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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

Soybearis oneof the mostimportant oil crop speciesor food, feedandarangeof industrial
applicationsProducinghighly vigorousseedss akeyleverto increasecrop production.Seed
longevity,definedasthe ability to remainaliveduring storagaunderdry conditions,isan
importantagronomicfactorin the preservatiorof seeditnessafterharves{1]. Poorlongevity
leadsto unexpectedossesn seedviability during storageandnegativelympactsseedling
establishmenandcropyield[1, 2]. Thisis particularlyproblematicfor soybearasseed$iavea
shortlifespanduring storageespeciallyn humid andtropicalenvironment[2+4].In addition,
longevityis pivotalto ensurethe preservatiorof our geneticresourceshroughdry seedsf
cropsandwild specie$5, 6].

Longevityis conferredby the ability to stabilizethe biologicalentity for long periodsof
time by theformation of anamorphoushighly viscoussolid-like matrix (i.e.aglassystate)in
thecellsthat suspendintegratedmetabolicactivitiesand severelglowsdown deteriorative
reactiong2, 7,8]. Seedongevityis alsoattributedto arangeof protectivecompoundg9, 10],
including non-reducingsolublesugargsucrosgSuc)andraffinose(Raf)family oligosaccha-
rides,RFO[11,12]) andasetof lateembryogenesiabundant(LEA) proteinsand heatshock
proteins(HSP)[13+15].Togethemwith sugarsboth typesof proteinsactaschaperoneand
molecularshieldgto preventprotein denaturationand membranedestabilizatiorduring dry-
ing andin thedry state Longevityis alsoconferredby antioxidantmechanismshat limit
oxidationof lipids, proteinsand nucleicacidsduring storagesuchasglutathione[16 andrefer-
encegherein],tocopherold17], flavonoidsthat arepresentin the seeccoat[18] andlipocalins
[19]. Severatepairmechanismslsocontributeto longevitywhentheyareactivatedduring
seedmbibition to fix damagehat occurredto proteinsand DNA during storagg20, 21].Next
to protectionandrepair,animpaireddegradatiorof chlorophyllappearso negativelyaffect
longevity[12,22]. The presence®f chlorophyllis consideredasanindicator of immaturity but
howit affectdongevityremainsunsolved.

To becommerciallysuccessfutrop seedshouldbeharvestedvhenlongevityreachegts
maximum([1, 10].In legumeslongevityis progressivelacquiredduring seednaturation
from seedilling onwardg[10,23+25].In soybeanthereexistconflicting dataasto whether
seedongevityreachesa maximumat seedilling [4, 26] or laterduring maturation[25,27].
Delayingharvesto obtainmaximumlongevityincreasesherisk of exposingnatureseedso
rapid deteriorationin thefield dueto high humidity andtemperaturg25+27].Themecha-
nismsregulatingthe acquisitionof seedongevityandvigor during latematurationremain
poorly understood Hence the dearthof knowledgeof lateseedmnaturationprogramsremains
anobstacléo commercialproductionof high quality seeds.

In soybeantranscriptomestudieggenerate wealthof datadescribingseeddevelopmentur-
ing embryogenesiandfilling [28+33].However thereis little information on transcriptome
change®ccurringin soybearduring lateseedmaturation,whenlongevityis acquired.The pur-
poseof this studywasto providea physiologicahnd molecularcharacterizatiorof the soybean
seedmnaturationusingRNAsecto obtainacomprehensiveverviewof the regulatorygeneghat
arepotentiallyinvolvedin seedongevity.Our datashowthatadevelopmentgbrogramis activated
during latematurationthat is more complexthan a simplearrestof seedilling andseedirying.

Material and methods
Plant material and seed physiology

Soybearmplants( L. cv.BRS284yveregrown usingstandardplantingandcultural
techniguesn the experimentafarm of the S o PauloStateUniversityin Botucatu(Brazil)
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during two consecutiveearg2012/20132013/2014)Seedlevelopmentvasmonitored using
phenologicaktage$34] andflowertagging(for 2014only). Intermediatephenologicaktages
betweeratR7andR8(for both years)vereincorporatedin orderto obtainahigherprecision
of thetime courseof acquisitionof physiologicafuality attributesafterseedilling (S1Table).
Therelationshipbetweerseedageand phenologicaktagess shownin Fig 1. Podsweremanu-
allyremovedandseedsvereusedimmediately For germinationassays} replicatef 25
seedsvereimbibedin moistenedpaperrolls at 25ECTo testdesiccatioriolerance seedsar-
vestedat differentstagesveresubjectedo fastdrying by incubationat 40%RH at 30EQuntil
theyreachedamoisturecontentof 10%(dry weightbasisDW) (i.e.after2 days).Thereafter,
seedyerminationwasassayedsdescribedabove To assestongevity immatureartificially
dried andmatureseedsverestoredin the dark at 35ECat 75%RH usinghermeticallyclosed
containerscontaininga saturatedNaClsolution. Thewatercontentof the seedsait thesecondi-
tionswas0.13g H,0/g DW ™. At differenttime intervals 4 replicatef 25seedsvereretrieved
andimbibedasdescribedaboveandfinal germinationpercentagevascounted.

Soluble sugar assay

Solublesugarcontentswereassesseskparatelyn cotyledonsandembryonicaxedrom the
phenologicaktageR6onwardsusingDIONEX-HPLC accordingto Rosnobleetal. [35]. Anal-
ysiswasperformedon triplicatesof 6 axisand cotyledons.

