
�>���G �A�/�, �?���H�@�y�R�8�e�j�k�9�e

�?�i�i�T�b�,�f�f�?���H�@���;�`�Q�+���K�T�m�b�@�Q�m�2�b�i�X���`�+�?�B�p�2�b�@�Q�m�p�2�`�i�2�b�X�7�`�f�?���H�@�y�R�8�e�j�k�9�e

�a�m�#�K�B�i�i�2�/ �Q�M �R�d �C�m�H �k�y�R�d

�>���G �B�b �� �K�m�H�i�B�@�/�B�b�+�B�T�H�B�M���`�v �Q�T�2�M ���+�+�2�b�b
���`�+�?�B�p�2 �7�Q�` �i�?�2 �/�2�T�Q�b�B�i ���M�/ �/�B�b�b�2�K�B�M���i�B�Q�M �Q�7 �b�+�B�@
�2�M�i�B�}�+ �`�2�b�2���`�+�? �/�Q�+�m�K�2�M�i�b�- �r�?�2�i�?�2�` �i�?�2�v ���`�2 �T�m�#�@
�H�B�b�?�2�/ �Q�` �M�Q�i�X �h�?�2 �/�Q�+�m�K�2�M�i�b �K���v �+�Q�K�2 �7�`�Q�K
�i�2���+�?�B�M�; ���M�/ �`�2�b�2���`�+�? �B�M�b�i�B�i�m�i�B�Q�M�b �B�M �6�`���M�+�2 �Q�`
���#�`�Q���/�- �Q�` �7�`�Q�K �T�m�#�H�B�+ �Q�` �T�`�B�p���i�2 �`�2�b�2���`�+�? �+�2�M�i�2�`�b�X

�G�ö���`�+�?�B�p�2 �Q�m�p�2�`�i�2 �T�H�m�`�B�/�B�b�+�B�T�H�B�M���B�`�2�>���G�- �2�b�i
�/�2�b�i�B�M�û�2 ���m �/�û�T�¬�i �2�i �¨ �H�� �/�B�z�m�b�B�Q�M �/�2 �/�Q�+�m�K�2�M�i�b
�b�+�B�2�M�i�B�}�[�m�2�b �/�2 �M�B�p�2���m �`�2�+�?�2�`�+�?�2�- �T�m�#�H�B�û�b �Q�m �M�Q�M�-
�û�K���M���M�i �/�2�b �û�i���#�H�B�b�b�2�K�2�M�i�b �/�ö�2�M�b�2�B�;�M�2�K�2�M�i �2�i �/�2
�`�2�+�?�2�`�+�?�2 �7�`���M�Ï���B�b �Q�m �û�i�`���M�;�2�`�b�- �/�2�b �H���#�Q�`���i�Q�B�`�2�b
�T�m�#�H�B�+�b �Q�m �T�`�B�p�û�b�X

�J�Q�H�2�+�m�H���` �+�?���`���+�i�2�`�B�x���i�B�Q�M �Q�7 �i�?�2 ���+�[�m�B�b�B�i�B�Q�M �Q�7
�H�Q�M�;�2�p�B�i�v �/�m�`�B�M�; �b�2�2�/ �K���i�m�`���i�B�Q�M �B�M �b�Q�v�#�2���M

�C�m�H�B���M�� �C�Q�v�+�2 �S�2�`�2�B�`�� �G�B�K���- �C�m�H�B�� �"�m�B�i�B�M�F�- �.���p�B�/ �G���H���M�M�2�- �_�m�#�B���M�� �6���H�Q�T��

�_�Q�b�b�B�- �a���M�/�`�� �S�2�H�H�2�i�B�2�`�- �1�/�p���H�/�Q ���T���`�2�+�B�/�Q ���K���`���H �/�� �a�B�H�p���- �P�H�B�p�B�2�` �G�2�T�`�B�M�+�2

�h�Q �+�B�i�2 �i�?�B�b �p�2�`�b�B�Q�M�,

�C�m�H�B���M�� �C�Q�v�+�2 �S�2�`�2�B�`�� �G�B�K���- �C�m�H�B�� �"�m�B�i�B�M�F�- �.���p�B�/ �G���H���M�M�2�- �_�m�#�B���M�� �6���H�Q�T�� �_�Q�b�b�B�- �a���M�/�`�� �S�2�H�H�2�i�B�2�`�-
�2�i ���H�X�X �J�Q�H�2�+�m�H���` �+�?���`���+�i�2�`�B�x���i�B�Q�M �Q�7 �i�?�2 ���+�[�m�B�b�B�i�B�Q�M �Q�7 �H�Q�M�;�2�p�B�i�v �/�m�`�B�M�; �b�2�2�/ �K���i�m�`���i�B�Q�M �B�M �b�Q�v�#�2���M�X
�S�G�Q�a �P�L�1�- �S�m�#�H�B�+ �G�B�#�`���`�v �Q�7 �a�+�B�2�M�+�2�- �k�y�R�d�- �R�k �U�d�V�- �T�T�X�2�y�R�3�y�k�3�k�X �I�R�y�X�R�j�d�R�f�D�Q�m�`�M���H�X�T�Q�M�2�X�y�R�3�y�k�3�k�=�X
�I�?���H�@�y�R�8�e�j�k�9�e�=

https://hal-agrocampus-ouest.archives-ouvertes.fr/hal-01563246
https://hal.archives-ouvertes.fr


RESEARCH ARTICLE

Molecular characterization of the acquisition
of longevity during seed maturation in
soybean
Juliana Joice Pereira Lima 1,2�
 , Julia Buitink 2�
 , David Lalanne 2, Rubiana Falopa Rossi 1,2,
Sandra Pelletier 2, Edvaldo Aparecido Amaral da Silva 1�
, Olivier Leprince 2�


1 Faculdade de Ci�rncias AgronoÃmicas, Universidade Estadual Paulista JuÂlio de Mesquita Filho, Botucatu,
S�moPaulo State, Brazil, 2 Institut de Recherche en Horticulture et Semences, INRA, Agrocampus Ouest,
UniversiteÂd'Angers, SFR QUASAV, BeaucouzeÂ, France

�
 These authors contributed equally to this work.
� olivier.leprince@agrocampus-ouest.fr (OL); amaraldasilva@fca.unesp.br (EAADS)

Abstract

Seed longevity, defined as the ability to remain alive during storage, is an important agro-

nomic factor. Poor longevity negatively impacts seedling establishment and consequently

crop yield. This is particularly problematic for soybean as seeds have a short lifespan. While

the economic importance of soybean has fueled a large number of transcriptome studies

during embryogenesis and seed filling, the mechanisms regulating seed longevity during

late maturation remain poorly understood. Here, a detailed physiological and molecular

characterization of late seed maturation was performed in soybean to obtain a comprehen-

sive overview of the regulatory genes that are potentially involved in longevity. Longevity

appeared at physiological maturity at the end of seed filling before maturation drying and

progressively doubled until the seeds reached the dry state. The increase in longevity was

associated with the expression of genes encoding protective chaperones such as heat

shock proteins and the repression of nuclear and chloroplast genes involved in a range of

chloroplast activities, including photosynthesis. An increase in the raffinose family oligosac-

charides (RFO)/sucrose ratio together with changes in RFO metabolism genes was also

associated with longevity. A gene co-expression network analysis revealed 27 transcription

factors whose expression profiles were highly correlated with longevity. Eight of them were

previously identified in the longevity network of Medicago truncatula, including homologues

of ERF110, HSF6AB, NFXL1 and members of the DREB2 family. The network also con-

tained several transcription factors associated with auxin and developmental cell fate during

flowering, organ growth and differentiation. A transcriptional transition occurred concomitant

with seed chlorophyll loss and detachment from the mother plant, suggesting the activation

of a post-abscission program. This transition was enriched with AP2/EREBP and WRKY

transcription factors and genes associated with growth, germination and post-transcriptional

processes, suggesting that this program prepares the seed for the dry quiescent state and

germination.
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Introduction
Soybeanisoneof themostimportant oil cropspeciesfor food,feedandarangeof industrial
applications.Producinghighlyvigorousseedsisakeyleverto increasecropproduction.Seed
longevity,definedastheability to remainaliveduring storageunderdry conditions,isan
important agronomicfactorin thepreservationof seedfitnessafterharvest[1]. Poorlongevity
leadsto unexpectedlossesin seedviability during storageandnegativelyimpactsseedling
establishmentandcropyield[1, 2]. This isparticularlyproblematicfor soybeanasseedshavea
shortlifespanduring storage,especiallyin humid andtropicalenvironment[2±4].In addition,
longevityispivotalto ensurethepreservationof our geneticresourcesthroughdry seedsof
cropsandwild species[5, 6].

