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The origin of the agriculture was one of the turning points ihuman history, and a central
part of this was the evolution of new plant forms, domesticatd crops. Seed dispersal
and germination are two key traits which have been selecteditfacilitate cultivation and
harvesting of crops. The objective of this study was to analze anatomical structure of
seed coat and pod, identify metabolic compounds associatedwith water-impermeable
seed coat and differentially expressed genes involved in peseed dormancy and pod
dehiscence. Comparative anatomical, metabolomics, and émscriptomic analyses were
carried out on wild dormant, dehiscentPisum elatius (JI64, VIR320) and cultivated,
indehiscent Pisum sativumnon-dormant (JI92, Cameor) and recombinant inbred lines
(RILs). Considerable differences were found in texture ofedta surface, length of
macrosclereids, and seed coat thickness. Histochemical ath biochemical analyses
indicated genotype related variation in composition and herogeneity of seed coat
cell walls within macrosclereids. Liquid chromatographyelectrospray ionization/mass
spectrometry and Laser desorption/ionization—mass specometry of separated seed
coats revealed signi cantly higher contents of proanthocgnidins (dimer and trimer
of gallocatechin), quercetin, and myricetin rhamnosides ral hydroxylated fatty acids
in dormant compared to non-dormant genotypes. Bulk Segregat Analysis coupled
to high throughput RNA sequencing resulted in identicatio of 770 and 148
differentially expressed genes between dormant and non-dwonant seeds or dehiscent
and indehiscent pods, respectively. The expression of 14 dected dormancy-related
genes was studied by gRT-PCR. Of these, expression pattern fofour genes: porin
(MACE-S082), peroxisomal membrane PEX14-like protein (M&E-S108), 4-coumarate
CoA ligase (MACE-S131), and UDP-glucosyl transferase (MAS139) was in
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agreement in all four genotypes with Massive analysis of cONEnds (MACE) data.
In case of pod dehiscence, the analysis of two candidate gere (SHATTERING
and SHATTERPROOF and three out of 20 MACE identied genes (MACE-P004,
MACE-P013, MACE-P015) showed down-expression in dorsal ashventral pod suture of
indehiscent genotypes. Moreover, MACE-P015, the homolog peptidoglycan-binding

domain or proline-rich extensin-like protein mapped corretly to predicted Dpol locus

on PsLGlII. This integrated analysis of the seed coat in wilthd cultivated pea provides
new insight as well as raises new questions associated with amestication and seed
dormancy and pod dehiscence.

Keywords: domestication, legumes, pea ( Pisum sativum ), metabolites, pod dehiscence, seed dormancy, seed
coat, transcriptomics

INTRODUCTION (Funatsuki et al., 20)4The functional genddhlwas highly
expressed in the lignin-rich inner sclerenchyma of pod walls.
The origin of the agriculture was one of key points in humanYet, another NAC family gene SHATTERING1-Bdng et al.,
history, and a central part of this was the evolution of new2014 activates secondary wall biosynthesis and promotes the
plant forms, domesticated cropsigyer et al., 2012; Fuller et al., signi cant thickening of ber cap cells of the pod ventral suéu
2019. The transformation of wild plants into crop plants can secondary walls. The dierences between wild and cultivated
be viewed as an accelerated evolution, representing adapdati soybean is within promoter region and subsequently exprassio
to cultivation and human harvesting, accompanied by genetitevel Qong et al., 201
changesl(enser and Thei3en, 2013; Olsen and Wendel, 2013; Timing of seed germination is one of the key steps in plant
Shiand Lai, 2005 Common set of traits have been recorded forlife. Seed dormancy is considered as a block to the complefion
unrelated cropsilammer, 1984; Zohary and Hopf, 2000; Lenseigermination of an intact viable seed under favorable cdodi
and TheilRen, 200)3These include loss of germination inhibition (Baskin and Baskin, 2004; Weitbrecht et al., 201 the wild,
and loss of natural seed dispersali{ler and Allaby, 2009 The  many seeds will only germinate after certain conditions have
identity of some responsible genes has been revealed (eViaw passed, or after the seed coat is physically disrupBagiv(ey,
Meyer and Purugganan, 20)through association mapping and 1997; Baskin et al., 2000; Finch-Savage and Leubner-Mgtzger
genome sequencing, for example in soybeam( et al., 201,  2006; Bewley et al., 2013n contrast, crops were selected to
chickpeaBajaj et al., 2015; Kujur et al., 2Q,1&nd common bean germinate as soon as they are wet and plantécei(brecht
(Schmutz et al., 20)4 et al., 201). Moreover, easy seed imbibition has crucial role
Members of theFabaceagamily have been domesticated in in cooking ability of most grain legumes. Hence, reducing
parallel with cerealsgmartt, 1990; Zohary and Hopf, 2006r  seed coat thickness led to a concurrent reduction of seetl coa
possibly even earlief{(slev and Bar-Yosef, 19B88esulting in  impermeability during the domesticatiorS(nykal et al., 20)4
largest number of domesticates per plant famijr(ykal et al., Seed dormancy had played a signi cant role in evolution and
2019. Despite of crucial position of legumes, as protein cropsadaptation of plants, as it determines the outset of a new
in human diet as well as crop rotation systeni®yer et al., generation lonogaki, 2014; Smykal et al., 2014 diverse
2016, comparably little is known on their domestication. Peadormancy mechanisms has evolved in keeping with the diyersit
(Pisum sativumL.) is one of the world's oldest domesticatedof climates and habitats\ikolaeva, 1969; Baskin and Baskin,
crops and is still globally important grain legume crdpnfykal 2004; Finch-Savage and Leubner-Metzger, RO contrast
et al., 2012, 20)5Experimental cultivation of wild peas have to hormone mediated seed dormancy extensively studied in
demonstrated that both seed dormancy and pod dehiscencrabidopsior cereals, we have very little knowledge on physical
cause poor crop establishment via reduced germination as welormancy, as found in legumesS3¢skin and Baskin, 2004;
as dramatic yield losses via seed shatterifigh¢ et al., 201)l  Graeber et al., 2012; Radchuk and Borisjuk, 30Adthough
The loss of fruit shattering has been under selection in tlesin  hard-seededness was largely overcome in all domesticetéd g
seed crops, to facilitate seed harvestler and Allaby, 2009; legumes except of fodder legumégerker et al., 1979; Smartt,
Purugganan and Fuller, 20Q)%vhile in wild plants, shattering is 1990; Weeden, 20))it appears in lentil or soybean depending on
a fundamental trait to assure seed disperBal(nett et al., 20)1  the cultivation conditions. Physical seed dormancy is edusy
Orthologous genes and functions were found to be consered f one or more water-impermeable cell layers in seed cBatkin
seed shattering mechanisms between mono and dicotyledonost al., 2000; Koizumi et al., 2008; Weitbrecht et al., 20adcRuk
plants (onishi et al., 2006 Recently, two genes have beenand Borisjuk, 2014; Smykal et al., 2DINumeroustransparent
identi ed to be involved in pod dehiscence in soybean. Oneesta(tt) and tannin de cient seedtds) mutants (ppelhagen
of them is the dirigent-like protein Fdhl) promoting pod et al., 201)}tindicates the important role of proanthocyanidins
dehiscence by increasing the torsion of dried pod walls, whichnd avonoid pigments inArabidopsi§Graeber et al., 20)and
serves as a driving force for pod dehiscence under low hugniditMedicago(Liu et al., 201} testa development. Ifrabidopsis
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and Melilotus seed permeability is altered due to in mutation in  In the present study, we used comparative transcriptomic,
extracellular lipid biosynthesisBgisson et al., 2007Similarly, anatomical, and metabolite analysis to detect the di erence
in the M. truncatula transcriptomic data set\(erdier et al., in gene expression, seed coat structure, and metabolites
20139, four of 12 Glycerol-3-phosphate acyltransferases (GPATQomposition between wild and domesticated pea seed coats in
genes were identi ed as putative orthologs of those reportedelation to one of the two key domestication traits: seed eoal
in soybean Ranathunge et al., 20).0Furthermore, cells of transcriptomic and anatomical analyses of pod dehiscence.
the outer integument inM. truncatula and pea showed
abundant accumulation of polyphenolic compounds; which\fATERIALS AND METHODS
upon oxidation may impact seed permeabilityl{rbach and
Mayer, 1974; Werker et al., 1979; Moise et al., p0Seed Plant Material
dormancy was identied as monogenic trait in mungbeanFour parental genotypes included wild. elatiusJi64 from
(Isemura et al., 20)2while six QTLs were detected in yardlong Turkey and cultivated Afghan landrade. sativumJI92 both
and rice beanKongjaimun et al., 20)2In pea,Weeden (2007) from John Innes Pisum Collection (Norwich, UK); wikl elatius
has identi ed two to three loci involved in seed dormancy,VIR320 Bogdanova et al., 20)Lftom Vavilov Institute Research
via testa thickness and structure of testa surface. Twosgenef Plant Industry (St. Petersburg, Russia) and cultivaked
involved in seed coat water permeability were recently idedti sativumcv. Cameor from INRA France. Furthermore, 126gF
in soybean. One of themGmHs1-1 encodes a calcineurin- recombinant inbred lines (RILs) derived from JI64 and JI92
like metallophosphoesterase transmembrane protein, which oss (lorth et al., 198p were used to establish respective
primarily expressed in the Malpighian layer (macrosclereas) phenotypically contrasting (dormant vs. non-dormant, defeist
the seed coat and is associated with calcium cont&nti(et al., vs. indehiscent) bulks?. elatiusVIR320 di ers from other wild
2019. Independently of thisgHS1 a quantitative trait locus peas in relation to the absence of gritty and testa pigmematio
for hardseededness in soybean, was identi ed as endd-1,4-possibly as the result of being either semi-domesticate or
glucanaseJang et al., 20)5This genes seems to be involved inhybrid between wild and cultivated pea with unknown origin
the accumulation ob-1,4-glucan derivatives that reinforce the (Bogdanova et al., 20).2
impermeability of seed coats in soybean. Interestinglyh benes
are positioned closely to each other of soybean chromosome 2.5eed Water Uptake and Germination