RNA sequencing, quality control and reads alignment

Developingand matureseed$arvestedrom up to 200plantsof the 2014crop at eachstage
werefrozenin liquid nitrogen.Total RNA wasextractedusingthe NucleoSpinl RNA Plant
kit (Macherey-Nagelkccordingto the manufactureiinstructions.Total RNA from high qual-
ity samplegRIN values> 8.9evaluatedy a2100BioanalyzerAgilent TechnologiesSanta
Clara,CA, USA)wereusedfor library preparationsequencingtthe Labora@io Centralde
Tecnologiasle Alto Desempenh@m Ci nciasdaVida (LaCTAD)from the University of
CampinasBrazil.cDNA librariesweregeneratedisingthe TruSegqRNA samplepreparation
kit (Illumina, SanDiego,CA, USA).After estimationof theinsertsizeof thelibrariesand
quantificationusingquantitativePCR ,samplesverediluted and pooled.Threelaneswere
sequencedsingaHiSeg250@llumina) with the TruSeqSBXit v3-HS,accordingto the
manufacturelinstructions.Sequencing@daptorsandlow complexityreadswvereremovedn
aninitial filtering step.After quality control, readsweremappedo the "Williams82'soybean
referencegenome(assemblyclyma.Wm82.al.@nnotationv2.0)usingBowtie2[36]. RNAseq
dataweredepositedn the NCBI GeneExpressiorOmnibusdatabaséaccessiomo.
GSE98199).

Transcriptome and gene network analysis

Estimationof differentialgeneexpressiorand statisticabnalysesvereperformedusing
DESeq2y1.11.2137] availableasa R BioconductorpackageGeneavereretainedasdifferen-
tially expressewvhentheratio wasat leastwo-fold andthe P-valueadjustedior multiple testing
usingthe Benjamini-HochberdBH) method<0.05. Relativeexpressiomatawerenormalized
by dividing the meannormalizedgeneexpressiovalueobtainedof the stagen+1 by the value
obtainedof stagen. Functionalenrichmentof geneontology(GO) wasperformedusingthe
GO enrichmenttool of Soybasénhttps://www.soybase.orgjith the Glyma2.0genemodel.
Datausedfor the generatiorof thetranscriptionfactornetworkcorrespondedo genes
encodingtranscriptionfactors(TF) that variedin their expressiorprofilesduring devel-
opment.A total of 754TF wereretainedwith transcriptslevelsshowingavariance>1
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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://abi.org/10.1371durnal.por.0180282.90L

throughoutseeddevelopmentThe geneco-expressiometworkwasconstructedusing
the ExpressiorCorrelationPluginfor Cytoscapewith aPearsorcorrelationcoefficient
(PCC)cutoffof 0.97,0only including positivecorrelations Geneinteractionswerevisual-
izedusingthe opensourcesoftwareCytoscapgversion2.8.1)usinganorganiclayout.
Identification of genexorrelatedwith longevitywasobtainedusingthetrait basedyene
significancemeasurdg24, 38]wherethe genesignificanceof ageneequalghe absolute
correlationbetweerthe geneexpressiorprofile andlongevityexpressedsP50(daysto
obtain50%germinationduring storage).
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Quantitative PCR

RNA extractionwasperformedaspreviouslydescribedn threebiologicalreplicateof 30seeds.
FirststrandcDNA wassynthesizedrom 2 g total RNA usingHigh CapacityRNA-to-cDNA kit
(Applied Biosystemsplace)following manufacturer'snstructions.Quantitativerealtime PCR
wasperformedon athermocycletEcoReal-Time(lllumina) with SYBRGreengPCRReadyMix
(SigmaAldrich, place)usingthe manufacturer'snstructions.Datawereanalyzedvith EcoStudy
programversion5.0(lllumina). Primer efficiencywascalculatecasdescribedn Ruiteretal.

[39]. Relativeexpressiorevelsverecalculatedisingthe comparative24(Ct) method[40] using
two referencegenes20Sproteasomesubunitbeta(Glyma.06G07850@nd 60Sribosomalpro-
tein L6 (Glyma.15G27130@41]. In our RNAseqdatasetiranscriptlevelsof both geneshowed
little variation(varianceof 0.035and0.08respectively)}-orwardandreverserimersusedfor
thesegenesarelistedin S2Table.

Results
Seed longevity is acquired at the end of maturation

Variouseventgelatedto seednaturationwerecharacterizedh two consecutivgearsbetween
reproductivestagefR5andR9.Seedsverecollectedat similar phenologicaktagebetweerthe
2013and2014culturesto allowfor comparisonSinceno major developmentatiifferences
werefound betweerboth crops(S1Fig),only datafrom the 2014crop arepresentechere.Fig
2A showsghatthe endof the seedilling phaseoccurredaround63d afterflowering (DAF,
correspondingo stager7.2),whereashe onsetof maturationdrying startedat 71 DAF (stage
8.1).Theendof the seedilling phasealsocoincidedwith the abscissiomf seed$rom the
motherplant. At 57 DAF (stager.1)and 63 DAF (stager.2),88%and 6%o0f the seedsverestill
attachedo thefruit, respectivelyAt stager.3,all seedsveredetachedrom the motherplant.In
agreementvith earlierworks[4, 25,27], germinationcapacitywasacquiredearlyduring seed
filling, betweer?5and57 DAF (stager.1).Desiccatiortolerancej.e.the ability to germinate
afterfastdrying to 10%moisture wasacquiredbetweerb7 and 63DAF (Fig 2B). Therewasno
significantdifferencein the acquisitionof theseraits betweerthe 2013and 2014crops(S1Fig).
From the lossof viability curvesduring storageat 75%RH and 35EQFig 2C), thelongevity,
expressedsthetime to obtain 50%germinationafterstoraggP50) wascalculatedSeedon-
gevitywasprogressivelpcquiredshortly afterthe seedilling phaseDuring maturation,P50
valuesncreasesharplybetweerb7 and63DAF (stager.2)from 0to 28d (Fig 2B). Thereatfter,
P50increasealmosttwo-fold during further maturation,reachingd8d in maturedry seeds.
Longevitydataobtainedfor the 2013crop followeda similar trend asthoseof 2014(S1Fig),
with the P50beingon averagd 8%lowerthanthe 2014crop. Monitoring field humidity and
temperaturaevealedhat the 2014crop grewundersignificanthigheraveragéemperatures
comparedo 2013(26.5E@nd30.2EQor 2013and 2014 respectively).