Longevityisconferredby theability to stabilizethebiologicalentity for longperiodsof
time by theformationof anamorphoushighlyviscous,solid-likematrix (i.e.aglassystate)in
thecellsthatsuspendsintegratedmetabolicactivitiesandseverelyslowsdowndeteriorative
reactions[2, 7,8]. Seedlongevityisalsoattributedto arangeof protectivecompounds[9, 10],
includingnon-reducingsolublesugars(sucrose(Suc)andraffinose(Raf)familyoligosaccha-
rides,RFO[11,12]) andasetof lateembryogenesisabundant(LEA) proteinsandheatshock
proteins(HSP)[13±15].Togetherwith sugars,both typesof proteinsactaschaperonesand
molecularshieldsto preventproteindenaturationandmembranedestabilizationduring dry-
ing andin thedry state.Longevityisalsoconferredbyantioxidantmechanismsthat limit
oxidationof lipids,proteinsandnucleicacidsduring storagesuchasglutathione[16andrefer-
encestherein],tocopherols[17], flavonoidsthatarepresentin theseedcoat[18] andlipocalins
[19]. Severalrepairmechanismsalsocontributeto longevitywhentheyareactivatedduring
seedimbibition to fix damagethatoccurredto proteinsandDNA during storage[20,21].Next
to protectionandrepair,animpaireddegradationof chlorophyllappearsto negativelyaffect
longevity[12,22].Thepresenceof chlorophyllisconsideredasanindicatorof immaturity but
howit affectslongevityremainsunsolved.

To becommerciallysuccessful,cropseedsshouldbeharvestedwhenlongevityreachesits
maximum[1, 10].In legumes,longevityisprogressivelyacquiredduring seedmaturation
from seedfilling onwards[10,23±25].In soybean,thereexistconflictingdataasto whether
seedlongevityreachesamaximumatseedfilling [4, 26]or laterduring maturation[25,27].
Delayingharvestto obtainmaximumlongevityincreasestherisk of exposingmatureseedsto
rapiddeteriorationin thefield dueto highhumidity andtemperature[25±27].Themecha-
nismsregulatingtheacquisitionof seedlongevityandvigorduring latematurationremain
poorlyunderstood.Hence,thedearthof knowledgeof lateseedmaturationprogramsremains
anobstacleto commercialproductionof highqualityseeds.

In soybean,transcriptomestudiesgeneratedawealthof datadescribingseeddevelopmentdur-
ing embryogenesisandfilling [28±33].However,thereis little information on transcriptome
changesoccurringin soybeanduring lateseedmaturation,whenlongevityisacquired.Thepur-
poseof thisstudywasto provideaphysiologicalandmolecularcharacterizationof thesoybean
seedmaturationusingRNAseqto obtainacomprehensiveoverviewof theregulatorygenesthat
arepotentiallyinvolvedin seedlongevity.Our datashowthatadevelopmentalprogramisactivated
during latematurationthat ismorecomplexthanasimplearrestof seedfilling andseeddrying.

Material and methods

Plant material and seed physiology
Soybeanplants(������� �	
 L. cv.BRS284)weregrownusingstandardplantingandcultural
techniquesin theexperimentalfarm of theS�o PauloStateUniversityin Botucatu(Brazil)
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during two consecutiveyears(2012/2013;2013/2014).Seeddevelopmentwasmonitoredusing
phenologicalstages[34] andflowertagging(for 2014only). Intermediatephenologicalstages
betweenatR7andR8(for bothyears)wereincorporatedin orderto obtainahigherprecision
of thetime courseof acquisitionof physiologicalqualityattributesafterseedfilling (S1Table).
Therelationshipbetweenseedageandphenologicalstagesisshownin Fig1.Podsweremanu-
ally removedandseedswereusedimmediately.Forgerminationassays,4 replicatesof 25
seedswereimbibedin moistenedpaperrollsat25ÊC.To testdesiccationtolerance,seedshar-
vestedatdifferentstagesweresubjectedto fastdrying by incubationat40%RH at30ÊCuntil
theyreachedamoisturecontentof 10%(dry weightbasis,DW) (i.e.after2 days).Thereafter,
seedgerminationwasassayedasdescribedabove.To assesslongevity,immatureartificially
driedandmatureseedswerestoredin thedarkat35ÊCat75%RH usinghermeticallyclosed
containerscontainingasaturatedNaClsolution.Thewatercontentof theseedsat thesecondi-
tionswas0.13gH2O/g DW-1. At differenttime intervals,4 replicatesof 25seedswereretrieved
andimbibedasdescribedabove,andfinal germinationpercentagewascounted.

Soluble sugar assay
Solublesugarcontentswereassessedseparatelyin cotyledonsandembryonicaxesfrom the
phenologicalstageR6onwardsusingDIONEX-HPLCaccordingto Rosnobletetal.[35]. Anal-
ysiswasperformedon triplicatesof 6 axisandcotyledons.

RNA sequencing, quality control and reads alignment
Developingandmatureseedsharvestedfrom up to 200plantsof the2014cropateachstage
werefrozenin liquid nitrogen.TotalRNA wasextractedusingtheNucleoSpin1 RNA Plant
kit (Macherey-Nagel)accordingto themanufacturerinstructions.TotalRNA from highqual-
ity samples(RIN values> 8.9evaluatedbya2100Bioanalyzer,AgilentTechnologies,Santa
Clara,CA,USA)wereusedfor library preparationsequencingat theLaboratoÂrio Centralde
TecnologiasdeAlto DesempenhoemCi�nciasdaVida (LaCTAD)from theUniversityof
Campinas,Brazil.cDNA librariesweregeneratedusingtheTruSeqRNA samplepreparation
kit (Illumina, SanDiego,CA,USA).After estimationof theinsertsizeof thelibrariesand
quantificationusingquantitativePCR,samplesweredilutedandpooled.Threelaneswere
sequencedusingaHiSeq2500(Illumina) with theTruSeqSBSKit v3-HS,accordingto the
manufacturerinstructions.Sequencingadaptorsandlow complexityreadswereremovedin
aninitial filtering step.After qualitycontrol, readsweremappedto the`Williams82'soybean
referencegenome(assemblyGlyma.Wm82.a1.0,annotationv2.0)usingBowtie2[36]. RNAseq
dataweredepositedin theNCBI GeneExpressionOmnibusdatabase(accessionno.
GSE98199).

Transcriptome and gene network analysis
Estimationof differentialgeneexpressionandstatisticalanalyseswereperformedusing
DESeq2,v1.11.21[37] availableasaRBioconductorpackage.Geneswereretainedasdifferen-
tially expressedwhentheratio wasat leasttwo-fold andtheP-valueadjustedfor multiple testing
usingtheBenjamini-Hochberg(BH) method<0.05.Relativeexpressiondatawerenormalized
bydividing themeannormalizedgeneexpressionvalueobtainedof thestagen+1by thevalue
obtainedof stagen. Functionalenrichmentof geneontology(GO) wasperformedusingthe
GOenrichmenttool of Soybase(https://www.soybase.org)with theGlyma2.0genemodel.

