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ABSTRACT

In angiosperms, floral homeotic genes encoding MADS-domain transcription factors regulate the
development of floral organs. Specifically, members of the SEPALLATA (SEP) and AGAMOUS (AG)
subfamilies form higher order protein complexes to control Floral Meristem determinacy and to
specify the identity of female reproductive organs. In rice, the AG subfamily gene OsMADS13 is
intimately involved in the determination of ovule identity, since knock-out mutant plants develop
carpel-like structures in place of ovules resulting in female sterility. Little is known about the
regulatory pathways at the base of rice gynoecium development. To further investigate molecular
mechanisms acting downstream of OsMADS13, we obtained transcriptomes of immature
inflorescences from wild type and the osmads13 mutant. Among a total of 476 Differentially
Expressed Genes (DEGs), a substantial overlap with DEGs from the SEP-family osmads1 mutant was
found, suggesting that OsMADS1 and OsMADS13 may act on a common set of target genes.
Expression studies and preliminary analyses of two upregulated Zinc-finger transcription factor
encoding genes indicate that our dataset represents a valuable resource for the identification of
both OsMADS13 target genes and novel players in rice ovule development. Taken together, our
study suggests that OsMADS13 is an important repressor of the carpel pathway during ovule

development.

Keywords: gynoecium, floral meristem determinacy, ovule, transcription, rice

0202 1890100 1 UO J8sn qr seniuewnH €0 gvN Aq 2/£0Z66/09+2es8/axl€601"01/10p/a1ole-80uBAPE/qX]/Woo"dno-oIWapEs.//:SdY WOl Papeojumod



INTRODUCTION

In the majority of angiosperms studied so far, the formation of different floral organs in four
concentric whorls is genetically controlled by five classes of transcription regulators (reviewed by
Bowman et al., 2012). The ABCDE model suggests that A- and B-class transcription factors (TFs)
determine the development of sepals and petals in the outermost whorls, whereas B- and C- class
TFs control the formation of stamens and carpels in the innermost whorls (Causier et al., 2010).
Additional D-class factors exert their function in the formation of the ovule, the specialized
sporophytic structure enclosing the female gametophyte which, upon fertilization, gives origin to the
seed (Pinyopich et al., 2003; Dreni et al., 2007). Finally, E-class factors are required for the
development of all floral structures and represent a molecular hub, as they mediate the formation of
homo/heteromeric regulatory complexes composed of different combination of A-, B-, C-, or D-class
factors specific to each of the four whorls (Malcomber and Kellogg, 2005). The majority of these
floral homeotic proteins belong to the MADS-domain family and have been proposed to operate as
quartets (two interacting dimers; reviewed by Theien and Saedler, 2001) that bind two cis-
regulatory elements, known as CArG-boxes, in the promoters of the genes that they regulate (Egea-
Cortines et al., 1999; Mendes et al., 2013). This genetic model is broadly conserved across flowering
plants, although variations are associated with a range of flower morphologies (Theissen and Melzer,

2007).

In the model species Arabidopsis thaliana, the floral meristem (FM) gives rise to four sepals, four
petals, six stamens and two fused carpels. Four E-class factors SEPALLATA (SEP) 1, SEP2, SEP3 and
SEP4 act redundantly to determine the identity of all floral organs (Pelaz et al., 2000; Ditta et al.,
2004), and a complex composed of E-class and the C-class factor AGAMOUS (AG) specifies the
identity of stamens and carpels, and controls FM determinacy (Bowman et al., 1989). The FM is
consumed during flower development as AG regulates the shift towards organogenesis by mediating
direct and indirect repression of the stem cell identity gene WUSCHEL (WUS) in the FM (Laux et al.,
1996; Brand et al., 2000; Schoof et al., 2000; Sun et al., 2009; Liu et al., 2011).

In the Arabidopsis genome, three additional AG-like genes - SHATTERPROOF1 (SHP1), SHP2 and
SEEDSTICK (STK) - are named after their function in seed dispersal (Liljegren et al., 2000; Pinyopich et
al., 2003; Balanza et al., 2016). Although STK is specifically expressed in the pistil and ovules, the loss
of its function only affects the formation of funiculi (Pinyopich et al., 2003; Mizzotti et al., 2014).
However, integuments are converted into carpelloid structures in the shpl shp2 stk triple mutant,
indicating that the three genes act redundantly in the determination of ovule identity (Pinyopich et

al., 2003; Brambilla et al., 2007). Interestingly, the formation of carpel-like organs in the place of
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ovules was also observed in the sepl sep2 sep3/+ triple mutant (Favaro et al., 2003), demonstrating
that these factors are crucial for a correct reproductive development. At the molecular level, STK,
SHP1, and SHP2 redundantly control the expression of VERDANDI (VDD), a gene encoding a B3-
domain transcription factor involved in the development of antipodal cells and synergids (Matias-
Hernandez et al., 2010). Specifically, the STK-SEP3 dimers bind two nearby CArG boxes in the
promoter of VDD, inducing the formation of a loop which results in the activation of VDD in the
female gametophyte (Mendes et al., 2013). In the pistil STK interacts with NO TRANSMITTING TRACT
(NTT) to control early events of gynoecium development and septum function which is important for
fertilization (Herrera-Ubaldo et al., 2019). Moreover, STK also plays a role in fruit development by

regulating the cytokinin hormonal pathway, thus controlling fruit size (Di Marzo et al., 2020).

In grasses, the duplication and diversification of MADS-box genes is likely associated with the origin
and diversification of flower morphology (the spikelet; Malcomber and Kellogg, 2004). In rice (Oryza
sativa), the floret meristem differentiates the palea and lemma, two lodicules (equivalent to petals),
six stamens and a central carpel containing a single ovule (Itoh et al., 2005). Among the five SEP-like
genes in the rice genome, the OsMADS1 loss of function mutant, originally described as leafy hull
sterile 1 (lhs1), displays defects in both flower development and FM determinacy, resembling E-class
function mutants (Jeon et al., 2000). Indeed, in osmads1 mutants, floral organs are converted into
glume-like structures, and a spikelet-within-a-spikelet develops in the centre of the flower (Jeon et
al., 2000; Prasad et al., 2001; Agrawal et al., 2005; Prasad et al., 2005; Hu et al., 2015a). Similar to
Arabidopsis, the rice AG homologs OsMADS3 and OsMADS58 redundantly control the identity of
reproductive organs (stamensand carpels) and meristem determinacy (Yamaguchi et al., 2006; Dreni
et al., 2011). Also the AG-like factor OsMADS13 controls the determinacy of the floral meristem and
the identity of the ovule within the carpel thus showing a class D function, since osmads13 mutants

display homeotic transformations of ovules into carpels (Dreni et al., 2007; Dreni et al., 2011).

In the last decade, large scale omics approaches have facilitated a deeper understanding of Gene
Regulatory Networks (GRNs) underlying flower development, particularly in Arabidopsis. ChIP-
sequencing and transcriptomics analyses have helped in deciphering the transcriptional cascades
downstream of the C-class factor AG (O’Maoiléidigh et al., 2013) and the E- class factor SEPALLATA 3
(Kaufmann et al., 2009). These studies suggest a function of AG in the promotion of gynoecium
development via the activation of auxin biosynthesis (O’Maoiléidigh et al., 2013; Yamaguchi et al.,
2017), and of SEP3 in the regulation of floral organ morphogenesis via auxin signalling pathways

(Kaufmann et al., 2009).
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The combination of genome-wide DNA binding assays and expression data also indicate that the rice
E-class factor OsMADS1 activates genes in the auxin pathway involved in the differentiation of
female reproductive tissues (Khanday et al., 2013; Khanday et al., 2016). Nevertheless, genetic and
molecular studies suggest a complex interplay between rice floral homeotic factors (Li et al., 2011;
Hu et al., 2015a). Transcriptomic analyses also provided valuable information regarding different
steps of male and female gamete development in rice (Tang et al.,, 2010; Kubo et al.,, 2013).
However, little is known about the molecular mechanisms underlying the gene regulatory networks

controlling ovule development in rice.