Development of pea and particularly model leguMedicago  Assays
truncatula seeds have been well-characterized at anatomicathe seeds of four parental and 126 RILs gEneration of JI64
(Hedley et al., 1986; Wang and Grusak, 20@nd also (wild) JI92 (cultivated) and reciprocal (RILs) were harvested
transcriptomic and proteomic levelsGgllardo et al., 2007; from glasshouse grown plants (February—May 2015). Twergy v
Verdier et al., 2013a RNA sequencing (RNA-seq) was usedseeds per line were incubated in petri dishes (9 cm diameten) ov
to study changes in gene expression, includMgtruncatula  two layers of medium speed qualitative lter papers (Whatman,
(Benedito et al., 2003Medicago sativdZhang et al., 2005 grade 1) wetted with 3 ml of tap water and incubated in a
soybean $everin et al., 2010; Patil et al., 2)faba beaniaur 25 C incubator with darkness. Imbibition was scored at 24 h
etal., 201}, Lotus japonicugVerdier et al., 2013and chickpea intervals based on changes in seed swelling and germinatsn
(Pradhan et al., 20)4In pea, transcriptome studies involved determined based on the radicle breaking through seed Gbat.
vegetative tissues-(anssen et al., 20} lincluding pods and percentage, Mean germination time (MGT), Timson index (TI),
seeds Kaur et al.,, 2012; Duarte et al., 2014; Liu et al., 201%nd Coe cient of Velocity (CV) were calculated over 7 days
Sudheesh et al., 201@nd nodules £hukov et al., 2016 Seed  period. We have used these various mathematical measurement

coat transcriptome of pea cultivars was analyzed in relatiofh order to more precisely describe germination process as show
to proanthocyanidin pathwayHerraro et al., 20)4and seed byRanal and Santana (2006)

aging Chen et al., 2003 Moreover, there is pea RNA-seq gene

atlas for 20 cDNA libraries including di erent developmental Determination of Pod Dehiscence

stages and nutritive conditionsA(ves-Carvalho et al., 201.5 Pod dehiscence was measured either by direct observation of
Comparative transcriptomics study in relation to domestiocat the pods on the plant or by drying harvested pods at room
trait was conducted recently byou et al. (2015)in relation  temperature (Veeden et al., 2002; Weeden, 200n case of

to glume and threshing in wheat. Some of the down-regulategarental lines JI92 (domesticated, indehiscent pod) and JI64
genes in domesticated wheat were related to the biosyethet{wild, dehiscent pod) are dehiscencel/indehiscence ob\aftes
pathways that apparently de ne the mechanical strength of theod maturing. On the other hand evaluation of RILs was di cult
glumes, such as cell wall, lignin, pectin, and wax biosymhesin some cases, as slight pressure on pods by ngers is necessary
Several of so far identi ed genes underlying key domesticat for opening. If slight pressure was enough to complete fruit
traits (reviewed irvieyer and Purugganan, 20)are regulated at opening the line was evaluated as dehiscent, if not this lias w
transcriptional level with altered spatial and temporal expi@s, evaluated as indehiscent.

such as seed-shatteringigHJ locus disrupting the development

of the abscission zone between grains and pedicles in riddnatomical Analyses

(Konishi et al., 20060r teosinte branche(tbl) gene causing Samples of seed coat (JI164, VIR320, Cameor and JI92; at least
single stem growth in maize cropebley et al., 1997 ve seeds per genotype) were dissected from dry seed and
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saturated with 2% sucrose solution under vacuum. Equalelu Laser Desorption/lonization—Mass

of cryo-gel (Cryomatrix Shandon) was added to samples anSpectrometry (LDI-MS) Analysis

shake overnight. Saturated samples were mounted into Cry&eeds of each genotype/line were mechanically disrupted and th
gel on the alum chuck, frozen down t025C and cut in  geed coats were separated and pooled (four seeds per genotype).
cryotome (Shandon SME, Astmoor, UK) into iin transversal pescription of the studied RILs is given ifiable S1 Small
section Goukup and Tylova, 20)4Sections were stained with pieces 2 mm were xed on MALDI plate using a common
toluidine blue (0.01%, w/v in water), alcian blue (0.1%, w/v ingouble sided adhesive tape. The samples were analyzedydirect|
3% acetic acid), aniline blue uorochrome (Siro uor; 0.0186y  jthout application of a matrix. The prepared samples were
in 100 mM KeHPO4 with pH 9), or Sudan Red 7B (0.01%, W/V) analyzed using high resolution tandem mass spectrometerpByna
according toSoukup (2014)The presence of proanthocyanidins G2-s (waters) equipped with vacuum MALDI ion source. For
was evaluated by staining with vanillirGérdner, 197pand  desorption/ionization a 350 nm 1 kHz Nd:YAG solid state laser
DMACA (Li et al., 199k Callose immunodetection was was used. Details of LDI-MS setup and analytical parameters

performed according t&oukup (2014Ysing primary antibody  of hydroxylated fatty acids can be found in Cechova et al. (in
toward (1,3)b-glucan (1:100; Biosupplies Australia PTY Ltd)preparation).

and anti-mouse IgG Alexa Fluor 488 secondary antibody (;:50
Invitrogen). Control samples were processed without the prima Metabolite Data Treatment
antibody. Sections were observed with an Olympus BX 5%the obtained LC/ESI-MS and LDI-MS data were processed
microscope (Olympus Corp., Tokyo, Japan) in bright eld,by MarkerLynx XS a software extension of MassLynx
blue (Olympus WB Iter—callose immunodetection) or UV platform (Waters). The processed data matrix, i.e., after
(Olympus WU  Iter—aniline blue uorochrome and DMACA) extraction, normalization and alignment of retention times
excitation. Unstained control sections were surveyed iglttri  (in case of LC/ESI-MS data), m/z-values and intensities of
eld or UV-excited auto uorescence. Figures were documente signals, were transferred to Extended Statistics (XS) nepdul
with an Apogee U4000 digital camera (Apogee Imaging Systengzinfo (Umetrics, Malmo, Sweden), and studied by principal
Inc., Roseville, CA, USA). Dry intact seeds were vaccuum driesbmponent analysis (PCA) and orthogonal projections to latent
and gold coated (Sputter Coater SCD 050, Bal-Tec) befokgructures discriminant analysis (OPLS-DA). Both PCA and
imaging with scanning electron microscope (JSM-6380LV; JEOQPLS-DA were used for reduction of data dimensionality.
Tokyo, Japan). Twenty days (after owering) old pods of parentaOPLS-DA is a multivariate statistical method employing laten
lines (JI64 and JI92) as well as RILs of F6 were xed in 2%ariable regression developed as an extension of more fndlgue
formaldehyde and stored in € for latter observation of pod used partial least squares method@ryfgg and Wold, 2002
suture. Samples were cut on hand microtones at thickness®bf 1@oordinates of particular samples and RT_m/z pairs (or m/z-
mm, and the resulting segments were stained 1% phloroglucingklues in the case of LDI-MS data) in appropriate biplots and
(Sigma, USA) in 12% HCHoukup, 2013 S-plots were used for evaluation of dormant and non-dormant
genotypes mutual segregation and signi cance of detectpthis

PR _ of metabolites. The procedure was adopted and modi ed from
LIqUId Chromatography Electrospray Kucera et al. (2017)The most signi cant markers were further

Ionlzatl_on/Mass Spectrometry (LC/ESI’MS) studied by targeted MS/MS experiments to reveal their identity
Analysis (Cechova et al., in preparation; Valkova et al., in preparation)
Testa was separated from the rest of the seed, crushed, and
extracted using mixture of acetone:water (70:30, v/v) wittRNA Isolation
addition of 0.1% ascorbic acid to achieve e cient extraatiof ~For Massive analysis of cDNA Ends (MACE) each sample
polyphenolic compounds in wide range of polarity and structuralof parental genotype was composed by several pooled
diversity (adapted fromimarowicz et al., 20090.5 ml of extract developmental stages of seed coat (2, 3, 4 weeks and older)
was dried under a stream of nitrogen and solid residue waas it is unknown at which stage putative candidate genes are
dissolved in 0.5 ml of methanol. The samples were then analyzedpressed. Seven selected RILs forming each of dormant resp.
by ultra-performance liquid chromatograph Acquity UPLC I- non-dormant bulk were previously (atsFgeneration) and after
Class coupled to high resolution tandem mass spectrometenature seed harvest (of;Fgeneration used for RNA isolation)
Synapt G2-S with ion mobility separation capability (Waterstested for germination behaviorTéble S). Seed coat were
Milford, USA). Chromatographic column Raptor ARC-18 (100dissected under stereomicroscope, immediately frozergundi

2.1 mm, dpD 2.7 mm, Restek) and mobile phases (MP) A:nitrogen and stored at 70 C until use. Frozen seed coats or
water C 0.1% formic acid, B: acetonitril€ 0.1% formic acid dorsal and ventral sutures of pods were ground to a ne powder
was used for separation of components present in seed coaith liquid nitrogen using sterile mortars and pestles. TGR&AA
extracts. Flow rate of mobile phase 0.2 ml/min was appliedvas isolated from seed coat 100 mg) using the BioTeke Plant
Electrospray was used as ion source. Spray voltage 2.5 kVintal RNA Extraction Kit (China) or NucleoSpin RNA Plant
positive and 1.5 kV in negative ion mode, were used, respégtivekit (Macherey Nagel) for pods, according to the manufactsrer
Process of the LC/ESI-MS method optimization and detailednstructions. Yield/quantity and purity was determined bsing
setup of mass spectrometer will be provided in Valkova etial. (iNanoDrop 2000 spectrophotometer (Thermo Scientic) and
preparation). diluted in DEPC-HO to 100 ngml. Isolated RNAs were treated
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with DNase according to Baseline-ZERODNase protocol Expressed Genes (DEGs) for three comparisons of contrasting
(Epicenter). In case of parental genotypes (J164, JI192, Camephenotype (dormancy: wild cultivated, RILs and their parents,
and VIR320) four consecutive developmental stages of seedshiscence: RILs and their parents) were made based on
(14-37 DPA) were taken each represented by tg8%f total combination of pairwise comparisons of lpg-C ratio of the
RNA. The RIL bulks were made of 1.428 of total RNA of each normalized values (lagFC> 2, lop FC< 2) and FDR (FDR

of seven lines. In case of RNA samples used for pod dehiscencé.01) between all libraries of these groups.

study, two parental lines (JI64 and JI92) and two bulks of ]

contrasting RILs (with dehiscent or indehiscent pods) werdus GO and KEGG Annotation

The bulk of dehiscent RILs was established from eight and buléene Ontology (GO) enrichment analysis and normalized gene
of indehiscent RILs from ve lines using excised pod sutures ofxpression data were used to identify function and relatiips

10 and 20 days after owering. Each of these four nal samplef di erentially expressed geneg¢ung et al., 2010 The results
contained 1 my of total RNA each. The integrity of the RNA of the GO analysis were then exported into the Blast2go for the
samples was examined with an Agilent 2100 Bioanalyzer (Agilerial annotations. The annotations provided the fragmentstwi

Technologies, Palo Alto, USA). blast hit with the appropriate gene ontology terms which were
classi ed into three categories: biological process (BRIylae
Massive Analysis of cDNA Ends (MACE) components (CC), and molecular function (MF). The DEGs were

MACE libraries were generated using GenXPro's MACE kisubjected for their presence in the di erent Kyoto Encyclopedia
(GenXPro GmbH, Frankfurt, Germany) as describedZimvada Of Genes and Genomes (KEGG) pathways. The various enzyme
etal. (2014)Brie y, cDNA from 5mg of total RNA was randomly activities and the DEGs involved in the KEGG pathways were
fragmented and biotinylated®®nds were captured after binding revealed for each of the combinations.

to a streptavidin matrix. A library ready for high-throughput . . . .