Datausedfor thegenerationof thetranscriptionfactornetworkcorrespondedto genes
encodingtranscriptionfactors(TF) that variedin their expressionprofilesduring devel-
opment.A total of 754TF wereretainedwith transcriptslevelsshowingavariance>1
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throughoutseeddevelopment.Thegeneco-expressionnetworkwasconstructedusing
theExpressionCorrelationPluginfor Cytoscape,with aPearsoncorrelationcoefficient
(PCC)cutoff of 0.97,only including positivecorrelations.Geneinteractionswerevisual-
izedusingtheopensourcesoftwareCytoscape(version2.8.1)usinganorganiclayout.
Identificationof genescorrelatedwith longevitywasobtainedusingthetrait basedgene
significancemeasure[24,38] wherethegenesignificanceof ageneequalstheabsolute
correlationbetweenthegeneexpressionprofile andlongevityexpressedasP50(daysto
obtain50%germinationduring storage).

Fig 1. Seed and pod developme nt of soybean. (A) Seed phenological stages during the acquisition of seed
longevity (2013 crop). (B) The relationship between seed age and phenological stages (2014 crop). Stage 9
corresponds to dry mature seeds.

https://doi.org/10.1371/journal.pone.0180282.g001
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Quantitative PCR
RNA extractionwasperformedaspreviouslydescribedon threebiologicalreplicatesof 30seeds.
FirststrandcDNA wassynthesizedfrom 2�g totalRNA usingHigh CapacityRNA-to-cDNA kit
(AppliedBiosystems,place)followingmanufacturer'sinstructions.Quantitativerealtime PCR
wasperformedon athermocyclerEcoReal-Time(Illumina) with SYBRGreenqPCRReadyMix
(SigmaAldrich, place)usingthemanufacturer'sinstructions.Datawereanalyzedwith EcoStudy
programversion5.0(Illumina). Primerefficiencywascalculatedasdescribedin Ruiteretal.
[39].Relativeexpressionlevelswerecalculatedusingthecomparative24(Ct) method[40] using
two referencegenes,20Sproteasomesubunitbeta(Glyma.06G078500)and60Sribosomalpro-
tein L6(Glyma.15G271300)[41]. In our RNAseqdataset,transcriptlevelsof bothgenesshowed
little variation(varianceof 0.035and0.08respectively).Forwardandreverseprimersusedfor
thesegenesarelistedin S2Table.

Results

Seed longevity is acquired at the end of maturation
Variouseventsrelatedto seedmaturationwerecharacterizedin two consecutiveyearsbetween
reproductivestagesR5andR9.Seedswerecollectedatsimilarphenologicalstagesbetweenthe
2013and2014culturesto allowfor comparison.Sinceno majordevelopmentaldifferences
werefoundbetweenbothcrops(S1Fig),only datafrom the2014croparepresentedhere.Fig
2A showsthat theendof theseedfilling phaseoccurredaround63d afterflowering(DAF,
correspondingto stage7.2),whereastheonsetof maturationdrying startedat71DAF (stage
8.1).Theendof theseedfilling phasealsocoincidedwith theabscissionof seedsfrom the
motherplant.At 57DAF (stage7.1)and63DAF (stage7.2),88%and6%of theseedswerestill
attachedto thefruit, respectively.At stage7.3,all seedsweredetachedfrom themotherplant.In
agreementwith earlierworks[4, 25,27],germinationcapacitywasacquiredearlyduring seed
filling, between25and57DAF (stage7.1).Desiccationtolerance,i.e.theability to germinate
afterfastdrying to 10%moisture,wasacquiredbetween57and63DAF (Fig2B).Therewasno
significantdifferencein theacquisitionof thesetraitsbetweenthe2013and2014crops(S1Fig).
Fromthelossof viability curvesduring storageat75%RH and35ÊC(Fig2C),thelongevity,
expressedasthetime to obtain50%germinationafterstorage(P50),wascalculated.Seedlon-
gevitywasprogressivelyacquiredshortlyaftertheseedfilling phase.During maturation,P50
valuesincreasedsharplybetween57and63DAF (stage7.2)from 0 to 28d (Fig2B).Thereafter,
P50increasedalmosttwo-fold during further maturation,reaching48d in maturedry seeds.
Longevitydataobtainedfor the2013cropfollowedasimilar trendasthoseof 2014(S1Fig),
with theP50beingon average18%lowerthanthe2014crop.Monitoring field humidity and
temperaturerevealedthat the2014cropgrewundersignificanthigheraveragetemperatures
comparedto 2013(26.5ÊCand30.2ÊCfor 2013and2014,respectively).

Transcriptome profiling during late maturation highlights dynamic
changes during the acquisition of longevity
To characterizetranscriptomechangesduring theendof seedmaturation,totalRNA was
extractedfrom sixstagesfrom wholeseedsduring developmentfrom stage7.1until stage9.A
replicationof stageof 7.2and9wasnestedin theexperimentaldesignto assessreproducibility
of thedata.After sequencingandassembly,RNAseqproducedbetween14and38million
readsperlibrary,with all librarieshaving>90%readsmapping(Table1).

Fromthisdataset,16,248geneswereretainedasdifferentiallyexpressedthroughoutthe
samples(�.�. with avariance> 1),S3Table.PPCcalculationsandprincipalcomponent
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Fig 2. Physiologi cal characte rization of soybean seed maturation . (A) Evolution of seed dry weight (back
circle) and water content (blue square). Data are the means (�“ SE) of 3 to 5 replicates of 20 seeds. (B)
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analysiswereperformedto assessthedynamicresponseof thetranscriptomethroughoutthe
maturationstages(Fig3).Two transcriptionalswitchesoccurredduring seedmaturation,the
first onebetweenstage7.1and7.2,visualizedby thecorrelationmatrix,andthesecondone
betweenstage7.3and8.1,apparentfrom thecorrelationmatrix andtheprincipalcomponent
analysis(Fig3).Datafrom thetwo biologicalreplicateswerehighlysimilar,with between98%
and97%similarity betweenthetwo biologicalreplicatesof stage7.2andstage9.

UsingPageman(MAPMAN, GABI Germany),ageneontology(GO) enrichmentwasper-
formedto obtainanoverviewof thedifferentbiologicalprocessesthatareoverrepresentedat the
differentstagesof seedmaturation(Fig4).Stages7.1(andto alesserextendstage7.2)werechar-
acterizedbyanover-representationof functionalclassesrelatedto growthandmetabolicactivi-
ties,reflectingtheactiveseedfilling thatstill wenton in thesegreenseeds.Theseclassesincluded
photosystemlight reaction,starchsynthesis,lipid metabolismandaminoaciddegradation,as
wellasstorageproteins,protein targetingsecretorypathwayandcellvesicletransport.At stage
7.2±7.3,theseclasseswereno longerover-represented,indicatingtheendof seedfilling at the
molecularlevel.Fromthisdevelopmentalstageonwards,theclassªabioticstressºbecameover-
represented,aswellasfunctionalclassesrelatedto raffinosefamilysugarsandproteindegrada-
tion (ubiquitin), whereasclassescorrespondingto ªsignalingºbecameunderrepresented.At stage
8.1,atransitionoccurredwith atemporaryoverrepresentationof proteinsynthesis(elongation
andribosomalproteinsynthesis)andanunderrepresentationof cellwalldegradationandbiotic
stress.Fromstage8.2onwards,functionalclassesthatbecameoverrepresentedwererelatedto
mitochondrialelectrontransport/ATPsynthesisandabioticstress(wounding/touch)(Fig4).