Transcriptome profiling during late maturation highlights dynamic
changes during the acquisition of longevity

To characterizéranscriptomechangesluring the end of seednaturation,total RNA was
extractedrom six stagesrom wholeseedsluring developmentrom stagée7.luntil staged. A
replicationof stageof 7.2and 9 wasnestedn the experimentatlesignto assesteproducibility
of the data.After sequencin@ndassemblyiRNAsegproducedbetweerii4and 38 million
readsperlibrary, with all librarieshaving>90% readsmapping(Tablel).

Fromthis dataset]16,248&enesvereretainedasdifferentiallyexpressethroughoutthe
sampleg . . with avariance> 1), S3Table.PPCcalculationsand principal component
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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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Acquisition of germinability ( A 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 35ECand 75% RH). Data are the means (“ SE) of 4 replicates of 25 seeds. (C) Loss of
seed germination during storage at 75% HR, 35EC Data are the mean of 4 replicates of 25 seeds harvested at
indicated phenological stages.

https://abi.org/10.1371djurnal.por.0180282.902

analysisvereperformedto assesthe dynamicrespons®f the transcriptomethroughoutthe
maturationstagegFig 3). Two transcriptionalswitchesccurredduring seedmaturation,the
first onebetweerstager.1and7.2,visualizedby the correlationmatrix, andthe secondne
betweerstager.3and8.1,apparenfrom the correlationmatrix andthe principal component
analysigFig 3). Datafrom the two biologicalreplicateaverehighly similar, with betweert8%
and97%similarity betweerthetwo biologicalreplicatef stager.2andstage9.
UsingPagemartMAPMAN, GABI Germany) ageneontology(GO) enrichmentwasper-
formedto obtainan overviewof the differentbiologicalprocessethat areoverrepresentedt the
differentstage®f seedmaturation(Fig 4). Stage3.1(andto alesseextendstager.2)werechar-
acterizedby anover-representationf functional classeselatedto growth and metabolicactivi-
ties reflectingthe activeseedilling that still wenton in thesegreenseedsTheseclassemcluded
photosystentight reaction,starchsynthesidjpid metabolismandaminoaciddegradationas
wellasstorageproteins,protein targetingsecretornypathwayandcellvesicldransport.At stage
7.2+7.3theseclassewereno longerover-representedndicatingthe endof seedilling atthe
moleculardevel.From this developmentadtageonwards the classabiotic stressbhecamever-
representedaswell asfunctional classegelatedto raffinosefamily sugarsand protein degrada-
tion (ubiquitin), whereaglassesorrespondingo 2signaling®becameaunderrepresentedht stage
8.1,atransition occurredwith atemporaryoverrepresentationf protein synthesigelongation
andribosomalprotein synthesispndan underrepresentationf cellwall degradatiorand biotic
stressFrom stageB.2onwards functional classethat becameverrepresentedrererelatedto
mitochondrialelectrontransport/ATPsynthesigind abioticstresgwounding/touch)(Fig 4).

Accumulation of RFO in relation to the acquisition of longevity

Oneof themajor change®ccurringduring seedmaturationis the accumulationof RFOs.
Numerousstudiesexiston the accumulationof thesesugarsiuring soybearseeddevelopment

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

DAF Stage F/D # reads # Mapped reads % Mapped reads
57 7.1 F 25673,031 24 112,015 93.9
63 7.2arepl F 38 088,839 34 971,702 91.8

7.2brep2 F 34 381,008 31799,644 925
7.2arepl D 14 259,082 12 881,662 90.3
7.2brep2 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 19621,133 89.0
77 9arepl F 28 824,583 26 457,357 91.8
9brep2 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://da.org/10.1371durnal.pon®180282.t001
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[42+44],but howthisincreaseelatego the acquisitionof seedongevityis unknown. The
transcriptomeanalysisdentified an overrepresentationf genesnvolvedin RFOmetabolism
during maturation(Fig 4). Consideringtheir controversiatolein the survivalin thedry state
[10], weinvestigatedhe accumulatiorof the different solublesugarsn the axesand cotyle-
donsduring seednaturationandassessegahetherthesemetabolicchange®ccurredin rela-
tion to the acquisitionof longevity(Fig 5). Bothin axesand cotyledonsglucosgGlc) and
fructose(Fru) contentswerehighestduring the seedilling phaseanddecreasethroughout
further maturationto almostundetectabldéevelsFor Glu, this decreaseccurredearlierin cot-
yledonscomparedo axeqFig 5A and5D). In axesSuccontentsremainedhigh during the
seedilling phaseataround80mg/gDW (Fig5B).At 57 DAF, Sucstartedto decreasentil 73
DAF, whenthe seedmoisturewas28%(DW basis)In cotyledonsSuclevelsexhibitedasharp
decreasatthe endof the seedilling phase€from 33mg/DW at57 DAF to 13mg/gDW at63
DAF (stager.2),concomitantwith thedecreasé Glu contentandincreasen longevity.
Thereafter Succontentremainedconstantuntil the dry state representing5%of thetotal
amountof solublesugarsn the cotyledonsStachyoséSta)wasthe preponderanRFOin dry
seedsrepresentind0%of thetotalamountof RFO.In axis,its patternof accumulationcoin-
cidedwith the acquisitionof desiccatiortoleranceratherthanlongevity(Fig 5C). Staaccumu-
latedduring seedilling betweem6and63 DAF thenremainedat steadylevel.In cotyledons,
Stacontentsincreasedaterduring maturationthanin axis,alongwith theincreasean longev-
ity until 73DAF (Fig 5F).Thereafteiit decreasetly . 30%during further maturationdrying.
TheRFO/Suaatio in the axisincreaseadoncomitantlywith theincreasan longevity(Fig 5B).
BycomparingFig 5Band5C,two successiviactorscontributedto thisincreasefirst the syn-
thesisof Sta(up to stage7.3)thenadecreasé Succontentsln the cotyledonstheincreasen
RFO/Suavasmainly driven by the synthesi®f RFO.Thus,the RFO/Suaatio, especiallyn
theembryonicaxis,seemdo beagoodindicator of the seedongevityacquisitionduring mat-
urationin thisindeterminatecultivar.

