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Background: Rice is an important food source for humans worldwide. Because of its nutritional and agricultural
significance, a number of studies addressed various aspects of rice grain development and grain filling.
Nevertheless, the molecular processes underlying grain filling and development, and in particular the contributions
of different grain tissues to these processes, are not understood.

Main Text: Using RNA-sequencing, we profiled gene expression activity in grain tissues comprised of cross cells
(CQ), the nucellar epidermis (NE), ovular vascular trace (OVT), endosperm (EN) and the aleurone layer (AL). These
tissues were dissected using laser capture microdissection (LCM) at three distinct grain development stages. The
mMRNA expression datasets offer comprehensive and new insights into the gene expression patterns in different rice
grain tissues and their contributions to grain development. Comparative analysis of the different tissues revealed
their similar and/or unique functions, as well as the spatio-temporal regulation of common and tissue-specific
genes. The expression patterns of genes encoding hormones and transporters indicate an important role of the
OVT tissue in metabolite transport during grain development. Gene co-expression network prediction on OVT-
specific genes identified several distinct and common development-specific transcription factors. Further analysis of
enriched DNA sequence motifs proximal to OVT-specific genes revealed known and novel DNA sequence motifs

Conclusion: Together, the dataset of gene expression in rice grain tissues is a novel and useful resource for further
work to dissect the molecular and metabolic processes during rice grain development.

Keywords: RNA-sequencing, Rice grain filling, Laser capture microdissection, Cross cells, Nucellar epidermis, Ovular

Introduction

Rice (Oryza sativa L.) is the second most consumed crop
worldwide, with nearly 3.5 billion people depending on
it as a staple food. The consumption of polished rice
grains is extensive in Asian countries where it provides
nearly 20% of the daily caloric intake (Thomson 2003).
These facts emphasize the importance of understanding
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the regulatory networks and molecular processes con-
trolling grain development and grain filling in rice.

Seed development in monocots varies significantly
from that in dicots. Rice grains have been anatomically
characterized and comprise the embryo and specific sur-
rounding tissues, including the endosperm, nucellar epi-
dermis, cross-cells, ovular vascular trace and aleurone
layer (Krishnan and Dayanandan 2003). The endosperm
(EN) is the major storage tissue for starch that nourishes
the developing embryo and contributes most signifi-
cantly to human nutrition. The nucellar epidermis (NE),
which differentiates from maternal tissues at around five
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days after flowering (DAF), supports endosperm devel-
opment. The aleurone layer (AL) differentiates from the
endosperm at about 8—10 DAF and has a broader metab-
olite profile than the central endosperm. The cross-cells
(CC) produce photosynthates and transport them into the
endosperm; they can be well differentiated from other tis-
sues because of their distinct green color. The ovular vas-
cular trace (OVT) facilitates transfer of metabolites from
the flag leaf to the endosperm and to the developing em-
bryo. The anatomical studies have provided an overview
of rice grain morphology (Krishnan and Dayanandan
2003), however, the molecular processes associated with
rice grain development and physiological processes are
largely unknown. Here we provide a detailed analysis of
gene expression in the developing rice grain tissues during
the filling stage to fill this knowledge gap.

RNA sequencing (RNA-seq) has been widely used for
analyzing transcriptome changes during plant develop-
ment and in response to stresses. Transcriptome analysis
of seeds to identify important genes and regulators
expressed at different developmental stages and/or in
specific tissues has also been reported. To date, the most
comprehensive study on spatiotemporal gene expression
networks during seed development was reported for
Arabidopsis (Arabidopsis thaliana) by using a combin-
ation of laser-capture microdissection (LCM) and micro-
array analysis of tissues to identify 31 distinct sub-regions
in the seed (Le et al. 2010; Belmonte et al. 2013). Among
them, the chalaza is a unique tissue type highly enriched
for the expression of genes related to hormone biosyn-
thesis and ubiquitin-dependent protein catabolism. In
monocots, gene expression analysis primarily focused on
crop grains, including wheat, barley, maize and rice, but
mostly on one or two grain sub-regions at a time (Gillies
et al. 2012; Thiel et al. 2012; Gao et al. 2013; Li et al.
2014). These studies indicated complex regulatory net-
works in various tissue types (Lu et al. 2013b; Li et al.
2014; Zhan et al. 2015). The differential expression of
genes within the maternal and filial compartments of
maize kernel highlighted their significant roles in endo-
sperm development (Zhan et al. 2015). Strong temporal
specificity for expression of several genes including tran-
scription factors were also reported during early stages of
maize seed development (Yi et al. 2019). A time course
analysis of transcription in barley grain revealed expres-
sion changes for genes encoding transcription factors and
hormone signal transduction-related proteins, as well as
genes encoding sugar-metabolism-related proteins (Bian
et al. 2019). In rice seeds, embryo and endosperm regions
are the most studied grain tissues for gene expression pat-
terns (Zhu et al. 2002; Xu et al. 2012b; Xue et al. 2012;
Gao et al. 2013; Ishimaru et al. 2019).

The activity and regulatory patterns of gene expression
in several important sub-regions of the rice grain have
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not been reported. For example, the expression of genes
for proteins that selectively transport micronutrients
into different sub-regions during grain filling is un-
known. Also, the gene regulatory networks that deter-
mine the function of the distinct tissues and cell types is
poorly understood in developing rice grains. Therefore,
we dissected five sub-regions of rice grains including
EN, CC, NE, OVT and AL at three different time points
during grain filling. Using a combination of LCM and
RNA sequencing approaches, we profiled gene expres-
sion activities in the individual grain tissues. The analysis
revealed the molecular mechanisms and regulatory pat-
terns that are common or unique to these specific grain
tissues. The data compendium provides an important
foundation for further research, breeding and advanced
biotechnological applications to improve rice grains.

