ����$
accumulationin theplatformexperimentof 2015on asubsetof lines(&= 160lines)and,
respectively,accumulationof ���� measuredduring thesameexperiment(left panel)or
accumulationof ����$ measuredin thefirst platformexperiment(right panel).(C) Relation-
shipbetweengenotypicvaluesof ���% andanthesistime (left panel)and���� accumulation
(right panel)in theplatformin 2014.(D) Relationshipbetweengenotypicvaluesof anthesis
measuredin theplatformin 2014and������� accumulation.GenotypicvaluesareBLUEs.
Pearson'scorrelationcoefficientsareindicatedwith their significance(� � � , p < 10�4 ). Thered
trianglerepresentsgenotypicvaluesfor thereferenceline B73.
(TIF)

S7Fig.Pathdiagramsindicate possibledirect routesof ����� to activateflowering. Mod-
elsin which ����$ hasanindirect effecton anthesis(A) wererejected,whereasmodelsin
whichboth ���� and����$ directlyaffectanthesiswereaccepted,with anindirect effectof
���% (B andC).Arrowsrepresentlinearfunctionalrelationshipsbetweenanthesisandflori-
genexpression.Simple-headedarrowsrepresentcausalrelationships,anddouble-headed
arrowsrepresentfreecorrelations.Standardizedpathcoefficientsareindicatedon eacharrow
with their levelof significance(� � � : P< 0.001,ns:not significant).All threemodelsweretested
againstour dataon BLUEsandresultsaregivenin theupperpartof eachpanel.SeealsoFig3.
(TIF)

S8Fig. ��� eQTLsaremajor contributors to the geneticvarianceof flowering time in the
platform experimentof 2014.(A) Numberof QTLssharedbetweenanthesisin theplatform
experiment(2014)and��� eQTLs.Anthesiswasrecordedin theplatformin 2014and����/
%6�$levelsweremeasuredin theplatform,in 2014and2015atdifferentleafstages.GWASwas
conductedfor everytrait/experiment,andsignificantSNPsweregroupedaccordingto genetic
distances,with athresholdat0.1cM to defineQTLs.Thenumberof theseQTLsis italicised
within bracketsoutsideof VENN diagram.Thenumberof commonQTLsbetweentraits is
italicisedwithin bracketsinsideeachVENN area.QTLsdetectedwerethengatheredinto
`meta-QTLs'regionscontainingoverlappingindividual QTLs.Thenumberof common`meta-
QTLs'isshownin plain textoutsideandinsidethecircles,andacommon`meta-QTL'is
definedasregionscontainingat leastoneQTL of eachtrait considered.(B) Regionalassocia-
tion plot for onemetaQTL on chromosome8.Distribution of the-log10(pval)for all variants
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in theregion.Thedottedgreyline correspondsto±log10(pval)= 4.5for anthesis-relatedtraits
evaluatedin thefield (purple)andplatform(orange)and4 for theexpressiontraitsevaluated
in theplatform(green).Bottompanel,linkagedisequilibrium(LD) heatmapof all SNPsin the
QTL showingthelocalLD (r2) betweenall thevariants;Blacklinesrepresentthedistribution
of theSNPsandtheblueboxesrepresentsthegenesmappedfor theregion.Redasterisksrep-
resentthepositionof themostsignificantSNPs.(SeealsoS4Tablefor candidategenes).Grey
areasrepresentsub-regionsharbouringthemostsignificantSNPsandgenesandhavinglow
LD betweenthemon average.
(TIF)

S9Fig.Strongpatternsof co-regulationareverified in independentdatasets.(A to C) Re-
analysisof publiclyavailabledataprofiling wholegenomeexpressionvariationsfrom different
maizevarieties.Comparisonsbetweenanthesisandaccumulationof respectively���� (A,
&= 182lines),����$ (B,&= 180lines)(B),and���% (C,&= 178lines)(C). (D-F) Pairwise
comparisonsbetween���� transcriptsaccumulation,respectively���� vs����$ (D,
&= 200),���� vs���% (E,&= 198),and����$ vs���% (F,&= 198).Genotypicvalues
(BLUPs)aredisplayedfor anthesis,whereasindividual values(no biologicalreplicates)were
reportedfor ����, ����$ and���% accumulation.Pearson'scorrelationcoefficientsare
indicatedwith their significance(� � � , p < 10�4 ). (G) k-meansclusteranalysison the549
����-coregulated genesbasedon their degreeof correlationwith both ���� expressionand
floweringtime.
(TIF)