Identification of the transcription factor network involved in late seed
maturation

To obtaininformation on the regulatoryfactorsunderlyingthe transcriptionalandbiochemi-
calchangesluring maturation,changesén transcriptprofilesof genesncodingTF, represent-
ing 1086genedelongingto 32families,werefurther analyzedTo capturethetemporal
regulationof the TF transcriptsduring maturation,ageneco-expressiometworkwascon-
structed.Theresultingscale-fremetwork contained499nodesand 12,183 dgesandwasvisu-
alizedusingthe cytoscap®rganiclayoutalgorithm (Fig 6A). To understandhe topologyof
the network,nodeswerecoloredbasedn their expressiorprofile, with the stageatwhich
transcriptlevelsveremaximum.The network consistedf acentralclusterof interacting
nodescorrespondingo geneswith highestranscriptlevelatthe endof seedilling (Fig 6A,
stager.1,dark green)followedby atail composedf probescorrespondingo TF with highest
transcriptlevelduring the transition betweerseedilling and maturationdrying phasgstage
7.2 light green) A seconcclusterthat wasdisconnectedrom the main clusterrepresented F
with transcriptsbeingmaximumat stage8.2(yellow),8.3(orange)and 9 (matureseedsgrey).

Twentyfour familiesof TF werepreseniin the network (S4Table,Fig 6A). Usinga !° test-
ing the null hypothesighat thesefamiliesarerandomlyenrichedin the differentstagesAP2/
EREBRandWRKY werethe only familiesthat weresignificantlyenrichedin thetail with
genegxhibitingatransientexpressiomrofile with amaximumlevelaroundstager.2and7.3.
At thesestagespAP2/EREBRNdWRKY represente@0%(p = 0.005)and 11%(p = 0.048)of
all TF found differentiallyexpressedgspectivelyA closerinspectionof theseTF revealed
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Fig 3. Correlation and principa | 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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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://abi.org/10.1371durnal.por.0180282.908

genesnvolvedin germinationandorgangrowth, flowering,chloroplastdismantling,defense
andABA signaling.

Next,weusedthe trait-basedyenesignificancaneasurg38] to integratethe acquisition
of longevityin the TF geneco-expressiometworkto identify thoseTF that exhibittranscrip-
tion profileshighly correlatingwith P50.For this purpose PCCwerecalculateetweerthe

Fig 4. Over-repr esentation analysis of functiona | 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://i.org/10.1371durnal.por.0180282.g4
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Fig 5. Changes 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://abi.org/10.1371durnal.por.0180282.906

transcriptlevelsof all TF genesandthe P50valueduring maturation(S4Table). Whengenes
with aPCC>0.9wereprojectedon the TF network, 27 TFswereidentified that formeda
highly co-expressethodule(bluenodesrig 6B,S4Table) A total of 8 of the 27 genedelonged
to the AP2/EREBPRamily, including four homologue®f ETHYLENERESPONSEACTOR
(ERF10amemberof the ERFsubfamilyB4,PCC>0.98)andhomologue®f the Arabidopsis
DREB2Cand DREB2FOther TF belongedo familiessuchasWRKY , auxinresponsdactor,
homeodomain-likeproteins(S4Table)and X-box binding transcriptionalrepressofamily
with ahomologueof NUCLEARTRANSCRIPTIONFACTORX-BOXBINDING LIKE 1
(), agenepreviouslyfoundin thelongevitymodulesof . andArabidopsis
co-expressiometworkduring seedmaturation[24]. In addition,two heatshockfactors(HSF,
Glyma.03g191108nd Glyma.03g157300erepresentn thelist of the 27 TFs.RT-gPCRon
additionalseedsampledrom differentdevelopmentattagewvalidatedtheir increasedran-
scriptlevelduring maturation(Fig 7A and 7B),with expressiormprofilesbeingcomparablgo
thoseobtainedby RNAseq(r>>0.8). Interestingly inspectionof the Soybasgeneexpression
profile showedhat the paralogf thesetwo genesarenot expresseth seedsTheseHSFare

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



@° PLOS | ONE

Late maturation and longevity of soybean seeds

Fig 6. Transcription 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/1A.371/journal pne.0180288006

transcriptionalregulatorsknown to activatesmallheatshockproteins(HSP).Consistentwith
this, analysiof the mostdifferentiallyexpressedenedetweerstager.2and stage9 (Int
(log2)>4) that correlatedwith longevity(PPC>0.85)showsthat manyof thesegenesodefor
smallHSP(Fig 8). RT-qPCRdataconfirmedtheincreasef transcriptlevelduring final matu-
ration for threesHSPgFig 7C+7E).

Comparative analysis of dried, immature short-lived seeds with mature
long-lived seeds identifies developmental indicators linked to longevity

Prematuredrying of immatureseedgstage7.2)leadso reducedacquisitionof longevitycom-
paredto fully matureseedgFig 2). A comparisonof the transcriptomeof thesemmature
seedsvith fully matureseed€anbeusedfor further investigationof markersfor longevity.
First,theimpactof enforceddrying on the transcriptomeof seed$iarvestedt stager.2was
visualizedoy PCAanalysigFig 3). In comparisorwith the freshlyharvestedmmatureseeds,
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Fig 7. gPCR 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.179g224900); (D) sHPS17b (Glyma.14g099900), (E) sHSP21
(Glyma.08g318900). Data ( “SE) are the average of three biological replicates of 30 seeds.

https://i.org/10.1371durnal.por.0180282.907

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://bi.org/10.1371durnal.por.0180282.408

PLOS ONE | https://doi.org/10.1371/journal.pone.0180282  July 12, 2017 13/25



@° PLOS | ONE

Late maturation and longevity of soybean seeds

thetranscriptomeof the driedimmature seedsvaspositionedbetweerthoseof seed$ar-
vestedht stager.3and8.1in the PCAplot (Fig 3). Apparently prematuredrying accelerated
thematurationof the seeds: , thetime lapsebetweerstager.2and7.3was6+7days
(Fig 1), whereast took only two daysto dry the seed$arvestedht stager.2.