Here we investigated changes in the modulation of gene expression between wild-type and the
osmads13 mutant, identifying genes that were deregulated in developing osmads13 inflorescences.
By comparing our datasets with those published for OsMADS1 knock-down and knock-out mutants
(Khanday et al., 2013; Hu et al., 2015), we identified interesting regulatory genes and performed
detailed expression analyses in specific cell types and functional characterization during
reproductive growth. Taken together, our findings provide new insights into the early processes
regulating the formation of female reproductive organs. Based on these findings, we propose a

genetic framework downstream of the D-class factor OsMADS13.

MATERIALS AND METHODS

PLANT MATERIAL and GROWTH CONDITIONS

Rice (Oryza sativa L. ssp. Japonica) plants were grown under controlled conditions in a LD chamber
(16 h light at 28°C, 8 h dark at 22°C). After 8-10 weeks, plants were transferred to a SD chamber (10
h light at 28°C, 14 h dark at 22°C) to induce flowering. Developing inflorescences (0.5-0.7 cm length)
were harvested 3 weeks after the LD-SD shift for expression analysis. As previously described (Itoh et
al. 2005), these stages correspond to In6 and In7 of inflorescence development, Sp7 and Sp8 of
spikelet development (carpel primordium the former, ovule and pollen the latter), and Ov1 of ovule

development. After heading, mature flowers at anthesis were collected for phenotypic analysis.

In this study, we used osmads13 Tos17 insertion mutant (cv Dongjin) in a heterozygous state since
homozygous mutants are female-sterile (Dreni et al., 2007). Segregating progenies of osmadsi3
heterozygous plants were genotyped by duplex PCR, and only wild-type and homozygous mutants

were analysed. The Rice Functional Genomic Express Database (http://signal.salk.edu/cgi-

4

0202 1890100 1 UO J8sn qr seniuewnH €0 gvN Aq 2/£0Z66/09+2es8/axl€601"01/10p/a1ole-80uBAPE/qX]/Woo"dno-oIWapEs.//:SdY WOl Papeojumod


http://signal.salk.edu/cgi-bin/RiceGE

bin/RiceGE) was searched for mutations in candidate genes, and T-DNA insertion lines were

obtained from Postech. Primers used for genotyping are reported in Supplementary Table S1.

Total RNA Extraction and RNA-sequencing

Total RNA was extracted from pools of developing inflorescences (In6 and In7 stages) using the Pure
Link RNA MiniKit (AMBION). Three biological replicates were collected for the two genotypes. RNA
quality and quantity were assessed by gel electrophoresis, BioAnalyzer and Nanodrop. Upon
treatment with TURBO DNAse | (AMBION), 4 pug of RNA were used to produce sequencing libraries
with the TruSeq mRNA sample preparation kit. Sequencing of poly(A) RNA samples was carried out
in multiplex (6 samples per lane, single 50 bp reads for 20 M each sample) with lllumina Hi-seq 2000

platform at IGA Technology Services (Udine, Italy).

RNA-sequencing analysis

Gene expression levels were estimated by using the standard Bowtie-Tophat-Cufflinks pipeline
(Trapnell et al., 2013) on the established gene model of the Rice Genome Annotation (MSU 7.0 non
TE release) (Kawahara et al., 2013), without performing a de novo assembly of the transcriptome.
Differential expression analyses were performed by DESeq (Bioconductor version, Release 2.12), and
only genes with a false discovery rate (FDR) lower than 0.05 were considered. Following GO-slim
annotation, enrichment tests were performed using the AgriGO analysis toolkit (Du et al., 2010),

with a custom background formed only by expressed genes (FRPKM>=1).

Raw sequencing data produced in this study have been deposited at the NCBI short read archive
(SRA) under the PRINA638800 accession. Gene expression patterns of wild-type and OsMADS1 loss
of function mutant inflorescences were retrieved from GSE62078, GSE62078, GSE62078, GSE62078,

GSE62078, GSE62078, GSE62078. Venn diagrams of overlapping gene lists were generated with tools

available at http://bioinformatics.psb.ugent.be/cgi-bin/liste/Venn/calculate venn.htpl. For selected

candidate genes, information on paralogous and orthologous genes were retrieved using

http://gramene.org/, whereas transcription domains were inferred exploring

http://ricexpro.dna.affrc.go.jp.
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Sample collection and preparation for Laser-assisted Micro-Dissection (LMD)

Developing inflorescences were collected and fixed under vacuum with Acetone for 15 minutes. The
fixative was replaced, and the samples left at 4°C overnight. For infiltration, acetone was replaced
first with acetone/xylene series and then by molten Paraplast Xtra (Sigma-Aldrich) with 2 hours
changes for 24 hours at 54°C. Embedded samples were stored at 4°C. Frame slides (PET Membrane)
and stands for LMD were sterilised by irradiation with UV light for 30 minutes using a UV cross-linker

(Stratalinker 1800, Stratagene).

Embedded samples were cut in 10 um sections on a rotary microtome, and ribbons were stretched
on treated Frame Slides with methanol for a maximum of 30 minutes at 37°C (under chemical hood).
Prior LMD, slides were immersed twice in xylene (5 minutes each) to dissolve paraffin, and then air-
dried for 5 minutes at room temperature. For each sample, 80-100 cuts were obtained using the
LMD 6000 system equipped with Axiovert 200. All the materials' used were provided by Leica
Microsystems. Membrane-bound cells were collected into 0.5 ml tube caps (low-bind Eppendorf)
and resuspended in Extraction Buffer (see below). After 30 minutes incubation at 42°C, samples

were stored at -80°C.

RNA extraction from specific cell types and cDNA amplification

Total RNA was extracted from pools of specific cell types using the PicoPure RNA isolation kit
according to the manufacturer’s instructions (Arcturus). Genomic DNA was removed using DNAse |
(QIAGEN) on column during RNA extraction procedure. The integrity of extracted RNA samples was
assessed by using the RNA 6000 Pico assay kit on 2100 BioAnalyzer (Agilent Technologies). The RNA
Integrity Number (RIN) of our samples ranged from 7.10 to 7.40, of acceptable quality for down-
stream application (Takahashi et al., 2010). Due to the low quantity of starting material, 50 ng of
total RNA extracted from microdissected materials were used to produce up to 5 pg of amplified

cDNA using the Ovation Pico SL WTA System V2 following the manufacturer’s instructions (NUGEN).

Expression analysis

For standard RT-qPCR, RNA samples were treated with DNasel RNase free (Ambion) and retro-
transcribed with ImProm system (Promega). cDNA samples were used in qPCR reactions using iQ

SYBR Green SuperMix on CFX96 Real Time System (BIORAD).
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High-throughput qPCR was carried out using the Microfluidic Dynamic Array developed by Fluidigm
Corporation (Spungeon et al., 2008). A fast cycling protocol was used on BioMark machine by using
EvaGreen (BIO-RAD) as dye. The experiment was performed at the Genomics Platform of CRAG
(Barcelona, SPAIN), following the workflow provided by the manufacturer. For each sample, 3

Technical Replicates were performed and data were normalized using OsEF1 or OsUBQ.