Accumulation of RFO in relation to the acquisition of longevity
Oneof themajorchangesoccurringduring seedmaturationis theaccumulationof RFOs.
Numerousstudiesexiston theaccumulationof thesesugarsduring soybeanseeddevelopment

Acquisition of germinability (�À,black circle) and desiccation tolerance (blue circle), evaluated after fast drying
to 10% moisture and longevity (red triangle) as assessed by P50 (time necessary to obtain a loss of viability of
50% during storage 35ÊCand 75% RH). Data are the means (�“ SE) of 4 replicates of 25 seeds. (C) Loss of
seed germination during storage at 75% HR, 35ÊC.Data are the mean of 4 replicates of 25 seeds harvested at
indicated phenological stages.

https://doi.org/10.1371/journal.pone.0180282.g002

Table 1. Mapping of single-end reads to the soybean genome.

DAF Stage F/D # reads # Mapped reads % Mapped reads

57 7.1 F 25 673,031 24 112,015 93.9

63 7.2a rep 1 F 38 088,839 34 971,702 91.8

7.2b rep 2 F 34 381,008 31 799,644 92.5

7.2a rep1 D 14 259,082 12 881,662 90.3

7.2b rep2 D 66 764,127 60 626,937 90.8

69 7.3 F 22 267,371 20 475,504 92.0

71 8.1 F 14 533,337 13 392,050 92.2

73 8.2 F 22 057,408 19 621,133 89.0

77 9a rep 1 F 28 824,583 26 457,357 91.8

9b rep 2 F 23 064,604 21 097,336 91.5

# reads, number of reads following trimming of the libraries for quality

# mapped reads, number of reads that unambiguously mapped to the soybean genome. Percentages of mapped sequences are also indicated. DAF, days

after flowering; Rep, replicates. F: Freshly harvested seeds; D: rapidly dried seeds

https://doi.org/10.1371/journal.pone.0180282.t001
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[42±44],but howthis increaserelatesto theacquisitionof seedlongevityisunknown.The
transcriptomeanalysisidentifiedanoverrepresentationof genesinvolvedin RFOmetabolism
during maturation(Fig4).Consideringtheir controversialrole in thesurvivalin thedry state
[10], weinvestigatedtheaccumulationof thedifferentsolublesugarsin theaxesandcotyle-
donsduring seedmaturationandassessedwhetherthesemetabolicchangesoccurredin rela-
tion to theacquisitionof longevity(Fig5).Bothin axesandcotyledons,glucose(Glc)and
fructose(Fru) contentswerehighestduring theseedfilling phaseanddecreasedthroughout
further maturationto almostundetectablelevels.ForGlu, thisdecreaseoccurredearlierin cot-
yledonscomparedto axes(Fig5A and5D). In axes,Succontentsremainedhighduring the
seedfilling phaseataround80mg/gDW (Fig5B).At 57DAF,Sucstartedto decreaseuntil 73
DAF,whentheseedmoisturewas28%(DW basis).In cotyledons,Suclevelsexhibitedasharp
decreaseat theendof theseedfilling phasefrom 33mg/DW at57DAF to 13mg/gDW at63
DAF (stage7.2),concomitantwith thedecreasein Glu contentandincreasein longevity.
Thereafter,Succontentremainedconstantuntil thedry state,representing55%of thetotal
amountof solublesugarsin thecotyledons.Stachyose(Sta)wasthepreponderantRFOin dry
seeds,representing90%of thetotalamountof RFO.In axis,its patternof accumulationcoin-
cidedwith theacquisitionof desiccationtoleranceratherthanlongevity(Fig5C).Staaccumu-
latedduring seedfilling between46and63DAF thenremainedatsteadylevel.In cotyledons,
Stacontentsincreasedlaterduring maturationthanin axis,alongwith theincreasein longev-
ity until 73DAF (Fig5F).Thereafterit decreasedby �	. 30%during further maturationdrying.
TheRFO/Sucratio in theaxisincreasedconcomitantlywith theincreasein longevity(Fig5B).
BycomparingFig5Band5C,two successivefactorscontributedto this increase;first thesyn-
thesisof Sta(up to stage7.3)thenadecreasein Succontents.In thecotyledons,theincreasein
RFO/Sucwasmainlydrivenby thesynthesisof RFO.Thus,theRFO/Sucratio,especiallyin
theembryonicaxis,seemsto beagoodindicatorof theseedlongevityacquisitionduring mat-
uration in this indeterminatecultivar.

Identification of the transcription factor network involved in late seed
maturation
To obtaininformation on theregulatoryfactorsunderlyingthetranscriptionalandbiochemi-
calchangesduring maturation,changesin transcriptprofilesof genesencodingTF,represent-
ing 1086genesbelongingto 32families,werefurther analyzed.To capturethetemporal
regulationof theTF transcriptsduring maturation,ageneco-expressionnetworkwascon-
structed.Theresultingscale-freenetworkcontained499nodesand12,183edgesandwasvisu-
alizedusingthecytoscapeorganiclayoutalgorithm(Fig6A).To understandthetopologyof
thenetwork,nodeswerecoloredbasedon their expressionprofile,with thestageatwhich
transcriptlevelsweremaximum.Thenetworkconsistedof acentralclusterof interacting
nodescorrespondingto geneswith highesttranscriptlevelat theendof seedfilling (Fig6A,
stage7.1,darkgreen),followedbyatail composedof probescorrespondingto TF with highest
transcriptlevelduring thetransitionbetweenseedfilling andmaturationdrying phase(stage
7.2,light green).A secondclusterthatwasdisconnectedfrom themainclusterrepresentedTF
with transcriptsbeingmaximumatstage8.2(yellow),8.3(orange)and9 (matureseeds,grey).

Twentyfour familiesof TF werepresentin thenetwork(S4Table,Fig6A).Usinga�!2 test-
ing thenull hypothesisthat thesefamiliesarerandomlyenrichedin thedifferentstages,AP2/
EREBPandWRKYweretheonly familiesthatweresignificantlyenrichedin thetail with
genesexhibitingatransientexpressionprofile with amaximumlevelaroundstage7.2and7.3.
At thesestages,AP2/EREBPandWRKYrepresented20%(p = 0.005)and11%(p = 0.048)of
all TF founddifferentiallyexpressed,respectively.A closerinspectionof theseTFrevealed
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Fig 3. Correlation and principa l component analyses of soybean transcriptom es during seed
maturation . (A) Pair-wise Pearson correlation coefficients were used to generate the heat map. The color
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genesinvolvedin germinationandorgangrowth,flowering,chloroplastdismantling,defense
andABA signaling.

Next,weusedthetrait-basedgenesignificancemeasure[38] to integratetheacquisition
of longevityin theTF geneco-expressionnetworkto identify thoseTF thatexhibit transcrip-
tion profileshighlycorrelatingwith P50.For thispurpose,PCCwerecalculatedbetweenthe

scale indicates the degree of correlation (blue, low; yellow, high). (B) and (C) Principal component analysis
performed using median centering of the transcriptomes of seed phenological stages. 7.2D, transcriptomes of
rapidly dried seeds at stage 7.2. The letters a,b, correspond to biological replicates.

https://doi.org/10.1371/journal.pone.0180282.g003

Fig 4. Over-repr esentation analysis of functiona l classes during seed maturation . Functional classes
and subclasses statistically affected are indicated according to Mapman ontology. Data were subjected to a
Bin-wise Wilcoxon test and resulting p-values were adjusted according to Bonferroni. The scale bar indicates
the z-score calculated from p-values (i.e. p-value of 0.05 represents a z-score of 1.96 after adjustment). Over-
represented and under-represented classes are indicated respectively in blue and yellow.

