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was obtained via expression of two florigen
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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

The cultivation of maizein temperateclimatesrequiredthe suppressiomf photoperiod
sensitivityandthe selectiorof awide rangeof floweringtime for the adaptationto local
environmentalconstraints Photoperiodicfloweringrequiresthe production of asystemic
protein signalreferredto asthe florigen,whichis transcriptionallyactivatedn leavesA
keyquestionis to whatextentthe expressiorof the florigen genecanexplainflowering
time variability of temperatemaize wherephotoperiodsensitivityhasbeeneliminatedby
artificial selectionOur resultsrevealargevariabilityin two relatedflorigengenesvhich

is stronglycorrelatedwith variabilityin floweringtime. Usingassociatiorgenetics
approachesve could detectgenomicregionsresponsibldor the expressiorof the two flo-
rigensthat preciselyco-localisevith floweringtime-relatedregions therebysupporting
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the significanceof quantitativechangesén florigenlevelsn driving floweringtime vari-
ability. Markersassociateaith florigen expression/floweringime displaysignificantsig-
naturesof selectiorindicatingthat variablepatternsof florigen accumulatiorunderpin
the adaptationof temperatemaizeflowering.

Introduction

Maizewasdomesticate®000yearsagoin centralMexicofrom teosinte( subsp.

), atropicalplantthatonly flowersundershortdays[1]. In contrastto its wild ances-
tor, modernmaizeshowsalargegeographidistribution from 0to 50EN. Adaptationto
temperatdatitudeswith long daysduring summer requiredbreedergo first suppresshe
short-dayrequirementfor floral induction, but asecondadaptatiorwasalsorequired.Because
thetime to floweringstronglydependsn temperatureit is shorterfor agivennon-photoperi-
odic genotypeatlowerthanat higherlatitudesof thetemperatearea A longintrinsic cycle
durationis necessarto counteracthis effectin warmestareastherebyavoidingdecreaseis
cumulatedphotosynthesiand biomassConverselyashortintrinsic durationis neededn the
coolestareado avoidgrainfilling to occurin Autumn with low light andtemperaturg?2].
Accordingly,therangeof time to floweringin currentgermplasntypicallyrangedrom 35to
90daysaftersowingin agivensite[3].

About ninety quantitativetrait loci (QTLs)in the maizegenomeaccountfor the natural
diversityin floweringtime [4+£8] and mostof themexplainasmallproportion of the pheno-
typic variancewith prevalentlyadditiveeffectd4]. The molecularcharacterizatiorof afew
large-effectlleleshelpeduncoverkeyeventaunderpinningthe floweringadaptationof maize
from tropicalto temperateclimateq9]. Theseallelesverefound to regulatethe expressiorof
florigens,i.e.floral genesexpresseih theleafvasculaturel-lorigenproteinsaremembersof
the PhosphatidyEthanolamineBinding Proteins(PEBPsjamily thatinclude FLOWERING
LOCUST in andHeadingdate3ain rice thatmovesystemicallyo promoteflow-
eringatthe shootapex10]. The maizegenomeencodeseveraflorigengenesincluding

( ) thatactsasmajorflorigen[9,11+13]lts expressioronly occurs
undershort-dayconditionsin tropicallyadaptedmaize but not in longdays[13]. Theuncou-
pling of expressiorirom shortday-dependendctivationoccurredin astepwisananner
throughthe selectiorof mutationsin the expressiomegulatoryprocesses-or example,
independentransposorinsertionsattwo related geneg and ) reducemaizeflow-
ering photoperiodsensitivity[14,15].The active(expressedilleleof and oftrop-
icalmaizedelayfloweringunderlong daysby repressing [13,16].Thegradual
northboundexpansiorof maizewasalsodriven by variationsat cis-regulatorysequencesf
the promoter[9], which modify the binding landscapéor differenttranscriptionfactors
[17]. Another regulatorynodeinvolves ! ", whichin turn repressethe
negativeegulator # # # $.% ( $.%) [18].Both ! " and $.% map
within well-characterize@TLsof floweringtime suggestinghat allelicvariationsatthese
genegontrol part of the diversityof floweringtime of temperatemaize[19+22].Classianuta-
genesiscreenslsoidentified major geneghat affectfloweringtime, therebyhelpingto refine

the regulatorypathwaywith additionalcomponentsThesanclude & # &#
() and (& (') thatencoderespectivelyanupstreanregulatorrequired
for expressionj23,24]landabZIP transcriptionfactorpresumablyequiredfor ZCN8

proteinsignallingat the shootapex(13,25].
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Althoughthe abovestudiesrevealaprominentrole for activationin the control of
floweringtime in shortvslong daysits contribution to the geneticvariability of flowering
time in non-photoperiodictemperatemaizevarietiess lessclear.Indeed,it hasbeenargued
thatthe variabilityin floweringtime in temperatenaizeis controlledby other pathwayghat
actin parallelto or downstreanof transcriptionalactivation[26]. Two elementshal-
lengethis view: (i) the downregulationof in temperateanaizeleadgo asignificantdelay
in floweringtime (albeitlessprominentcomparedo  or ' mutants)[13,16,18](ii) QTL
mappingshowsthat floweringtime is linked to allelicvariationsat agenomicregionthat har-
bours (alsoknown asthe) #$ QTL)[6,19,27,28].

A genome-widestudyof temperatemaizegermplasnwasnecessarto reconcilethese
viewson the potentialrole of florigen expressiorin the control of floweringtime of temperate
maize Herewe addresshis questionby jointly measuringloweringtime andthe expression

of , andoftworelatedgenesvith unknownvariability, % and $ [12],in apanel
of 327maizetemperatdines.Our studyrevealedargevariationsin and $ tran-
scriptlevelswhich closelycorrelateto floweringtime. Regulatoryregionsfor and

$ coincidedwith floweringtime QTLsandwedetectedsignature®f selectiorfor some
of theseregions Collectivelytheseresultssuggesthat the adaptationof maizewithin temper-
ateregionsderivesfrom the control of florigen pathways.

Results
levelshighly correlatewith flowering time in temperatemaize

Wefirst measuredhetime from germinationto pollensheddingon florets(anthesis)to the
emergencef silksfrom the ear(silking) andalsothefinal leafnumberwhichreflectsthe dura-
tion from germinationto floral transition, in four experimentsn a phenotypingplatformand
in thefield. Largevariability wasobservedn two platform experimentgor anthesi{BLUES
rangingfrom 56to0 99d,0e4, silking (from 57to 101d,0eg andleafnumber(from 13to 25)
(S1Aand S1BFig),resultingin narrow-senséeritability up to 0.80(S1Table).Fieldexperi-
mentsprovidedsimilar resultsto thoseobtainedin the platform (Fig 1A, S1CFig,S1Table).