S10Fig. ���� and ����� accumulationfollows the flowering time precocityof different
admixture groups.(A-C) Biplotsof geneticgroupvaluesfor anthesisvs���� accumulation
(A), anthesisvs����$ accumulation(B),and���� vs����$ accumulation(C).Meansand
standarddeviationsof geneticgroupvaluesarecalculatedfrom theBLUEsin theplatform
experimentof 2014.Geneticgroupsarerepresentedby thenameof their founderandthecol-
our codereflectsfloweringtime phenologyasin Fig5A.D06:n = 14;PH207:n = 42;diverse
dent:n = 128;Oh43:n = 16;Mo17:n = 35;B14a:n = 41;B73:n = 37.(D-F) Within-group rela-
tionshipbetweenanthesisandaccumulationof respectively���� (D), ����$ (E) andaccu-
mulationof ���� vs����$ (F).
(TIF)

S11Fig.A polymorphism in the ����� region affectsamplification efficiency.(A)
Sequencealignmentof the����$ regiontargetedfor amplificationin differentmaizelines.
Nucleotideshighlightedin greyboxescorrespondto forwardandreverseprimers,respectively
whereasthegreenboxcorrespondsto theprobe.Nucleotideshighlightedin yellowindicate
polymorphisms.MarkerAX-90845493wasusedto differentiatetheB73from thealternative
haplotypein our lines.(B) ����$ TaqmanassayusinggenomicDNA derivedfrom linescar-
rying theB73allele(black)or thealternativeallele(green).*�� amplificationwasusedfor
normalizationandto deriveÐ�ïCt values.(C) ���� transcriptamplificationperformedon a
reducedpanelandwith adifferentamplificationassay.
(TIF)

S12Fig.Graphicalabstractof the experimentsconductedin this studyandof the associ-
ateddatasets.Phenotypicdataat theplot levelin eachfield experiment(1a)andat thegeno-
typic levelin eachfield experimentandfor both field experimenttogether(1b).Transcripts
dataat theplant levelin eachplatformexperiment(2a)andat thegenotypiclevelin eachplat-
form experiment(2b).Phenotypicdataat theplant levelin eachplatformexperiment(3a)and
at thegenotypiclevelin eachplatformexperiment(3b).Descriptionof thegenotypicmaterial
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used(4).Themaize3D canopyisadaptedfrom Pradaletal.,[72]. Themaize3D plant is
adaptedfrom FournierandAndrieu [73].
(TIF)

S1Table.Statistical indicators of the genotypicvariability for flowering relatedtraits and
florigens transcripts accumulationin individual experiments.Genotypicandresidualvari-
ancecomponentswereestimatedwith themixed-modelfitted perexperimentaccountingfor
fixedreplicateeffect,randomvarietyandspatialeffectsandspatiallycorrelatederrors.They
wereusedto estimateanintervalof broad-senseheritabilitysuchasH2

low = varG/(varG
+ varRes/n)andH2

high = varG/(varG+ varRes/n+ varSpatial),with varGthegenotypicvari-
ance,varRestheresidualvarianceandvarSpatialthespatialvariance.Meanvalueswerecalcu-
latedusingBLUEsestimatedwith thesamemixedmodelbut with varietyin fixedeffect.The
sameBLUEswereusedto estimatenarrowsenseheritabilitywith amodelassumingadditive
SNP-effects.Units areasfollow:anthesisandsilking in thermaltime (daysat20ÊC),transcript
accumulationin -�ïCt.
(XLSX)

S2Table.Completesetof QTLsfor flowering relatedtraits and florigens transcript accu-
mulation. GWASwasperformedon individual traitsandsignificantSNPsweregrouped
accordingto geneticdistances,with athresholdat0.1cM to defineQTLs.Eachline contains
theinformation of oneQTL with its chromosome(Chr), bin andregion(in physicaland
geneticposition),theSNPwith thehighest1-value(SNPName),its position(SNPPosition),
-log10(�) andthealleliceffectof thealleleof thereferenceline B73.Physicalpositionsare
basedon theB73referencegenomeRefGen_v2andwereprojectedon theconsensusgenetic
mapfor Dentgeneticmaterialto obtainthegeneticposition.
(XLSX)