Results

Spatio-Temporal Resolution of mRNA Profiles during Rice
Grain Development

Gene expression was analyzed in five sub-regions of the
developing rice grain comprising the CC, NE, OVT, EN
and AL tissues that were collected by laser-capture micro
dissection at 4, 8 and 16 DAF (Fig. 1a, Fig. S1). RNA se-
quence reads were quality checked and over 20,000 genes
were identified with statistically significant expression
(reads higher than 10, p <0.001). Genes with expression
specific to each sub-region and grain development stages
were compared using hierarchical clustering and principal
component analysis (PCA). The biological replicates from
individual sub-regions clustered together and PCA collect-
ively identified 79% variance in our dataset (Fig. 1, Fig. S2).
The dataset was further analyzed to separate genes for their
tissue- and stage-specific expression. The genes with a pref-
erentially higher expression level (with the highest number
of reads, p<0.001) in a particular sub-region or at a par-
ticular developmental time point were assigned to be
tissue-specific and stage-specific differentially expressed
genes (DEGs), respectively. In total, 10,037 DEGs were
identified. In order to further characterize the sub-region
and stage-specific genes, gene ontology (GO) analysis was
conducted on DEGs using PlantGSEA (Yi et al. 2013). Sig-
nificantly overrepresented GO terms and metabolic path-
ways (p < 0.01) were used for further comparison. Selected
genes were also analyzed for their expression in these tis-
sues by quantitative PCR (qPCR), generally validating the
RNA-Seq results (Fig. S3).

Tissue-Specific DEGs

In OVT, 635 and 753 DEGs were identified at 4 and 8
DAF, respectively. The most significantly enriched GO
categories for these genes are iron binding, transporter,
transcriptional activity, and phytohormone biosynthesis
and signalling. Among the 1123 DEGs identified as
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Fig. 1 DEGs in different tissues and at developmental stages of the rice grain. a Graphic illustration of tissues and stages in developing rice grains
collected in this study. b Total number of genes expressed at each developmental stage and in different tissues. Number of DEGs expressed in
the specific rice grain tissues (c) or at the different stages of rice grain development (d) are indicated. e Venn-diagram showing the number of
AL-specific DEGs compared pair-wise to CC, EN, NE and OVT DEGs at 16-DAF, respectively. NE: Nucellar Epidermis; CC: Cross Cells; OVT: Ovular
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OVT-specific at 16 DAF, the over-represented GO categor-
ies included protein translation, ribosomal activity, protein
folding and macromolecular metabolic process (Fig. 2a, Fig.
S4a and Table S1). In the EN-specific set of genes, 143, 186,
and 185 DEGs were identified at 4, 8 and 16 DAF, respect-
ively. The enriched GO terms for EN-specific genes were as-
sociated with metabolism and providing energy, such as
starch and glucose metabolism, glycolysis, transportation, and
protein and lipid metabolism. Starch biosynthesis and
microtubule-associated genes were also highly expressed in
EN at 4 and 8 DAF, suggesting that endosperm cells are still
enlarging during grain filling (Fig. 2b and Table S1). In the
case of NE, one DEG at 4 DAF, 147 DEGs at 8 DAF, and 16
DEGs at 16 DAF were identified. The enriched GO terms
for the 8 DAF NE-specific DEGs included transferase,

metabolic activity, transcription, and coenzyme binding, con-
sistent with the role of the NE in supporting EN develop-
ment (Fig. 2c). Similarly, consistent with the suggested role
of CC during grain development, the overrepresented GO
terms among the 53, 572, and 99 DEGs identified in the CC
tissue at 4, 8 and 16 DAF, respectively, included photosyn-
thesis, transporter activity, metal binding, catalytic activity,
and metabolic processes (Fig. 2d and Table S1). Since AL tis-
sue was collected only at 16 DAF, we performed pairwise
comparisons of gene expression in the AL tissue with CC,
EN, NE, and OVT tissues at 16 DAF. This revealed 1158,
2885, 185, and 2990 DEGs, respectively (Fig. 1e). Genes asso-
ciated with macromolecule metabolism, amino acid metabol-
ism, secondary metabolism, and lipid metabolism as well as
vitamin B biosynthesis and transport were expressed in AL.
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GO number Description
G0:0006118 electron transport
G0:0008152 metabolic process
G0:0015979 photosynthesis
G0:0015995 chlorophyll biosynthetic process
G0:0005975 carbohydrate metabolic process
G0:0042545 cell wall modification
G0:0006629 lipid metabolic process
G0:0006818 hydrogen transport
G0:0006979 response to oxidative stress
G0:0006457 protein folding
G0:0006818 hydrogen transport
GO0:0016491 oxidoreductase activity
G0:0005506 iron ion binding
G0:0005488 binding
G0:0031072 heat shock protein binding
G0:0042625 ATPase activity
G0:0051082 unfolded protein binding
G0:0005215 transporter activity
G0:0048037 cofactor binding
G0:0016209 antioxidant activity
G0:0009522 photosystem
G0:0044425 membrane part
G0:0009579 thylakoid
G0:0043234 protein complex

GO number Description
G0:0019740 nitrogen utilization
G0:0019438 aromatic compound biosynthetic process
G0:0043170 macromolecule metabolic process
G0:0044238 primary metabolic process
G0:0009056 catabolic process
G0:0006897 endocytosis
G0:0007165 signal transduction
G0:0044281 small molecule metabolic process
G0:0006281 DNA repair
G0:0008610 lipid biosynthetic process
G0:0044271 | cellular nitrogen compound biosynthetic process
G0:0006519 cellular amino acid metabolic process
G0:0006396 RNA processing
G0:0034622 cellular macromolecular complex assembly
G0:0006820 anion transport
G0:0051276 chromosome organization
G0:0044085 cellular component biogenesis
G0:0019748 secondary metabolic process
G0:0008299 isoprenoid biosynthetic process
G0:0008283 cell proliferation
G0:0006631 fatty acid metabolic process
G0:0009415 response to water stimulus
G0:0050896 response to stimulus
G0:0006066 alcohol metabolic process
G0:0006950 response to stress
G0:0044282 small molecule catabolic process
G0:0051179 localization
G0:0006810 transport
G0:0005996 monosaccharide metabolic process
G0:0006952 defense response
G0:0044281 small molecule metabolic process
G0:0019320 hexose catabolic process
G0:0006996 organelle organization
G0:0006096 glycolysis
G0:0016052 carbohydrate catabolic process
G0:0044262 cellular carbohydrate metabolic process
G0:0006325 chromatin organization
G0:0012501 programmed cell death
G0:0006811 ion transport
G0:0006732 coenzyme metabolic process
G0:0016053 organic acid biosynthetic process
G0:0044237 cellular metabolic process
G0:0006869 lipid transport
G0:0051186 cofactor metabolic process
G0:0009309 amine biosynthetic process
G0:0006629 lipid metabolic process
G0:0015031 protein transport
G0:0008152 metabolic process
G0:0008652 cellular amino acid biosynthetic process
G0:0006468 protein phosphorylation