Fig 1. contributesto flowering time variability in temperate maizelines. (A) Relationiip betweergenotypicvaluedor anthesisn field (2015+2@6)and
platform (2014)experimens.(B) Anthesistime plottedagainst expressiorafterthefloral transition (platform experimet in 2014)(C) Relationkip between
anthesisneasuedin thefield (2015+2016and expressiofn the platformexperimat (2014).In (A), (B) and(C) &= 313lines.GenotypicvaluesareBLUEs.
Anthesistime expresseth equivalentaysat 20EGaftergerminaton. Thered trianglerepresentgienotypicvaluesor thereferencdine B73.Correlatian coefficientsare
displayedogethemwith their significarce(  p< 10 4.

https://da.org/10.137 1§urnal.pge.1008882.g0D
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Wethenmeasuredlorigen expressiorof the samdines,in samplesollectedrom fully
expandedeave®f plantsgrownin the phenotypingplatform. Samplesverecollectedn the
earlymorning attwo dateswhenleavegt and 7 reachedigulation,representing & ' pre
andpostfloral transition[13]. Carewastakento preciselyrecordthe harvestime of eachindi-
vidualsampleandto recordthe developmentastageof everysampledplant, which slightly dif-
feredbetweerplantsbecausef the geneticvariability of the phyllochron[29]. Mixed models
including afixed effectof samplingdateandtime of day(both of themsmall,S2A+S2Fig),
togetherwith spatialeffectdn the greenhouseyereusedto extractgenotypicvaluedor each
line (S3Cand S3DFig).

The expressiomisplayedargegeneticvariability. Thefour biologicalreplicatesana-
lysedattwo samplingdatesprovidedhighly correlatedexpressiotevelgup to r = 0.88)when
valuesverenormalisedby thoseof the housekeepingenes+ ,* “*

/! $(*) and . 0 12 (0) (S3AandS3BFig).
accumulatiorsignificantlyincreaseetweerthe two samplingdate S4BFig), consistent
with previousstudieg13], with higherheritability in the secondthanin thefirst date(h? =

0.64and0.58 respectively)Still, we could detecta significantcorrelationin accumula-
tion betweerthe two samplingdateqr = 0.53,S4AFig). We thusfocusedn expression
detectechtthe secondsamplingdate(leaf7 stage).

Anthesigtime wassignificantlycorrelatedwith the BLUEsof (r=-0.6,Fig1B)andso
wasthetotalleafnumber(r = -0.65,S5AFig). Theranking of genotypegor wascon-
firmedin anindependenplatform experimentyear2015)on asubsebf genotypegn = 4rep-
licatesfor 276lines,r = 0.63,S5CFig). transcriptlevelsdetectedn the phenotyping

platform werealsohighly correlatedwith floweringtimesmeasuredn field experimentgFig
1Cand S5Aand S5BFig).Foranygivenexpressionevelatthe secondsamplingdate lines
characterisetby astrongincreasen expressiorfloweredearlierthanthe otherlines(r =-0.36,
S4CFig). This suggestthat constitutivelyhigh levelsof andanincreasen expres-
sionduring developmenboth contributeto earlyfloweringtime in temperatanaize.

is anovelregulator of maizeflowering andit is co-expresseavith

Although $ levelshavenot beendocumentedsofar for their rolein floweringtime, they
showechigh heritability (narrow-sensé?® = 0.67,S1Table)and displayeda strongcorrelation
with anthesigime (r = -0.64,Fig 2A) andleafnumberin all platform andfield experiments
(S6AFig). $  expressioralsotightly correlatedwith that of (r=0.76,Fig2Band
S6BFig),suggestingommonregulatorymechanismsThiswasin contrastto the %
expressiorthat displayedow heritability (narrow sensé? = 0.11,S1Table)andaweakercor-

relationwith floweringtime (r =-0.31,S6CFig)than ,  despitesynteny{30] andshared
biochemicafunctions[31]. % and expressionsverealsoweaklycorrelated S6C
Fig). Theaccumulatiorof , aputativeupstreanregulatorof theflorigengenesn
maize[32], wasnot linked to or % expressiongjor with floweringtime (S6DFig).
In orderto demonstrateheroleof $  onfloweringtime,weclonedthe $ gene
for over-expressiostudiesn #3 & . Thisdemonstratedstrongflorigenic

activityfor the ZCN12protein. Transgenidinesoverexpressing $  floweredsignificantly
earliercomparedwith control plants(Fig 2C+2E) Sixteerof the 40transgeniglantsshowed
anextremelyearlyfloweringphenotypecharacterisetby the conversionof the shootapical
meristemin aterminalflower,with no observableegetativdeavesThe sameransformation
for the genealsocausedignificantlyearlierflowering,but with only two case®f
extremeearlyflowering.
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Fig 2. isanovelmaizeflorigen co-regulatel with . $  expressiororrelatesvith anthesigime
(platform experiment2014)(A), andwith expresgin (B). Genotypt valuesareBLUEs Pearson'sorrelation
coefficiensareindicatedwith their significarce(  , p< 10*). Theredtriangle representgenotypicvaluesor the
referencdine B73.In (A) and(B),n = 173.(C) ArabidopsisT1 plantsoverexpressg $  butnot showan
extremeearlyfloweringphenotypecomparedo emptyvectortransformatian (Vect.);plantswerephotographd 3 weeks
aftersowing horizontal bar,1 cm. (D) and $ T1over-expresingplantsareearlierfloweringthanwild type
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(p < 0.01pne-wayANOVA with post-hocTukeyHSDtest).Horizontal bars meanvaluef rosettdeavesiumber.

n = 37,38and 14for, respectivel, 45 :2 : 45:2: $ andwild type(emptyvector).(E) RT-PCRanalysisn
/$  transcripsderivedfrom independen T2 transgeniglantsof theindicated genotyps.Amplification of vectors
(Vect) harbouring genomicversionsof and $ affordedapositivecontrol whereasintransfamedwild type

andno DNA reactiong-) wereusedasnegativecontrols.Actin expressiomasusedfor normalization(lower panel).
Numberson theleft arekb basedn DNA ladder(Mk) migration. Amplificaionswereconductedfor 25cycles.

https://cbi.org/10.1371djurnal.pge.1008882.902

Direct rolesof and in the control of flowering time

Wethenshowedhat $ hadadirecteffecton maizefloweringtime. Indeed,structural
equationmodellingrejectedmodelsin which  $  hadanupstreameffectby controlling

and/or % expressionsyhichwouldin turn control anthesigFig 3A and3B,S7A
and S7BFig).Converselypur analysisupportedmodelsin which  $  accumulatiorhada
directeffecton anthesigime, with either $  beingcontrolledby , or being
controlledby $  or co-variationof both genegFig 3C,S7CFig). Thelattermodelsdis-
playedgoodindicesof fit (RMSEA< 0.05,comparativdit index> 0.95).Theywereconsid-
eredasequallyplausibletherebysupportingthe existencef atwo-tier florigen systenin
maizein which  $  actsin parallelwith

and regulatorsmap to region controlling maizeflowering

time

Wethenanalysedo which extentgenomicregionscontrolling florigensexpressiorto-local-
isedwith regionscontrolling floweringtime. A genome-widassociatiorstudy(GWAS)iden-
tified 570QTLswhich largelyoverlappedetweerfield andgreenhousexperiment{S2and
S3Tables)resultingin 214meta-QTLghatharbouredatleastoneQTL (Fig 4A) of flowering
time, in eitherfield or greenhousexperimentsAn eQTLGWASdetectedb2 meta-QTLsfor

. amongwhich half co-localisedvith floweringtime QTLs.We alsodetectedB5meta-

Fig 3. directly affectsanthesis.Threefamiliesof pathdiagramswveretestedagainsthe wholedatase{BLUESs platform experimet of 2014) Modelsin which

$ hasanindirecteffecton anthess (A andB) wererejectedwhereasnodelsin whichboth and $ directlyaffectanthesisvereacceptedwith an
indirecteffectof % (C).Arrows,linearfunctionalrelationsipsbetweeranthesiaandflorigenexpressionSimpleheadedarrows relationshipsareconsideed as
causaby themodel.Double-readedarrows freecorrelations Standardied path coefficientsareindicatedon eacharrowwith thelevelof significanc€  : P< 0.001,
ns:not significarnt). Other modelstestedaredisplayedn S7Fig.