Relative expression levels are reported as mean values of three biological replicates, with error bar
representing the standard deviation (SD). For each experiment, statistical significance was
determined comparing two columns (wild-type versus mutant) by using unpaired Student’s two-
tailed t test, with confidence interval at 95%. Primers used for standard and large-scale qPCR are

reported in Supplementary Table S2.

In situ hybridization was performed as previously described (Dreni et al., 2007).

Phenotypic analyses of transgenic lines

Morphological analyses of reproductive organs - dissected from mature flowers at anthesis of
different transgenic lines and wild-type control - were carried out by using a Zeiss Axiophot D1
microscope outfitted with a Zeiss AxioCam MR camera. Samples for histological analysis and whole-

mount tissue clearing were prepared as previously described (Dreni et al., 2007; Dreni et al., 2011).

Longitudinal thin sections (5-um-thick) of wild-type and dst mutant mature pistils, previously

embedded in Technovit resin, were stained with 0.1% Toluidin blue and mounted with a coverslip.

Images of developing ovaries (dissected from wild-type plants and transgenic lines carrying
OsMADS13-GFP fusion) were taken in bright field and under UV light to observe alteration in stigma

formation and detect the GFP signal in transgenic lines.

Analysis of putative regulatory sequences of DEGs

AGAMOUS-like binding sites (CC (A/T)s.; GG) were searched in the loci of interest (3 kb upstream of
the Transcription Start Site, exons, introns, 5" and 3’ UTRs) by using TRANSFAC website (http://gene-

regulation.com/pub/databases.html). Based on previous findings, two criteria were followed:

regulatory sequences must contain maximum one mismatch in the CG clamp or in the A/T core, and

at least two CArG-boxes within 600 bp.
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Direct binding of 0sMADS13 to downstream genes.

To generate the set of reporter vectors, different promoter regions of DL, Z05S3-19/DST and OsZHD8
were cloned as Sall-Pstl fragments in a modified pGreenll 0800-LUC carrying Pro35S:LUC and
Pro35S:REN (as internal control to estimate the proportion of transformed protoplasts). Protoplasts
were isolated from rice calli by digesting the cell-wall with Macerozyme R-10 and Cellulase (Yakult
Pharmaceuticals). Different combinations of effector (Pro355:0sMADS13) and reporter vectors were
co-transfected using PEG. After 18 hours incubation in darkness at 24°C, transformed protoplasts
were pelleted and resuspended in homogenization buffer for RNA extraction. Transactivation
activity of OsMADS13 was assessed by RT-gPCR by calculating the relative ratio of mRNA abundance
of Luciferase and Renilla reporter genes. Data are reported as mean values of three biological
replicates, with error bar representing the standard error of the mean (SEM). Statistical significance
was determined comparing two columns (with and without the OsMADS13 effector) by using
unpaired Student’s two-tailed t test, with confidence interval at 95%. Primers used for transient

assays are reported in Supplementary Table S3.

RESULTS

Transcriptome analysis of osmads13 mutant vs wild type during flower development

We grew wild-type and osmads13 mutant rice plants for eight weeks under Long Days (LD) and then
transferred them to Short Days (SD) to induce flowering. In these conditions, floral transition took
place within one week from the LD to SD shift, whereas the formation and differentiation of floral
organs began two weeks after induction in a basipetal fashion (Itoh et al., 2005). Under these
experimental conditions, developing inflorescences are characterized by a gradient of floral organ
formation: early stages being at the bottom whereas late stages are at the top. Macroscopic
differences between wild type and osmads13 mutant became visible only once floral organs were
fully formed. While ovules developed in wild-type florets, ectopic carpels developed in place of
ovules in osmads13 florets (Dreni et al., 2007). RNA-sequencing analysis using whole immature

inflorescences was performed to identify genes that are deregulated in the osmads13 mutant.

Developing inflorescences (5-8 mm long) were harvested from wild-type and mutant plants three
weeks after the LD to SD shift, total RNA was extracted and poly(A)-selected libraries were

sequenced. Reads were mapped to the reference genome of Oryza sativa subspecies japonica cv
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Nipponbare (details in Materials and Methods) and the transcriptional profiles of wild-type and
osmads13 were compared. We identified a total of 811 differentially expressed genes (DEGs) (p-
value <=0.05) in osmads13. This number was further reduced to 476 genes when the Benjamini-
Hochberg technique for the control of the False Discovery Rate (FDR) was applied (cut-off of 0.05;
Data Set I). Annotation of the 476 DEGs based on the GO-slim ontology suggested that 11 DEGs were
related to Transposable Elements (TE), 80 encoded proteins with unknown function leaving 376
DEGs with assigned functions (Fig. 1A). Subsequently, we divided the latter group into the following
functional categories (Fig. 1B): metabolism (31%), Nucleic Acid Binding (26%), Protein binding (17%),

structural components (16%), and response to endogenous and exogenous stimuli (10%).

Gene Ontology (GO) enrichment analyses, which were executed using the whole set of expressed
genes as the background, identified “DNA binding” and “transcription regulator activity” as the most
over-represented ontologies in the molecular function class; conversely, the term “catalytic activity”
was under-represented (Fig. 1C). Interestingly, we observed a high enrichment of the GO-term
“Transcription Factor activity” (Supplementary Fig. S1A), especially when only DEGS upregulated in
osmads13 (Supplementary Fig. S1B) were considered. In contrast, categories related to “protein
binding” were over-represented in the group of genes downregulated in osmads13 (Supplementary

Fig. S1C).

Regarding genes related to transcription regulation, the most represented TF families were
APETALA2 and Zinc-Finger (22%), followed by MYB (11%), Homeo-Domain (9%), basic Helix-Loop-
Helix and basic Leucine Zipper (7%), Heat Shock Factors and No Apical Meristem (4%), as reported in
Fig. 1D. Surprisingly, 83% of the DEGs encoding DNA binding proteins (67/81 genes) were
upregulated in osmads13 compared to the 53% of the DEGs with an annotated function (199/375

genes), suggesting a de-repression of regulatory genes in osmads13 inflorescences.

Known regulators of reproductive development are deregulated in osmads13

OsMADS13 is activated slightly before ovule primordia (OP) arise in the centre of the carpel and
remains expressed throughout all stages of ovule development (Lopez-Dee et al., 1999; Dreni et al.,
2007). We used Laser assisted Micro-Dissection (LMD) followed by RT-gPCR to monitor changes in
the expression of selected genes in specific cell types such as FM and OP isolated from wild-type and

osmads13 mutant flowers (Supplementary Fig. S2).
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The stages and quality of the LMD tissues were assessed by monitoring the relative expression levels
of the ovule identity gene OsMADS13, together with known genes involved in carpel development.
As expected, OsMADS13 transcripts were almost undetectable in mutant plants (Fig. 2A). In
contrast, DROOPING LEAF (DL), a gene normally expressed in carpel tissue (Yamaguchi et al., 2004),
was upregulated in the osmads13 mutant (Fig. 2B). This observation is consistent with previous
analyses based on in situ hybridization, showing ectopic transcription of DL in carpel-like organs of
homeotic mutants (Dreni et al., 2007; Li et al., 2011). Here, a 10-fold increase of DL expression is
detected in osmads13 at early stages of flower formation, specifically in the cell types that are
committed to differentiate into the ectopic carpels that replace the ovule in the mutant (Fig. 2B). We
also observed increased levels of the AG subfamily genes OsMADS3 (Fig. 2C) and OsMADS58 (Fig.
2D), which are involved in carpel development. Conversely (Fig. 2E), we found decreased mRNA
levels for the LEAFY-like gene ABERRANT PANICLE ORGANIZATION 2 (APO2) and the ARGONAUTE-
like (AGO) gene MEIOSIS ARRESTED AT LEPTOTENE1 (OsMEL1), which both encode factors involved
in ovule and germ cell development (Nonomura et al., 2007; Ikeda-Kawakatsu et al., 2012). Taken
together, these results support the hypothesis that in ovule primordia OsMADS13 might directly or
indirectly repress carpel identity genes (DL, OsMADS3, and OsMADS58) and activate genes involved
in ovule development (APO2 and OsMEL1). This observation is coherent with the observed

osmads13 mutant phenotype.