S3Table.Setof `meta-QTLs'for flowering-relatedtraits and florigen transcript accumula-
tion. 346main regionscontainingoverlappingindividual QTLswereidentifiedfrom S2Table
anddefinedas`meta-QTLs'.Eachmeta-QTLisdefinedby its Bin, startpositionin Mbp, end
positionin Mbp.
(XLSX)

S4Table.Coresetof QTLsfor flowering relatedtraits and florigens transcript accumula-
tion. List of QTLsfor anthesis,silkingandtotal leafnumberthatcolocalizewith eQTLsfor
���� and/or ���% and/or ����$ accumulation.EachQTL isdescribedby floweringtrait,
nameof thepeakSNP,chromosome,bin, coordinateof thepeakSNP,physicalcoordinates
(startandend),geneticcoordinates(startandend),florigenaccumulationtrait. For these
QTLs,putativecandidategenesareproposed,selectedamongthelist of ����-coexpressed
genes(in red)andof known floweringtime genes(in green).Theestablishedfunction accord-
ing to MaizeGDBor atentativedescriptioninferredfrom thefunction of therice/sorghum/
Arabidopsisorthologsarealsoshown.Overlapswith floweringtime regionsdetectedin Li
etal.,[7] arelisted.DA = daysto anthesis,DS= daysto silking(DS),ASI= anthesis±silking
interval(ASI),DACV = coefficientof variationof DA, DSCV= coefficientof variationof DS
asin [7].
(XLSX)

S5Table. Variancecomponentsof the different nestedmodelsfor anthesis(A, B), silking
(C, D) and total number of leaves(E,F) in the platform and the field. Variancecomponents
wereestimatedwith amixedmodelwith randomeffectsfor genotype(G), spatialeffects,spa-
tially correlatederrorsandresidualerror variances(Res)andafixedeffectfor replicate(model
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M1). In modelM2, thecompletesetof QTLsof theconsideredfloweringtrait (e.g.43for
anthesisin theplatform(A)) wasaddedto thefixedterms.In modelM3 (respectivelyM4 and
M5), only thoseQTLs,amongthesetof thefloweringQTLs,whichco-localizedwith eQTLs
for ���� accumulation(respectively����$ and���%) wereaddedto thefixedterms.In
modelM6, only thoseQTLs,amongthesetof anthesisQTLs,whichcolocalizedwith ����
and/or ����$ and/or ���% accumulationwereaddedto thefixedterms.Theproportion of
varianceretainedby thecandidateQTLswasestimatedbycomparingrespectivelymodelsM2,
M3, M4, M5 andM6 to modelM1.
(XLSX)

S6Table.List of ���� coregulatedgenesand their relation to flowering time. Correlation
coefficients(r) aswellasstatisticalparameters(p-valueandFDR),areshownto describerela-
tionshipsbetweenthelevelof transcriptfor eachgeneandeither���� expressionandor
anthesis.
(XLSX)

S7Table.Fstanalysisfor SNPsunder selection.List of significantSNPsunderselection
(log10posteriorodds(PO)> 0.5)for chromosomes3 and8.SNPswerefoundaftercompari-
sonof thewholepopulation(pop).Rowshighlightedin yellowdenoteSNPsoverlappingwith
core-QTLintervals(QTL). Rowshighlightedin greenshowSNPsthat lie within aregionthat
encompassesacodingsequencein anintervalof +/- 5kb.Probsignifiestheposteriorprobabil-
ity for themodelincludingselection.log10(PO),thelogarithmof PosteriorOddsto base10for
themodelincludingselection.Alphais theestimatedalphacoefficientindicatingthestrength
anddirectionof selection.Fstis thecoefficientestimatedbyBayeScanFST.Theestablished
function accordingto MaizeGDBor atentativedescriptioninferredfrom thefunction of the
rice/sorghum/Arabidopsisorthologsarealsoshown.
(XLSX)

S8Table.Primers andassaysinformation usedin this study.
(XLSX)
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