https://da.org/10.137 1§urnal.pge.1008882.g08
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Fig 4. eQTLsaremajor contributorsto the geneticvarianceof flowering time. (A) -relate d QTLsoverlap
with floweringtime QTLs.Venndiagramhighlights'meta-QTLSsharedamongflowering-relatedraits and
transcrigs accumuation. 2Floweing® meta-QTLsaredefinedasregionscontainingatleastoneQTL amonganthesis,
silking, total numberof leavesn atleastoneexperimet (platform,field,years)* °© meta-QTlsaredefinedas
regionscontainingatleastone - eQTLin atleastoneexperimet (platform2014+208) andleafstage(B)
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Regionahssociatiomplot for onemeta-QTLon chromasome3. Distribution of the-log; o(pval) for all variantsin the
region.Thedottedgreyline correspondsolog pval) = 4.5for anthesis-riatedtraits evaluatedn thefield (purple)
andplatform (orange)and4 for the expressiortraits evaluatedn the platform (green)(C), linkagedisequilbrium
(LD) heatmapof all SNPsn the QTL showingthelocalLD (r?) betweerall the variantsBlacklinesrepresenthe
distribution of the SNPsandthe blueboxesepresentshe genesnappedior theregion.Redasterisksepresenthe
positionof the mostsignificant SNPs(SeealsoS4Tablefor candidategenes)Greyareasepresensub-regions
harbouring the mostsignificantSNPsandgenesandhavinglow LD betweerthemon average.

https://abi.org/10.1371durnal.pge.1008882.904

QTLsfor $ and38for % (Fig4A).12meta-QTLswveresharedbetween and

$, ofwhich7 mappedo floweringtime QTLs(Fig4A). Theyalsooverlappedvith flow-
eringtime QTLsdetectedn publishedstudieq7] (S4Table). eQTLshadahigh contribu-
tion to the geneticvarianceof floweringtime asshownby mixed-modelsappliedto individual
experiment{S5Table).Indeed,in the platform experimentof 2014 the 19 eQTLsthat
co-localisedvith anthesigQTLsaccountedor 57%of the geneticvarianceof anthesisn the
platform experiment(vs 75%for all 43QTLsof anthesis)Similarresultswerefound when
consideringanthesisn thefield, or total leafnumberin eachexperiment(S5Table).

Weinspectedhe eQTLsfor the presencef candidategenesor QTLsalreadyknown
to control floweringtime. In the Bin 3.05hotspotregionknown for floweringtime regulation
[21,33],weidentifiedfive -related eQTLswhichco-localisedvith atleastoneQTL of
floweringtime (S3Table).An eQTLof /$  (158.73+159.93Mhyaslocatedatagenomic
positioncompatiblewith the newlydescribedranscriptionalregulator ! " (!
$.%"5) [18,21,34]Fig4Band4C).AnothereQTLregion(Bin 8.05)comprisecthe gene
1$.9% ™Mb (alsoknownas $.%) (S8BFigandS4Table).encodingafloral repressor
[19] andnegativeregulatorof [18].

Analysisof publishedwhole-genomexpressionlataset$35] wasusedto checkif tran-
scriptswhoseexpressiortorrelatedwith wereover-representedt eQTLsposi-
tions.We confirmedsignificantcorrelationsbetweeranthesisand /$/%  expression
(n = 181lines,r = upto - 0.54)(S9A+S9Cig). Furthermore thesedatasetsevealedstrong
patternsof co-regulationnot only between and $ butalsobetween and

% (n=204lines,r =upto 0.76)(S9D+S9k-ig).Additional 549transcriptsshoweda signif-
icantcorrelationwith expressiorevelgS6Table).Thesewereparsedn two clusters
composedf geneswith oppositetrendsto geneexpressiorand correspondinglyoppo-
siteassociatiowith anthesi{S9GFig).Neither ! " nor $.% noranyothergenen
theeQTLsregionswithin Bin 3.05wereco-expressedith ,  andco-expressettanscripts
werenot particularlyenrichedin eQTLsregions(S4Table).

Signsof selectionat and eQTLsto control maizeflowering
time
Thegenetiogroupsin the studiedpanelshowedmarkedlydifferentvaluesof expression

levelsandanthesiglate S10A,S10E510Dand S10E-ig),andclearco-expressiomf

and $ within eachgroup(S10Cand S10F-ig). Theobservediifferencesn flowering
time betweeradmixturegroupsmaybedueto selectiorby pastbreedingof temperatemaize
lines.Consistenwith this hypothesisywefound significantdifferencesbetweerthe seven
genetiogroups,in allelicdistribution at QTLsshowingco-locationbetween /$  expres-
sionandfloweringtime (Fig 5A). Allelesfor increasedxpressiorof and $ were
morefrequentin genetiogroupsbredfor earlymaturity (Fig 5A). Hence apool of earlymatu-
rity allelesvasrepresenteavithin all genetiogroups butin differentproportions,suggesting
that somecombinationswerepreferentiallyselectedn differentgroups.
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Fig 5. Floweringtime precocty of temperatemaizederivesfrom selectionat regulatory regions.(A) Allelic distributions
within genetiogroupsfor 8 major QTLs.The SNPdisplayedelongto the coresetof 19QTLscomma to anthesisn the platform
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experimeat in 2014 and transcriptaccumulatbns.At eachlocusthe orangecolour correspondto the'lateallele(i.e.conferring
delayedanthesis)whichis for all 8 SNPghe B73allele Geneticgroups arelistedaccordingto the flowering time phenology(lateto early,
top to bottom). (B) Genomewide distribution of FSTBayescafFSTz9 alongchromosomed and 8. SNPaunderselectiorarehighlighted
in differentcolorsto reflectthe differentlevelof confidercefor selection(Black:low confiderce,Orange substantiglRed:strong).
Regionshadedn bluecorrespondo meta-QTlsintervals.

https://abi.org/10.1371djurnal.pge.1008882.905

We further testedfor genome-widaleviationfrom neutralityin our panelfor the chromo-
somes3 and8 harbouringmajor meta-QTLsF; outliersapproachusingBayeScahighlighted
SNPaunderselectiorin the -related QTLsandotherregionsthat might contributeto flow-
eringtime (Fig 5Band S7Table).Whencomparingall six populations(excludingthe admixture
group “diversedent'),the BayeScarevealedSNPsunderselectiorrangingfrom alog,PO)D
posterioroddsbof 0.5to 1 (substantiallysignificant)to higherthan 1 (highly significant).Most
importantly, this analysigevealedlSNPaunderselectiorcomprisedn the -related QTLs
regionsfurther indicatingthecontributionof 6$  regulationto floweringvariability.

Discussion

and are co-regulatedby trans-actingfactorsto control
temperatemaizeflowering

Our studyprovidesanexampldor how shiftsin reproductivedevelopmenthat enabldocal
adaptationcanemergethroughdifferentflorigenlevelsBesidegonfirming therole of
in floweringtime regulationwealsouncovertheroleof $ in thisprocesslnterestingly

$ ismoredistantlyrelatedto than % [12] andlocatedin aregionwhichisnot
syntenicto [30], yetit underwentasimilar regulatorytrajectoryto asshownby
the strongco-variationacrosdifferentlinesandexperiments.