sequenciﬂg was prepared usingyTrue(guant a%apters ?n(?lude@eneuc Mapping of Dehiscence Speci ¢

in the kit. The library consisted of 50700 bp-long fragmentsSNPs-Methodology

derived from the 8end of the cDNAs. The ®ends of the Transcripts containing SNP with at least ve reads in both
libraries were sequenced on a HiSeq 2000 machine (lllumingamples that are homozygous distributed in dehiscent vs.
with 100 cycles to generate the MACE tags, each tag repregentimdehiscent RILs bulks with only one false allele read in 100
one single transcript molecule. In total, 6 cDNA librariesreve in either bulks were considered dehiscence speci c. SNPs wer
prepared and sequenced for seed dormancy, while 4 librarigliscovered using Joint-SNV-MixR(th et al., 201)2 The output

for parents and two contrasting bulks for pod dehiscence, eadgiven by Joint-SNV-Mix was furthermore processed by GenXPro

providing over 10 million readsTable S2. in-house software to Iter the SNPs. A minimum coverage of
10 bp was needed to be identi ed as an SNP. To identify the
Bioinformatics genomic localization of the SNP the surrounding region of th

After sequencing the reads are if-3° orientation. To remove SNP was assigned per blastn to the genomé&lotruncatula
PCR-bias, all duplicate reads detected by the TrueQuaridCVI.Medtr.v4.20130313" from http://jcvi.org/medicagbhe
technology were removed from the raw datasets. Low qualitisnpviewer” a webtool from the “http://tools.genxpro.net” was
sequence-bases were removed by the software Cutadapt {httpstsed to visualize the data.

github.com/marcelm/cutadapt/) and poly(A)-tails were clippe . L

by an in-house python-script. The reads were aligned to refeze  R€al-Time Quantitative Reverse

sequences using Novoalign (http://www.novocraft.com)isTh Transcription PCR

tool maps reads to reference sequences depending on cert&ene-speci ¢ oligonucleotide primers were designé&able S3
parameters (i.e., quality) and calculates thresholds fathea based on MACE consensus sequences using the FastPCR software
assignment. The reference sequences consisted d®?islin  (Kalendar et al., 20)4 The expression of selected candidate
mMRNA sequences from NCBI. We annotated these sequencesgenes was validated by quantitative real time PCR (qRT-PCR).
all Fabaceae proteins from Uniprot “http://www.uniprot.orgf/b RNA samples (treated with DNase) were reverse-transcribéd wit
BLASTX to Swissprot (“sp|..,” good annotation) and aftervgard Oligo(dT);5 primer (Promega) in a two steps reaction in nal

to Trembl (“tr|...; less good annotation) protein sequesicall  volume 40m. The qRT-PCR analysis was run on the CFX96
reads that could not be mapped to Pisum mRNA sequences frofReal-Time Detection System (Bio-Rad) using the SensiFast
NCBI were used for ale novoassembly to generate contigs SYBR® No-ROX kit (Bioline) or LightCycleF 480 SYBR Green
denoted as “noHitAssembly xxx” and annotated in the samé Master kit (Roche) in case of pod dehiscence study. Primers
way as the Pisum mRNA sequences from NCBI. Normalizatiomvere designed using FastPCR or Oligo Primer Analysis Sadtwar
and test for di erential gene expression between the bulksewer(Molecular Biology Insights, USA) and produced amplicons
calculated using the DEGSeq R/Bioconductor packageng ranging from 77 to 220 bp Table S3. Every PCR reaction

et al., 201N Di erential gene expression was quanti ed as theincluded 2m cDNA (1:10 diluted cDNA), 5m 2 SensiFAST
log, ratio of the normalized values between two libraries §log SYBR mix or LightCyclet 480 SYBR and 400 nM of each
FC). Thep-value and correction for multiple testing with the primer in nal volume 10 ml. The expression was studied at
Benjamini—-Hochberg false discovery rate (FDR) were computetivo developmental stages in four contrasting parental ggrexy
due to determining signi cance of gene expression di erencegJI64, JI92, Cameor, and VIR320) and in case of dehiscence study
in pairwise comparisons of libraries. Lists of Di erentially also contrasting RILs with dehiscent or indehiscent pods. The
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conditions for PCR were: 9% for 2 min; 45 cycles of 9& for  The most obvious is gritty surface of JI64 which was absent in
10s, 55C for 30 s, and 7ZC for 20 s; followed by a melting curve all the other genotypes included in this study. The contiguit
of 65-94C (recovered every 0.6 held for 0.5 s). The speci city of surface (cuticle integrity) was interrupted locally byroi
of primers was con rmed by melting curve and gel analysisssures in all genotypes. Large ssures developed in seed coat
of products. Quanti cation of transcript level was determihe of the non-dormant genotypes Cameor and JI92, mostly in
by CXF Manager Software (Bio-Rad). Actin lptubulin gene the hilar and strophiolar region later during the imbibition
was used as a reference to normalize relative quanti catiofdata not presented). The cytological arrangement of seatl co
(Ferraro et al., 20)4using the comparative Ct (21 €' method.  of tested genotypes varies particularly in macrosclereide Th
Changes in transcript were estimated as fold change reladive surface is covered with thin cuticlé=igure S3 which copies
the expression in the genotype Cameor (younger stage) in ¢asetbe outer extremities of palisade macrosclereids. Basedybn li
seed dormancy study and genotype JI92 (younger stage) in cas&roscopy we did not see any apparent di erence in cuticle
of pod dehiscence study. properties among genotypes as revealed by auto uorescence
or Sudan staining Kigure S3. Interestingly, cuticle is not the
only lipidic material localized close to the seed coat surface
RESULTS Non-cuticular lipidic extracellular material was present ailso

. . the very tips of the macrosclereidBigures S2e—jcontaining
Seed Coat Mediated Dormancy of Wild Pea auto uorescent material Kigures S2a—Jl The analysis of seed

Seeds coat surface was complemented with histochemical analysis of
Anatomical and Germination Differences between selected compounds of cell wall. Metachromatic staining with
Seed Coat of Wild and Cultivated Peas toluidine blue of non-dormant genotype Cameor exhibited high

Wild pea seeds display high level of dormancy mediated by seéglel of polyanionic cell wall components, while in contrary
coat permeability. Two contrasting parental pairs of wild. ( non-dormant, but well-pigmented JI92 showed lower abundance
elatiug JI64 and VIR320 and cultivate( sativum) cv. Cameor of polyanionic compounds similarly to dormant genotypes
and JI92 peas were selected as they di er in testa pigmentatiowhere metachromasy was mostly limited to macrosclereid tips
thickness, and dormancy levels as well as pod dehiscente trdiellow the cuticle (sedigures S2a—§l Staining with Alcian
Moreover, RILs were generated from cross of JI64 and JI92 ue further supports such conclusion (data not shown).
facilitate mapping. While cultivated pea seeds imbibe readilinterestingly, metachromatic staining was enhanced with 3
and germinate within 24 h (J192, cv. Cameor), wild pea seedzcetic acid pretreatmentF{gures S3e-j Clear connection
remain highly dormant and imbibe and germinate at 8% (J164) obetween presence of tannins and toluidine blue stainabitty
30% levels (VIR320) after 7 daysdure 1). Mean germination well-documented in JI92, where deeper staining is present out
time, Timson index, and Coe cient of Velocity are also very of pigmented spots (proanthocyanidin positi\eégure S3j. The
di erent between respective parental genotypes, 3.4 (MGT), firesence of proanthocyanidin within cell walls of macrosctrei
(T1), and 0.29 (CV) for JI92 while being 7, 0.008, and 0.14 fowas not detected in non-dormant genotype Cameor but was
JI64, respectively. RILs displayed more variability in each®f t obvious in JI92 as well as in the dormant genotygeigre 4
respective measurebigure SJ, with wide range of percentage using both HCI-Vanilin and DMACA tests. Condensed tannin
of germination (at 7 days) from 4 to 100%, 0.61 to 4.44 C\fpresence was never recorded within the light lirkégQre 4
1to 7 MGT, and 0 to 0.95 TI. All these parameters indicateof macrosclereids of any genotype. Macrosclereids of dormant
complexity of imbibition and germination processes as nondype genotypes seems to be enriched with proanthocyanidins
single is su cient to fully describe any given line. As shown in the cell walls of the entire macrosclereids up to the ligheli
Table S1 non-dormant bulk had on average 56% germinationSeed coat of JI92 is highly enriched with proanthocyanidins
over 7 days period, 1.58 CV, 0.36 Tl, and 68.02 MGT respectivenly in the dark pigmented spots. Interestingly, the abundanc
contrast to dormant bulk lines having 22%, 1.38 CV, 0.28 Ttl anof condensed tannins negatively correlates with toluidine
104.71 MGT, respectively. Similarly testa thickness was 407 blue stainability and siro uor staining of cell walls indidag
135mm, respectively. tannin linkages to other compounds within the cell wall.
Testa thickness was analyzed by micrometric, lighDetected tannins are not extractable with ethanol, or 1M HCI
microscopy or SEM measurements. Especially JI64 and Ji®&kaline hydrolysis of cell wall bound tannins by 1M sodium
di er substantially in palisade cells length, which contribs  hydroxide resulted in loss of tannins stainabilityigures 4c.j.
to overall testa thicknesgrigure 2. Dormant genotype JI64 There was intense aniline blue staining of macrosclereids in
has signi cantly thicker testa, which might contribute thid all genotypes, particularly in the light line of macroscleseid
water impermeability of seed coat of dormant pea genotypegFigures S2i-) and their outer part composed in majority of
There are considerable di erences in surface pigmentatioth anthe secondary cell walls. The strongest signal was obsenved i
texture of individual lines Figures 3a,d,g). While Cameor dormant genotypes, especially in the light line. However, the
is not pigmented visible pigmentation is present in othersignal for callose specic antibody did not correspond with
genotypes with di erent intensity and localization. The tese¢  aniline blue uorophore and in general was found rather week
of surface is variable among genotypes, particularly in tetdi and discretely localized F{gure S2i—inlay). Phloroglucinol
macrosclereid tips arrangement de ning the surface shapegoei staining indicative of lignin provided no response in non-
covered by thin cuticleRigures 3b,c,e,f,h,i,k,land Figure S3.  dormant nor in dormant pea genotypes indicating the absence
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FIGURE 1 | Cumulative germination percentage of wild P. elatius (J164, VIR320) and cultivated P. sativum (J192 and cv. Cameor) seeds tested at25 C
over the period of 163 h.
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FIGURE 2 | Length of the seed coat palisade cells of selected p  ea
genotypes (Cameor, JI92, JI64, and VIR320). Box plot of median with 25th
and 75th percentile, whiskers are 5th and 95th percentilen D 75; each
genotype is different from the other (ANOVA < 0.001).

dormant and non-dormant pea genotypes using principal
component analysis and orthogonal projection to latent
structures. Figure 5 re ects the dierences in coordinates
of particular genotype samples in corresponding Score plot
obtained by Principal Component Analysis of LC/ESI-MS data.
Although, individual coordinates do not exhibit statistilya
signi cant dierences among all the genotypes (e.g., t[2]
coordinates of Cameor, Terno, and VIR320), location of each
genotypes given by combination of both coordinates provided
resolution among particular genotypes. The di erences in the
coordinates (mutual orientations and values) clearly show
the separation of dormant (i.e., L100, JI64, and VIR320)
from non-dormant genotypes (i.e., Terno, Cameor, and JI
92) using the acetone:water extract. Separation of L100 and
JI64 from non-dormant genotypes is much more signi cant
compared to the separation of VIR 320. This can be explained
by possible semi-domesticated status of this genotype. Based
on the achieved separation of dormant and non-dormant
genotypes by unsupervised Principal Component Analysis
(PCA), supervised Orthogonal Projection to Latent Struesir
(OPLS-DA) was used to nd signals mostly responsible for the
chemical dierences in dormant and non-dormant samples.
Those signals (m/z-values of markers with increased irityns
in dormant genotypes compared to non-dormant ones) were
studied in detail by targeted tandem mass spectrometry {stud
of their fragmentation after collision induced dissoc@ati

of signi cant amount of lignins in the testa of analyzed peai” collision cell of mass spectrometer). Details of anadytic

genotypes.