Transcriptomecomparisorbetweerimmature,rapidly dried seedsand matureseedsden-
tified 742genewwith transcriptsthat weresignificantlyhigherin seedsvith high longevity
comparedo thosewith low longevity wheread 525genesadtranscriptsthat werelowerin
theseedsvith highlongevity(S5Table).Next,weinvestigatechow manyof thesetranscripts
alsochangediuring enforceddrying. For this purpose a statisticabnalysisvasperformedto
identify the differentiallyexpressedenesn seed®f stager.2beforeandafterenforceddrying
(S5Table).A total of 5423transcriptswereup-regulatecand 4931down-regulatedipon
enforceddrying of the seedsThe Venn diagram(Fig 9) showsthat out of the 742geneswith
highertranscriptlevelat staged comparedo stager.2D,139(19%)alsoincreasedignificantly
during enforceddrying. For the down-regulatedranscripts 207out of the 1525(14%)also
respondedo the enforceddrying of theimmatureseedgFig 9, S5Table).

A GeneOntology(GO) enrichmentanalysif the 139differentiallyexpressedeneswvith
highertranscriptlevelin both dried immatureseedsinddry matureseedsevealednoverrep-
resentatiorof biologicalfunctionsrelatedto responseo heat,hydrogenperoxideand high
lightintensity(Table2). A closerdook atthe expressiomprofilesof thesegeneshowedhat
theyincreasedharplybetweerstager.2andstageB.1,with afurther gradualincreasauntil
stage9 (S3Table).Consideringthat enforceddrying resultedin atranscriptomethatwascom-
parableto stage§.3+8.1theincreasedranscriptlevelbetweery.2Fand 7.2Dcould bethe
resultof anacceleratedhaturation.

An analysi®of the enrichmentof biologicalfunctionsof the 603geneghat wereup-regu-
latedduring maturationdrying but not upon enforceddrying of freshlyharvested
seed®f stage7.2revealedunctionsrelatedto pyrimidine ribonucleotidebiosyntheticprocess,
proteinimport into nucleusand protein targetingto mitochondrion,and nucleosomessem-
bly (Table3). Another biologicalfunction thatwasoverrepresentess RNA methylation.

Regardinghe 207geneshatweredown-regulatedetweerstager.2Dand staged aswell
asstager.2Fandstager.2D,no GO enrichmentwasfound. In contrastthe enrichmentanaly-
sisof differentiallyexpressedeneswith lowertranscriptlevelsn seedsvith high longevity
(1318)revealedhn overrepresentationf biologicalfunctionsrelatedto responséo generation
of precursometabolitestranscription,aswell ascellularrespiration(Table4). In addition,
biologicalprocesse® photosynthesisveredown-regulatedA closerinspectionof thelist of
genedelongingto theseGO categoriesevealedhatall of themwereassociatedvith various
chloroplastfunctionssuchasphotosynthesigndstarchandlipid synthesislnterestingly the
list alsocontained69%of the soybearchloroplastgeneg77out 111,S5Table),including
thoseinvolvedin the photosystenl reaction, ATP synthasesub-units,Calvincycle(Rubisco
largesubunit),chlorophyllbinding andtranslation(RNA polymeraseribosomalproteins,
maturaseK). In addition, wefound two homologue®f STAY-GREEN1animportant gene
involvedin chlorophyllicatabolismmand photosystendegradatiorf45]. A largenumberof
thesegenesverestronglyupregulatedn seed®f stager.2thatweresubmittedto enforced
drying comparedo freshlyharvestegeedgS5Table).Consideringthe acceleratiorof matu-
ration in thedried seedsthisincreasecanbeexplainedn part by their transitoryexpression
profile, with transcriptlevelsbeinghigherin seedsit stage8.1comparedo stage7.2(S3
Table).

Furthermore anoverrepresentatiowasfound of processerelatedto waterdeprivation
andsaltstresgTable4), whichincludedgenesnvolvedin RFOmetabolismsuchasgalactinol
synthas€Glyma.03g22980@Glyma.20g094500kffinosesynthas€Glyma.06g179200n the
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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
7.2D.

https://cbi.org/10.1371djurnal.por.0180282.¢09

GO term @responsdo waterdeprivation®;wenoticedtwo Arabidopsishomologue®of aRING
domainligasenamelyRGLG1land RGLG2 that haveaubiquitin E3ligaseactivityand medi-
atethetranscriptionof AtERF53n responseo drought[46].

Discussion

Poorlongevityresultsin economicosseslueto theimpossibilityof carry-overof seed
lots,havinglosttheir vigor andviability sothattheyareno longermarketableldentifica-
tion of theunderlyingregulatoryfactorsshouldprovideinformation to designmarkerfor
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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
G0:0009408 response to heat 659 36 2.43E-22
G0:0042542 response to hydrogen peroxide 511 29 3.13E-18
G0:0009644 response to high light intensity 582 29 1.06E-16
G0:0006457 protein folding 779 29 2.24E-13
G0:0034976 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://da.org/10.1371durnal.pon®180282.t002

prebreedingaimingto improvesoybearseedquality.In developingsoybearseedsphysio-
logicalmaturity correspondgo the stagevhenfinal seedwveightis reachedgermination/
desiccatiortoleranceandseedvigor areacquired[4, 25,27].In this studyusinganindeter-
minatecultivar, physiologicamaturity correspondedo stager.2,in agreementwith pre-
viousworks[4]. At this stagemostseedsveredetachedrom the motherplantandhad
lostmostof their chlorophyll.However,our physiologicalsugarandtranscriptomedata
showthatthe seednaturationprogramhasnot yetendedat physiologicamaturity. An
additionalperiod of 14daysafterphysiologicamaturity is necessaryo acquiremaximum
longevity(Fig 2),in agreementwith previousdataon othergenotype$25, 26]. During this
period,wedetectedl6,248ranscriptsheingdifferentiallyexpressedntil the developing
seedseachedhedry state Our RNAsegstudycomplementandextendsprevioustran-
scriptomecharacterizatiorof soybearseeddevelopmen{28+33].Thesestudiesfocused
mostlyfrom fertilizationto end of seedilling whereasierewecharacterizedhe phase
from endof seedilling to final maturationdrying. Our RNAsegdataand co-expression
networkanalysisuggesthat complextranscriptomechange®ccurafterthe so-called
physiologicamaturity until thedry state jdentifying severall Fsassociatedvith seedon-
gevity.Severabf theseTFswerepreviouslyidentified in ageneco-expressiometwork
associatedvith longevityin . andArabidopsig24] andthusprovidenew
resource$or markerof seeddevelopment.