GWASapproachesupportthe major contribution of trans-actingfactorsin driving the
expressiorof and $ intemperatemaize We alsodetectech SNPassociatewith
anthesisandsilking locatedapproximatelyl.7kbp upstreanof (i.e.AX-9110062052
Table).However this andeightother SNPdocatedin this putativeregulatoryregionwerenot
associatedith transcriptlevelslt is unlikely thatthe absencef cis-typeeQTLsfor

coulddependon insufficientcoverag®f the genetiadiversity,sincetheywerediscovered

on alargesetof diversenbredlines:32,758ccessionfor 6 GBSmarkers[36] and30acces-
sionsfor 3 Affymetrix Axiom markers[34]. Multiple trans-actinggenesand complexiong-
rangeregulatoryinteractionsarethusmorelikely responsibldor theaccumulatiorof  /

$.  Supportingthis hypothesiswedetectedrans-eQTLdor 6 $ thatcolocalize
with two genomicregionsb) # and) #4bcarrying genesnvolvedin floweringtime variation
(Fig4B,S8BFig). Theseregionsincludetranscriptionalregulatorsknown to beunderselection

in maizelatitudinal adaptationnamely ! " 6) #4 [18,21,33pnd $.%6) # [19,22].
Wedid not detectanyobviouscandidategenesassociate@ith photoperiodicsignalling(e.g.
), suggestingts smallcontributionin 6 $  regulationin our panel.

(. and $.% did not showsignificanttrendsof co-expressiomvith their trans-
regulatedargets 6$. It isthuspossiblehatthattherearemanymore geneof smaller

effectcontributing to variationswhichwerenot capturedin our GWAS.Thesdoci could
affectthe activity or accumulationof someof the abovementionedranscriptionfactors.For
example,7 %% areknownto interferewith thetranslationof 1 $ geneg37]

(suchas $.%), indicatingthattranscriptaccumulationof $.% maynot reflectits gene
productlevels Another not mutually exclusiveexplanatiormaybethat regulatorynetworks
thatimpacton levelsaretransientor highly tissue-specifiavhichwould makeit difficult
to compareindependenexpressiomatasets.
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We found limited numbersof genedocatedwithin eQTLsregionsand co-expresseaith
and $ (S4Table).ThesancludedaputativeRNA binding protein. ! !$. %8

(underlyinga $-specific  eQTL),andtwo chloroplast-associatqatoteins(underlyingdif-
ferent eQTLs)implying carbonmetabolismn regulation.Carbonstatuss linked
to the transcriptionalregulationof the florigen0 9 . * [38] inde-
pendentof photoperiodconditions.Moreover recentstudiesndicatethat temperatemaize
floweringis associatewith expressiorof genesnvolvedin carbonpartitioning (which pro-
videsadifferentmolecularsignaturefrom photoperiodicfloweringinduction) [24]. We hote
that patternsof co-variationamaynot necessarilgefinecausalbut alsoindirect relationships.
Also,since levelsarelinked to flowering,our list of co-expressedenesvould
leadto overemphasizinthe associatioetweergeneexpressiorandflowering. Thus,co-
expressedenesnight alsobeassociatewvith adifferent,more biologicallydistalphenotype.
Overall,our datasupportthe contribution of carbonmetabolisnmupstreamof andpro-
videaninitial frameworkfor theidentification of photoperiodindependenimechanismshat
shape levelsacrosdemperatemaizevarieties.

/ levelsunderpin independenteventsof selectionfor flowering
adaptation

A largebody of evidencéhighlightsthe importanceof the regulationof geneexpressionn
maizeevolutionandadaptation[39,40]andthe contribution of the expressedenometo the
heritablephenotypicvariancd41]. It is hypothesisethattemperatemaizeis the productof a
northboundexpansiorthroughNorth Americawhichwasdriven by theaccumulationof an
increasinghumberof earlyfloweringalleled42,43]. $.% andmanyotherloci wereunder
selectiorduring the adaptationto high latitudes[22,27]and generapatternsof differentiation
for floweringtime precocitycloselyfollowedthe proportion of earlyallelefoundin northern
flints (earliest) corn beltdents(intermediate)andtropical maizegenomeglate maturity).
Besidesevealinghatatleastsomeof thesdoci exerttheir effectson floweringtime by affect-
ing levelspur studyindicatesthat diversificationin floweringcanbeimposedby combi-
natorialalleliceffectdn arelativelysmallnumberof -related eQTLsregionsWhile
floweringtime mayrepresenthe main trait under selectionthesealleleqthroughtheir effect
on florigenlevels)mayalsoaffectother phenotypicoutputs,for exampldlorigenlevelshave
beenrelatedto inflorescencelevelopmentn othergrassefi4]. Wefinally provideevidence
for differentsignaturesf selectionin the mainregionspreviouslymappedn the geneticcon-
trol of floweringtime, thusconfirming their potentialcontribution in the adaptationprocess.

Conclusion

We showthat florigengeneglayanessentiatole in the geneticvariability of floweringtime in
thoselinesin which breedingsuppresseghotoperiodismWe revealherole of anovelflori-
gen, $, anon-syntenigparalogof , wherea®therrelatedcandidatesiadno clear
role.Our studypointsto combinationsof trans-typeregulatorymechanismsinderpinning
selectiorfor floweringtime in differentgeneticgroupsthroughflorigenlevels.

Materials and methods
Plant material

A maizecollectionof 354lineswasassembledh the frameof the DROPSEuropearproject
FP7-2443743nd Amaizingprojects(FrenchNational AgencyANR-10-BTBR-01)It consists
of historicaland breedingAmericanand Europeardentlinesfrom the main foundergroup of
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modernhybrids[33]. Linesweregenotypedising50K Infinium HD lllumina array[45], a
600KAxiom Affymetrix array[34] anda setof 500Kmarkersobtainedby Genotypingby
SequencingGBS)[33]. Genotypingdatawerefiltered and missingdatawereimputedusing
Beagld/3.3.2[46] afterassemblinghreesub-matriceandremovingduplicateloci basedn
their physicalposition. After quality control, 758,863olymorphicsingle-nucleotidgolymor-
phisms(SNPs)wvereretainedfor GWASanalysesAll physicalpositionsreferredto hereafter
arebasedn the B73referencegenomg47] RefGen_V2Basedn the 50K [33], severgenetic
groupswereidentified usingthe ADMIXTURE software Thesegroupswereconstitutedby:

(i) 53linesin the Non Stiff Stalk(lodent) family tracedby PH207 (ii) 18 Europeardentin the
onetracedby D06, (iii) 38linesin the Lancastefamily tracedby Mo17,(iv) 17in theone
tracedby Oh43,(v) 39linesin the stiff stalkfamily tracedby B73,(vi) 43linesin the onetraced
by Bl4aand(vii) 146linesthatdid not fit into the six primary heteroticgroups suchas
W117,NC358,and F252(referredto as?diversedent®). B73wasconsideredasthereference
line [47].

Assessmenof flowering relatedtraits in the field

Thepanelwasassessed two consecutivdield experimentdor floweringrelatedtraits. Exper-
imentswereconductedat SaintMartin deHinx (INRA experimentabtation,43EN1.3EW,
France)in spring-summer2015and 2016 usingalpha-latticedesignawvith two replicates
underwell-wateredconditionspiloted by soil sensorsMale (anthesisandfemale(silking)
floweringdatesaswell asthe total numberof leavegincluding the oneslost) producedwere
measuredor all thelines.Air temperaturevasmeasurecdkveryhour in eachexperimentat2m
heightoverareferencegrasscanopyandthe progressiorof the crop cyclesitewascharacter-
izedviathermaltime afteremergencegxpresseih equivalentaysat 20EQd,d&%-) [48].