|.G0:0043933 | macromolecular complex subunit organization

Logo (P-value)

ol o

Fig. 2 Gene Ontology (GO) analysis of the DEGs in different tissues of the developing rice grain at 4, 8 and 16 days after flowering (DAF).
Significantly (p < 0.01) overrepresented GO terms in (a) OVT, (b) CC, (c) EN, (d) NE and (e) AL are shown as heatmaps. If a certain GO term was

-
a

GO number Description

G0:0080090 regulation of primary metabolic process
G0:0060255 regulation of macromolecule metabolic process
G0:0019222 regulation of metabolic process
G0:0045449 regulation of transcription, DNA-dependent
G0:0006139 nucleobase-containing compound metabolic process
G0:0010467 gene expression
G0:0009058 biosynthetic process
G0:0009987 cellular process

G0:0051252 regulation of RNA metabolic process
GO0:0032774 RNA biosynthetic process
G0:0051179 localization

G0:0030001 metal ion transport
G0:0006810 transport

GO0:0042221 response to chemical stimulus
GO0:0009719 response to endogenous stimulus
G0:0010033 response to organic substance
GO0:0009725 response to hormone stimulus
G0:0046942 carboxylic acid transport
G0:0015849 organic acid transport
G0:0000272 polysaccharide catabolic process
G0:0006816 calcium ion transport
G0:0008272 sulfate transport

GO0:0006979 response to oxidative stress
G0:0006021 inositol biosynthetic process
G0:0019673 GDP-mannose metabolic process
G0:0009225 nucleotide-sugar metabolic process
G0:0006030 chitin metabolic process
G0:0006026 aminoglycan catabolic process
G0:0006032 chitin catabolic process
G0:0006022 aminoglycan metabolic process
G0:0006659 phosphatidylserine biosynthetic process
G0:0006412 translation

G0:0044267 cellular protein metabolic process
G0:0006457 protein folding

G0:0019538 protein metabolic process

b

GO number Description 4/8]1
G0:0009057 macromolecule catabolic process
G0:0006006 glucose metabolic process
G0:0009056 catabolic process
G0:0019318 hexose metabolic process
GO0:0006414 translational elongation
G0:0006066 alcohol metabolic process
G0:0006091 generation of precursor metabolites and energy
G0:0030163 protein catabolic process
G0:0006096 glycolysis

G0:0044275 cellular carbohydrate catabolic process
G0:0046365 monosaccharide catabolic process
G0:0005978 glycogen biosynthetic process
G0:0006112 energy reserve metabolic process
G0:0000271 cellular polysaccharide biosynthetic process
G0:0005982 starch metabolic process
G0:0051246 regulation of protein metabolic process
G0:0042176 regulation of protein catabolic process
G0:0006629 lipid metabolic process
G0:0030261 chromosome condensation
G0:0006886 intracellular protein transport
G0:0070727 cellular macromolecule localization
G0:0006996 organelle organization
G0:0005985 sucrose metabolic process
G0:0015031 protein transport
G0:0043687 post-translational protein modification
G0:0023046 signaling

d

GO number Description 4816
G0:0003824 catalytic activity
G0:0016758 transferase activity
G0:0016884 carbon-nitrogen ligase activity
G0:0016407 acetyltransferase activity
G0:0016740 transferase activity
G0:0008152 metabolic process
G0:0006355 regulation of transcription
G0:0016491 oxidoreductase activity
G0:0003677 DNA binding

G0:0006351 transcription

G0:0006139 nucleobase-containing compound metabolic process
G0:0050662 coenzyme binding
GO0:0016773 phosphotransferase activity
G0:0016301 kinase activity

G0:0005524 ATP binding

G0:0016310 phosphorylation

not significantly enriched (P-value > 0.01) in a certain tissue or stage, the cell is colored grey
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These results suggest an important role of the AL in synthe-
sis and transport of metabolites during grain filling in
rice. Additionally, some stress responsive genes were
also identified among the AL-specific DEGs (Fig. 2e,
Fig. S4b and Table S2).

Stage-Specific DEGs

Among the DEGs, 1752 DEGs at 4 DAF, 773 DEGs at 8
DAF, and 2190 DEGs at 16 DAF were identified as growth
stage-specific genes (Fig. 1). The genes in the 4 DAF-specific
set were related to chromatin assembly, DNA replication, cell
miitosis and division in NE, EN and CC tissues, and to hor-
mone regulation and glycolysis in OVT. The 8 DAF-specific
genes were related to major CHO metabolism and trans-
porter activity in OVT and EN. Over-represented GO cat-
egories of stage-specific gene sets indicate a transition to
translation and protein biosynthesis to establish protein
localization and secondary metabolism, especially in CC,
OVT and EN tissues at 16 DAF (Fig. 3), which is consistent
with previous studies on seed maturation (Gillies et al. 2012).