https://doi.org/10.1371/journal.pone.0180282.g004
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transcriptlevelsof all TF genesandtheP50valueduring maturation(S4Table).Whengenes
with aPCC>0.9wereprojectedon theTF network,27TFswereidentifiedthat formeda
highlyco-expressedmodule(bluenodesFig6B,S4Table).A totalof 8of the27genesbelonged
to theAP2/EREBPfamily, including four homologuesof ETHYLENERESPONSEFACTOR
(ERF10,amemberof theERFsubfamilyB4,PCC>0.98)andhomologuesof theArabidopsis
DREB2CandDREB2F.OtherTF belongedto familiessuchasWRKY,auxinresponsefactor,
homeodomain-likeproteins(S4Table)andX-boxbinding transcriptionalrepressorfamily
with ahomologueof NUCLEARTRANSCRIPTIONFACTORX-BOXBINDING LIKE 1
(��
��), agenepreviouslyfound in thelongevitymodulesof �. �����	���	 andArabidopsis
co-expressionnetworkduring seedmaturation[24]. In addition,two heatshockfactors(HSF,
Glyma.03g191100andGlyma.03g157300)werepresentin thelist of the27TFs.RT-qPCRon
additionalseedsamplesfrom differentdevelopmentalstagesvalidatedtheir increasedtran-
scriptlevelduring maturation(Fig7A and7B),with expressionprofilesbeingcomparableto
thoseobtainedbyRNAseq(r2>0.8). Interestingly,inspectionof theSoybasegeneexpression
profile showedthat theparalogsof thesetwo genesarenot expressedin seeds.TheseHSFare

Fig 5. Change s in soluble sugar content s in axis and cotyledons during maturation . Data are the
average of triplicates (�“ SE) using 6 axis (A-C) and 6 cotyledon pairs (D-E) from the 2014 crop. The changes
in RFO/Suc ratio are shown in panel B and E for axes and cotyledons, respectively. The increase in longevity
(P50) is indicated as a grey area as a help to the eye. (A, D) Glc, glucose and Fru, fructose; (B, E) Suc,
sucrose and RFO/Suc ratio; (C, F) Raf, Raffinose, Sta, Stachyose and Ver, Verbascose.

https://doi.org/10.1371/journal.pone.0180282.g005

Late maturation and longevity of soybean seeds

PLOS ONE | https://doi.org/10.1371/journal.pone.0180282 July 12, 2017 11 / 25



transcriptionalregulatorsknown to activatesmallheatshockproteins(HSP).Consistentwith
this,analysisof themostdifferentiallyexpressedgenesbetweenstage7.2andstage9 (Int
(log2)>4) thatcorrelatedwith longevity(PPC>0.85)showsthatmanyof thesegenescodefor
smallHSP(Fig8).RT-qPCRdataconfirmedtheincreaseof transcriptlevelsduring final matu-
ration for threesHSPs(Fig7C±7E).

Comparative analysis of dried, immature short-lived seeds with mature
long-lived seeds identifies developmental indicators linked to longevity
Prematuredrying of immatureseeds(stage7.2)leadsto reducedacquisitionof longevitycom-
paredto fully matureseeds(Fig2).A comparisonof thetranscriptomeof theseimmature
seedswith fully matureseedscanbeusedfor further investigationof markersfor longevity.
First,theimpactof enforceddrying on thetranscriptomeof seedsharvestedatstage7.2was
visualizedbyPCAanalysis(Fig3). In comparisonwith thefreshlyharvestedimmatureseeds,

Fig 6. Trans cription factor co-expres sion network of soybean seed maturation . (A) Gene co-expression
network of seed maturation visualized using an organic layout in Cytoscape. Temporal analysis of nodes in the
network was obtained by coloring each gene by its specific expression profile during seed development. Dark-
green; high transcript levels at seed filling (stage7.1); green, light-green and yellow, transitory transcript levels
maximum at stage 7.2, 7.3 and 8.1 respectively; light-orange, dark-orange and grey, transcript levels increasing
during late seed development, being maximum at stage 8.2, 8.3 and stage 9. (B) Zoom on the gene module
corresponding to late maturation. Nodes correlating with longevity (PCC�!0.9) are colored in blue. Text labels
indicate gene numbers.

https://doi.org/10.1371/journal.pone.0180282.g006
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Fig 7. qPCR analysis of selected genes during seed maturation validate s RNA-Seq data. (A) Heat
shock transcription factor A3 (HSFA3: Glyma.03g191100); (B) Heat shock transcription factor A6B (HSFA6B:
Glyma.03g157300); (C) sHSP17a (Glyma.17g224900); (D) sHPS17b (Glyma.14g099900), (E) sHSP21
(Glyma.08g318900). Data (�“SE) are the average of three biological replicates of 30 seeds.

https://doi.org/10.1371/journal.pone.0180282.g007

Fig 8. Heat map of most different ially expressed genes correlat ing with longevity. Genes were retained
when the log2 intensity �! 4 between stage 7.2 and 9 and that correlate with longevity (PPC P50�!0.85). Genes
were log2 mean centered and colored from the lowest (green) to highest values (red).

https://doi.org/10.1371/journal.pone.0180282.g008
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thetranscriptomeof thedried immatureseedswaspositionedbetweenthoseof seedshar-
vestedatstage7.3and8.1in thePCAplot (Fig3).Apparently,prematuredrying accelerated
thematurationof theseeds:�� ��	��	, thetime lapsebetweenstage7.2and7.3was6±7days
(Fig1),whereasit took only two daysto dry theseedsharvestedatstage7.2.

Transcriptomecomparisonbetweenimmature,rapidlydriedseedsandmatureseedsiden-
tified 742geneswith transcriptsthatweresignificantlyhigherin seedswith high longevity
comparedto thosewith low longevity,whereas1525geneshadtranscriptsthatwerelowerin
theseedswith high longevity(S5Table).Next,weinvestigatedhowmanyof thesetranscripts
alsochangedduring enforceddrying.For thispurpose,astatisticalanalysiswasperformedto
identify thedifferentiallyexpressedgenesin seedsof stage7.2beforeandafterenforceddrying
(S5Table).A totalof 5423transcriptswereup-regulatedand4931down-regulatedupon
enforceddrying of theseeds.TheVenndiagram(Fig9) showsthatout of the742geneswith
highertranscriptlevelatstage9 comparedto stage7.2D,139(19%)alsoincreasedsignificantly
during enforceddrying.For thedown-regulatedtranscripts,207out of the1525(14%)also
respondedto theenforceddrying of theimmatureseeds(Fig9,S5Table).

A GeneOntology(GO) enrichmentanalysisof the139differentiallyexpressedgeneswith
highertranscriptlevelin bothdried immatureseedsanddry matureseedsrevealedanoverrep-
resentationof biologicalfunctionsrelatedto responseto heat,hydrogenperoxideandhigh
light intensity(Table2).A closerlook at theexpressionprofilesof thesegenesshowedthat
theyincreasedsharplybetweenstage7.2andstage8.1,with afurther gradualincreaseuntil
stage9 (S3Table).Consideringthatenforceddrying resultedin atranscriptomethatwascom-
parableto stages7.3±8.1,theincreasedtranscriptlevelsbetween7.2Fand7.2Dcouldbethe
resultof anacceleratedmaturation.

An analysisof theenrichmentof biologicalfunctionsof the603genesthatwereup-regu-
latedduring maturationdrying �� ��	��	 but not uponenforceddrying of freshlyharvested
seedsof stage7.2revealedfunctionsrelatedto pyrimidine ribonucleotidebiosyntheticprocess,
protein import into nucleusandprotein targetingto mitochondrion,andnucleosomeassem-
bly (Table3).Anotherbiologicalfunction thatwasoverrepresentedisRNA methylation.