Flowering-relatedtraits measurementsn the platform

Two subpanelsf 327linesand 276linesweregrownin the Phenoarctplatform [49] (https://
www6.montpellier.inrae.fiepse_eng/M3Pespectivelyn autumn2014andspring2015
under naturalfluctuatingdaylengthconditions(with aminimum daylengthof 14hours).The
two subpanelsvereoptimizedusingthe algorithmdescribedn Rincentetal.[50] thatallows
to maximisegenetidnformation by discardingindividualsthat might bemore easilypredict-
able Fiveplantsperline weregrownunderwell-waterecconditionsand daily assessefdr
developmentaliraits. The numberof visibleandligulatedleave®f everyplantwasscored
twiceaweek Anthesissilking (in dod%) andthetotal numberof leavegproduced(including
the oneslost) wereassesseir all thelines.

Tissuesamplingfor transcripts expressiomanalysis

Maizeleavesveresampledat two developmentattagedjgulatedleaf4 and7 (L4 andL7,
respectivelyjrom plantsgrowingin the platform. The samplingdaywasdecidedbasedn
B73stagewhichwasusedasa morphologicalreferenceFour plantsweresampledor each
line. Samplesleprivedof the midveinwerecollectedn the distalportion of fully expanded
leavegwith clearlyvisibleligule) of eachplant at approximatelythe sametime of the day
(within 90minutesfrom sunrise) Samplingwasconductedoverthreeconsecutivelaysfor
eachsamplingstageandthe fourth samplingwasdonesoonafterthethird one.Thecollected
materialwaskeptin liquid nittogenandthe tubeswerestoredat-80EC.
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RNA extraction and cDNA synthesis

Thefrozensamplesveregroundat high speedvith glasdeadsn aTissueLysell apparatus
(Qiagen) Qiazolreageni{Qiagen)wasaddedto individual tubesandtotal RNA wasextracted
usingthe Direct-zol -96 kit (Zymo Researchpn-columnDNasel digestionwasperformed
following thekit protocol. Total RNA wasthen quantifiedusinga NanoDropOneinstrument
(ThermoFisherand 1000ng of eachRNA samplewereusedfor retrotranscriptionwith the
High-CapacitycDNA Reversé@ranscriptionKit (Applied Biosystems)The cDNA samples
werediluted 1:5with waterbeforeproceedingo gPCRexperiments.

TAQMAN and SYBRgreenassayslesign,implementation and analysis

Thegenomicandcodingsequencesf thetargets ! I$. % $"8 (), .'s

89%5"( %), .!!$. 4™ (% and.!l$.854" « ) andthatof
referencegenes ! !1$. $8% (*+ * 1 [51],and.!!$.

5458 ( . 0 ;) [52], wereretrievedfrom the MaizeGDBwebsite Probe

designwasdoneby Bio-Radspecialisteind PrimePCRProbeCustomAssayBio-Rad)were
synthesize@ccordinglythe main featuresof probesand primersarelistedin S8Table. gPCR
experimentsverecarriedout in a CFX96Real-timePCRSystemBio-Rad)usingSsoAd-
vancedJniversalProbesSupermix(Bio-Rad)andfollowing manufacturer'specifications.
Amplification curveswereevaluatedisingthe instrument'ssoftwarg(Vs 3.1)andrelativegene
expressiomwascalculatedy applyingthe iCt method[53+55].Geneexpressionmvasestimated
by averaginghe iCt valuesomputedagainseither. ! 1$. $8% , .11$. 5458

or themeanof both asreferencesExpressionn the 2015experimentwasevaluatedising
solely. I''$. 5458 asareference. $ expressionevelsderivedfrom 173of the 327
linesstudied becaus¢he detectionassayvasimpairedby athree-nucleotidedeletionin the
5'UTRof $  coincidingwith the forward primer annealingsite(S11Fig). Nevertheless,
thesel73linesdistributedacrosshe geneticgroupsof our panelin similar proportionsasthe
initial 327lines.Thissmalldeletionhadno effecton  $  transcriptaccumulatiorasfur-
therassayetly gPCRusingthe QuantiNovaSYBRGreenPCRKit (Qiagen)on asubpopula-
tion of linescharacterisethy the presence/absencéthe deletion.

Mixed-models,BLUEsand heritability calculation

Analysesvereperformedusingthe R softwareversion3.4.3[56]. Preliminarydataexploration
(ANOVA) wasconductedo assesthe effectf samplingdayandtime, aswell asthe actual
developmentastageat sampling,on transcriptsaccumulation(S2Fig). For all traits measured
in thefield andplatform experimentgflowering-relatedraits andtranscriptaccumulation),
modelswereselecte@mongseveramixed-modeldo calculategenotypicneansModelswere
fitted with ASRemI-R57] (version3), including the line andreplicateeffectsasfixed,random
spatialeffectsspatiallycorrelatederrors,andotherfixed effectqyearfor thefield experiments;
samplingdateor samplingperiodfor transcriptaccumulationin the platform). For eachtrait
measuredn thefield and platform experimentgflowering-relatedraits andtranscriptaccu-
mulation), the bestmixed-modelwasselectedo estimatehe bestlinearunbiasedestimations
(BLUESs)of the genotypicmeanswhichwerethenusedin therestof the analysesThesame
model,but consideringthelline effectsasrandom,wasusedto estimatevariancecomponents,
whichwereusedto calculatebroad-senséeritability. Narrow-senséeritability wasestimated
with amodelassumingadditive SNPeffectausingthe R-packagéderitability [58] (versionl.2)
andarelatednesmatrix asin Millet etal.,[59].
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Structural equationmodelling

Structuralequationmodellingis ageneralizeanethodfor the analysiof covarianceelation-
shipsandis usedto evaluatehefit of datato apriori causahypotheseaboutthe functioning
of asysten{60+62].Thesamultivariatehypothesearerepresenteésgraphicalpathmodels.
Structuralequationmodellingthen allowsthe assessmeiof the degreeof fit betweerthe
observedindexpectedtovariancestructureswhichis expressedsagoodness-of-fitl2. Here,
theaimwasto imposeatheoreticalstructurerelatingthedirectandindirect relationships
between $ and % transcriptsaccumulatiorandfloweringtakinginto account
theresultsof bivariatecorrelations BLUEsfrom the platform experiment(2014)wereused
andthe assumptiorof univariateaswell asmultivariatenormality wereverified.Network
structuregestedwereconstructedasfollow: (i) anthesisvasplaceddownstreanof genes
expressiorbasedn previousknowledggfloweringis aconsequencef florigensexpression),
(ii) thentestingfor all possiblenetwork structuresbetweerthe 3 florigensactingupstreanof
anthesisModelstestedaredetailedin the resultssection.Structuralequationmodelswere
testedn Rusingthelavaanstructuralequationmodellingpackagg63] (version0.6+5)which
useghe standardmaximumlikelihood estimator A significantgoodness-of-fitl? statistic
indicatesthat the modeldoesnot fit the data.Oncea modelhasnot beenrejectedand consid-
eredbiologicallyplausibleparameteestimatesanbeusedto studydirect,aswellasindirect,
effectof the variablesStandardizegbath coefficientguantify the strengthof arelationship,
whereaghe effectof the othervariablesareheld constant Parameteestimatesretestedor
significanceausingz statisticsRootmeansquareerror approximation(RMSEA)and compara-
tivefit index (CFI) indicesareusedto assesthe closenessf fit. Goodmodelshavea
RMSEA< 0.05andCFI> 0.95.