Notably, we observed that OsFD1/0sbZIP77 and OsSPL14, two regulatory genes with known roles in
the control of meristematic activity during inflorescence development, remained expressed during
flower development and were upregulated in osmads13 primordia as compared to wild-type
(Supplementary Fig. S3). OsFD1/0sbZIP77 is involved in the transition from vegetative to
reproductive meristem (Taoka et al., 2011), while OsSPL14 determines the formation of primary and
secondary branches of the inflorescence meristems (Jiao et al., 2010; Miura et al., 2010). Therefore,
the regulatory activity of OsMADS13 seems to extend to the repression of genes that are otherwise

expressed throughout the reproductive phase.
Candidate genes expressed in reproductive tissues are deregulated in osmads13

We used RT-gPCR to perform an additional validation of the RNA-seq results on a selection of DEGs
without previously known function in gynoecium development. Among the genes downregulated in
the mutant, we chose OsbZIP52 (also known as Rice Seed bZIP5, RBZ5) due to its high expression
after fertilization according to RiceXPro database (Supplementary Fig S4). We also analysed the
expression of two loci (LOC_0s02g13800 and LOC_0s09g35790) encoding Heat Stress Transcription
Factors (HSFs), and one locus (LOC_0s01g08860) encoding a Heat Shock Protein (HSP-like20). This
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choice was based on the evidence that chaperone activity was overrepresented in the group of
downregulated genes in the osmads13 mutant (Supplementary Fig S1C). For these four genes, we
confirmed decreased transcript levels in osmads13 inflorescences (Fig. 3A); however, only HSP-

like20 was also downregulated in osmads13 ovule primordia (Fig. 3B).

Among the genes upregulated in the mutant, we focused our analysis on interesting candidates
belonging to the basic Helix-Loop-Helix (bHLH) superfamily. This broad group of transcription
regulators are involved in different developmental processes in numerous eukaryotic organisms
(Massari and Murre, 2000). The first candidate gene, LOC_0s04g23550 (OsbHLH6), belongs to a
cluster of bHLH genes which includes UNDEVELOPED TAPETUM (UDT1, Jung et al., 2005) and
TAPETUM DEGENERATION RETARDATION (TDR, Li et al., 2006), two important regulators of pollen
development (Supplementary Fig. S5A). Besides in anthers, OsbHLH6 also seems to be expressed in
reproductive meristems (Supplementary Fig. S5B), developing carpels and ovaries after pollination
(Supplementary Fig. S5C). This gene has 2 putative splicing isoforms differing in length, with the
shorter lacking the basic domain necessary for DNA binding (i.e., the first two exons and the second
intron of the longer variant are included in the 5" UTR of the shorter variant). Specific primers were
designed to discriminate between the two alternatively spliced transcripts (Fig. 3C). Expression
analysis using primers amplifying the 3’ end of OsBHLH6 (common for both variants) revealed strong
upregulation of this gene in inflorescence and ovule primordia in the osmads13 mutant (Fig. 3D).
Conversely, the use of primers specific to OsbHLH6.2 revealed almost complete absence of the
shorter transcript in all tissues tested (Fig. 3E), indicating little or no contribution to the mRNA

abundance for this locus by the short splicing variant.

A second candidate gene, LOC 0s01g50940 (OsbHLH10) was found to cluster together with MYC2-
like genes (Fernandez-Calvo et al., 2011; Supplementary Fig. S6), and specifically with JASMONATE
ASSOCIATED MYC2-like loci (JAMs), encoding transcriptional repressors involved in JA response
(Sasaki-Sekimoto et al., 2013) and male fertility (Nakata and Ohme-Takagi, 2013). The expression of
this gene was almost undetectable in FM of wild-type and mutant but was strongly up-regulated in

inflorescences and ovule primordia of the osmads13 mutant (Fig. 3F).

The final candidate, LOC_0s09g24490 (OsbHLH39), was selected as it shares common features with
the TARGET of MONOPTEROS 5 (TMO5) and TMO5-like, described as important regulators of lateral
organ formation such as roots and ovules in Arabidopsis (Moreno-Risuefio et al., 2010; Galbiati et al.,
2013); Supplementary Fig. S7). OsbHLH39 was highly expressed during reproductive development

and was upregulated in all mutant tissues tested (Fig. 3G).
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Overlapping transcriptomes of D- and E- class loss of function mutants

In Arabidopsis, SEP and AG proteins form dimers to control the identity of carpels and ovules in the
innermost whorl of developing flowers (Honma and Goto, 2001; Favaro et al., 2003). Recent analyses
also showed that SEP3 and AG can form tetramers to control a subset of target genes involved in FM

determinacy (Hugouvieux et al., 2018).

Moreover, previous molecular and genetic studies of floral homeotic factors in rice indicated a
network of complex molecular interactions between members of these two subfamilies (Cui et al.,
2010; Hu et al., 2015). To gain deeper insights into the possible interplay between D- and E-class
factors during gynoecium development, we compared the list of DEGs in the immature
inflorescences of osmads13 with the collection of genes deregulated in a OsMADS1 knock-down
(OsMADS1 RNAI) and knock-out (osmadsi-z) plants (Khanday et al., 2013; Hu et al., 2015).
Interestingly, half of the DEGs in osmads13 were also deregulated in OsMADS1-i and/or in osmads1-
z inflorescences (Dataset Il). Precisely, 67% of genes up-regulated in osmads13 (131/197, group 1)
were down-regulated in osmads1 loss of function mutants (Fig. 4A), and 33% of genes down-
regulated in osmads13 (59/177, group 1) were up-regulated in osmads1 loss of function mutants
(Fig. 4B). GO test for biological processes of group | revealed significant enrichment for the term
“response to endogenous stimulus” and “signal transduction” (Fig. 4C), consistent with the function
of OsMADS1 and OsMADS13 in_regulating flower development. The same analysis for group Il
revealed enrichment of the “photosynthesis and generation of precursors and metabolite” terms
(Fig. 4D). This last observation is likely due to the conversion of all floral organs into green
photosynthetic tissues (glume-like organs) in osmadsl loss of function mutants. Thus, the
comparison of transcriptomic changes in these floral homeotic mutants suggest that OsMADS1 and
OsMADS13 may act antagonistically on a common set of genes at early stages of flower

development.

Since the “transcription factor activity” ontology term was over-represented in our GO enrichment
analysis (Supplementary Fig. S8A), putative downstream targets genes encoding for transcriptional
regulators were considered for further analyses. To identify likely direct targets, these analyses were
limited only to genes with two or more CArG boxes in their putative regulatory regions (3 Kb
promoter upstream of Transcription Start Site), untranslated regions (5 and 3’ UTRs), gene body

(introns and exons). Interestingly, 14% of the DEGs in osmads13 contain MADS consensus binding
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sites which appeared to be bound by OsMADS1 (Khanday et al., 2016; Dataset lll, Supplementary
Fig. S8B), including APO2, OsSPL14 and bZIP52.