Diverse and Complex Regulatory Networks Controlling
Grain Filling in Rice

In order to explore the role of transcription factors (TFs) in
rice grain development, we surveyed about 1500 expressed
genes encoding TFs in the rice genome. Of these, 470 TF
genes were differentially expressed in our data set (Fig. 4a,
and Table S3). The OVT tissue had the maximum number
of DEGs encoding TFs, comprising 21.3%, 21.5% and 15.5%
of TFs at 4, 8 and 16 DAF, respectively (Fig. 4b). Diverse
types of TF-encoding genes were found to be differentially
expressed, with the majority of these OVT-specific TFs be-
longing to bHLH and MYB families of TFs (Fig. 4c). Several
of these TF family members, such as ABI3/VP1, ARF, Aux/
IAA, B3, ARR and GRAS, have important roles in hormone
regulation. Additionally, the TFs known for their roles in
vascular development, cell growth regulation and differenti-
ation, such as MYB, SBP, MADS, NAC, bZIP and HB fam-
ily members, were also differentially expressed in the OVT.
Growth stage-specific differences in TF expression profiles
were also observed by enrichment analysis and co-
expression network analysis. Genes encoding members of
MADS and bZIP TF families showed higher expression at 4
and 8 DAF, while those encoding MYB, HB and WRKY
TFs had elevated expression at 16 DAF in the OVT (Fig.
4d, Fig. S5a). The CC tissue-specific dataset revealed a
higher proportion of TFs as compared to NE, EN and AL
tissue-specific sets, especially at 8 DAF (13%) (Fig. 4e). The
enriched TF families included WRKY, HB and Zinc finger
TFs, most of which are known to be involved in seed devel-
opment (Fig. 4e) (Zhang et al. 2011; Joseph et al. 2014).
Chi-square test and co-expression network analysis showed
that zinc-finger and AP2-ERF TF families were overrepre-
sented in CC at 4 and 8 DAF (Table S3, Fig. S5b). In
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addition, nine TFs were highly expressed in EN at 16 DAF,
and most of these are involved in seed maturation or ger-
mination (Kim et al. 2008; Lasserre et al. 2008). Two genes
encoding AP2-like ethylene-responsive TFs (Os04g0653600
and Os05¢0437100) and three heat shock TFs
(0s02¢0232000, Os06g0553100 and Os10g0419300) were
more highly expressed in the AL tissue (Table S3).
OsWRKY71 (0Os02g0181300) had the highest expression
level in the AL tissue, as was previously reported (Zhang
et al. 2004). Together, these data suggest that reprogram-
ming events in the developing rice grains comprise a com-
plex coordination of different TFs in each sub-region tissue
and at different developmental time points.

Expression Profiles of Genes Related to Hormone
Biosynthesis and Signalling

Since plant hormones regulate grain development, we
analyzed the expression of genes related to auxin (IAA),
gibberellin (GA), brassinosteroid (BR), cytokine (CK),
abscisic acid (ABA) and ethylene (ET) biosynthesis and
metabolism. In general, BR-, CK- and GA-related genes
had higher expression levels at 4 and 8 DAF in all sub-
regions. The genes related to IAA biosynthesis and me-
tabolism had relatively stable expression in OVT during
4 and 8 DAF, but exhibited slightly decreased expression
at 16 DAF (Fig. 5, Fig. S6a and 6b, and Table S4).

The genes encoding IAA biosynthesis enzymes, including
OsYUCCA7, OsYUCCA4, OsASAI1 and OsASA2 (Mano and
Nemoto 2012), were highly expressed in the OVT tissue at 4
and 8 DAF, and showed reduced expression at 16 DAF.
Genes encoding IAA transporters and related TFs, such as
Aux/IAA, were expressed higher in OVT at 4 and 8 DAF.
IAA signalling genes, however, were highly expressed in the
AL tissue as compared to the EN at 16 DAF (Fig. 5a).
GA200x is a key enzyme in GA biosynthesis (Fleet and Sun
2005) and among GA20ox encoding genes in rice,
Os01g09300 had higher expression level in OVT at 4 DAF.
Notably, GA-related genes were expressed at relatively low
levels in EN at every time point (Fig. S5a). CK biosynthesis-
related genes including OsRR2 and OsRR6 (Hirano et al
2008) were also preferentially expressed in the OVT tissue at
8 DAF (Fig. 5b). Only few BR biosynthesis-related genes
were differentially expressed in our datasets. Among them,
OsDWARF (0Os03g0602300) encodes the BR enzyme C-6
oxidase, which is involved in seed development and panicle
elongation (Mori et al. 2002); this gene was differentially
expressed in CC and OVT tissues at 8 and 16 DAF. Several
of the BR signalling-related genes were found to be differen-
tially expressed, especially in the OVT tissue. OsCYP genes
involved in BR synthesis are known to regulate seed size
(Wu et al. 2008); they were expressed highly in the OVT
tissue at 4 and 8 DAF (Fig. 5c). Genes encoding enzymes
for ABA biosynthesis exhibited higher expression in the
AL and the EN tissues, while the ABA signalling-related
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Fig. 5 (See legend on next page.)
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Fig. 5 Expression profiles of DEGs related to hormone metabolism and transport in different tissues of the developing rice grain. a Genes related
to auxin (IAA) biosynthesis, signalling and transporters. b Genes related to cytokinin (CK) metabolism, transporters and receptors. ¢ Genes related
to brassinosteroid (BR) metabolism, transporters and signalling. d Genes related to abscisic acid (ABA) signalling. The gene-normalized signal
intensities are shown in the heat maps using Z-Scores. DAF: Days after flowering

genes were preferentially expressed in the AL tissue at 16
DAF (Fig. 5d). This result is in a good agreement with pre-
vious reports, in which genes involved in ABA biosyn-
thesis and signalling, including NCED, AAO, bZIP and
PP2C (HVA), were enriched in the EN in late develop-
mental stages (Xue et al. 2012) (Fig. 5d). The expression
pattern of genes encoding ethylene (ET) signal transduc-
tion genes was quite stable during 4, 8 and 16 DAF (Fig.
S6b). The expression of ethylene responsive TF genes was
low in EN at 16 DAF.