Regardingthe207genesthatweredown-regulatedbetweenstage7.2Dandstage9 aswell
asstage7.2Fandstage7.2D,no GOenrichmentwasfound.In contrast,theenrichmentanaly-
sisof differentiallyexpressedgeneswith lowertranscriptlevelsin seedswith high longevity
(1318)revealedanoverrepresentationof biologicalfunctionsrelatedto responseto generation
of precursormetabolites,transcription,aswellascellularrespiration(Table4). In addition,
biologicalprocessesto photosynthesisweredown-regulated.A closerinspectionof thelist of
genesbelongingto theseGOcategoriesrevealedthatall of themwereassociatedwith various
chloroplastfunctionssuchasphotosynthesisandstarchandlipid synthesis.Interestingly,the
list alsocontained69%of thesoybeanchloroplastgenes(77out 111,S5Table),including
thoseinvolvedin thephotosystemII reaction,ATPsynthasesub-units,Calvincycle(Rubisco
largesubunit),chlorophyllbinding andtranslation(RNA polymerase,ribosomalproteins,
maturaseK). In addition,wefound two homologuesof STAY-GREEN1;animportant gene
involvedin chlorophyllcatabolismandphotosystemdegradation[45]. A largenumberof
thesegeneswerestronglyupregulatedin seedsof stage7.2thatweresubmittedto enforced
drying comparedto freshlyharvestedseeds(S5Table).Consideringtheaccelerationof matu-
ration in thedriedseeds,this increasecanbeexplainedin partby their transitoryexpression
profile,with transcriptlevelsbeinghigherin seedsatstage8.1comparedto stage7.2(S3
Table).

Furthermore,anoverrepresentationwasfoundof processesrelatedto waterdeprivation
andsaltstress(Table4),whichincludedgenesinvolvedin RFOmetabolismsuchasgalactinol
synthase(Glyma.03g229800,Glyma.20g094500),raffinosesynthase(Glyma.06g179200).In the
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GOterm ªresponseto waterdeprivationº;wenoticedtwo Arabidopsishomologuesof aRING
domainligase,namelyRGLG1andRGLG2,thathaveaubiquitin E3ligaseactivityandmedi-
atethetranscriptionof AtERF53in responseto drought[46].

Discussion
Poorlongevityresultsin economiclossesdueto theimpossibilityof carry-overof seed
lots,havinglost their vigor andviability sothat theyareno longermarketable.Identifica-
tion of theunderlyingregulatoryfactorsshouldprovideinformation to designmarkerfor

Fig 9. Venn diagrams identify transcr ipts correlatin g with longevity. Venn diagrams comparing
transcripts that are differentially expressed in immature seeds that are rapidly dried at stage 7.2 (7.2D)
compared to dry, mature seeds (stage 9) and transcripts that are differentially expressed between freshly
harvested seeds at stage 7.2 (7.2F) and rapidly dried seeds at stage 7.2 (7.2D). Genes were considered
statistically different when the absolute ratio was at least two fold with a P(BH)��0.01. (A). Number of genes
with higher transcript levels in 9 vs 7.2D. (B). Number of genes with lower transcript levels in 9 compared to
7.2 D.

https://doi.org/10.1371/journal.pone.0180282.g009
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prebreedingaimingto improvesoybeanseedquality.In developingsoybeanseeds,physio-
logicalmaturity correspondsto thestagewhenfinal seedweightis reached,germination/
desiccationtoleranceandseedvigor areacquired[4, 25,27]. In this studyusinganindeter-
minatecultivar,physiologicalmaturity correspondedto stage7.2,in agreementwith pre-
viousworks[4]. At this stage,mostseedsweredetachedfrom themotherplantandhad
lostmostof their chlorophyll.However,our physiological,sugarandtranscriptomedata
showthat theseedmaturationprogramhasnot yetendedat physiologicalmaturity.An
additionalperiodof 14daysafterphysiologicalmaturity is necessaryto acquiremaximum
longevity(Fig2), in agreementwith previousdataon othergenotypes[25,26].During this
period,wedetected16,248transcriptsbeingdifferentiallyexpresseduntil thedeveloping
seedsreachedthedry state.Our RNAseqstudycomplementsandextendsprevioustran-
scriptomecharacterizationof soybeanseeddevelopment[28±33].Thesestudiesfocused
mostlyfrom fertilization to endof seedfilling whereasherewecharacterizedthephase
from endof seedfilling to final maturationdrying.Our RNAseqdataandco-expression
networkanalysissuggestthat complextranscriptomechangesoccuraftertheso-called
physiologicalmaturity until thedry state,identifyingseveralTFsassociatedwith seedlon-
gevity.Severalof theseTFswerepreviouslyidentified in ageneco-expressionnetwork
associatedwith longevityin �. �����	���	 andArabidopsis[24] andthusprovidenew
resourcesfor markerof seeddevelopment.

Table 2. GO enrich ment analysis of the 139 differenti ally expressed transcri pts that are significant ly higher at stage 9 compared to 7.2 after drying
and common between 7.2D/7.2F and 9/7.2D.

GO term GO descrip tion Genome GO count Expressed GO Corrected P-value

Overrepres ented

GO:0009408 response to heat 659 36 2.43E-22

GO:0042542 response to hydrogen peroxide 511 29 3.13E-18

GO:0009644 response to high light intensity 582 29 1.06E-16

GO:0006457 protein folding 779 29 2.24E-13

GO:0034976 response to endoplasmic reticulum stress 483 18 6.19E-08

Analysis was performed using the GO enrichment tool of Soybase using the Glyma 2.0 gene models.

https://doi.org/10.1371/journal.pone.0180282.t002

Table 3. GO enrich ment analysis of the differenti ally expressed transcrip ts that are significant ly higher at stage 9 compar ed to 7.2 after drying and
not induced upon drying between 7.2F and 7.2D.

GO term GO descrip tion Genome GO count Expresse d GO Corrected P-value

Overrepres ented

GO:0009220 pyrimidine ribonucleotide biosynthetic process 315 28 4.63E-21

GO:0006606 protein import into nucleus 243 23 2.69E-16

GO:0006626 protein targeting to mitochondrion 235 19 9.13E-15

GO:0006334 nucleosome assembly 128 12 2.62E-13

GO:0006164 purine nucleotide biosynthetic process 75 9 3.09E-08

GO:0001510 RNA methylation 418 22 9.26E-07

Underrep resented

GO:0006952 defense response 1116 1 3.84E-05

Analysis was performed using the GO enrichment tool of Soybase using the Glyma 2.0 gene models.

https://doi.org/10.1371/journal.pone.0180282.t003
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Important transcriptional changes occur after mass maturity before the
onset of desiccation
A salientfeatureof thegeneticprogramthatoccursduring lateseedmaturationisatransitory
phasethat isdelimitedby two transcriptionalswitches,onefrom stage7.1to stage7.2,marked
by theendof seedfilling, andthesecondbetweenstages7.3and8.1(Fig3).Phenotypically,
thisphaseisaccompaniedby thelossof chlorophyll,acquisitionof desiccationtoleranceand
thebiggestincreasein RFOsugars(Figs2 and6).A transcriptomeshift wasalsoobservedin
Arabidopsisduring maturationandattributedto thedesiccationof theseed[47]. This isnot
thecasein soybean,sinceseedmoisturecontentatstage7.3wasaround1.2gwater/gDW,
thusbeforethedesiccationphase��� ��. However,during this transitoryphase,seedsloose
their connectionto themotherplant.Concomitantly,changesin thetranscriptomesuggestthe
activationof apost-abscissionprogramto preparefor thedry stateandgerminationbysynthe-
sizingmRNA thatwill bestoreduntil seedimbibition [48]. Severalobservationssupportthis
hypothesis.Geneswith expressionprofilesthatshowmaximumtranscriptlevelsatstage7.2or
7.3,i.e.representedby thetail of theco-expressionnetwork(Fig6),aresignificantlyenriched
in membersof theAP2/EREBPandWRKYfamilies.AP2/EREBPtranscriptionfactorsplayan
important role in controllingdevelopmentalprocessesandin hormone,sugarandredoxsig-
nalingin relationwith abioticstresses[49]. Their over-representationin developingsoybean
seedswasalsoreportedbyJones& Vodkin [32]. Severalhomologueswerefound to beco-reg-
ulatedwith theinduction of longevityin thelegume�. �����	���	 [23]. Mostof theTFswere
relatedto germinationandgrowth,suchasahomologof WRKY6(Glyma.13g310100)that in
Arabidopsisactsasapositiveregulatorof ABA signalingduring seedgerminationandearly
seedlingdevelopment[50], thehomologof SOMNUS(Glyma.12g205700),thehomologof
HOMEOBOX1 (HB-1), involvedin hypocotylgrowthundershortdays[51] andahomologof
INDETERMINATEDOMAIN1/ENHYDROUS(Glyma.02g058500),that in Arabidopsispro-
motesthetransitionto germinationby regulatinglight GA effectsandABA signalingduring
seedmaturation[52]. WealsofoundaB3transcriptionalrepressor(Glyma.02g36090)whose
Arabidopsishomologueisanegativeregulatorof seedsizein developingseeds[53]. Tran-
scriptsassociatedwith proteindegradationviatheSCFfamily of modularE3ubiquitin path-
wayincreasedduring maturationdrying atstage7.3.Thisobservationis in agreementwith
previousstudies[28,32].Theseproteinsareknownto filter theproteomebydegradingkey