Chemical Analysis of Seed Coat Composition
Detection of metabolites present in seed coat related to dmicy

interpretation can be found in Valkova et al. (in preparation).
Attention was especially focused on the chemical dierences
between morphologically the most similar pair of genotypes, i.
JI 64 and JI 92. Combination of information about retention

was based on comparison of LC/ESI-MS and LDI-MS data dime, exact mass measurement and fragmentation reveated th
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FIGURE 3 | Seed coat surface of selected pea genotypes.  Pigmentation of seed coat: Cameor(a), JI92 (d), JI64 (g), and VIR320(j); scale barD 5 mm. Surface
texture (SEM): Cameolb,c), JI192 (e,f), JI64 (h,i), and VIR320(k,l) overall view, scale baiD 500 mm; details of extrahilar regior(c,f,i,l) with inlay of high magni cation,
scale barsD 100 mm (c,i) and 50 mm (k,l), inlay scale barsD 10 mm (c) 20 nm ({).

identity of the most signi cant dormancy markers found in (2.50 1.54).102vs.(1.34 0.02).10%and (2.19 0.58).10%,
acetone-water extracts—dimer and trimer of gallocate¢hifz  respectively.Figure 6 shows the normalized signals of both
611.1387 and 915.1945, deviation of measured from theateti dihydroxylated long chain fatty acids in seed coats of JI®2,JI
m/z-value of parent ion, dtm, —0.8 and —3.3 mDa), respectivelyand RILs with respect to dormancy. The majority of dormant
quercetin-3-rhamnoside (m/z 449.1045, dtm -3.3 mDa)RILs exhibit higher content of those fatty acids compared to
and myricetin-3-rhamnoside (m/z 465.1112, dtm 7.9 mDa)non-dormant ones.
Analogously, the chemical di erences between dormant JI64
and JI192 genotypes were studied by laser desorption-ionizatidcSeed Coat Transcriptome Differences between Wild
mass spectrometry (LDI-MS). Measurement in negative iorand Cultivated Pea
mode in combination with PCA a OPLS-DA revealed markedin order to understand the mechanism of testa mediated
dierences in the prole of particular hydroxylated long dormancy we selected seed coat derived from two contrasting
chain fatty acids [i.e., m/z 411.3865, hydroxyhexacodanoaparental pairs and two bulks of RILs diering in dormancy
(dtm 2.7 mba); m/z 425.3927, hydroxyheptacosanoate (dtrievel to extract RNA and to identify candidate genes using the
6.8 mbDa); m/z 427.3875, dihydroxyhexacosanoate (88ext-generation sequencing method of Massive Ampli cation
mbDa); m/z 437.4033, hydroxyoctacosanoate (dtm 3.8 mDayf cDNA Ends (MACE). The isolation of RNA from wild pea
m/z 441.3973, dihydroxyheptacosanoate (2.9 mbDa) anskeed coat tissue proved to be very dicult. It is likely that
m/z 455.4180, dihydroxyoctacosanoate (dtm 8.0 mDa)high due to content of free metabolites (oligosaccharidesd an
Two orders of magnitude higher normalized signals ofproanthocyanidins). We assessed the expression patterns in
dihydroxyheptacosanoate and dihydroxyoctacosanoate wed®mesticated (cv. Cameor and JI92 landrace) vs. Rildlatius
measured in JI 64 compared to J1 92, i.e., (1.21.92).102and  (JI64, VIR320) pea. Each sample has yielded between 8 and 15

Frontiers in Plant Science | www.frontiersin.org 8 April 2017 | Volume 8 | Article 542


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Hradilova et al. Analysis of Pea Domestication Traits

FIGURE 4 | Seed coat transverse sections from extrahilar regi on stained with DMACA for proanthocyanidins polyphenolics (bar D 50 mm): Upper
row—J192, Lower row—J164. Blue excited red uorescence of DMAQ\ (a,d) and violet coloration in bright eld(b,e). Similar sections as in(c,f) but stained with
DMACA after mild alkaline hydrolysis; scale bar® 50 nm. *, Light line.

million clean readsTable S2. Bioinformatics analysis resulted (Figure 8A) further illustrates di erences between domesticated
in identi cation of 144,000 transcripts (e.g., MACE annothte and wild pea seed coat expressed genes. This comparison
fragments) expressed in immature seed coat tissue. We hade ushows the di erences between respective pairs (cultivated vs.
stringent values of false discovery rate (FDRP.01 and fold- wild). In addition to contrasting parental genotypes, two
change (log FC) 2 as a threshold to identify the signi cant bulks of seed coats at several pooled developmental stages of
di erences in the gene expression. Applying these criteriat@ to seven dormant and seven non-dormant RIlEaljle S} were
of 10,132-11,808 transcripts were found di erentially expees analyzed. The bulks were included to minimalize identi cati
between cultivated (JI92, Cameor) and wild (JI164, VIR320)f genes associated with respective genetic backgrounerrath
parents Table S2. Of these 770 were di erentially expressedthan dormancy trait. This is clearly shown when DEGs are
between all wild vs. cultivated genotypes, of these 374 wecempared between parents and RIL bulks (having largest number
up-regulated in cultivated genotypes, and 396 down-regdlateof speci c DEGs between parents e.g., 6,204 up-/5,604 down-
(Figure 7A, Table S4, when annotated to pea transcriptome, regulated transcripts, while only 869 and 1,014 down-reagdla
respectively. transcripts in RIL non-dormant vs. dormant bulks. In case of

A heat-map of 1,000 genes with the highest variance amorgene expression pro le of dormancy and non-dormancy RILs
normalized expression between cultivated and wild pea samplasd their parents, 299 DEGs were found. When comparison
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(VIR320) and MACE-S101 higher expressed in cultivated non-

120.00

dormant genotype (Cameor). Discrepancy between gRT-PCR
90.00 and MACE methods in JI64 and JI92 was found in case of MACE-
8 60.00 S069, MACE-S070, MACE-S110, MACE-S111, MACE-S132, and
] J MACE-S141.
§ 30.00 T
g 0.00 | - - mt[1] Enrichment Analysis of DEGs Functional Classes
B ol mt[2] between Wild and Domesticated Pea Seed Coats
3 In order to investigate transcriptome changes in seed coat
g b associated with evolution under domestication, we asdege
-90.00 1 expression patterns of the DEGs in domesticated (cv. Cameor
120,00 and JI92 landrace) vs. wilg. elatius(JI64, VIR320) pea. We
Cameor Terno  JI92  Ji64 1100  VIR320 identied 770 DEGs (583 respectively, when ambiguous are

removed) is seed coat between wild and domesticated peas. Due
: : to the absence of complete pea genome and likely speci city of
pea genotypes. Data ltration threshold 1000 counts in MS spectrum; .
replicated analyses, three repetitions of each genotypeeVel of signi cancea seed coat tissue, we could annotate 66% of MACE fragments.
D 0.05, UV scaling, no transformation. Moreover, between 36 and 41% produced ambiguous assignment
(Table S2. For DEGs sequences assigned to GO terms, we
observed dierences within all three compounds: cellular
included JI64 and JI92 parents and two respective RIL bulkspmponents, molecular function, and biological processefzév
there were 83 up- and 216 down-regulated gerfégure 7B). GO groups were found di erently expressed. In GO enrichment
In order to visualize the expression pattern of RILs andof DEGs between wild and cultivated the most interesting ltssu
theirs parents, heatmaps were constructed for 11,808 genkslongs to Molecular function group@ble S§. The most DEGs
from libraries of dormancy and 6,259 genes from libraries ofvere found in phenylpropanoid (17 genes in KEGG pathway)

FIGURE 5 | Score Plot of LC/ESI-MS data of dormant and non-dorma nt

dehiscenceHigure 8B). and avonoid (11 genes) biosynthetic pathwalfgures S4S5.
These included O-hydroxycinnamoyltransferase (EC:2L33),

Veri cation of Differentially Expressed Genes during dehydrogenase (EC:1.1.1.195), O-methyltransferase

Seed Coat Development (EC:2.1.1.68), gentiobiase (EC:3.2.1.21), lactopesxida

We selected DEGs based on expression level dierence afgC:1.11.1.7), ligase (EC:6.2.1.12), reductase (ECA%)R.and
gene annotation Table S, regarded as candidate genes for4-monooxygenase (EC:1.14.13.11) or synthase (EC:2)3.1.7
seed coat mediated dormancy in two possible directionseductase (EC:1.3.1.77), O-hydroxycinnamoyltranséeras
of evolutionary changes (i.e., up- or down-regulated in(EC:2.3.1.133), isomerase (EC:5.5.1.6:m@ooxygenase
the domesticated pea compared to its wild progenitor)(EC:1.14.13.21), 4-monooxygenase (EC:1.14.13.11) genes
To validate MACE results, expression levels of 14 selectédiable S5, respectively. Enzyme 4-coumarate CoA ligase
DEGs was analyzed by gRT-PCR. According to MACHEMACE-S131) catalyzes conversion of 4-coumarate and
results, the selected genes comprised of ve up-regulatesther derivatives to corresponding esters serving to geeera
genes (direction dormant to non-dormant): porin (MACE- precursors for formation lignin, suberin, avonoids. In geral,
S082), NADPH-cytochrome P450 reductase (MACE-S101ljnain dierences in gene expression was detected between
peroxisomal membrane PEX14-like protein (MACE-S108)enzymes that played important role in secondary metabolites
UDP-glucose avonoid 3-O-glucosyltransferase (MACE-S139biosynthesis. Dierent levels of expression were observed fo
xyloglucan:xyloglucosyl transferase (MACE-S141), andvéndo the cellulose synthase enzyme (EC:2.4.1.12) and two enzymes
regulated genes: NADH-cytochrome b5 reductase (MACEef pectin metabolism pectate lyase (EC:4.2.2.2) and pectin
S019), divergent CRAL/TRIO domain protein (MACE-S066)methylesterase (EC:3.1.1.11), which may interfere tegetith
1-deoxy-D-xylulose, 5-phosphate, reductoisomerase (MACEenzymes from the phenylpropanoid and lignin biosynthesis to
S069), probable aldo-keto reductase 1 (MACE-S070), cupthe structural composition of cell wall. Enzyme 3-hydroxyacy
RmIC-type (MACE-S110), heavy metal transport/detoxi cationCoA (EC:1.1.1.35) dehydrogenase that belongs to fatty acid
protein (MACE-S111), 4-coumarate CoA ligase (MACE-S131klongation pathways is also up-regulated in dormant (wild)
cytochrome P450 monooxygenase CYP97A10 (MACE-Sh32), genotypes. This enzyme participating in of fatty acid biosysithe
amyrin synthase (MACE-S135). Of these tested 14 genes, 4 gesBowed changes in expression between wild and cultivated
(MACE-S082, MACE-S108, MACE-S131, and MACE-S139) wegenotypesKigure 6). Out of 548 DEGs, 307 (56%) were assigned
in agreement in all four genotypes with data obtained withto GO-term groups, including 171 (56%) down-regulated and
MACE method Figure 9). Relative expression level by MACE- 136 (44%) up-regulated in the domesticated pea seed coat
S019 and MACE-S135 was completely contrary to MACE resultspmpared to wild samples. As shown Table S5 the known
where higher values were in wild dormant genotypes. The gRTBEGs were mainly classi ed into 40 functional categoried an
PCR expression pattern of MACE-S066 and MACE-S101 weirvolved in 19 biological processes. The results showedltleatt