GWASanalysis

GWASwasperformedon individual traits for eachexperimentaspreviouslydescribed59].
Briefly, we usedthe singlelocusmixed model:

/" mt<bit. %

where/ isthevectorof phenotypicvaluesEthe overallmean < is thevectorof SNPscores,
istheadditiveeffectand. and representandompolygenicandresidualeffectsAsin Rin-
centetal.[64], thevariance-covarianceatrix of . wasdeterminedby agenetiaelatedness
(or kinship) matrix, derivedfrom all SNPsxcepthoseon the chromosomecontainingthe
SNPbeingtested The SNPeffects wereestimatedby generalizedeastsquaresandtheir sig-
nificance(Hy: = 0) testedwith an F-statistic.This modelaccountingfor relatedneswas
found the bestto control for confoundingfactorsascomparedo modelsaccountingfor struc-
ture or relatednesplusstructure Analysesvereperformedwith FaST-LMMv2.07[65]. Physi-
calpositionsof significantSNPsvereprojectedon the consensugenetionapfor Dentgenetic
material[66]. CandidateSNPdistantlesshan0.1cM wereconsideredasbelongingto acom-
mon QTL, describedriathe mostsignificantSNPin the QTL andtheintervalbetweerall
SNPselongingto the QTL. Co-localizationdbetweerQTLs(acrosgraits and experiments)
wereidentified usingthe same0.1cMwindow.

Regionalplot definition

Annotatedgenedocatedwithin QTLswereidentified accordingto maizeannotationversion2
(MaizeGDB) Forthe entire QTL, the pairwiseL D (R?) betweerall variantswasestimated
usingther-packagesnpStaf67] (version1.33.0)andplottedwith LDheatmag68] (version
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0.99+7hereshownasatriangleplot. Basedn the LD patternandthe levelsof significanceof
SNPsthe QTL weresplitinto sub-regions.

Exploration of selectivepressurefor flowering-relatedtraits and
transcripts accumulation

Allelic distributionswithin the populationwereexploredat SNPsepresentativef the core-set
of QTLsandrevealedtrongcontrastsacrosgjenetiogroups.An Fststudywasthenunder-
takenfor identifying outlier loci thatwould differentiatethe genetiogroupsmorethanthe
averagg@enomicbackgroundBayescamersion2.1[69] decomposethe Locus-population
Fstinto acomponentspecificfor the populationsharedoy all loci (beta)andacomponent
specificfor thelocussharedby all the populations(alpha).Departurefrom neutralityatany
givenlocusis assumedvhenalphais significantlydifferentfrom zero.Decisionsaboutthe
chanceof eachlocusbeingunderselectioraremadebasedn posteriorodds(PO) comparing
themodelswith andwithout alphacomponentWe usedasevidenceof SNPaunderselection
markerswith log;o(PO) > 0.5which correspond$o markersconsideredsubstantiallysignifi-
cant[27].

Re-analysiof RNAseqdata

Expressiorcountsrelativeto RNA-segexperimentsandfloweringtime [35] weredownloaded
from the CyverseDiscoveryEnvironmentunderthedirectory:https://datacommongyverse.
org/browse/iplant/home/sh@&d/commons_repo/curated/Krelimg_Nature3RNASeq282_
March2018We useddatafor post-sexuatnaturity leavesluring the day(LMAD) because
expressiorcountsfor %6 6 $ atearlierstagege.g.leaf3) wereextremelylow andnot avail-
ablefor all lines.We includedtranscriptsaccumulatiordatasefor 204dentlines(with no bio-
logicalreplicates)of which 182hadalsodataavailabldor anthesigBLUPs) We discarded
extremeoutliers(respectively > 400, $ > 350and % > 150expression
counts).We thusobtainedcorrelationshetweerthe expressiortountsof eachannotatedgene
in the maizegenomeand wascalculatedcorrelationcoefficient(r) and associate@-
value).Thesamemethodwasappliedto establistihe relationshipbetweerthe expressiorof
eachgeneandanthesigiata.Co-expressionlatawerefurther reducedoy applyinga Bonfer-
roni correctionandanalysedvith ak-meansclusteringapproach70].

Genecloning, transformation and growth of

$ and wereamplifiedfrom genomicDNA from B73with oligonucleotides
lcm116,117,118and 119asdetailedin S7Table.Theseprimersincorporatesequencefor
Gateway-basedoning (Invitrogen) andincludestartand stopcodons PCRproductswere
subjectto asecondound of PCRamplificationwith adaptersart77andart78.Gel-purified
PCRproductswereclonedinto GatewayDONR?221vectorthrough BP-mediatedecombina-
tion andsequenced. $ and entry cloneswerefinally recombinednto the binary
destinationvectorpEarleyGate20fr 1] viaLR clonaseWe usedthefloral dip methodto trans-
form wild-type ColumbiaArabidopsisand primary transformantsvereselectean soil by
continuousapplicationsof BastaT1 plantsthat yieldedenoughseedsvereanalysedn T2 to
monitor transgene-derivedxpressiory RT-PCR Plantsweregrownin aclimaticchamber
underlong-dayconditions(16 hoursof light, 8 hoursof dark),ameandaily temperatureof 23
degreegnight-day)and 60%humidity, light wasprovidedby fluorescentubesand PAR
(photosyntheticallyactiveradiation) wasapproximately90 mol m?s?,
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Supporting information

S1Fig. A wide flowering time variability conservedacrossdifferent environments.(A)
Genotypicvalueof anthesigime, silking andtotal numberof leavegper genetiogroup,during
the platform experimentin 2014 Geneticgroupsarerepresentedby the nameof their founder.
D06:n = 14;PH207:n = 42;diversedents(d.d.):n = 128;0h43:n = 16;M017:n = 35;B14a:
n=41;B73:n = 37.(B) Relationshighetweergenotypicvaluesof the floweringtraits (respec-
tively anthesissilking andtotal numberof leaves)n platform experimentsonductedover
two consecutivgrearg2014and 2015) n = 273linesin commonbetweerboth years(C) Rela-
tionship betweergenotypicvaluedor silking (left panel)andthe total numberof leavegright
panel)measuredn the platform (2014)andfield (2015£2016 = 313lines.In (A), (B)and
(C), genotypicvaluesareBLUEs Correlationcoefficientsaredisplayedogethemwith their sig-
nificance( p< 10%).

(TIF)
S2Fig. transcript accumulationis not consistentlyaffectedby day of sampling,time
of samplingwithin aday,or actualleaf stageat sampling. (A, C) transcriptaccumula-

tion overthreeconsecutivelaysper sub-periodof ca.30minutes(coveringl.5to 3 hoursafter
dawnwithin eachsamplingday)at stagdigulatedleaf7 (A) or 4 (C). Thenumberof individu-
alsthatweresampleds indicatedfor eachdaytogetherwith the time window of sampling(B,
D) Distribution of the actualnumberof ligulatedleavesvithin the populationatthe sampling
stagdigulatedleaf7 (B) or 4, (D). Insetsshowthe absencef correlationbetween tran-
scriptaccumulatiorandthe actualnumberof ligulatedleaves.