Table 4. GO enrich ment analysis of the 1318 different ially expressed transcri pts that are significant ly lower at stage 9 compared to prematur ely
dried seeds at stage 7.2.

GO term GO descrip tion Genome GO count Expressed GO Corrected P-value

Overrepres ented

GO:0006091 generation of precursor metabolites and energy 116 75 4.86E-82

GO:0006354 DNA-dependent transcription, elongation 225 75 4.58E-54

GO:0015979 Photosynthesis 452 89 3.33E-43

GO:0019684 photosynthesis, light reaction 320 42 6.04E-13

GO:0045333 cellular respiration 53 15 1.71E-08

GO:0009772 photosynthetic electron transport in photosystem II 28 11 1.47E-07

GO:0009414 response to water deprivation 888 62 5.35E-07

Underrep resented

GO:0009909 regulation of flower development 744 1 8.88E-06

GO:0006468 protein phosphorylation 2386 32 3.65E-04

Analysis was performed using the GO enrichment tool of Soybase using the Glyma 2.0 Gene Models

https://doi.org/10.1371/journal.pone.0180282.t004
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regulatoryproteinsasmain targets[54]. Thissuggeststhat thedrying seedsaresettingup a
machineryfor post-translationalregulationbeforeenteringin thedry statethatwill presum-
ablyserveuponimbibition.

An emerging picture of longevity-related genes identifies confirmed
regulators and newcomers in legume seeds
Thenetworkanalysisrevealed27TFwhosetranscriptprofilesarecorrelatedwith P50(Fig6,S4
Table),therebyforming alongevitymodulesimilar to that found in developingArabidopsis
and�. �����	���	 [23,24].Indeed,thehomologuesof 7soybeangeneswerealsopresentin the
list of the9TFbelongingto Medicagolongevitymodule[24], namelythreehomologuesof an
ERF110of Arabidopsis(Glyma.06g148400,Glyma.04g217400,Glyma.08g145300),ahomologue
of theETHYLENEINSENSITIVEPROTEIN3 family (Glyma.05g180300),two homologuesof
theDREB2family (Glyma.07g156200,Glyma.14g056200),andahomologueof NF-X-like1
gene(Glyma.09g173000).Theimplicationof two of thesegenesin longevityhasbeendemon-
strated[55,24].A DREB2from sunflowerenhancedseedlongevityof tobaccowhenectopically
over-expressedwith aheatshockfactor,HaHSFA9[55]. In Arabidopsis,seedsof ��
�� exhibited
impairedacquisitionof longevityduring maturation[24]. Whenoverexpressedin vegetativetis-
sues,NFXL1inducesahighersurvivaluponsaltstress,droughtandhigh light intensity[56].

SeveralTFthathighlycorrelatedwith P50areassociatedwith auxinsandgibberellins(S3and
S4Tables),suchahomologueof HECATE2(Glyma.11g055300),thataffectsauxinresponsesin
Arabidopsisduring flowerdevelopment[57],ahomologueof AUXIN RESPONSEFACTOR19
(ARF19,Glyma.13g112600,Glyma.09g072200),ARF4(Glyma.12G171000),ARF8(Glyma.10G
210600)ARF9(Glyma.03g36710),ARF10(Glyma.13g325200),ARF16(Glyma.10g210600).This
reinforcesthelink betweenauxinandlongevitypreviouslyfound in theMedicagoandArabidopsis
maturationnetwork,where60%of genesbelongingto thelongevityweresignificantlyenrichedin
bindingsitesfor auxinresponsefactor[24].Theputativeroleof auxinsin inducinglongevity
remainsto beinvestigated.Theseauxin-relatedgenesexhibit functionsthatareassociatedwith
embryogenesis,meristemmaintenance,stemcellspecification,positioningof lateralorgansand
organgrowthmeristemin connectionwith GA signaling[57±59].A further inspectionof theTF
presentin thenetworktail (Fig6)confirmedtheenrichmentin geneswith theabovementioned
functionssuchasthehomologueof JACKDAW(Glyma.10g051500),AINTEGUMENTA-LIKE 6
(Glyma.01g022500),SEPALLA3(Glyma.20g153700)andGATA (Glyma.17g228700).Wespecu-
latethatthepresenceof thesetranscriptsin dry seedsmaybenecessaryto anticipatetherestoration
of thedevelopmentalfateof specificcellsduring germinationof seedsthatweredamagedbyageing
during storage.Consistentwith this,stemcellnichesarehypersensitiveto DNA damage[60],
whichisaknowncausefor decreasein seedviability afterstorage[21].

Thetranscriptomecomparisonbetweenimmatureshort-livedandmatureseedsexhibiting
maximallife spanfurther highlightskeymechanismsthatcouldbeinvolvedin longevity.Seed
longevitycorrelatedwith thesynthesisof HSPsandseveralchaperonesimplicatedin protein-
protein interactionsandprotein folding (Table2,Fig8,S5Table).Theyareknownto assistin
creatingproper-foldingconditionsduring abioticstress[61] andprotectagainstoxidative
stressduring storage[62] thatcouldbeconduciveto seedlongevity.Our transcriptomealso
revealedthepresenceof HSFA6B(Glyma.03G157300),whosetranscriptprofile wascorrelated
with P50(S4Table).This isconsistentwith theobservationthat theover-expressionof sun-
flower�	����� in tobaccoledto anincreasedstabilityagainstacceleratedageingof theseeds
[13]. ThisTFalsointeractswith thedrought-responsivefactorHaDREB2in aseed-specific
mannerto enhancestabilityagainstacceleratedaging[55].
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Concomitantwith theacquisitionof longevity,therewasanoverrepresentationof genes
involvedin RFOsynthesis(Table3).Thiswasconfirmedby theobservationthatRFOcontent
andtheratio Suc/RFOincreasedduring lateseedmaturation(Fig5),reinforcingtheideathat
theregulationof RFOmetabolismoccursat thetranscriptionallevel[10,12].Theroleof RFO
in seedsisunclear,particularlyin soybean.No defectsin desiccationtolerance,seedgermina-
tion or seedlingemergencewerereportedin soybeanlineswith low RFOcontent[44,63].
However,recentliteraturesuggeststhatRFOmetabolismplaysarole in theacquisitionof lon-
gevity.Galactinol,theprecursorof RFOwasfound to beamarkerfor seedlongevityin Arabi-
dopsis,cabbageandtomato[64]. In Arabidopsis,seedsof galactinolsynthasemutants(�����
and����������� weremoresensitiveto acceleratedaging(85%RH,40ÊC)whileseedsof �	����
���� ���� 	�� (��) and��	� ���� ���� 	�� (���) mutantsdid not differ significantlyfrom thoseof
wild type[64]. Furthergeneticproof for arole for RFOmetabolismin longevitycamefrom the
impairedshelf-lifeof Arabidopsis����	�	�����!	��� (	�	��) seedsstoredat75%RH and35ÊC
[24]. Suclevelsweresignificantlyhigherin thesemutantsbut no changewasdetectedin RFO
levels.Seed-specificoverexpressionof "	����� and"	����� of chickpeain Arabidopsis
resultedin animprovedresistanceagainstcontrolleddeterioration[11]. However,themois-
turecontentof theseseedsduring ageingwas24%,avaluehighenoughto leadto increased
metabolicactivityandaccumulationof RFO,whilethiswouldnot occurduring dry storageat
RH below75%.Additional correlativeevidenceof alink of RFOmetabolismandlongevity
comesfrom theanalysisof mutantsof two regulatorygenesof seedmaturationin �. �����	�
���	: Mt-	#�$ andMt-���%# [12,35].Seedsof thesemutantsshowdecreasedRFOaccumulation
andincreasedSucaccumulationduring maturationtogetherwith adecreasedin longevity.
Theunderlyingmechanismsthatexplaintheroleof galactinolor RFOin conferringlongevity
remainelusive.A specificroleof RFOin theprotectionof membranesor othermacromole-
culesseemsunlikely.Sucmoleculesareknownto protectmembranesjustasefficientlyasRFO
andfurthermoremakedenserglasses(reviewedin [10]). Somestudiessuggestadirector indi-
rectroleof RFOsin theprotectionagainstoxidativedamageduring storage[11,65].Overall,
our datashowthat theRFO/Sucratio in theembryonicaxisisagoodindicatorof theprogress
in theacquisitionof longevityduring maturation.However,oneshouldkeepin mind that
althoughthis relationshipisvalidduring seeddevelopment,it might beblurredwhencompar-
ing matureseedsfrom differentgenotypes,environmentsanddateof planting.