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
G0:0009220 pyrimidine ribonucleotide biosynthetic process 315 28 4.63E-21
G0:0006606 protein import into nucleus 243 23 2.69E-16
G0:0006626 protein targeting to mitochondrion 235 19 9.13E-15
G0:0006334 nucleosome assembly 128 12 2.62E-13
G0:0006164 purine nucleotide biosynthetic process 75 9 3.09E-08
G0:0001510 RNA methylation 418 22 9.26E-07
Underrep resented
G0:0006952 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://da.org/10.1371¢urnal.pon®180282.t003
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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

G0:0006091 generation of precursor metabolites and energy 116 75 4.86E-82

G0:0006354 DNA-dependent transcription, elongation 225 75 4.58E-54

G0:0015979 Photosynthesis 452 89 3.33E-43

G0:0019684 photosynthesis, light reaction 320 42 6.04E-13

G0:0045333 cellular respiration 53 15 1.71E-08

G0:0009772 photosynthetic electron transport in photosystem Il 28 11 1.47E-07

G0:0009414 response to water deprivation 888 62 5.35E-07
Underrep resented

G0:0009909 regulation of flower development 744 1 8.88E-06

G0:0006468 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://da.org/10.1371durnal.pon®180282.t004

Important transcriptional changes occur after mass maturity before the
onset of desiccation

A salientfeatureof the geneticprogramthat occursduring lateseednaturationis atransitory
phasehatis delimitedby two transcriptionalswitchespnefrom stage7.1to stager.2,marked
by the endof seedilling, andthe seconetweerstages.3and8.1(Fig 3). Phenotypically,
this phasds accompaniedby the lossof chlorophyll,acquisitionof desiccatiortoleranceand
thebiggesincreasen RFOsugargFigs2 and6). A transcriptomeshift wasalsoobservedn
Arabidopsisduring maturationandattributedto the desiccatiorof the seed47]. Thisis not
the casdn soybeansinceseedmoisturecontentat stage/.3wasaround1.2g water/gDW,
thusbeforethe desiccatiorphase . However during this transitoryphaseseed$oose
their connectionto the mother plant. Concomitantly changesn thetranscriptomesuggesthe
activationof apost-abscissioprogramto preparefor the dry stateand germinationby synthe-
sizingmRNA thatwill bestoreduntil seedmbibition [48]. Severabbservationsupportthis
hypothesisGeneswith expressiomrofilesthat showmaximumtranscriptlevelsat stage7.2or
7.3,i.e.representedby thetail of the co-expressiometwork (Fig 6), aresignificantlyenriched
in membersfthe AP2/EREBRANdWRKY families. AP2/EREBRranscriptionfactorsplayan
importantrolein controlling developmentgbrocesseandin hormone,sugarandredoxsig-
nalingin relationwith abioticstressepl9]. Their over-representatiom developingsoybean
seedsvasalsoreportedby Jonest Vodkin [32]. Severahomologuesverefoundto beco-reg-
ulatedwith theinduction of longevityin thelegume. [23]. Most of the TFswere
relatedto germinationandgrowth,suchasahomologof WRKY6(Glyma.13g31010@hatin
Arabidopsisactsasa positiveregulatorof ABA signalingduring seedjerminationandearly
seedlingdlevelopmenf50], the homologof SOMNUS(Glyma.12g205700he homologof
HOMEOBOX1 (HB-1),involvedin hypocotylgrowth undershortdays[51] andahomologof
INDETERMINATE DOMAIN1/ENHYDROUS(Glyma.02g058500hatin Arabidopsigpro-
motesthetransitionto germinationby regulatinglight GA effectsand ABA signalingduring
seedmaturation[52]. We alsofound a B3transcriptionalrepressofGlyma.02g3609@yhose
Arabidopsishomologuds anegativeregulatorof seedsizein developingseed$53]. Tran-
scriptsassociatetvith protein degradatiorviathe SCHamily of modular E3ubiquitin path-
wayincreasedluring maturationdrying at stager.3.This observatioris in agreementvith
previousstudieg28, 32]. Theseproteinsareknown to filter the proteomeby degradingkey
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regulatoryproteinsasmain targetq54]. This suggestthat the drying seedsresettingup a
machineryfor post-translationategulationbeforeenteringin the dry statethat will presum-
ablyserveuponimbibition.

An emerging picture of longevity-related genes identifies confirmed
regulators and newcomers in legume seeds

Thenetworkanalysiseveale®7 TF whoseranscriptprofilesarecorrelatedvith P50(Fig 6, S4
Table) therebyforming alongevitymodulesimilar to that foundin developingArabidopsis
and . [23,24].Indeed the homologue®f 7 soybeargenesverealsopresentn the
list of the 9 TF belongingto Medicagdongevitymodule[24], namelythreehomologuef an
ERF11®f ArabidopsigGlyma.06g14840Glyma.04g21740Glyma.08914530homologue
ofthe ETHYLENEINSENSITIVEPROTEIN3 family (Glyma.059180300)x0 homologue®f
the DREBZfamily (Glyma.07g15620Glyma.14g056200gnd ahomologueof NF-X-likel
geneg(Glyma.09g173000)yheimplication of two of thesegenesn longevityhasbeendemon-
strated[55, 24]. A DREB2from sunflowerenhancedeedongevityof tobaccovhenectopically
over-expressedith aheatshockfactor,HaHSFA955]. In Arabidopsisseed®f exhibited
impairedacquisitionof longevityduring maturation[24]. When overexpresseid vegetativeis-
suesNFXL1inducesahighersurvivalupon saltstressdroughtandhigh light intensity[56].