(TIF)

S3Fig. Threemethodsof normalization of transcript accumulationshowhighly
consistentresults. (A, B) Correlationbetweeranthesisand expressiorof transcript
accumulationBrespectivelgneasuredt stagdeaf7 (A) or leaf4 (B)Dnormalizedeitherby
0, by*, orbytheaveragd®ave®)of 0 and* transcriptaccumulationsfor individ-
ualdata(n = 980plants).(C, D) Correlationbetweeranthesisand expressiorof tran-
scriptaccumulationbrespectivelyneasuredht stagdeaf7 (C) or leaf4 (D)Pnormalized
against0 , * , ortheaveragd®ave®)of 0 and* transcriptsaccumulationfor geno-
typic valueqn = 320lines).In eachpanelthe X andY axesshowthe units of the variabledis-
playedin the main diagonal Transcriptaccumulationis expresseds iCt. Anthesistime
expresseth equivalentdaysat 20EGaftergerminationPearson'sorrelationcoefficientsare
indicatedwith their significancg ,p< 10%).

(TIF)
S4Fig. accumulationincreasedetweenstageligulated leavest and 7 in agenotype-
dependentfashion. (A, B) Genotypicvaluesof accumulationat stagedigulatedleaf4

and7in the platform experimentof 2014 &= 320lines.The effectof staggL4 vsL7) on
accumulatiorwasfound significant(p < 0.001)oy ANOVA. (C) Relationshiphetweerthe
residualextractedrom theregressiorbetween atstagdigulatedleaf4 vs.7 displayed
in (A), andanthesigime measuredn the sameplatform experimentGenotypicvaluesare
BLUEs Pearson'sorrelationcoefficientsareindicatedwith their significancg ,p< 10%).
(TIF)

S5Fig. Strong correlation between accumulationand flowering time is confirmed
acrosdifferent environments.(A) Relationshipbetweergenotypicvaluesof accumu-
lation measuredt stagdigulatedleaf? in the platformin 2014andthetotal numberof leaves
respectivelyneasuredn the sameexperiment(left panel)or thefield in 2015+201§ight
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panel).&= 313lines.(B) Relationshiphetweergenotypicvalueof accumulationin the
platform experimentof 20150n asubsebf lines(&= 273lines)andfloweringtraitsrespec-
tively measuredluring the sameexperiment(left panel,anthesismiddle panel total number
of leavespr in thefield in 2015+201 anthesisright panel).(C) Relationshipbetweergeno-
typic valuesof accumulationin platform experimentof 2014and2015 &= 273lines.
(D) Relationshigbetweergenotypicvaluesof accumulatiormeasuredht stagdigulated
leaf4 in the platform (2014)andfloweringtraits eithermeasuredn the sameexperiment(left
panel,anthesismiddle panel total numberof leavespr thefield (right panel,anthesis).

&= 313lines.GenotypicvaluesareBLUEs Pearson'sorrelationcoefficientareindicated
with their significancg ,p< 10%).

(TIF)
S6Fig. Strong correlation between accumulationand maizeflowering is confirmed
acrosdifferent environmentswhereas and haveaweakor no effect.(A)

Relationshifbetweergenotypicvaluef $  accumulatiormeasureditstagdigulated
leaf7 in the platformin 2014andfloweringtraits measuredn the sameexperimenttotal
numberof leavesleft panel)or thefield in 2015+201§total numberof leavesindanthesis,
middle andright panels)&= 173lines.(B) Relationshifbetweergenotypicvalueof  $
accumulationin the platform experimeniof 20150n asubsebf lines(&= 160lines)and,
respectivelyaccumulationof measurediuring the sameexperiment(left panel)or
accumulatiorof $  measuredn thefirst platform experimentright panel).(C) Relation-
shipbetweergenotypicvaluenf % andanthesigime (left panel)and accumulation
(right panel)in the platformin 2014 (D) Relationshigbetweergenotypicvaluef anthesis
measuredn theplatformin 2014and accumulationGenotypicvaluesareBLUES.
Pearson'sorrelationcoefficientsareindicatedwith their significancg , p< 10*). Thered
trianglerepresentgenotypicvaluedor thereferencdine B73.

(TIF)

S7Fig. Path diagramsindicate possibledirect routes of to activateflowering. Mod-
elsinwhich $ hasanindirect effecton anthesigA) wererejectedwhereasnodelsin
which both and $ directlyaffectanthesisvereacceptedwith anindirect effectof

% (BandC). Arrowsrepresentinearfunctionalrelationshipsbetweeranthesisandflori-
genexpressionSimple-headedrrowsrepresentausatelationshipsanddouble-headed
arrowsrepresenfreecorrelations Standardizeghath coefficientsareindicatedon eacharrow
with their levelof significancg  : P < 0.001ns:not significant).All threemodelsweretested
againsour dataon BLUEsandresultsaregivenin the upperpart of eachpanel.SeealsoFig 3.
(TIF)

S8Fig. eQTLsaremajor contributors to the geneticvarianceof flowering time in the
platform experimentof 2014.(A) Numberof QTLssharedetweeranthesisn the platform
experiment(2014)and eQTLsAnthesiswasrecordedin theplatformin 2014and /
%6 $evelsveremeasuredn the platform,in 2014and2015at differentleafstagesGWASwas
conductedor everytrait/experiment,andsignificantSNPsveregroupedaccordingto genetic
distanceswith athresholdat0.1cM to defineQTLs. Thenumberof theseQTLsis italicised
within bracketoutsideof VENN diagram.The numberof commonQTLsbetweertraitsis
italicisedwithin bracketdnsideeachVENN areaQTLsdetectedverethengatherednto
“meta-QTLstegionscontainingoverlappingndividual QTLs. The numberof common meta-
QTLs'isshownin plaintextoutsideandinsidethecirclesandacommon meta-QTLis
definedasregionscontainingatleastone QTL of eachtrait considered(B) Regionahssocia-
tion plot for onemetaQTL on chromosomes. Distribution of the -log; pval)for all variants
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in theregion.Thedottedgreyline correspondso+log o(pval) = 4.5for anthesis-relatettaits
evaluatedn thefield (purple) and platform (orange)and4 for the expressionraits evaluated
in the platform (green) Bottom panel linkagedisequilibrium(LD) heatmap of all SNPsSn the
QTL showingthelocallLD (r?) betweerall the variants Blacklinesrepresenthe distribution
of the SNPsandthe blueboxegepresentshe genesnappedfor the region.Redasterisksep-
resentthe positionof the mostsignificantSNPs(SeelsoS4Tablefor candidategenes)Grey
areagepresensub-regiondarbouringthe mostsignificantSNPsand genesand havinglow
LD betweerthemon average.

(TIF)

S9Fig. Strong patterns of co-regulationareverified in independentdatasets(A to C) Re-
analysif publicly availabledataprofiling wholegenomeexpressiovariationsfrom different
maizevarietiesComparisondetweeranthesisand accumulatiorof respectively (A,
&=182lines), $ (B,&=180lines)(B),and % (C,&=178lines)(C).(D-F) Pairwise
comparisondbetween transcriptsaccumulationrespectively vs $ (D,
&=200), vs % (E,&=198)and $ vs % (F,&=198).Genotypicvalues
(BLUPs)aredisplayedor anthesiswhereasndividual valuegno biologicalreplicateswere
reportedfor $ and % accumulationPearson'sorrelationcoefficientsare
indicatedwith their significancg , p< 10*). (G) k-meansclusteranalysisn the 549
-coregulated genedasedn their degreeof correlationwith both expressiorand
floweringtime.
(TIF)

S10Fig. and accumulationfollows the flowering time precocity of different
admixture groups.(A-C) Biplotsof genetiogroupvaluedor anthesis/s accumulation
(A), anthesis's $  accumulationB),and vs $ accumulation(C). Meansand
standarddeviationsof genetiogroupvaluesarecalculatedrom the BLUESsIn the platform
experimentof 2014 Geneticgroupsarerepresentedby the nameof their founderandthe col-
our codereflectsfloweringtime phenologyasin Fig5A.D06:n = 14;PH207:n = 42;diverse
dent:n =128;0h43:n = 16;M017:n = 35;B14an = 41;B73:n = 37.(D-F) Within-group rela-

tionship betweeranthesisandaccumulatiorof respectively (D), $ (E)andaccu-
mulation of vs $ ().