di erent in two genotypes (Cameor and VIR320) compared toDEGs mainly distributed in plasma membranes and nucleus
MACE data, with MACE-S066 higher expressed in wild dormangfter genes expression, and participated in the biologicalgz®c
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FIGURE 6 | LDI-MS analysis of dihydroxyheptacosanoate (A)  and dihydroxyoctacosanoate(C) in seed coats of contrasting parents (JI64, J192) and selected
RILs (intensity of signals at particular m/z-values normadid to sum of all signals in mass spectrum; red, non-dormant; lue, dormant lines; error bars re ect the
standard deviation of three replicated measurementsa D 0.05); (B,D), zoomed graphs.

A 1192 x JI64 Cameor x VIR 320 B JI92 x Ji64 JI92 X RILD C 1192 x J164 RILN x JI64

wild & cultivated RILs & parents RILs & parents
dormancy dehiscence

FIGURE 7 | Venn diagrams of differentially expressed genes (DE ~ Gs criterialog  FC 2 and FDR  0.01) between seed coat (A) of the studied wild and
cultivated genotypes,(B) and JI64, JI92 parents and resulting RILs andC) between pod sutures of JI64, JI92 parents and resulting RILs. BE counts are upregulated
and red counts are downregulated in cultivated genotypes.

of biosynthetic process (60 genes, 12%), metabolism (183 gensere found to be associated with avonoid biosynthesis
36%), regulation of transcription (3 genes, 0.5%), transpgrtin(Table S5.

(17 genes, 3%), stress response (16 genes, 3%), cell dividion an

di erentiation (180 genes, 35%), localization (30 genes, 6%?ea Pod Dehiscence

establishment of localization (28 genes, 6%), lignin sysithend The structure of pea pericarp follows the common
so on. Through comparative analysis, the two most abundarrrangement in Fabaceae The exocarp consists of thick
sub-classes were biosynthesis processes and metabolisggecewalled epidermis, the relatively thick mesocarp is arranged
The KEGG pathway analysis showed the presence of many gefiesseveral layers of parenchyma and endocarp composed
PsCam051542, PsCam037704, PsCam043296, PsCam000®56gni ed sclerenchyma on inside of which is thin-walled
PsCam038256, PsCam049689, PsCam016941, PsCam04988dermis. Both exocarp and mesocarp are rich in pectins,
PsCam050533 involved phenylpropanoid biosynthesis. Sigilar as indicated with metachromatic staining of toluidine blue
PsCam049689, PsCam038227, PsCam005153, and PsCam05(f6ggre 11).
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FIGURE 8 | The heat maps (A) of 1,000 genes with the highest variance among normalized exession values for cultivated and wild pea sampleqB) of 11,808
DEGs for dormancy, and(C) of 6,259 DEGs for dehiscence between RILs parents samples iMACE experiments.

Differentially Expressed Genes between Dehiscent we detected over expression in indehiscent lines of two gene
and Indehiscent Pods candidates $HATTERINGand SHATTERPROQHR-igure 10Q

In the case of pea pod dehiscence, we used MACE methodologgpd the rest of tested gend®dNDEHISCENT, SPATULA, bZ)P

to nd dierences in expression proles between JI92 did not show dierential expression. In the second experiment
(domesticated, indehiscent pod) and JI64 (wild, dehiscente tested gene expression of 20 gene candidates derived from
pod) and between two bulks of contrasting RILs. For eactMACE analysis. In this case, we tested parental lines JI64 and JI92
sample we used bulk of three developmental stages (2, 4 weekdy. We used RNA from dorsal and ventral pod suture tissue of
and older) of dissected pod suture tissuEalfle S3. Across three developmental stages (10, 15, and 20 days after oglerin
all dehiscent and indehiscent libraries 148 DEGs were founbth this case we detected three genes (MACE-P004, MACE-P013,
(Figure 70). Of these, 132 DEGs were down-regulated and 18/1ACE-P015) corresponding to the down/over expression
were up-regulated in indehiscent libraries. For gene exfaess as in MACE results Kigure 10A). In M. truncatula genome
analysis via qRT-PCR we selected 20 gene candidates with th@nologs genes are: MACE-P004 transmembrane protein,
most di erent expression in MACE analysis between contrastingutative (Medtr3g016200); MACE-P013 NADP-dependent
lines (dehiscent and indehiscent pod). Nineteen of them wergalate dehydrogenase (Medtrlg090730), and MACE-P015
recognized by MACE as down expressed (with lower expressigreptidoglycan-binding domain protein (Medtr2g079050). In

in domesticated indehiscent genotype) and one expressamhe case (MACE-P009) gRT-PCR showed the opposite results
gene candidate. In addition we tested also ve other genganin MACE (Figure 10A). Medicagdhomolog of MACE-P009
candidates (transcription factors) reported to be respomsfbr  gene is cathepsin B-like cysteine protease (Medtr7g111060).
pod dehiscence in other plant species (bHLH Basic helix-loopthe rest of candidate genes for pod dehiscence generated by
helix proteins INDEHISCENT SPATULA SHATTERPROQF MACE were tested by gRT-PCR, namely: glycosyltransferase
Basic Leucine Zipper Domain genbZIP and SHATTERING family 92 protein (MACE-P001, Medtr2g437660); serine
Ferrandiz et al., 2000; Girin et al., 2011; Dong et al., p0l4carboxypeptidase-like protein (MACE-P002, Medtr3g434850);
For these experiments we used RNA from pod suture tissue ¢§DEL-tailed cysteine endopeptidase CEP1 (MACE-P003,
parental line JI192 (domesticated, indehiscent pod) and Ji6di(wi Medtr3g075390); 60S ribosomal protein L3B (MACE-
dehiscent pod) as well as of eight contrasting RILs. As a resUf005, Medtrlg098540); dormancy/auxin associated protein
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gRT-PCR for four genotypes in two stages: JI64, JI192, V

(VIR320), and C (Cameor)—younger stage; JI64-1, JI92-1, V-1,-C—older stage and MACE for JI64, J192, VIR320, Cam, RILs-D (doramt), and RILs-N

(non-dormant).

arison with MACE analysis.

FIGURE 9 | qRT-PCR results of selected candidate genes in comp
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FIGURE 10 | gRT-PCR validation of selected DEGs detected tob e associated with pod dehiscence. (A) MACE results in comparison with qRT-PCR of
selected candidate genes. MACE-P004, MACE-P013, and MACH?015 shows the same trend of over/down expression between MAE results of parental lines and
RILs (JI 64—dehiscent pod, bulk of dehiscent RILs, JI 92—indeébcent pod, bulk of indehiscent RILs) and gRT-PCR of cDNA of pantal lines (ventral or dorsal pod
suture in two stages: I—younger stage, ll—older stage). MACE@®9 showed the opposite results and MACE-P017 and MACE-P00& without any trend of down or
over expression in qRT-PCR(B) qRT-PCR results of contrasting RILs (dehiscent/indehiscemod) in comparison with parental lines of candidate gene MAE-P015.
(C) gRT-PCR results of contrasting RILs (dehiscent/indehiscergod) in comparison with parental lines of candidate genes SNTTERPROOF and SHATTERING.

(MACE-P006, Medtr7g112860); enoyl-CoA  hydrataserotein (MACE-P018, Medtr2g034010); transmembrane-
2, peroxisomal protein (MACE-P0O07, Medtr3g115040)jike protein (MACE-P019, Medtr2g038550) and vacuolar
disease-resistance response protein (MACE-P0O0®rocessing enzyme (MACE-P020, Medtr4gl101730). In the
Medtr2g035150); GASA/GAST/Snakin (MACE-P010third experiment, we tested only candidates which showed
Medtrlg025220);  dormancy/auxin ~ associated  proteirdi erences in expression in both previous experiments using
(MACE-P011, Medtr7g112860); TCP family transcriptioneight RILs with clearly determined phenotype (dehiscent or
factor (MACE-P012, Medtr2g090960); LL-diaminopimelateindehiscent pods). Four RILs were phenotypically dehiscent and
aminotransferase (MACE-P014, Medtr2g008430); zinc ngefour indehiscent. In this case, we used cDNA derived from the
A20 and AN1 domain stress-associated protein (MACE-PO16nixture of dorsal and ventral pod sutures tissdegure 11) for
Medtr2g098160); auxin-responsive AUX/IAA family protein analysis. Finally, we tested four genes: MACE-P004 (homolog
(MACE-P017, Medtrlg080860); huntingtin-interacting K-like of transmembrane protein gene iNl. truncatula P. sativum
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FIGURE 11 | Dorsal side of pea dehiscent and indehiscent pod. (a) Mature pod of dehiscent line (JI 64)(b) Mature pod of indehiscent line (JI 92)(c,d) Sections
of dorsal side of dehiscent and indehiscent pea pod stained vth uoroglucinol: *, funikulus; BC, bundle cap; DZ, dehiscace zone; EN, endocarp, including inner
sclerenchyma; EX, exocarp; EP, epidermis; DZ, dehiscenceone; LP, ligni ed epidermal plate.