Transporters Are Preferentially Expressed in OVT

In order to gain insights into nutrient transport routes in
the rice grain, we extracted the list of genes encoding differ-
ent transporters from MapMan (https://mapman.gabipd.
org) and examined their expression patterns in our set of
DEGs. Overall, the expression level of genes encoding nu-
trient transporters, including transport ATPases and sugar-,
nitrate- and sulfate-transporters, was higher in OVT, CC,
and NE at 4 and 8 DAF. The expression level of genes en-
coding amino acid and protein transporters was higher at
16 DAF in OVT, CC and AL. These genes in general had a
low expression in EN as compared to the other tissues
(Fig. 6, Fig, S6c and 6d, and Table S5).

Fifteen genes encoding P- and V-type transport ATPases
showed the highest expression at 8 DAF in OVT and CC.
Three of these genes expressed higher in CC at 8 DAF and
among these, 0s03g0183900 is a plasma membrane H'-
ATPase that is specifically expressed in seeds (Baxter et al.
2003) (Fig. 6a). Genes encoding protein and sugar trans-
porters expectedly had higher expression levels at 4 and 8
DAF in EN, while their expression decreased at 16 DAF in
EN but increased in AL (Fig. 6b and c). We also identified
several genes for sugar transporters that were preferentially
expressed in OVT at 4 and 8 DAF. Six putative sugar trans-
porters showed higher expression at 4 DAF in the OVT
(050290229400, 050490453400, Os04g0453200,
0s03g0197100, Os11g0135300, and Os03g0101300 (Fig. 6c¢),
supporting the view that OVT has a significant role in trans-
porting sugars and other metabolites to the developing EN
and embryo. Three genes encoding putative sugar trans-
porters (Os03g0594400, Os12g0132500, and Os04g0511400)
had their highest expression levels at 4 DAF in EN. The ex-
pression of known genes encoding sucrose transporters, in-
cluding OsSUTI, OsSUT2, OsSUT3, OsSUT4 and OsSUTS
(Zhu et al. 2002), was similar at 4, 8 and 16 DAF in all sub-
regions. Most of the genes encoding amino acid transporters
(Zhao et al. 2012), including OsAAP2, OsAAP3, OsAAPS,

OsAAP6 and OsAAP7, were preferentially expressed at high
levels in OVT but not in EN at 4, 8 and 16 DAF (Fig. S6c).
However, OsCAT11, OsATL6 and OsPROT2 showed an in-
creased expression in EN at 16 DAF (Fig. S6¢). The genes
encoding nitrate, phosphate and sulfate transporters were
preferentially expressed in OVT at 4 and 8 DAF but prefer-
entially expressed only later in NE, CC and AL at 16 DAF
(Fig. S6d). For example, the high affinity nitrate transporter
OsNAR2.1 (Feng et al. 2011) was expressed highly in OVT at
4 DAF (Fig. S6d). OsPHOI;2 and OsPHOI;1, which tightly
regulate phosphate loading into xylem in rice and plant fit-
ness (Secco et al. 2010; Jabnoune et al. 2013), were upregu-
lated in OVT at 8 DAF and in CC at 16 DAF, respectively.
OsSULT3;3 and OsSULT3;4, which showed highest expres-
sion levels in AL at 16 DAF and in OVT at 8 DAF, respect-
ively, are known to be induced by heavy metal stress
(Buchner et al. 2004; Kumar et al. 2011) (Fig. Séd).
OsSULT3;5 was the only gene among the genes encoding
sulfate transporters that showed the highest expression level
in EN at 16 DAF (Fig. S6d).

The expression of genes encoding iron- and zinc-related
transporters, such as NRAMP, ABC, HMA and ZIP (Lan-
quar et al. 2005; Kobayashi and Nishizawa 2012), was higher
at 4 and 8 DAF, but significantly decreased at 16 DAF (Fig.
6d, Fig. 7 and Tables S5 and S6). As expected, EN had the
lowest expression of genes encoding metal transporters, al-
though they were more highly expressed in AL at 16 DAF
(Fig. 6d). Expression of NRAMP gene family members in-
cluding OsNRAMPI, OsNRAMP2, OsNRAMP3 and OsN-
RAMPS was higher in OVT and CC but lower in EN at 4
and 8 DAF (Fig. 6d). Similarly, a group of HMA family genes
showed significantly higher expression level in OVT at 4 and
8 DAF, and in NE and AL at 16 DAF (Fig. 7b). Among the
ZIP family genes, OsZIP4 and OsZIP7 showed higher expres-
sion level in OVT at 4 and 8 DAF, while OsZIP3 showed
highest expression in EN (Fig. 6d). Genes encoding proteins
for iron acquisition and transport such as OsFRDL2
(Yokosho et al. 2016), OsOPT, OsYS and OsCOPT3 were also
expressed more highly in OVT and CC at 4 and 8 DAF (Figs.
6b and d and 7c). Together, the expression pattern of genes
encoding metal transporters is consistent with the low levels
of iron and zinc in the rice endosperm that is consumed as
polished rice.

Novel cis-Regulating Elements Associated to OVT and CC
Specific Genes

Since a significant number of genes that were differen-
tially expressed in OVT and CC encode transcription


https://mapman.gabipd.org
https://mapman.gabipd.org

Wau et al. Rice (2020) 13:62

Page 10 of 19

4 DAF 8 DAF

16 DAF

ATP
0s04g0353000
0s03g0100800_0OsAHAS8
0s03g0183900_0sAHA9
0s049g0643100_V-ATPase
0s0490656100_0OsAHA7
0s11g0169900_V-ATPase
0s10g0184300
0s01g0610100
0s119g0446500
|| 0s03g0120100

0s0690488600
0s119g0485200
0s03g0689300_0sAHA1
0s07g0191200_0OsAHA2
0s1290638700_0sAHA3
0s02g0175400_V-ATPase