Zinc-Finger transcription factor mutants to validate dataset

To investigate whether our data could be used to identify genes acting downstream of OsMADS13
and thereby to gain new insights into the regulatory mechanisms underlying gynoecium
development in rice, we selected several T-DNA insertion mutants for a preliminary phenotypic
analysis. Although the expression profiles of the chosen OsbHLH genes suggested a possible role in
carpel development, by mutant analysis we could not observe evident phenotypic defects of mutant
lines characterised by an insertion in the 5’UTR of OsbHLH10 (Supplementary Fig S94A, S9B), likely
due to little effect of T-DNA insertion on gene function. However, a similar T-DNA insertion in the
5'UTR of OsRAV11 (Supplementary Fig S9C) caused gene downregulation and correlated with
altered morphology of carpels and seeds in the homozygous mutant (Osnato et al., 2020).
Furthermore, insertion mutant lines for two candidate Zinc-Finger transcription factors also showed

interesting phenotypes.

The first TF, LOC_0s03g57240 (Z0S3-19), is also known as Drought and Salt Tolerance (DST) and it is
closely related to the domestication gene PROSTRATE GROWTH 1 (PROGI1, Tan et al.,, 2008;
Supplementary Fig. S10A). DST encodes a protein belonging to the Cys2/Hys2 (C,H,) type Zinc Finger
family of TFs constituted by 113 members only in Oryza sativa subspecies japonica (ZOS). Despite the
high number of related genes in different monocotyledonous plants, this family has undergone
significant gene loss events in dicotyledonous plant species. For instance, only the N-terminal region
of ZOS3-19/DST exhibits remarkable similarities with few Arabidopsis Zinc-Finger Proteins (AtZFP,
Supplementary Fig. S10B), such as GIS-like activators of trichome initiation (Gan et al., 2006) and
KNUCKLES (KNU, Payne et al., 2004), JAGGED and NUBBIN (JAG and NUB, Dinneny et al., 2006),
which are required for reproductive organ development downstream of AG (Gémez-Mena et al.,,

2005; Sun et al., 2009).

According to the RiceXPro database, Z0S3-19/DST is widely expressed throughout plant
development, although higher expression levels are observed in leaves and female reproductive
tissues (Supplementary Fig. S10C). The Z0S3-19/DST transcript was strongly up-regulated in the
osmads13 mutant (Fig. 5A, Supplementary Fig. S10D), and its cis-regulatory sequences contained
several CArG boxes that are bound in vivo by OsMADS1 (Khanday et al., 2016). Previous reports

indicated that Z0S3-19/DST plays several roles in rice development. For example, a mutant
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containing an amino acid substitution in the C,H, domain displayed enhanced tolerance to abiotic
stresses due to its function controlling stomata functionality during the vegetative phase (Huang et
al., 2009). Notably for the same gene, a different point mutation compromising the EAR motif -
required for recruitment of co-repressors such as TOPLESS (TPL) and TPL-related proteins - was
associated with increased panicle branching and grain number as a consequence of increased
cytokinin content in the reproductive meristems (Li et al., 2013). To uncover the effect of ZOS3-
19/DST loss of function during gynoecium development, we studied a mutant harbouring a T-DNA
insertion 109 bp downstream of the ATG, right before the sequence encoding the DNA binding
domain (Fig. 5B; Supplementary Fig. S10E). Morphological analysis of flowers of the zos3-19/dst
insertion mutant showed alterations of reproductive organs such as shrunken stamens (normal
filament, stunted anthers) and abnormal pistils (Fig. 5C). Detailed analyses by Scanning Electron
Microscopy (SEM) revealed altered differentiation of basal-apical tissues of the gynoecium, with
slender ovaries, reduced style and shortened stigmas (Fig. 5D). In addition, histological analysis of
mature flowers at anthesis showed that while the wild-type gynoecium developed a bottle-like ovary
containing the female gametophyte, this tissue could not ' be found in the elongated ovary of the

mutant gynoecium (Fig. 5E). Consequently, these mutants were completely sterile.

The other locus that we analysed encodes a putative Zinc-Finger Homeo-Domain TF (Supplementary
Fig. S11), which displays high levels of similarity with Arabidopsis proteins involved in vegetative and
reproductive development, including FLORAL TRANSITION AT THE MERISTEM?2 (FTM2, Torti et al.,,
2012). Significant up-regulation of OsZHD8 was observed in the osmads13 mutant, especially in the
ovule primordia (Supplementary Fig. S12A-S12C). To explore its biological role, we studied a mutant
characterized by a T-DNAinsertion in the 3’ UTR of the gene (Supplementary Fig. S12D-S12F). Plants
carrying this mutation at the homozygous state showed fertility defects which are likely caused by
abnormal carpel development, more specifically alterations in the development of the stigma
(Supplementary Fig. S12G). In addition to a reduced number of seeds, the oszhd8 mutant also
formed smaller panicles with fewer branches as compared to the wild type (Supplementary Fig.
S12H). These phenotypes are consistent with a possible regulatory role in the control of
meristematic activity during reproductive growth and in the correct development of reproductive
organs. To conclude, expression analyses and preliminary functional characterisation of insertion
mutants allowed us to validate our datasets and the obtained results showed that the data we have
generated are a valuable tool to shed new light on the gene regulatory pathways acting downstream

of OsMADS13, an important regulator of ovule identity.
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Transactivation activity of OsMADS13 tested on candidate downstream genes

The DEGs identified in the osmads13 mutant could be directly or indirectly controlled by OsMADS13.
First, we attempted to generate plants expressing an OsMADS13-GFP fusion protein for ChIP assays.
However, the transgenic cassette ProOsMADS13-OsMADS13(cds)-GFP (the coding sequence of
OsMADS13 under its native promoter) was not able to fully rescue the osmads13 mutant phenotype,
as often a short tracheary element was observed instead of a functional Megaspore Mother Cell
(Supplementary Fig S13A). We also transformed the mutant with the full OsMADS13 gene sequence
including introns (Supplementary Fig S13B) and observed correct localization of the fusion protein
(Supplementary Fig S13C). However, we were not able to overcome the sterility problems
(Supplemental Fig S13D). This could be due to the absence of additional regulatory elements in the
3’UTR or distal regions of the promoter, or alternatively to the production of a GFP-tagged version of

OsMADS13 which is not fully bioactive.

Therefore, we performed co-transformation assays based on a dual Renilla-Luciferase reporter
system to test if OsMADS13 was capable of direct binding to the regulatory regions containing CArG
boxes of selected putative downstream genes (DL, Z053-19/DST and OsZHD8). First, we analysed the
genomic sequence of putative targets and identified two regions for each candidate gene, one with
and one without the MADS recognition site (schematic representations in Fig. 6, details in
Supplementary Fig S14). Next, we amplified and cloned the selected fragments upstream of the LUC
coding sequence to generate the set of reporter vectors to be transiently co-expressed with the
effector vector Pro355:0sMADS13 in rice protoplasts. Last, we studied the transactivation ability of
OsMADS13 on these putative regulatory sequences by measuring the relative expression of LUC and
REN reporter genes in cell lysates. Although we could not find differences in co-transformation
assays using sequences related to OsZHDS8 (Fig. 6A) and Z0S3-19 (Fig. 6B), we observed a significant
decrease in LUC/REN relative transcript levels when OsMADS13 was co-transformed with a reporter
vector carrying a fragment of DL intron IV containing multiple CArG boxes (Fig 6C), suggesting that
DL, as carpel specific gene, might be directly targeted for repression by the ovule identity gene

OsMADS13.
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DISCUSSION

Conservation and diversification of genetic pathways controlling gynoecium development in

Arabidopsis and rice

The formation of various floral organs is coordinated by the action and interaction of proteins
encoded by members of the MADS-box gene family (reviewed by Jack, 2001; Immink et al., 2010;
O’Maoileidigh et al., 2014). Interestingly, most of these factors are conserved among flowering
plants, although reproductive structures of dicotyledonous and monocotyledonous species display

different features.