LGIll: 24.5); MACE-P009 (homolog of cathepsin B-like cystein GO Annotation, KEGG

protease inM. truncatula P. sativumLGV: 20.3); MACE-P015 To annotate the DEGs in dehiscence-parents and RILs, the
(homolog of peptidoglycan-binding domain protein gene inconsensus MACE sequences were searched against the NCBI
M. truncatulg P. sativum LGIll: 103.2); and Shatterproof non-redundant protein database by blastx usmgalue cut o
(homolog of MADS-box transcription factor it. truncatula  of 1e 9. In biological process, most DEGs were found to be
P. sativumLGlll: 89.3). As a result we didn't nd any trend involved in metabolic processes (37 genes, 34%) which inglude
in down or over expression in contrasting RILs in relationshipcellular metabolic process (28 genes, 26%) and primary metabolic
to dehiscence levels, with only one exception of MACE-PO1process (28 genes, 26%), pigmentation (8 genes, 7%), regulation
(homolog of peptidoglycan-binding domain protein gene inof biological process (8 genes, 7%), developmental proceshes suc
M. truncatulg P. sativumLGlIl: 103.2) which showed trend of as anatomical structure development (3 genes, Bédbje S6.

down expression in all tested indehiscent RIEgyUre 10B with  In molecular function, the maximum DEGs were found to be
only one exception—RIL 61 (JI 64 JI 92). Base on screening involved in catalytic activity which includes mainly hydase

of PCR length polymorphism we recognized this line 63)@&s activity (12 genes, 11%), transferase activity (8 genes, @) a
heterozygous in MACE-P015 candidate gene because of preseong&oreductase activity (7 genes, 6%). Next, the DEGs were
of both parental alleles. mostly found to be involved in binding related activitiescbu
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as nucleic acid binding (10 genes, 9%) followed by nucleotidef the outer integument showed abundant accumulation of
binding (9 genes, 8%) and nucleoside binding (5 genes, 5%jolyphenolic compounds FRigure 4); which upon oxidation

In the cellular component, the bulk of the DEGs belongedmay impact seed permeabilityVipise et al., 2005 Current

to cell part (41 genes, 38%) followed by membrane relatekhowledge about physical dormancy mainly comes from studies
proteins (22 genes, 20%), intracellular organelle (23 g@dés), on morphological structure, phenolic content, and -cuticle
and membrane-bound organelle (19 genes, 18blje S§. The  composition in legume species (reviewedsimykal et al., 20)4
KEGG pathway analysis showed that PsCam046431 is involvitbrphological observation indicated that seed hardness was
in phenylpropanoid biosynthesis, PsCam021037 in pentosassociated with the structure of palisade and cuticularrlgye
phosphate, PsCam038465 in glycerophospholipid metabolisat al., 201} and presence or absence of crack&yer et al.,

and PsCam042882 in carbon xation pathways. 2007; Koizumi et al., 20080ther authors have proposed that
. ) ) the compositions of carbohydrates, hydroxylated fatty scat
Genetic Mapping of Dehiscence Locus phenol compounds in seed coats control the level of permegbilit

We assume that dehiscent and indehiscent RILs bulks ai&/yliin and Xu, 2000, 2001; Shao et al., 2007; Zhou et al.)2010
contrasting for genomic regions which are responsible foly|lin and Xu (2001 )found that the seed coat of an impermeable
dehiscence trait, because of selection for this trait ampeaged genotype had a high concentration of hemicellulose, esalgnti
selng of RILs lines. On the other hand remaining genomiccomposed of xylans, which would reduce the hydrophilicity
regions should be represented by polymorphic reads from RILgf the seed coat. We have found considerable structural and
libraries due to mixing of RILs lines during bulking. When fynctional dierences in testa properties between wild and
we compared polymorphism in reads from indehiscent RILsjomesticated peas. Contrary tda et al. (2004)who found
bulk and dehiscent RILs bulk three homozygous SNP rickmall cuticular cracks in soft but not hard seeds of soybean,
genomic region associated with dehiscent trait were idedti the surface was similar among used lines with on|y small
due to identi cation of homozygous SNP which indicated that djscontinuities over the whole surfacEigure 3. However, we
this region was under selection during RILs lines developmem{annot exclude that these small ssures resulted from thil SE
(Figure S§. Based on sequence homology rst of them is locatedample preparation, similarly to the above mentioned work.
in the second half ofM. truncatula chromosome 1. Second In the non-dormant genotypes Subjected to imbibition, |arge
and third region are more clearer in contrast with rst regio  ssures appear preferentially in the hilar region and strophiole
Second region is located at the beginning of chromosome gt shown). However, those are the most likely consequence
where homozygous SNP are concentrated around 2 megabaseembryo imbibition and its volume increase and thus we
and third region is situated around 53 megabase at the end @fp not expect those as primary sites of water entrance. There
chromosome 3. Others homozygous SNP are spread acrossjglly |ack of detailed description of the primary pathway of

Medicaga@hromosomes and do not form distinct cluster. water entry in pea as well as in the whdfabaceadamily,
although the topic is thoroughly discussed (elgaskin et al.,
DISCUSSION 2000; Meyer et al., 2007; Ranathunge et al., 2010; Smykal et al

2019. It is thus not clear whether the hilar or strophiolar

Plant domestication process is interesting phenomenon afegion is the primary entrance of water in the non-dormant
accelerated human directed evolution. To dissect genetinges  genotypes as suggested also MyDonald et al. (1988)or
associated with this process, either wild to cultivatedsessand Korban et al. (1981)Jn soybean and common beam¢bo
linkage mapping or newly genome wide association mapping are: al., 198y or if the minor ssures present in the cuticle and
employed to infer on number of genes governing domesticatioproperties of the outer part of palisade macrosclereids make
traits. Although some of the genes underlying domesticatio the dierence as suggested byla et al. (2004) Interesting
traits were shown to be regulated at transcriptional levehnd generally neglected feature of macrosclereids is a pesenc
(Doebley et al., 1997; Konishi et al., 2pdinited studies of auto uorescent, phenolics containing lipidic material ihet
were conducted to investigate transcriptomic changes batwe terminal caps of macrosclereids above the light line, whih i
wild progenitors and cultivated crops, analyzing pod or seegot directly connected with the cuticléFigure SJ. There is no
tissues, such as wheat glumeo( et al., 201p We used detailed information on the nature of this material or its [sitsie
comprehensive transcriptomic, metabolomics, and anatomicdunctional signi cance. Obviously, detailed structure afiter
analyses to compare domesticated and wild pea seed coats angt of the palisade macrosclereids deserves future attention.
pods in relation to the loss of seed dormancy and pod dehiscencBormant genotypes have thicker macrosclereids palisade, layer

. which might contribute to the water impermeability of coats
Seed Coat Anatomical Structure and of dormant pea genotypes as suggestedviyo et al. (2001)
Histochemical Properties However, thickness alone does not necessarily accountdterw
Histological analysis of the seed coathh truncatularevealed impermeability le Souza and Marcos-Filho, 2000ur results
changes in cell wall thickness in the outer integumentslso suggest dierent thickness of palisade layer among the
throughout seed developmentVérdier et al.,, 2013a In  dormant genotypes with the most dormant JI64 having the
Arabidopsisand Melilotus (legume), seed permeability wasthickest palisade layeFigure 2). Metachromatic staining with
modulated by mutations a ecting extracellular lipid biosyetis  toluidine blue revealed that the non-dormant non-pigmented
(in Verdier et al.,, 2013a Similarly, in M. truncatula cells genotype Cameor exhibits high level of polyanionic pectins
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with exposed free carboxyl groupBigure S3. On the other coat tissue, we have experienced great di culties when wagki
hand, the non-dormant, but well-pigmented JI92 showed lowewith wild pea seed samples. As reported earlier for pigmented
abundance of pectins related anions, similarly to pigmentedoybean seedsMang and Vodkin, 199/ proanthocyanidins
dormant genotypes. There is clear connection between talaidi binds to RNA and prevent its extraction. We failed when using
blue stainability and seed coat pigmentation—anthocyamnidi standard phenol/chloroform NicCarty, 198% or guanidium
presence. Taken together results from toluidine and Alcislnme  thiocyanate Chomczynski and Sacchi, 1987ethods, as well as
with vaniline and DMACA suggest that tannins in the seed coatsommon plant tissue RNA isolation kits.

of pigmented peas are probably bound to other compounds of the There is problem of ambiguously mapped reads, which are
cell walls, changing the staining properties of cell wallsuMabf ~ the major source of error in RNA-Seq quanti catiorRbert
these linkages is unknown, but covalently bound tanninshihig and Watson, 2015 Short-read alignment is a complex problem
be indicated as alkaline hydrolysis releases proanthodyeni due to the common occurrence of gene families. In contrast
from the cell walls Krygier et al., 1982 Such expectation to RNA-seq, MACE methodology is derived froff TR end
might be further supported by presence quercetin-3-rhamnesidof transcript and each is represented by single molecule. The
fragments from LC/MS and MALDI-MS study. The detectedchoice of quanti cation tool also has large e ect, as these
increase in metachromatic staining of testa cell walls afiesk also dier in the way they handle aligned data and multi-
acid treatment might be indicative of a crosslinking of pesti mapped/ambiguous read&¢bert and Watson, 20)5In order

with other compounds in dormant as well as JI92 genotypeto exclude or minimalize that identify DEGs are solely du¢hi®
which is released in acid environment. Interestingly, itswa genetic di erences between contrasting parental geneticksto
reported that condensed tannins might be released from ljglsa we have used phenotypically classi ed bulks derived from RILs
in acid environment Porter, 198) We can speculate whether (Table S1 Figure S). The concept of Bulk segregant analysis
the intensity of pectin—tannin crosslinking is associateithw (BSA) was established as a method to detect markers in a speci
physical dormancy of pea. There are scarce references iimdjcat genomic region by comparing two pooled DNA samples of
possible role of tannins in cell wall polymer network and itsindividuals from a segregating populatioiichelmore et al.,
properties Pizzi and Cameron, 1936There is some supposition 199). Coupling BSA with the high throughput RNA sequencing
for callose deposition in the light line area (edp, Souza et al., has been shown to be an e cient tool for gene mapping
2012. However, strong staining with aniline blue uorochrome and identi cation of dierentially expressed gene<ffayut
staining in the upper part of macrosclereids including the tigh et al., 2015; Bojahr et al., 201@®ne possible bottleneck of
line (Figure S3 cannot be attributed to callose. Such assumptiorour analysis was bulking of several developmental stages into
is consistent with the speci ¢ callose antibody localizatichich  single MACE sample, where temporal and spatial expression
led us to the conclusion that the signal for aniline blue islmbly ~ might be hidden, resulting in di erences between MACE and
signal for one or more other compounds structurally similar t qRT-PCR data. Dynamic nature of gene expression both in
callose. The interaction of aniline blue uorochrome witlther  spatial and temporal levels is clearly seen at gqRT-PCR analysis
1,3- or 1,4b-D-glucans was described by Evans et al. and thisf selected DEGsF{gures 9 10). The bulking of various
interaction depends on the degree of polymerization, and reatu developmental stages, moreover from di erent genotypes (in
of substitution of the 1,3-D-glucan chain as well as on the case of RILs) is the source of imprecision which can result
concentration of phosphate in the staining solutidiv@ns et al., in masking of DEGs. The key to the successful use of BSA is
1989. Deeper anatomical and histochemical analysis of seed caatecision of phenotypic assignment. Although some imprecision
and more reliable detection of primary entrance point of waterin phenotypic classi cation and comparable low number of

during early rehydration phase is needed. RILs used for bulking Table S), transcriptomics analysis has