2 ha

NE
CcC
ovT
EN
NE
CcC
ovT
EN
NE
CcC
ovT
EN
AL

4 DAF 8 DAF 16 DAF

Protein
] 0s04g0491350_OsPTRIlI
L 0s01g0872600_OsPTRI
0s0290633300_OsYSL14
0s01g0871500_OsPTRI|
0s04g0542800_OsYSL16
0s0890155400_OsNRT1.1A
0s05g0431700_OsPTRIll
0s02g0689900_OsNRT1.5A
0s01g0871600_OsPTRII
0s03g0751100_OsOPT7
0s01g0556700_OsNRT1.4
0s01g0872000_OsPTRII
0s11g0235200_SP1
0s04g0441800_OsPTRIlI
0s03g0823500_OsPTRI|
0s01g0872100_OsPTRI|
0s11g0282800_OsPTRIlI
0s0290716800_OsNRT1.58
0Os11g0426100_OsPTRIV
0s03g0719900_OsPTR8
0s01g0913300_OsNRT1.7

rﬁ‘_\_gmo-
[ma]
Il

0s03g0235900_OsNRT1
0s0690125400_0sOPT2
0s0290649900_0sYSL2
0s04g0524900_0sYSL11
0s1290638200_0sPTR2IV
0s07g0603800_OsPTR4
0s03g0235700_0sPTR
0s06g0705600_OsPTR
0s0490390500_0sYSL6
0s01g0761400_OsPTRIV
0s06g0581000_OsNRT1.2
0s069g0264500_OsPTRIV
0s0490464400_0sIRT1.3B
0s05g0410900_OsPTRIV
0s11g0283500_OsPTRIlI
0s10g0579800_OsPTR
0s10g0579600_0OsPTR
0s01g0902700_OsPTR
0s10g0370700_OsPTRI

S ml

ZWoEZuwWokE=2-4
wzZo=2wzo

28 =
wl
©3

ovT
ovT

using Z-Scores. DAF: days after flowering
A

Fig. 6 Expression profiles of DEGs related to transporters. a Genes involved in ATP synthesis and transport. b Genes involved in protein transport.
c Genes involved in metal transport. d Genes involved in sugar transport. The gene-normalized signal intensities are shown in the heat maps
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factors as indicated by GO categorization, we analyzed the
DEG sequences to identify known or novel TF regulatory
DNA sequence motifs in their promoter or coding regions.
We searched approximately 1000 bp proximal and distal to
the ATG start codon for sequence motifs and identified
them using the MEME and JASPAR plant databases. Several
common motifs for TF families associated with seed

development were identified among the OVT- and CC-
specific DEGs (Tables 1 and 2) (Papi et al. 2000; Sreenivasulu
et al. 2006; Wang et al. 2010). For example, the motifs for
the two MADS family TFs SOC1 and PI were found in
OVT and CC DEGs at 4, 8 and 16 DAF. Similarly, the high
mobility group box HMG-1/Y for the HMG TF family and
the idl motif that is bound by the zinc finger TF family were
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Fig. 7 Expression profiles of DEGs related to ATP-binding cassette (ABC), heavy metal ATPase (HMA) and multidrug and toxic compound
extrusion (MATE) transporter families. a Expression pattern of genes from the ABC transporter family. b Expression pattern of genes from HMA
transporter family. ¢ Expression pattern of genes from MATE transporter family. The gene-normalized signal intensities are shown in the heat
maps using Z-Scores. DAF: days after flowering
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also enriched in our dataset during all three development
stages. Several motifs were enriched only in the OVT specific
DEGs. Of note, ABI3 (GCATG), a binding site of ABI/VP3
transcription factor related to auxin signaling, and BES1
(CACGTG) motif, related to BR signalling were enriched
only in OVT-specific genes at 8DAF, suggesting an import-
ant role of phytohormone related transcription factors in
early grain filling. At 16 DAF, AtMYB84 (GGTnGGT)
and AtSPL8 (GTAC) were enriched motifs in OVT
but no motifs specific to CC were detected as
enriched at this development stage (Table 1). We also
identified a novel motif “GGAGGA” in OVT and CC
specific genes at 8 DAF. From the analysis using GO-
MEME (Buske et al. 2010) and cross comparison with

other plant species, it is likely that this motif is in-
volved in transporter and hormone regulation. An-
other motif “GCCGCC” was identified as unique, but
a high GC content motif is suggested to be com-
monly found in rice gene promoters (Lenka et al
2009, 2011). In the distal regions of OVT and CC
specific genes, we found motif “GCATGC” as
enriched in OVT specific genes at 4 and 8 DAF, and
motif” GAGAGA” enriched in CC specific genes at 8
DAF (Table 2). We compared these two motifs with
known motifs using TOMTOM (Gupta et al. 2007)
software. “GCATGC” was similar to BR signalling-
associated regulatory element BES1 and “CCTCC”
was similar to MYB regulatory elements (Table 2).
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Table 1 Summary of overrepresented cis-regulatory DNA sequence motifs identified from MEME analysis

-Log;o(Adjusted p-value)

ID Sequence logo Motif Name TF Family 40VT 8 OVT 16 OVT 4CC 8§ CC
MA0354.1 TielTs socl MADS 7.72 5.65 539 532 3.67
MA0045.1 W : C‘% HMG-I/Y HMG 4.08 2.13 1.84 3.19 250
MAOIZOL g o T id1 BBa-zinc finger 3.56 1.84 1.80 1.79 -
MAOSSO.L PI MADS 1.72 1.47 4.00 201
MAO0123.1 CACE C .. abid AP2-MBD like - 1.62 - -
MA0549.1 CC I ’ BESI Helix-Loop-Helix - 1.46 - - -
MAO581.1 M CA | LEC ABI3VPI . 138 1.82 -
MA0552.1 ‘ Cm PIL5 Helix-Loop-Helix - 135 - -
MA0548.1 UTCC Trh AGLI5 MADS - 1.33 - -
MA0082.1 VRN squamosa MADS - 1.72 - -
MAOS641 CM C ABI3 ABI3VPI - 2,05 - - -

It
MAOS7RL -, L‘u ] A(SPLS SBP - - 225 ;
MA0558.1 el FLC MADS - - 1.84 1.66 1.66
MA0576.1 I I AMYB84 MYB - - 175 - -
Discussion from various grain crops (Thiel et al. 2012; Pfeifer et al.