Typically,lateseedmaturationischaracterizedbyadegreeningprocessresultingfrom the
degradationof chlorophyllviaamulti-stepcatabolicpathwaythat ischaracterizedmostlydur-
ing leafsenescence[41,45].Here,chlorophyllwaslostduring thetransitionphase,between
stage7.1and7.3.Genesencodingenzymesthatarerequiredfor theinitiation of thedegrada-
tion of chlorophyllandlight harvestingcomplexessuchaschlorophyllb reductase(NYC1,
Glyma.07g085700,Glyma.09g191200)andSTAYGREEN1(Glyma01g241600, Glyma011g
027480)werealreadyhighlyexpressedatstage7.1andincreasedslightlyatstage7.2.Thissug-
geststhaton atranscriptionallevel,theonsetof degreeningisactivatedprior to theinduction
of longevity.Furthermore,ahighnumberof transcriptsassociatedwith photosynthesisand
chloroplastactivityweredown-regulatedwhenartificially dried immatureseedsatstage7.2
werecomparedwith maturedry seedsatstage9 (Table4).Thisdecreaseinvolvedbothnuclear
andchloroplasticgenesamongwhich69%of thegenomewasconcerned.It might reflecta
majorshutdownof chloroplastmetabolismanddismantlement,whichrequiresaclosecoordi-
nationbetweenthenucleusandchloroplasticgenomes.Theseeventsmight beconduciveto
seedlongevity.Thepresenceof greenseedsin matureseedlotshasbeenassociatedwith a
decreasedshelf-lifeduring storagein variousspecies,includingsoybean[12,22,66].In Arabi-
dopsis,seedsof mutantsaffectedin chlorophylldegradationcontained10-foldmorechloro-
phyll thanthewild typeandhadastronglyreducedlongevity[22]. Chlorophylldegradation
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andlongevitywereaffectedduring maturationof peaand�. �����	���	 seedsdefectivein ABC-
SISICACID INSENSITIVE5[12]. Themorechlorophyllwasretainedin maturein 	#�$ seeds,
themorelongevitywasaffected.In addition,therepressionin photosynthesis-associatedgenes
during maturationwasalsoimpairedin these	#�$ mutants[12]. Thus,thesedatareinforcethe
ideathatdegreeningandchloroplastdismantlingappearsapre-requisitefor longevity.

In this study,thestorageconditionsweresetat aRH of 75%andatemperatureof 35ÊC
thatbring theseedtissuesto awatercontentof 0.13g H2O/g DW, equivalentto 11.5%on a
freshweightbasis.In commercialpractice,soybeanseedsareharvestedat12±14%moisture
to avoidmechanicaldamageanddried to 10±12%for short-termstorage[4]. Drying to
lowervaluesis known to maketheseedsmoresusceptibleto cracking.Thecombination
75%RH/35ÊCalsorepresentsagoodcompromisebetweenconditionsthataredeleterious
enoughto inducea lossof viability to allowmeasurementswithin areasonableexperimen-
tal time but low enoughto beneartheglassystatewheremetabolismno longeroccurs.
Whereasastorageenvironmentof 75%RH/35ÊCbringsthecytoplasmout of theglassy
state,it is still in anamorphousrubberwith solid-likeproperties[7, 8,67,68]. It hasbeen
demonstratedthatmeasurementsof longevityin morehumid conditions(i.e.� 85%RH)
areunreliableto predict life spanin storageconditionscorrespondingto thedry state[68±
70]. In soybean,this RH will bring thewatercontentof thetissuesaround0.24g H2O/g
DW (19%FW basis).Under theseconditions,thecytoplasmwill no longerbein arubbery
state,wheremolecularmovementwill still berestricted,but ratherin a liquid state,allow-
ing for metabolismto occur[7, 8,67].Quantitativetrait loci analysisof seedagingin �.
�����	���	 at 60%/35ÊCand75%RH/ 35ÊCrevealedsimilar loci anddatabetweenboth
agingconditionswereverywell correlated(r = 0.71),suggestingsimilar mechanismsof
deteriorationbetweenthesetwo RH [12]. However,comparisonof agingat30%RH/9ÊC
and75%RH/50ÊCin differentgenotypesof lettuceshowedpoor correlation[70]. Thus,
oneshouldremaincarefulwith extrapolatingour soybeandatato dry storageconditions
(<50% RH). Indeed,in soybeanwaterpropertieschangecotyledonsbelow8%(DW basis),
mostlikely dueto theformation of aglassystatein thecellswhereastherespirationrate
becomesdetectableat24%[71].

Supporting information
S1Fig.Comparisonof soybeanseeddevelopmentfor the 2013and2014harvestat indi-
catedphenologicalstages.(A) Evolutionof seeddry weight(blackcircles)andwatercontent
(bluesquares).Dataarethemeans(� SE)of 3 to 5 replicatesof 20seeds.(B) Acquisitionof ger-
mination (blackcircles)anddesiccationtolerance(bluesquares),evaluatedafterfastdrying to
10%moisture.(C) Acquisitionof longevityasassessedbyP50(time necessaryto obtainaloss
of viability of 50%during storage35ÊCand75%RH).Dataarethemeans(� SE)of 4 replicates
of 25seeds.Dataarepresentedfor 2013(opensymbols)and2014(closedsymbols).
(TIF)

S1Table.Description of the reproductivephenologicalstagesof soybeanseeds.
(PDF)

S2Table.List of primers combination usedfor geneexpressionvalidation of target genes
by qRT-PCR.
(DOCX)

S3Table.List of differentially expressedgenesduring seedmaturation.
(XLSX)
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S4Table.Transcription factorspresentin the co-expressionnetwork of soybeanseedmat-
uration. Geneswith expressionprofilesthatcorrelatewith longevity(P50,PCC>0.9)areindi-
catedin boldwith abluebackground.
(XLSX)

S5Table.List of differentially expressedgenesassociatedwith longevity.List of differen-
tially expressedgenesthatarehigher/lowerin matureseedsexhibitingmaximallongevity
(stage9) comparedto dried immatureseeds(stage7.2D)with low longevity.
(XLSX)
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