. . . provided valid results. As shown on heat-mdgpdure 8), RIL
Differentially Expressed Genes during Seed bulks are indeed genetic mixture of parental genotypes. MACE
Coat Development and Seed Dormancy method Kahl et al., 201pdetects allele-speci ¢ SNPs and indels

Seed development has been thoroughly studied in numberssociated with the de ned genotypes that can be instantlg use
of crops including legumes, especially with focus on embryin genetic mapping Bojahr et al., 2016 As result, there was
development Bewley et al., 20)3In our study, we have signi cant clustering of homozygous SNPs associated wagds
made comparative transcriptomics analysis in order to disseclormancy (e.g., respective parental allelesMirchromosomes
candidate genes/pathways associated with domesticatiéand 4, or chickpea chromosomes 5 and 7, respectively (not
imposed changes on seed coat properties. Temporahown). These correspond to pea linkage groups (LG) Il and
transcriptional changes during seed and pod developmery. Using identical RIL mapping population and DARTseq
were studied in pigeonpeaPézhamala et al., 20)l6soybean markers, we mapped seed coat thickness to LG I, III, IV, and VI
(Aghamirzaie et al., 2015; Redekar et al., }0Medicago (unpublished)and percentage of seed germination to LGIISEhe
(Gallardo et al., 2007; Benedito et al., 2008; Verdier €2@l.3a; indicate that there is likely more than single major geneoiwed
Righetti et al., 2005 peanut Zhu et al., 2014; Wan et al., 2016 in seed dormancy, acting at di erent stages (testa thickness
and pea ((iu et al., 201p seeds but no study was made onpermeability).

comparison of wild progenitor and cultivated crop. Moreover, Despite that detected DEGs between dormant and non-
these studies analyzed either entire seed/pod or developimprmant pea seeds belongs to various GO and KEGG pathways,
embryos, while in our work we have used excised seed coat thre largest number of annotated ones was found within
dissected pod suture. During the RNA isolation from the seeg¢bhenylpropanoid and avonoid pathwaysFigure S4. These
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are involved in various activities such as UV ltration, xing (Kongjaimun et al., 2012 faba beanRamsay, 1997 and pea
atmospheric nitrogen, and protection of cell wallsh@o et al., (Marbach and Mayer, 1974; Werker et al., 1p7Fhe presence
2013. Analysis of soybean mutant defective in seed coat led tof proanthocynidins (PAs) in seed coats can be assessed by the
identi cation of di erentially expressed proline-rich and ot~ appearance of brownish coloration, which is the result of PA
cell wall protein transcriptsiour et al., 201}t Moreover, this oxidation by polyphenol oxidasé/arles et al., 2008In soybean
single gene mutation has resulted in dierential expression(Glycine may the recessiveallele results in high anthocyanin
of 1,300 genes, pointing out that complex series of eventaccumulation in the seed coat, resulting in dark brown or
many manifested at the transcript level, lead to changes iaven black color {uteja et al., 2004; Yang et al., 2R1lh
physiology, and ultimately structure of the cell wall. Simiyla  contrast, the dominant allele, which silences chalcone synthase
we speculate that gene/-s causative of pea seed dormar(@HS) expression and hence blocks both anthocyanin and PA
results in complex transcriptional and metabolomics changediosynthesis, results in a completely colorless seed coatelkr,
Recently, KNOTTED-like homeobox (KNOXII) gene, KNOX4, there is not simple relationship between the testa pigmeaoiati
was found responsible for the loss of physical dormancy immposing dormancy, as numerous cultivated pea varieties have
the mutant Medicagoseeds Chai et al., 2016 resulting in  colored testa yet do not display seed dormancy as illustraged b
di erences in lipid monomer composition. These ndings are this study used JI92 landrace. MendAlgene beside ower color
in agreement with our data obtained by laser desorption-has pleiotropic e ect including seed coat pigmentatidte(lens
ionization mass spectrometric comparative analysis betweesti al., 201)) yet these traits can be decoupled by recombination
dormant and non-dormant pea genotypes. Especially long chai(Bmykal, unpublished). Secorigigene of pea encodes a defective
hydroxylated fatty acids such as mono and dihydroxylatedavonoid 3° 52hydroxylase, and confers pink ower color,
hexacosanoate, heptacosanoate, and octacosanoate wet@fou by control of hydroxylation of avonoid precursorsMoreau
higher concentration in dormant peas compared to non-dormantet al., 201p. Neither this mutation results in alteration of seed
ones (as shown irFigure 8 for dihydroxyheptacosanoate and dormancy. Comparably more is known oArabidopsisand
dihydroxyoctacosanoate), implying that the presence of atgre Medicagseed development owing to available mutants. Many of
proportion of hydroxylated fatty acids may provide a greaterthese mutations indicate the important role of proanthocying
interconnectivity of cutin hydrophobic components improving and avonoid pigments in testa developmenGiaeber et al.,
its stability and impermeability for water as discussed ddgo 2012 including e ect on seed dormancy. The proanthocyanidins
Shao et al. (2007As downstream targets of KNOX4 gene, severglPAs) received particular attention due to their abundance i
key genes related to cuticle biosynthesis were identi adhsas seed coats{ixon et al., 2005; Zhao et al., 2Qlihcluding
the cytochrome P450-dependent fatty acid omega-hydrogylagpea Ferraro et al., 20)4 PAs are also known as the chemical
and fatty acid elongase 3-ketoacyl-CoA synthaSka( et al., basis for tannins, which are considered to be important part of
2016. We have not found homologs genes when searched withiphysical dormancy in some speciés(itar et al., 1996; Ramsay,
our DEGs set. It can be hypothesized that di erent genes haved97. Flavan-3-ol-derived PA oligomers and anthocyanins are
been altered in independently domesticated crops, althougtierived from the same precursors, proanthocyanidinsp(niec
possibly acting on identical pathways. There are limited ig®id et al., 2005 and chemical diversity is introduced early in the
combining of transcriptomic and metabolomics analysisicsi  pathway by cytochrome P450 enzymes (reviewediirt al.,
et al., 201p or a combination of both techniques including 20163. Anthocyanidin synthase, anthocyanidin reductase, and
proteomics Barros et al., 2010; Collakova et al., 2013uch leucoanthocyanidin reductase were studied at transcrigtio
integrative approach enables not just to identify transcriptia level by Ferraro et al. (2014)n cultivated pea varieties and
metabolite changes associated with given process, but @lsoshowed to be developmentally regulated. In our comparative
focus on biochemical pathways relevant to studied trait andranscriptome pro ling we have not found any of these genes
possibly also delimit candidate genes. As showrMiedicago to be among DEGSs, suggesting that di erences in metabolites
(Verdier et al., 2013and soybeanRanathunge et al., 20)lLlthe  (quercetin, gallocatechin) found by chemical analysis rzoe
gene expression in seed coat is complex and dynamic. Since atethese steps of PA biosynthesis. Anthocyanidins are either
could not currently annotate 10% of detected transcriptsaih  immediately modi ed by glycosylation to give anthocyanins by
be expected that with available pea genome this could be furthanthocyanidin 3-O-glycosyltransferases (UGTs) or reduted
improved. They might include putative target candidate/-s fo generate avan-3-ols (such as epicatechin) by anthocyanidi
seed coat permeability. reductase for PA biosynthesiXig¢ et al., 2003, 2004 There
are several describédedicagomutants defective in respective
genes, resulting in reduced testa pigmentatibngf al., 2016Q
Dormant Pea Seed Coat Accumulates although the relationship to seed dormancy was not spediycal
More Proanthocyanidins investigated. Indeed, we have detected several dieréytial
In legume seeds, there are three parts: the seed coat, thepressed UDP-glycosylases, two of them studied by gRT-PCR
cotyledon, and the embryonic axis which, on average, reptese(Figure 9). The glycosyltransferase superfamily consists of 98
10, 89, and 1%, respectively, of the seed content. Seed ceabfamilies and only few have been characterized so fay &nl
pigmentation was shown to correlate with imbibition ability few members of the UGT72 family been shown to have activity
in several legumes, including common bedra(das and Blair, toward avonoids; such as the seed coat-specic UGT72L1
2009, chickpea I(egesse and Powell, 1994ardlong bean from Medicago(Zhao et al., 20)0and several seed specic
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UGTs inL. japonicuqYin et al., 201). The UGT72L1 catalyzes to non-dormant JI92. Similarly, its hydroxylated analog.,i.
(Zhao et al., 2070formation of epicatechin 80-glucoside myricetin-3-rhamnoside appeared to be a marker of dormancy.
(E30G), the preferred substrate for MATE transporters. MATE1This compound was found in many legumes including chickpea,
mutant display altered seed coat structure and PAs accuinalat horse gram $reerama et al., 20)l@nd pea Puefias et al., 2004
(Zhao and Dixon, 201)land also has signi cantly lower seed As described in review of\gati et al. (2012the antioxidant
dormancy levels (Smykal, unpublished). The mechanism of PAroperties of avonoids represent a robust biochemical trait
polymerization is still unclear, but may involve the laccike of organisms exposed to oxidative stress of dierent origin
polyphenol oxidasedhao et al., 2000 Notably,Medicago myb5 during plant-environment interactions (regulation of theten
and mybl4mutants exhibit darker seed coat color than wild- of reaction oxygen species, ROS). The e ect of ROS on the
type plants, withmyb5 also showing de ciency in mucilage plant developmental processes including seed germination was
biosynthesis, and accumulating only of the PA content oflescribed bysingh et al. (2016ncluding increase of free radical
wild-type plants. Whenmyb5 seeds are exposed to water,scavenging during pea seed germinatidofez-Amoros et al.,
they germinate readily without dormancy typical of wild type 2006. Presence of phenolic compounds in seed coat might help
Medicagoseeds (R. Dixon, personal communication and Pto protectagainstfungal diseases during germination a&sho
Smykal, unpublished). All these observations suggest tAat Rentil (Matus and Slinkard, 1993
oligomers play indeed a role in seed coat mediated dormancy.