Seeds store the embryo and genetic information for the
next plant life cycle, and provide nearly 70% of the hu-
man caloric intake worldwide. Therefore, understanding
gene expression in different seed tissues will help to
identify important regulators of seed development and
grain filling. Several transcriptome studies have charac-
terized gene expression in different sub-regions of seeds

2014; Zhan et al. 2015). Earlier studies of rice seeds fo-
cused only on transcription in the embryo and endo-
sperm (Xu et al. 2012b; Gao et al. 2013), but gene
expression patterns in different tissues of the developing
grain are still unknown in rice and other grain crops.
Our comprehensive analysis of developing rice seed tis-
sues revealed the expression of several tissue- and stage-

Table 2 Summary of novel overrepresented cis-regulatory DNA sequence motifs identified from MEME analysis

Logo Region E-value  Tissue Stage
LaoleCoo. [0 200E02  OVT 816 DAF
YWV v proximal
: 1000 bp
bCATCITr i T 450E-03  OVT 48 DAF
- 1000 bp
CAC A Ala o7 780E-04  CC 8DAF
2.00E-02 OVT
} AGGAG .~ 1000 bpl 8 DAF
““““““““ proximat— 60g-07  CC




Wau et al. Rice (2020) 13:62

specific genes encoding proteins involved in transcrip-
tional and hormone regulation as well as transport pro-
cesses. Figure 8 summarizes the results and captures the
complexity of tissue-specific gene expression during rice
grain development.

The GO analysis revealed common and unique stage-
and tissue-specific genes, indicating that the different tis-
sues share certain molecular and metabolic processes
but also have distinct functions during rice seed develop-
ment, which is consistent with earlier morphological and
molecular studies (Krishnan et al. 2001; Zhu et al. 2002;
Krishnan and Dayanandan 2003; Xu et al. 2012b; Xue
et al. 2012). Endosperm transfer cells (ETC) in barley
and wheat differ from aleurone cells and are thought to
transfer hormones, amino acids, sugars, micronutrients,
other solutes and water to the endosperm (Offler et al.
2003; Thiel et al. 2012), which are important for grain
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filling and quality (Jia et al. 2011; Sun et al. 2012; Xu
et al. 2012a). Most of the genes encoding divalent metal
transporters, including HMA, ZIP, YSL, NRAMP, MTP,
and VIT families, respond to alterations of zinc and iron
concentrations in ETC of barley seeds (Tauris et al.
2009). Auxin, glucose, ethylene and reactive oxygen spe-
cies initiate signal cascades leading to the development
of ETC (Thiel et al. 2012). It has been suggested that the
rice OVT has similar functions as the ETC (Krishnan
and Dayanandan 2003; Li et al. 2008). In this case, min-
erals and nutrients transported to the developing rice
seed are unloaded from the OVT, which contains both
phloem and xylem cells, into the aleurone and endo-
sperm during grain filling (Lu et al. 2013a; Zhao et al.
2014). Our transcriptome data support this suggestion
because genes encoding proteins involved in hormone
and different transport functions are overrepresented
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Fig. 8 Summary of spatio-temporal gene expression regulation in different tissues during rice grain development. Upper panel: Changes in the
expression of hormone-regulated genes and genes encoding transporters in CC, OVT, EN, NE and AL are summarized. Enriched TF families in
different sub-regions during different developmental stages are indicated. The sloped bars indicate the activity of hormone or transporter genes
in the respective stage and tissues. Lower panels: DEGs of TFs enriched in the five tissues at different stages of grain development (4, 8 and 16
DAF; separated by dashed lines). TFs that were enriched in more than one stage are shown across two columns. The enriched metabolic,
physiological and cellular functions in each tissue are each stage are shown. Functions that were enriched at more than one stage are shown
across the column. The different font size of the terms indicate their degree of enrichment
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among the genes expressed in OVT at 4 and 8 DAF dur-
ing seed development. For example, NRAMP, HMA, and
ZIP family genes as well as genes encoding proteins re-
lated to auxin and ethylene biosynthesis and signalling
were preferentially expressed in OVT at 4 and 8 DAF.

Although the EN and AL tissues share several meta-
bolic pathways, our data also reveals their distinct bio-
chemical functions. Genes specific to AL are involved in
secondary metabolism, lipid metabolism, and protein
processing, while the EN-specific genes, as expected, are
involved in starch synthesis, sugar and energy metabol-
ism. At 16 DAF, the transcription of most genes in the
EN was reduced compared to the AL, suggesting an im-
portant function of AL in providing metabolites and en-
ergy to the developing grains at this stage. Consistent
with our results for EN specific genes, an earlier tran-
scriptome analysis of rice endosperm at 6 DAF and 10
DAF also found genes involved in amino sugar and nu-
cleotide sugar metabolism to be overrepresented among
the expressed genes (Gao et al. 2013). In wheat, AL and
EN genes related to GO categories transport, definition
of cell structure, cell differentiation, lipid metabolic
process and nitrogen compound metabolic process are
also differentially expressed in these two tissues, while
genes encoding proteins involved in GO categories re-
lated to carbohydrate metabolic processes, generation of
precursor energy and macromolecule biosynthetic process
are highly expressed in EN (Gillies et al. 2012; Pfeifer
et al. 2014). This is consistent with our results for AL-
and EN-specific DEGs. It has been suggested that Zn, K,
Ca and Fe concentrations in grains are much higher in
AL than in EN (Iwai et al. 2012; Lu et al. 2013a; Zhao
et al. 2014). Our results support this suggestion because
genes encoding Zn, Mn, Cu and Fe transporters are
more highly expressed in AL compared to EN. Together,
our data indicate that both OVT and AL tissues contrib-
ute significantly to nutrient transport into the EN during
rice seed development. Collectively, they support the
model of a conserved molecular machinery controlling
seed development and grain filling in monocots (Sreeni-
vasulu and Wobus 2013).