In the model dicot Arabidopsis, the FM gives rise to four types of floral organs, and the formation of
carpel primordia depletes FM activity (Lenhard et al., 2001; Lohmann et al., 2001). Here AG plays a
crucial role in repressing stem cell proliferation and promoting the differentiation of reproductive

organs (Bowman et al., 1989).

In rice, the C-class factors OsMADS3 and OsMADS58 redundantly control the development of
reproductive organs as well as FM determinacy, similarly to Arabidopsis (Dreni et al., 2011).
However, the molecular mechanisms leading to the termination of the FM are still poorly
understood, partly due to the absence of a functional counterpart of WUS in rice. OsMADS13 is
highly similar to the Arabidopsis D-class factor STK, which not only controls ovule identity but also
carpel and fruit development (Pinyopich et al., 2003; Mizzotti et al., 2014; Ezquer et al., 2016;
Herrera-Ubaldo et al., 2019; Di Marzo et al., 2020). Despite many commonalities, the mechanisms
underlying ovule development in these two species are rather different. In Arabidopsis, the FM is
completely consumed with the formation of the carpel so that multiple ovule primordia develop
from placental tissues derived from the Carpel Margin Meristem (Cucinotta et al., 2014). By way of
contrast, in rice a single ovule develops from the placental meristem which derives directly from the
inner part of the FM. This means that distinct from Arabidopsis, where STK doesn’t necessarily have
a meristem determinacy function, in rice OsMADS13 likely contributes to this function as previously
shown by the analysis of osmads13 single mutant and by crossing the osmads13 mutant with the

osmads3 osmads58 double mutant (Dreni et al., 2007; Dreni et al., 2011).
Similar sets of genes act downstream of AG and OsMADS13

In Arabidopsis, genome-wide approaches revealed that AG directly activates different regulatory
factors, including several MADS-box genes acting in reproductive growth and three closely related

ARGONAUTE (AGO) genes encoding RNA binding proteins (0’Maoiléidigh et al., 2013; O*‘Maoiléidigh
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et al.,, 2018). In addition, AG and SEP proteins converge on the transcriptional regulation of
CRABSCLAW (CRC), a gene encoding a YABBY TF which determines carpel development (Alvarez and
Smyth, 1999). Indeed, CRC is a direct target of AG (Gomez-Mena et al., 2005), and is ectopically

expressed in carpelloid structures of higher order mutants (Brambilla et al., 2007).

In our study, GO enrichment analyses of DEGs unveiled a significant enrichment in transcription
regulatory activity in the osmads13 mutant, in accordance with previous observations for ag mutant
(0’Maoiléidigh et al., 2013). Likewise, similar gene families seem to act downstream of OsMADS13 in
rice gynoecium. Indeed, we found up-regulation of the carpel identity genes OsMADS3, OsMADS58
and DL, the rice ortholog of CRC (Yamaguchi et al., 2004). Conversely, OsMEL1, an AGO-like gene
essential for germ cell development, is down-regulated in osmads13. Nevertheless, the interplay
between floral homeotic proteins seems to be more complex in grasses, likely due to the
diversification and neo-functionalization of SEP-like and AG-like factors. For example, OsMADS1
mediates the repression of IM identity genes (Khanday et al.,, 2013) and promotes the early
activation of genes involved in floral organ formation (Hu et al.,, 2015). In addition, OsMADS1
controls FM termination together with OsMADS3 and OsMADS58 but functions on partially
independent pathways from OsMADS13 (Hu et al., 2015). Our comparative transcriptomic analysis
suggests that OsMADS1 and OsMADS13 might control the same developmental pathways in an

antagonistic manner.
Novel Players may control the balance between meristem maintenance and gynoecium patterning

At the molecular level, the ‘Arabidopsis AG floral homeotic protein controls the termination of FM
activity by directly repressing WUS (Liu et al., 2011) and activating the transcriptional repressor KNU
(Sun et al., 2009; Sun et al., 2014). KNU also regulates the proximo-distal pattern of gynoecium
development since ectopic structures resembling stamens and carpels develop from the placenta of
knu flowers (Payne et al., 2004). Besides KNU, other C,H, Zinc Finger TFs are known to act
downstream of AG. Specifically, JAG and the closely related gene NUB redundantly control
reproductive growth as their loss of function affects microsporangia development inside the anther
and the formation of carpel walls (Dinneny et al., 2006). Strikingly, in jag nub mutant ovules are

exposed as valve tissues opened in the apical region (Dinneny et al., 2006).

Here we report the preliminary characterization of Z0S3-19/DST, a rice protein which contains a
C,H, -type DNA binding domain similar to those of KNU, JAG and NUB. Despite its wide expression
pattern throughout plant development, a T-DNA insertion near the ATG causes macroscopic

alterations in reproductive organs. In fact, loss of function correlates with wrinkled stamens and
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patterning defects of the carpel. Although morphological analysis of the external structure of the
latter seems to suggest that the mutant pistil has been correctly differentiated, abnormalities of the
internal structure of the gynoecium indicate that the developmental program has stopped before
the formation of the female gametophyte. Hence in zos3-19/dst mutant flowers, it is plausible that
the pool of pluripotent cells of the FM is consumed during carpel development and the
differentiation of the pistil along the basal-apical axis does not occur properly, leading to elongated
ovary and reduced style-stigmas. Therefore, we propose a function for ZOS3-19/DST controlling the
balance between cell proliferation and differentiation. This could be achieved by modifying the
hormonal content, in agreement with previous report showing that Z0S3-19/DST regulates the
expression of OsCKX2, an enzyme responsible for controlling the level of active CKs within
developing reproductive tissues (Li et al., 2013). Similarly, defects in gynoecium development and
sterility problems were also observed in the oszhd8 mutant, pointing to a role for this TF at different
stages of flower formation. Both mutants showed interesting female reproductive organ phenotypes
suggesting that our dataset has utility in identifying new candidate genes downstream of

OsMADS13.

Testing direct binding of OsMADS13 to putative target genes

Based on expression analyses in reproductive tissues, we propose a role for OsMADS13 as master
regulator of key-genes involved in the development of the gynoecium (as depicted in Fig. 7). On one
hand, “carpel genes” must be switched off in those cells of the FM that would give origin to the OP
in the wild type and are de-repressed.in the absence of functional OsMADS13. On the other hand,
genes involved in gamete development should be activated in the OP during floral organ maturation

before meiosis takes place.