(TIF)

S11Fig. A polymorphism in the region affectsamplification efficiency.(A)

Sequencalignmentofthe $  regiontargetedor amplificationin differentmaizelines.
Nucleotideshighlightedin greyboxescorrespondo forward andreverseprimers,respectively
whereagshe greenbox correspondso the probe.Nucleotideshighlightedin yellowindicate
polymorphismsMarker AX-90845493vasusedto differentiatethe B73from the alternative
haplotypein ourlines.(B) $ TagmanassaysinggenomicDNA derivedfrom linescar-
rying the B73allele(black)or thealternativeallele(green)*  amplificationwasusedfor

normalizationandto deriveb iCt values(C) transcriptamplificationperformedon a
reducedpanelandwith adifferentamplificationassay.
(TIF)

S12Fig. Graphical abstractof the experimentsconductedin this study and of the associ-
ateddatasetsPhenotypiadataatthe plot levelin eachfield experiment(la)andatthe geno-
typic levelin eachfield experimentandfor bothfield experimentogether(1b). Transcripts
dataatthe plantlevelin eachplatformexperiment2a)andatthe genotypidevelin eachplat-
form experiment(2b). Phenotypiadataat the plantlevelin eachplatform experiment(3a)and
atthe genotypidevelin eachplatform experiment(3b). Descriptionof the genotypicmaterial
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used(4). Themaize3D canopyis adaptedrom Pradaletal.,[72]. Themaize3D plantis
adaptedrom Fournierand Andrieu[73].
(TIF)

Si1Table. Statisticalindicators of the genotypicvariability for flowering relatedtraits and
florigens transcripts accumulationin individual experiments.Genotypicandresidualvari-
ancecomponentsvereestimatedwvith the mixed-modeffitted perexperimentaccountingfor
fixedreplicateeffectrandomvarietyand spatialeffectsand spatiallycorrelatederrors. They
wereusedto estimateaninterval of broad-senséeritability suchasH?,, = varG/(varG

+ varRes/nand thigh =varG/(varG+ varRes/nt varSpatial)with varGthe genotypicvari-
anceyvarRegheresidualvarianceandvarSpatiathe spatialvariance Meanvaluesverecalcu-
latedusingBLUEsestimatedwith the samemixedmodelbut with varietyin fixed effect.The
sameBLUEswereusedto estimatenarrow senséneritability with amodelassumingadditive
SNP-effectdUnits areasfollow: anthesisandsilkingin thermaltime (daysat 20EC)transcript
accumulationin - iCt.

(XLSX)

S2Table.Completesetof QTLsfor flowering relatedtraits and florigens transcript accu-
mulation. GWASwasperformedon individual traits and significantSNPsawveregrouped
accordingto genetiadistanceswith athresholdat0.1cM to defineQTLs.Eachline contains
theinformation of one QTL with its chromosomgChr), bin andregion(in physicaland
geneticposition),the SNPwith the highestl-value(SNPName),its position (SNPPaosition),
-log10( ) andthe alleliceffectof the alleleof the referencdine B73.Physicapositionsare
basedn the B73referencgenomeRefGen_vandwereprojectedon the consensugenetic
mapfor Dentgeneticmaterialto obtainthe geneticposition.

(XLSX)

S3Table.Setof ‘meta-QTLs'for flowering-related traits and florigen transcript accumula-
tion. 346main regionscontainingoverlappingndividual QTLswereidentified from S2Table
anddefinedas’meta-QTLs'Eachmeta-QTLis definedby its Bin, startpositionin Mbp, end
positionin Mbp.

(XLSX)

S4Table.Coresetof QTLsfor flowering relatedtraits and florigens transcript accumula-
tion. Listof QTLsfor anthesissilking andtotal leafnumberthat colocalizevith eQTLsfor
and/or % and/or $ accumulationEachQTL isdescribedy floweringtrait,
nameof the peakSNP chromosomebin, coordinateof the peakSNP physicalcoordinates
(startandend),geneticcoordinateqstartand end),florigenaccumulatiortrait. For these
QTLs,putativecandidategenesareproposedselectedmongthelistof -coexpressed
genegin red) and of known floweringtime genegin green).The establishedunction accord-
ing to MaizeGDBor atentativedescriptioninferred from the function of therice/sorghum/
Arabidopsisorthologsarealsoshown.Overlapswith floweringtime regionsdetectedn Li
etal.,[7] arelisted.DA = daysto anthesisPS= daysto silking (DS),ASI = anthesiszsilking
interval (ASI), DACV = coefficientof variationof DA, DSCV= coefficientof variationof DS
asin [7].
(XLSX)

S5Table. Variancecomponentsof the different nestedmodelsfor anthesis(A, B), silking
(C, D) andtotal number of leaveqE, F) in the platform andthe field. Variancecomponents
wereestimatedvith amixed modelwith randomeffectdor genotypgG), spatialeffectsspa-
tially correlatederrorsandresidualerror variancegRes)andafixed effectfor replicate(model
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M1). In modelM2, the completesetof QTLsof the consideredloweringtrait (e.g.43for
anthesisn the platform (A)) wasaddedto thefixedterms.ln modelM3 (respectivelyv4 and
M5), only thoseQTLs,amongthe setof the floweringQTLs,which co-localizedvith eQTLs
for accumulation(respectively $ and %) wereaddedto thefixedterms.In
modelMB6, only thoseQTLs,amongthe setof anthesiQTLs,which colocalizedvith

and/or $ and/or % accumulationwereaddedto thefixedterms.Theproportion of
varianceretainedby the candidateQTLswasestimatedby comparingrespectivelynodelsM2,
M3, M4, M5 and M6 to modelM1.

(XLSX)

S6Table.List of coregulatedgenesand their relation to flowering time. Correlation
coefficientqr) aswell asstatisticaparametergp-valueand FDR),areshownto describeela-
tionshipsbetweerthe levelof transcriptfor eachgeneandeither expressiorandor
anthesis.

(XLSX)

S7Table.Fstanalysisfor SNPsunder selection.List of significantSNPsunderselection
(logigposteriorodds(PO)> 0.5)for chromosomes8 and 8. SNPswverefound aftercompari-
sonof thewholepopulation(pop). Rowshighlightedin yellowdenoteSNPsverlappingwith
core-QTLintervals(QTL). Rowshighlightedin greenshowSNPghatlie within aregionthat
encompassescodingsequencén anintervalof +/- 5kb. Probsignifiesthe posteriorprobabil-
ity for the modelincluding selectionlog; (PO),the logarithm of PosteriorOddsto baselOfor
themodelincluding selectionAlphais the estimatedalphacoefficientindicatingthe strength
anddirection of selectionFstis the coefficientestimatedy BayeScanFSThe established
function accordingto MaizeGDBor atentativedescriptioninferredfrom the function of the
rice/sorghum/Arabidopsisrthologsarealsoshown.

(XLSX)

S8Table.Primers and assaysnformation usedin this study.
(XLSX)
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