Several F that highly correlatedwith P50areassociatedith auxinsandgibberelling S3and
S4Tables)suchahomologueof HECATE2(Glyma.11g055300)at affectsauxinresponses
Arabidopsisduring flower developmenf57], ahomologueof AUXIN RESPONSEACTOR19
(ARF19Glyma.13g11260Glyma.09g072200\RF4(Glyma.12G171000ARF8(Glyma.10G
210600ARF9(Glyma.03g36710\RF10(Glyma.13g325200\RF16(Glyma.10g210600)his
reinforceghelink betweerauxinandlongevitypreviouslyfound in the Medicagcand Arabidopsis
maturationnetwork,where60%of genedelongingto the longevityweresignificantlyenrichedin
binding sitesfor auxinresponséactor[24]. The putativerole of auxinsin inducinglongevity
remainsto beinvestigatedT heseauxin-relatedyenesexhibit functionsthat areassociatedith
embryogenesisneristemmaintenancestemcell specificationpositioningof lateralorgansand
organgrowthmeristemin connectionwith GA signaling[57+59].A further inspectionof the TF
presentn the networktalil (Fig 6) confirmedthe enrichmentin geneswith the abovementioned
functionssuchasthe homologueof JACKDAW (Glyma.10g051500\NTEGUMENTA-LIKE 6
(Glyma.01g022500pEPALLAIGlyma.20g1531) and GATA (Glyma.179g228700)e specu-
latethatthe presencef thesdranscriptsin dry seedsnaybenecessartp anticipatethe restoration
of thedevelopmentaiateof specificcellsduring germinationof seedshat weredamagedy ageing
during storageConsistentvith this, stemcellnichesarehypersensitivéo DNA damagd60],
whichis aknown causdor decreasn seedviability afterstoragg21].

Thetranscriptomecomparisorbetweerimmatureshort-livedand matureseedxhibiting
maximallife spanfurther highlightskeymechanismshat could beinvolvedin longevity.Seed
longevitycorrelatedwith the synthesi®f HSPsand severathaperonesmplicatedin protein-
proteininteractionsand proteinfolding (Table2, Fig 8, S5Table).Theyareknown to assisin
creatingproper-foldingconditionsduring abioticstres§61] and protectagainsioxidative
stresgluring storagg62] that could beconduciveto seedongevity.Our transcriptomealso
revealedhe presencef HSFA6B(Glyma.03G157300Nhoseranscriptprofile wascorrelated
with P50(S4Table).Thisis consistentvith the observatiorthatthe over-expressioof sun-
flower in tobaccdedto anincreasedtabilityagainsiacceleratedgeingof the seeds
[13]. This TF alsointeractswith the drought-responsivéactorHaDREB2n aseed-specific
mannerto enhancestabilityagainsticceleratedging[55].
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Concomitantwith the acquisitionof longevity therewasan overrepresentationf genes
involvedin RFOsynthesig Table3). Thiswasconfirmedby the observatiorthat RFOcontent
andtheratio Suc/RFQncreasedluring lateseednaturation(Fig 5), reinforcingthe ideathat
theregulationof RFOmetabolismoccursatthetranscriptionallevel[10,12]. Therole of RFO
in seedss unclear particularlyin soybeanNo defectsn desiccatiortoleranceseedgermina-
tion or seedlingemergenceverereportedin soybeadineswith low RFOcontent[44,63].
However recentliteraturesuggestthat RFOmetabolisnplaysarolein the acquisitionof lon-
gevity.Galactinol the precursorof RFOwasfound to beamarkerfor seedongevityin Arabi-
dopsiscabbagandtomato[64]. In Arabidopsisseed®f galactinolsynthasenutants(
and weremore sensitiveio acceleratedging(85%RH, 40ECwhile seedof

() and () mutantsdid not differ significantlyfrom thoseof
wild type[64]. Furthergenetigoroof for arole for RFOmetabolisnin longevitycamefrom the
impairedshelf-lifeof Arabidopsis ! () seedstoredat75%RH and35EC
[24]. Suclevelsweresignificantlyhigherin thesemutantsbut no changevasdetectedn RFO
levelsSeed-specifioverexpressionf " and" of chickpean Arabidopsis
resultedin animprovedresistancagainstontrolleddeterioration[11]. However the mois-
ture contentof theseseedsluring ageingwas24% .avaluehigh enoughto leadto increased
metabolicactivityandaccumulationof RFO,while this would not occurduring dry storageat
RH below75% Additional correlativeevidenceof alink of RFOmetabolismandlongevity
comesfrom the analysiof mutantsof two regulatorygenef seedmaturationin .

Mt-#$ andMt- %# [12,35]. Seedsf thesemutantsshowdecrease®FOaccumulation
andincreasedsucaccumulatiorduring maturationtogetherwith adecreaseih longevity.
Theunderlyingmechanismshat explainthe role of galactinolor RFOin conferringlongevity
remainelusiveA specificrole of RFOin the protectionof membrane®r othermacromole-
culesseemaunlikely. Sucmoleculesareknown to protectmembranegust asefficientlyasRFO
andfurthermoremakedenserglassefeviewedn [10]). Somestudiessuggesadirector indi-
rectrole of RFOsin the protectionagainsboxidativedamageduring storagg11, 65]. Overall,
our datashowthatthe RFO/Suaatio in the embryonicaxisis agoodindicator of the progress
in the acquisitionof longevityduring maturation.However,oneshouldkeepin mind that
althoughthis relationshipis valid during seeddevelopmentit might beblurred whencompar-
ing matureseedg$rom differentgenotypesenvironmentsanddateof planting.