Transient transactivation assays in rice protoplasts indicated that OsMADS13 could bind at least the
regulatory sequences containing CArG boxes in DL intron IV, and to mediate the transcriptional
repression of the reporter gene. Despite these promising results, further studies are required to
confirm the direct binding of OsMADS13 to other putative targets in vivo. Besides, further research
using additional mutant alleles for candidate genes, potentially generated by CRISPR-Cas9

technology, will be needed to support these findings.
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Figure Legends

Figure 1. GO annotation and Classification of Differentially Expressed Genes in osmads13. (A) 10X10
dot plot representing the classification of DEGs in osmads13 in sequences related to transposons
and retrotransposons (black), expressed genes encoding proteins with unknown function (light grey),
genes encoding proteins with annotated function (dark grey). (B) 10X10 dot plot representing the
annotation of DEGs in functional categories with percentage as follows: components of metabolic
pathways (green); proteins able to bind DNA, RNA and chromatin (red); factors (chaperons, protein
modifiers and regulatory enzymes) able to bind proteins (orange); structural components (cell wall
and membrane, cytoskeleton) and proteins involved in cell cycle (yellow); factors involved in the
response to endogenous and exogenous stimuli (white). (C) GO analysis for molecular function of
DEGs in osmads13 showing over-representation of the categories binding and transcription regulator
activity, and under-representation of the category catalytic activity. In white, Data Set I; in green,
reference transcriptome (Rice MSU7.0 nonTE transcript ID). (D) Chart showing the percentage of
genes encoding single families of TFs in Data Set | (81/464, in white) and in the rice genome
(2384""/39045b, in green). APETALA2 (AP2/ERF), Zinc-Finger (ZF), MYB, Homeo-Domain (HD), basic
Helix-Loop-Helix (bHLH), basic leucine Zipper (bZIP), No Apical Meristem (NAM) and Heat Shock
Transcription Factors (HSF). The remaining 14% are single members of other families. The
information was retrieved from the Database of Rice Transcription Factors (a) and Rice Genome

Annotation Project (b).

Figure 2. Expression analysis of known regulators of gynoecium development. (A) and (B) Relative
expression levels of the ovule identity gene OsMADS13 and the carpel marker gene DL in FM and OP
of wild-type (white) and osmads13 mutant (green). (C) and (D) Up-regulation of OsMADS3 and
OsMADS8 in FM and OP of osmads13 mutant. (E) Down-regulation of APO2 and OsMEL1 in OP of
osmads13 mutant. Expression data are represented as the mean values of three biological replicates
1SD. Differences were analyzed using Student’s t-test and asterisks indicate statistical significance

(*P'<0.033; **P <0.002; ***P <0.001). Rice Elongation Factor 1 (OsEF1) was used for normalization.

Figure 3. Validation of RNA-seq in developing inflorescences and ovule primordia. Relative
expression levels OsbZIP52, HSF and HSP genes in inflorescence (A) and OP (B) of wild type (white)
and osmads13 mutant (green). (C) Schematic representation of alternative transcripts of OsbHLH6
and specific primers used to amplify the common 3’end (black arrowheads, left) or the shorter
transcript (white arrowheads, right). (D) and (E) Differential expression of transcripts variants of
OsbHLH6 in inflorescence and OP. (F) and (G) Relative expression levels of OsbHLH10 and OsbHLH39

in inflorescences and OP. Expression data are presented as mean values of three biological replicates
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1SD. Differences were analyzed using Student’s t-test and asterisks indicate statistical significance

(*P <0.033; **P <0.002; ***P < 0.001). OsEF1 and OsUBQ were used for normalization.

Figure 4. Comparison of the transcriptome changes of osmadsi3 and OsMADS1 loss of function
mutant inflorescences. (A) and (B) Modified Venn diagrams showing common and specific
differentially expressed genes in osmads13 (5-8 mm inflorescences, green), OsMADS1-RNAi (4- 50
mm inflorescences, red) and osmads1-z (5-7 mm inflorescences, yellow). (C) Over-representation of
the categories response to endogenous stimulus and signal transduction in group | (genes
upregulated in osmads13 and downregulated in osmads1). (D) Over-representation of the categories
photosynthesis and generation of precursor metabolites and energy in group Il (genes
downregulated in osmads13 and upregulated in osmads1). Singular Enrichment Analysis (SEA) for
molecular function was carried out using Rice (Oryza sativa Japonica) MSU7.0 nonTE transcript ID as

Reference in AgriGO.

Figure 5. Molecular and phenotypic analysis of Z053-19/DST. (A) Upregulation of Z0S3-19/DST in
immature inflorescences, FM and OP of osmads13 (green) compared to wild-type (white).
Expression data are presented as the mean values of three biological replicates +SD. Differences
were analyzed using Student’s t-test and asterisks indicate statistical significance (*P < 0.033; ***P <
0.001). (B) Schematic representation of Z0S3-19 gene, with T-DNA insertion (yellow triangle) 109 bp
down-stream of the ATG, just before the sequence encoding the Zinc Finger domain (from nt 149 to
nt 228 bp, corresponding to aa 49 to aa 76). In black, 906 bp coding sequence; in white, 3’ UTR; in
grey, promoter; in pink, CArG boxes; bar,1 Kb. (C) Morphological analysis by optical microscopy of
floral organs (top) and carpels (bottom) of wild type and z0s3-19/dst mutant. Bar, 1 mm. (D) and (E)
Morphological analysis by Scanning Electron Microscopy and histological analysis by longitudinal thin
sections (false-colored in grey) showing wild type and zos3-19/ dst gynoecia dissected from mature

flowers at anthesis. Bar, 0.5 mm.

Figure 6. Interaction between OsMADS13 and putative targets. (A) to (C) Transactivation activity of
OsMADS13 in transiently transformed protoplasts, reported as ratio of transcript levels of LUC and
REN reporter genes, relative to UBQ. The expression of LUC is driven by putative regulatory
sequences or coding sequences of OsZHD8 (A), DST/Z0S3-19 (B) and DL (C). Arrows represent
primers used to amplify different fragments of putative downstream genes, with (in orange) or
without (in grey) MADS binding sites. In black, coding sequence; in white, UTR; in grey, promoter;

orange boxes, CArG sequences.
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Figure 7. Molecular mechanisms controlled by AG in Arabidopsis and OsMADS13 in rice. In
Arabidopsis, AG controls the termination of FM by directly and indirectly repressing WUS, and
activates genes involved in carpel development (top). In wild type flowers, two fused carpels (in
violet) containing ovule primordia (in pink) develop in the innermost whorl (bottom). Stamens
(yellow), petals (grey) and sepals (green) develop in outer whorls. In rice, OsMADS13 might control
the termination of FM indirectly by modulating hormone content and prevents the expression of
genes involved in carpel formation in developing ovules (top). In wild type flowers, the pistil (in
violet) containing a single ovule primordium (in pink) develops in the innermost whorl (bottom).

Stamens (yellow), lodicules (grey) and glumes (green) develop in outer whorls.
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Figure 1. GO annotation and Classification of
Differentially Expressed Genes in osmads13.