Our LC/ESI-MS experiments conrm the presence ofPod Dehiscence
signi cantly higher contents of dimer and trimer of galldeghin  Pod maturation might terminate with pod shattering, which is
(i.e., soluble tannins of prodelphinidin type) in dormant animportant trait for seed dispersal of wild species but geheral
compared to non-dormant pea genotypes. Catechin dimer andnwanted trait in cropsuller and Allaby, 2009 Central to the
trimer was also found in the pea seed coat extracts but theballistic seed dispersal Risumis the dehiscent pod (single carpel
di erences between dormant and non-dormant peas are mucliused along its edges) where the central pod suture undeayoes
less signi cant than their gallocatechin counterparts. Siféct explosive rupturing along a dehiscence zoAeprose and Ellis,
points out the signi cance of hydroxylation of B-ring of PAs 2009. During pod shattering, the two halves of the pod detach
in relation to dormancy. The insoluble PAs are the result ofdue to a combination of the diminished cell walls adhesion in
oxidative cross-linking with other cell components. Vaitst the dehiscence zone, and the tensions established by thecspeci
in PA content in the pea seeds has been reporfed{zyhska mechanical properties of drying cells of endo and exocarp of
and Ciska, 2002but not in comparison of wild vs. cultivated the pod shell. These two principal aspects are shared among
peas. PAs play also important roles in defense to pathogerfgmilies producing dry dehiscent fruit, such &sbaceaeand
and because of the health bene ts are of industry and medicinBrassicaceaé&rant, 1996; Dong and Wang, 2013 he spring-
interest. PA biosynthesis and its regulation have beerediss in  like tension within the pod shell is generated during di eréait
Arabidopsiasingtransparent testétt) mutants, which regulate drying-induced shrinkage of endocarp and the outer part of
production, transport or storage of PAsdpiniec et al., 2006 the shell—exocarpA(fmon et al., 201). Properties of both the
and 20 genes a ecting avonoid metabolism were characterizeobliquely arranged rigid and ligni ed inner sclerenchyma as
at the molecular level (reviewed iBradford and Nonogaki, well as the pectin rich exocarp cell with longitudinal orietiba
2009. Many of these avonoid biosynthesis pathway genesre crucial factors of springing in Fabaceae pods. Regulators
have been found to aect dormancy ofrabidopsisseeds, of their development a ecting geometrical arrangement of the
indicating the role of pigments in this processgbeaujon et al., layers and their histological properties (cell wall thicksies
2000. Similarly Medicagaalso synthesizes PAs in the seed coatand composition, ligni cation, hydration) will be key faat®
which consists essentially of epicatechin unitg{iniec et al., generating required tension. Composition and charactexsstif
2006; Zhao et al., 20).0Polymerization of soluble phenolics pod cell shell cell walls correlate with shattering of yardjon
to insoluble polymers is promoted by peroxidasésillikin  bean and wild cowpeaSanum et al., 20)6and thickness
and Graham, 199land catecholoxidase#&lérbach and Mayer, of the shell and extend of sclerenchymatous dorsal bundle
1974; Werker et al., 19¥9which are abundant in legume caps was connected with shattering in s@yw(@ri and Bhatia,
seed coats. Positive correlation in content of phenolics, th&995. The major QTL controlling pod dehiscence in soybean
requirement of oxidation and the activity of catechol oxédan is gPDH1 (QTL for Pod Dehiscence 1)qPDH1 had been
relation to seed dormancy (germination) in wild vs. domestér  recently cloned and shown to encode a dirigent-like protein
pea seeds have been shown ldgrbach and Mayer (1974) expressed in the sclerenchyma of di erentiating endocarp and
and Werker et al. (1979)Recently, epicatechin, cyanidin 3-O- modulating the mechanical properties of the pod shell. Lignin
glucoside, and delphinidin 3-O-glucoside were isolated ildw biosynthesis is the most likely process aected gyHD1
compared to cultivated soybean seed coatso( et al., 2010 (Suzuki et al.,, 2010; Funatsuki et al., 2)1@hich might
with epicatechin being in signi cant positive correlationtvi  be connected with modulation of torsion within drying pod
hardseededness. walls Funatsuki et al., 20)4However, the precise biochemical

Beside proanthocyanidin also avonols, rst of all quereeti activity of gPHD1 is still unclear. Similarly the sclerenchyma
derivatives, are frequently found in legumes including peali erentiation and ligni cation of the endocarp and valve mgin
(Duenias et al., 2004We found signi cantly higher content cells of Arabidopsis are central to silique dehiscence WTC
of quercetin rhamnoside in dormant JI64 genotype compareECONDARY WALL THICKENING PROMOTING FACTOR 1
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(NST1)and SECONDARY WALL ASSOCIATED NAC DOMAIN2011; Dong et al., 20)4vere identi ed in Pisumgenome and
PROTEIN 1 (SDN1jeing identi ed as master regulators of their their abundance was tested in RNA isolated from pod suture
di erentiation (Zhong et al., 2010 Ligni cation of endocarp tissue of wild and domesticated pea as well as of contrast RILs
and valve margin cells is lost together with dehiscence & thincurred from crossing of wild and domesticate parent with
nstlsndldouble mutant {litsuda and Ohme-Takagi, 2008 dehiscent or indehiscent pods. In case SHATTERPROOF
The other decisive point of pod dehiscence is mechanicaind SHATTERINGhomologous genes, we found di erences in
stability/instability of dehiscence (suture) zone whichght  expression between parental lines of pea but we didn't nd the
trigger the explosive release of pod shell tensiGra(it, 199%.  similar results in case of contrast RILs. The other homologous
Decreased cell to cell adhesion, might be carried out bpacti genes INDEHISCENT SPATULA and bZIP) did now exhibit
endo-1,4-glucanases and endopolygalacturonases disititey any signi cant di erence in expression between dehiscent and
the middle lamella in the separation layeCHristiansen non-dehiscent phenotypes.
et al., 200p. Degradation of pectin in the middle lamella of Inthe legumes, the pod shattering trait is controlled by one o
abscission zone is common theme in fruit shatteririgo(g two dominant genes or QTL. In pea and lentil, genes contrgllin
and Wang, 2016 Contrary, mechanism of pod shattering pod shattering map to a syntenic region, suggesting that the
resistance due to reinforcement of the suture has beenitbestr same genes may have been modi ed during the domestication
in domesticated soybeandST1/2 homologous transcription of the two cool-season legumegd/¢eden et al., 2002; Weeden,
factor SHATTERING1-§SHAT1-5 from NAC family has been 2007. Single locus control of pod dehiscence was found in lentil
unveiled, inducing excessive secondary cell wall depositiwh  (Ladizinsky, 1998 while two loci in mungbeaniéemura et al.,
ligni cation in the outer part of the suture (ber cap cells; 2019, yardlong beanKongjaimun et al., 2002 one controlling
Dong et al., 201¢ Up-regulated expression ddHAT1-5in  the number of twists along the length of the shattered pod,
domesticated soy “locks” the dehiscence zone intercoimgetie  and second the percentage of shattered pods, similarly to two
vascular bundle caps of sclerenchymatous bers in the suturdeci found in pea (Veeden et al., 2002; Weeden, 2)0and
vicinity preventing shattering. common bean Koinange et al., 1996 Bordat et al. (2011)
The fundamental elements of fruit shattering regulatorylocalizedDpo locus responsible for loss of pea pod dehiscence
network is being uncovered recently idrabidopsisand on LGIIl. We obtained the similar result by the genome-wide
homologous genes were identi ed also in other species anDArTseq analysis. Based on comparison of our candidate gene
crops Eea mays Triticum aestivum Oryza sativa Glycine position in M. truncatulagenome and SNPs mapgyeh et al.,
max, Sorghum bicolor Sorghum propinquumor Solanum 2015 we localized our candidate genes in pea genome. In
lycopersicumfor review seebong and Wang, 2015; Ballester total of our 25 candidate genes 7 are localized on LGIIl, 6 on
and Ferrandiz, 206 MADS box genes ofArabidopsis LGVI, 4 on LGIl, 3 on LGV, 2 on LGVII, 2 on LGIV, and
SHATTERPROOF1 (SHPIgnd SHATTERPROOF2 (SHP2)1 on LGI (not shown). MACE-P015, the main candidate gene
participate in the dehiscence zone speci catiohiljegren possibly responsible for pod dehiscence localized on LGIII, is
et al.,, 200) INDEHISCENT (IND) b-HLH transcription a homolog of peptidoglycan-binding domain protein (PGDB)
factor act down-stream to SHP1/2 as regulator sclerenchymaf M. truncatula (Medtr2g079050). These proteins may have a
di erentiation in endocarp and valve margin. Thehpl/2double general peptidoglycan binding function and this motif is found
mutant as well asnd produces indehiscent siligues devoid ofat the N or C terminus of a variety of enzymes involved in
proper cell speci cation and di erentiation in the dehiscence bacterial cell wall degradation. Many of the proteins havinig t
zone (ljegren et al., 2004; Dong and Wang, 2R1SHP1 and domain are so far uncharacterized. Matrix metalloprotegss
SHP2 are required for the proper speci cation of the di erent (MMP), which catalyze extracellular matrix degradation, have
cell types within the valve margin and the DZ and both gened-terminal domains that resemble PGBB¢iki, 1999 On the
probably represent the top of the hierarchy regulating DZother hand our candidate MACE-P015 has also 80% match
formation (Lillegren et al., 2000 SHATTERPROORgenes with Cicer arietinumproline-rich extensin-like protein EPR1
along with INDEHISCENT(IDEH) are the main regulators of (XM_004488673). Extensins are plant speci c structural call-w
establishment of ligni ed layer, which causes pod dehiseencproteins (amport et al., 201} they can account for up to 20%
Another MADS box gene involved in dehiscence zone formatiomf the dry weight of the cell wall and can signi cantly modtda
is FRUITFULL(FUL), which expression appears at the inceptionmechanical cell wall properties through linkages to other call w
of the carpel primordia, and soon after becomes restrictedomponent, which can play a role in pod dehiscence.
to the cells that will give rise to the valves, a pattern that is
complementary to that of the SHP genesiljegren et al., . .
2004; Dong and Wang, 201.5Signicant up-regulation of NEW Insights into Pea Seed and Pod
SHATTERING1-§SHAT1-5 in the ber cap cells (FCC) of Development in Relation to Domestication
cultivated soybean was shown to be responsible for the eéxeessStudy of biochemical and molecular mechanisms underlying
cell wall deposition in the FCC, which in turn prevents the plant domestication process is important area of research intpla
pod from committing dehiscence after maturatioP¢ng et al., biology. In the current study we used a comparative anatomy,
2014. Homologous genes de ning dehiscence zone identity andnetabolomics, and transcriptome pro ling of pods and seed
its di erentiation INDEHISCENTSPATULASHATTERPROQF coats in wild and domesticated pea in order to identify genes
bZIP, and SHATTERING(Ferrandiz et al., 2000; Girin et al., associated with loss of seed dormancy as well as pod dehiscence
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RILs. Among others, there were number of genes belonginghe Supplementary Material for this article can be found
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role of proanthocyanidins and their derivatives in physicag¢d

coat mediated dormancy' One of the identied di erentlally Table S2 | Summary statistics for MACE sequencing data and annot

Table S1 | Germination characteristics of parental and RIL li
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grable S3 | List of primers used for gRT-PCR.
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Having underlying gene(s) in hands for various independent!

al genotypes
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C( ayeh et al., 2015 ) and MACE expression values.

domesticated legume crops it would help our understanding of2P!e S | GO annotations of seed dormancy genes.
genetic and molecular processes involved in seeds dormandgble S6é | GO annotations of pod dehiscence genes.
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