Typically,lateseedmaturationis characterizetby adegreeningrocessesultingfrom the
degradatiorof chlorophyllviaamulti-stepcataboligpathwaythatis characterizeanostlydur-
ing leafsenescendé 1,45]. Here,chlorophyllwaslostduring the transition phasebetween
stager.land7.3.Geneencodingenzymeshat arerequiredfor theinitiation of thedegrada-
tion of chlorophyllandlight harvestingcomplexesuchaschlorophyllb reductaséNYC1,
Glyma.07g08570Glyma.09g19120@nd STAYGREEN1Glyma01g24160Glyma0lilg
027480Wwerealreadyhighly expressedt stager.landincreasedlightlyat stager.2.This sug-
gestghaton atranscriptionallevel ,the onsetof degreenings activatedprior to theinduction
of longevity.Furthermore ahigh numberof transcriptsassociatedith photosynthesiand
chloroplastactivity weredown-regulatedvhenatrtificially dried immatureseedst stager.2
werecomparedwith maturedry seedsit staged (Table4). Thisdecreasévolvedboth nuclear
andchloroplastiogenesamongwhich 69%of the genomewasconcernedIt might reflecta
major shutdownof chloroplastmetabolismand dismantlementwhich requiresa closecoordi-
nation betweerthe nucleusandchloroplastiogenomesThesesventamight beconduciveto
seedongevity.Thepresencef greenseedsn matureseedots hasbeenassociatewith a
decreasedhelf-lifeduring storagen variousspeciesincluding soybearj12,22,66].In Arabi-
dopsis seed®f mutantsaffectedn chlorophylldegradatiorcontained10-foldmore chloro-
phyllthanthewild typeandhadastronglyreducedongevity[22]. Chlorophylldegradation

PLOS ONE | https://doi.org/10.1371/journal.pone.0180282  July 12, 2017 19/25



@° PLOS | ONE

Late maturation and longevity of soybean seeds

andlongevitywereaffectedduring maturationof peaand . seedslefectivan ABC-
SISICACID INSENSITIVEH12]. Themorechlorophyllwasretainedin maturein # $ seeds,
themorelongevitywasaffectedIn addition, the repressiorin photosynthesis-assoatgenes
during maturationwasalsoimpairedin these# $ mutants[12]. Thus,thesedatareinforcethe
ideathat degreeningnd chloroplastdismantlingappears pre-requisitefor longevity.

In this study,the storageconditionsweresetat aRH of 75%andatemperatureof 35EC
thatbring the seedissuego awatercontentof 0.13g H,O/g DW, equivalento 11.5%on a
freshweightbasisln commercialpractice soybearseedsareharvestedt 12+14%moisture
to avoidmechanicalamagenddried to 10+12%or short-termstoragg4]. Drying to
lowervalueds knownto makethe seedsnore susceptibléo cracking.The combination
75%RH/35E@lsorepresentsigoodcompromisebetweerconditionsthat aredeleterious
enoughto inducealossof viability to allowmeasurementwithin areasonablexperimen-
taltime but low enoughto benearthe glassystatewheremetabolisnno longeroccurs.
Whereasa storagesnvironmentof 75%RH/35Eringsthe cytoplasmout of the glassy
statejt is still in anamorphousubberwith solid-likepropertieq7, 8,67,68].1t hasbeen
demonstratedhatmeasurementsf longevityin morehumid conditions(i.e. 85%RH)
areunreliableto predictlife spanin storageconditionscorrespondingo thedry state[68+
70].In soybeanthis RH will bring the watercontentof thetissuesaround0.24g H,O/g
DW (19%FW basis)Undertheseconditions,the cytoplasnwill no longerbein arubbery
state wheremolecularmovementwill still berestricted but ratherin aliquid state allow-
ing for metabolisnto occur[7, 8,67]. Quantitativetrait loci analysiof seedagingin .

at60%/35E@nd 75%RH/ 35EQevealedsimilarloci anddatabetweerboth
agingconditionswereverywell correlatedr = 0.71),suggestingimilar mechanism®f
deteriorationbetweerthesetwo RH [12]. However,comparisonof agingat 30%RH/9EC
and 75%RH/50Edn differentgenotype®f lettuceshowedpoor correlation[70]. Thus,
oneshouldremaincarefulwith extrapolatingour soybeardatato dry storageconditions
(<50% RH). Indeed,in soybearwaterpropertieschangecotyledonselow8%(DW basis),
mostlikely dueto theformation of aglassystatein the cellswhereasgherespirationrate
becomesletectablet 24%][71].

Supporting information

S1Fig. Comparisonof soybearseeddevelopmentfor the 2013and 2014harvestat indi-
catedphenologicalstages(A) Evolutionof seeddry weight(blackcircles)andwatercontent
(bluesquares)Dataarethemeany SE)of 3to 5 replicatef 20seeds(B) Acquisitionof ger-
mination (blackcircles)anddesiccatiortolerancgbluesquares)evaluatedfterfastdrying to
10%moisture.(C) Acquisitionof longevityasassessduly P50(time necessarto obtainaloss
of viability of 50%during storage35EGand 75%RH). Dataarethemeany SE)of 4 replicates
of 25seedsDataarepresentedor 2013(opensymbolsland 2014(closedsymbols).

(TIF)

S1Table.Description of the reproductive phenologicalstagef soybearseeds.
(PDF)

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

S3Table.List of differentially expressedyenesduring seedmaturation.
(XLSX)
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S4Table. Transcription factorspresentin the co-expressiometwork of soybearseedmat-
uration. Geneswith expressiormprofilesthat correlatewith longevity(P50,PCC>0.9)areindi-
catedin bold with abluebackground.

(XLSX)

S5Table.List of differentially expressedjenesassociatedvith longevity. List of differen-
tially expressedeneghat arehigher/lowerin matureseedgxhibitingmaximallongevity
(stage9) comparedo dried immatureseedgstage7.2D)with low longevity.

(XLSX)
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