(A} 10¥10 dot plot representing the
classification of DEGs in osmads!3 in
sequences related to transposons and
retrotransposons  (black), expressed genes
encoding proteins with unknown function {light
grey). genes encoding proteins with annotated
function (dark grey). (B} 10X10 dot plot
representing the annotation of DEGs in
functional categories with percentage as
follows: components of metabolic pathways
(green); proteins able to bind DMNA, RMNA and
chromatin (red). factors (chaperons, protein
modifiers and regulatory enzymes) able to
bind proteins (orange); structural components
(cell wall and membrane, cytoskeleton) and
proteins involved in cell cycle {yellow); factors
involved in the response to endogenous and
exogenous stimuli (white). (C) GO analysis for
molecular function of DEGs in osmads?3
showing over-representation of the categories
binding and franscription regulafor activify,
and under-representation of the category
catalytic activity. In white, Data Set |; in green,
reference transcriptome (Rice MSUT.0 nonTE
transcript  10). (D) Chart showing the
percentage of genes encoding single families
of TFs in Data Set | (81/464, in white) and in
the rice genome (23842390455 in green).
APETALAZ (AFPZ/ERF), Zinc-Finger (ZF),
MYB. Homeo-Domain (HD), basic Helix-Loop-
Helix (bHLH), basic leucine Zipper (bZIP), Mo
Apical Meristem (MNAM) and Heat Shock
Transcription Factors (HSF). The remaining
14% are single members of other families.
The information was retrieved from the
Database of Rice Transcription Factors (a)
and Rice Genome Annotation Project (b).
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Figure 2. Expression analysis of known regulators of gynoecium development. (A) and (B)
Relative expression levels of the ovule identity gene OsMADST3 and the carpel marker gene DL
in FM and OP of wildtype (white) and osmads?3 mutant (green). (C) and (D) Up-regulation of
OsMADS3 and OsMADSE in FM and OP of osmads13 mutant. (E) Down-regulation of AP02 and
OsMEL1 in OF of osmads13 mutant. Expression data are represented as the mean values of
three biological replicates +SD. Differences were analyzed using Student's t-test and asterisks
indicate statistical significance ( "P «<0.033; ™P <0.002; ™P <0.001). Rice Elongation Factor 1
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(CsEF1) was used for normalization.

33

0202 1990100 1 U0 J8sn g seniuewnH €0 @vN Ad 2/£0265/09veeI/axl/€601 " 01/10p/aonIe-00uBAPE/qX(/WO0"dNo"olWapEDE//:SdRY WOl papeojumod



OsbINPSHOsEFT

59

LEL

w34

LED

OsbIPSS0sEFT

a2

OsbHLHE 3/0sUBD

-

OshHLHTOOsUED
-

INFLORESCENCE

INFLORESCENCE

wT anmads T3

INFLORESCENCE

wT asmadaiy

LOC_0s02g13800°0sEF1

OsbHLHE 3705080

INFLORESCENRCE

LE]

LET

LhL

W aamadaly

CVULE FRINGRONA

DENEOMEHTIHTSO

WT camadef}

INFLORESCENCE

LOC_ 0505935750/ 0sEF

WT asradEly

BFLORESCENCE

180+
1104
104 .
40
o=

WT eamadald

LOGC_ Qs goessaOsEF

OWUILE PRIMORINA OAULE PRIMORDNA
0 m 004
E L] g 184+
g [T 1204
E g )
g 4 ELE
i §|
g -
= =
LE o
WT esmadyi Y WT exmady iy
» LOC_Os04g23550.2 >
<] -
INFLORESCENCE OVULE FRINCRD,

.
§_=.
%‘:J ..

WT  osmadsid

INFLORESCENCE

X2

1
a
'L

W camadald

OsbHLHINOSUBG
X

.
§ 012
%::J

WT  osmads?d

CAVIILE PRIMDRDNA

s un§
m§
E] ' |..§

W7 camadeid

Figure 3. Validation of RMA-seq in developing inflorescences and ovule primordia. Relative
expression levels OsbZIP52, HSF and HSP genes in inflorescence (A) and OP (B) of wild type {
white) and osmads13 mutant (green). (C) Schematic representation of alternative transcripts of
OsbHLHE and specific pimers used to amplify the commeon 3'end (black arrowheads, left) or the
shorter transcript (white arrowheads, right). (D) and (E) differential expression of transcripts
variants of OsbHLHE in inflorescence and OP. (F) and (G) Relative expression levels of
OsbHLHT0 and OsbHLH3S in inflorescences and OP. Expression data are presented as mean
values of three biological replicates +SD. Differences were analyzed using Student's t-test and
asterisks indicate statistical significance ("P < 0.033; P < 0.002; =P < 0.001). OsEF1 and
QsUBQ were used for normalization.
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Figure 4. Comparison of the transcriptome changes of osmads?3 and OsMADS1 loss of function
mutant inflorescences. (A) and (B) Modified Venn diagrams showing common and specific
differentially expressed genes in osmads13 (5-8 mm inflorescences, green), OsMADS1-RNAI (4-
50 mm inflorescences, red) and osmadsf-z (5-7 mm inflorescences, yellow). (C) Over-
representation of the categories response to endogenous stimulus and signal transduction in
group | (genes upregulated in osmadsf3 and downregulated in osmadsf). (D) Over-
representation of the categories photosynthesis and generation of precursor metabolites and
energy in group Il (genes downregulated in osmads13 and upregulated in osmadsf). Singular
Enrichment Analysis (SEA) for molecular function was carried out using Rice (Oryza sativa
Japonica) MSU7.0 nonTE transcript ID as Reference in AgriGO.
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Figure 5. Molecular and phenotypic analysis of ZOS3-19/DST. (A) Upregulation of ZOS3-19/DST
in immature inflorescences, FM and OP of osmads?3 (green) compared to wild-type (white).
Expression data are presented as the mean values of three biological replicates £SD. Differences
were analyzed using Student’s t-test and asterisks indicate statistical significance (*P < 0.033;
***P < 0.001). (B) Schematic representation of ZOS3-19 gene, with T-DNA insertion (yellow
triangle) 109 bp down-stream of the ATG, just before the sequence encoding the Zinc Finger
domain (from nt 149 to nt 228 bp, corresponding to aa 49 to aa 76). In black, 906 bp coding
sequence; in white, 3' UTR; in grey, promoter; in pink, CArG boxes; bar,1 Kb. (C) Morphological
analysis by optical microscopy of floral organs (top) and carpels (bottom) of wild type and zos3-
19/dst mutant. Bar, 1 mm. (D) and (E) Morphological analysis by Scanning Electron Microscopy
and histological analysis by longitudinal thin sections (false-colored in grey) showing wild type and
z0s3-19/ dst gynoecia dissected from mature flowers at anthesis. Bar, 0.5 mm.
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Figure 6. Interaction between 0sMADS13 and putative targets. (A) to (C) Transactivation activity
of 0sMADS13 in transiently transformed protoplasts, reported as ratio of transcript levels of LUC
and REN reporter genes, relative to UBQ. The expression of LUC is driven by putative regulatory
sequences or coding sequences of OsZHDE (A), DST/Z053-19 (B) and DL (C). Arrows represent
primers used to amplify different fragments of putative downstream genes, with (in orange) or
without {in grey) MADS binding sites. In black, coding sequence; in white, UTR; in grey, promoter;
orange boxes, CArG sequences.
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Figure 7. Molecular mechanisms controlled by AG in Arabidopsis and OsMADS13 in rice. In
Arabidopsis, AG controls the termination of FM by directly and indirectly repressing WUS, and
activates genes involved in carpel development ({top). In wild type flowers, two fused carpels (in
violet) containing ovule primordia (in pink) develop in the innermost whorl (bottom). Stamens
(yellow), petals (grey) and sepals (green) develop in outer whorls. In rice, OsMADS13 might
control the termination of FM indirectly by modulating hormone content and prevents the
expression of genes involved in carpel formation in developing ovules (top). In wild type flowers,
the pistil (in violet) containing a single ovule primaordium (in pink} develops in the innermost whorl

(bottom). Stamens (yellow), lodicules (grey) and glumes (green) develop in outer whorls.
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