The coordination of hormone synthesis and signalling
is important during seed development, but information
on the expression of hormone-related genes in seed tis-
sues is rather limited for crops. It has been suggested
that auxin is present in high concentrations during all
stages of seed development and that IAA provides pos-
itional information during AL differentiation in maize
seeds (Forestan et al. 2012). CK has a prominent role
during early seed development and decreases gradually
during seed maturation (Locascio et al. 2014). CK-
related genes are more highly expressed in the maternal
tissue, especially in the ETC in maize and wheat seeds.
Similar to CK, the highest concentration of BR is found
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during early seed development and gradually decreases
during seed maturation (Jiang and Lin 2013). GA con-
centrations are dynamically regulated during early and
late seed development stages, while the concentration of
ABA is higher during seed maturation (Seo et al. 2006;
Liu et al. 2013). In barley, ABA metabolism is higher in
EN and AL at 16 and 25 DAF (Seiler et al. 2011), while
CK and GA metabolism is higher at 8 and 16 DAF
(Thiel et al. 2012). Our results show that genes related
to auxin biosynthesis and signalling had higher expres-
sion levels in OVT at 4 and 8 DAF, with a small de-
crease at 16 DAF. Likewise, the genes involved in BR
and CK signalling were more highly expressed in OVT
and CC during early developmental stages. The genes
related to ABA synthesis and signalling have higher ex-
pression in EN and AL during the late developmental
stage (16 DAF), which is consistent with the results
found in barley (Seiler et al. 2011). These data suggest a
key role of OVT in hormone regulation and nutrient
transport to the developing grain (Kanno et al. 2010;
Locascio et al. 2014). Our data, together with previous
reports (Seiler et al. 2011; Locascio et al. 2014), also sug-
gest that the role and regulation of phytohormones is
largely conserved during grain filling in monocots, al-
though we also found specific differences during grain
filling stages in rice.

Rice genes that are preferentially and highly expressed
at 4 and 8 DAF are related primarily to photosynthesis,
central metabolism and protein translation, while genes
expressed highly at 16 DAF are related to protein, lipid
and fatty acid metabolism, and stress response. Similar
shifts in metabolic and biochemical activities have been
found in proteomics data from developing rice seeds
(Lee and Koh 2011), thus establishing a good correlation
between the transcriptome and proteome data for ex-
pected metabolic changes (Sun et al. 2012). To date, only
few genes have been characterized for their roles associ-
ated with rice grain development. Among them,
OsMADS29 (Os02¢0170300) regulates the degradation of
the nucellus and nucellar projections in rice and is
highly expressed in the nucellus and nucellar projections
during early developmental stages (3 to 6 DAF), but its
expression is low in EN and further decreases at 8 DAF
(Yang et al. 2012; Yin and Xue 2012). OsGIFI
(Os04g0413500) encodes a cell-wall invertase required
for carbon partitioning during early grain filling stages
(3 to 15 DAP) (Wang et al. 2008), and the protein is lo-
calized in the OVT. We found that OsMADS29 and
OsGIFI are preferentially expressed in OVT at 4 and 8
DAF, and expressed at a very low level in EN at 4, 8 and
16 DAF.

The high number of genes encoding TFs that are dif-
ferentially expressed during early grain development in-
dicate the complex regulation of activities in the
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different seed tissues at this stage compared to the ma-
ture grain. We found that the expression of genes for
MADS, ARF, HB and ARR-B TFs in OVT and MYB and
NAC TFs in CC was overrepresented at 4 and 8 DAF.
Most of the motifs revealed by MEME analysis in DEGs
at these stages also represent DNA sequences known to
be bound by members of the MADS, ABI3VP1 and
MYB families, thus establishing a strong correlation with
the overrepresented OVT and CC TFs. Furthermore, the
co-expression network analysis suggested those TFs (e.g.
0s03g0753100, a MADS TF, expressed at OVT 4 DAF
and Os07g0129700, a HB TF, expressed at OVT 8 DAF)
also tightly associated with other target genes that are
enriched in the function of transporters, and primary
metabolism. In EN, the overrepresented genes encoding
TFs belong to the MYB, MADS, NAC and NF-Y fam-
ilies. The bZIP TF genes were mainly expressed in AL
and EN, which is consistent with the suggestion from
previous reports that bZIP TFs are expressed in AL and
the EN tissues in rice and maize, and bind ABRE motifs
to mediate the ABA-induced transcription (Xue et al.
2012; Li et al. 2014). Similarly, in maize endosperm dur-
ing seed development, overrepresented genes encoding
TFs also belong to bZIP, MADS, NAC, MYB and SBP
families (Lu et al. 2013b; Zhan et al. 2015). In Arabidop-
sis, known seed-specific TFs include members of the
MADS, ARR-B TFs, and bZIP TF families (Le et al.
2010; Khan et al. 2014a, 2014b). In the Arabidopsis fu-
niculus, which connects the seed with the maternal plant
and is the only direct route for nutrient transport into
the seed, MYC TFs have been reported to regulate the
auxin response (Khan et al. 2015). In barley, bZIP and
MYB TFs are abundantly present during the transition
from grain maturation to germination; while ARF and
AUX/IAA TF family members are preferentially
expressed in the embryo of germinating seeds (Sreeniva-
sulu et al. 2008; Thiel et al. 2012; Zhang et al. 2016).
These reports together with our results suggest that the
above identified TF families are generally important for
monocot grain development. Our data also revealed
genes for novel TFs whose functions are currently un-
known. For example, OsWRKY109 (Os05g0129800) had
its highest expression in OVT at 4 DAF, but its bio-
logical function and regulatory network remain to be
identified. Thus, the differentially expressed rice TF
genes provide useful information to further dissect the
regulatory network controlling rice grain development.

Conclusion

Together, our comprehensive analysis of genes that are
expressed in different tissues of developing rice grains
and the subsets of genes that are differentially regulated
in these tissues provides new insights into metabolic ac-
tivities and regulatory transcription factors involved in
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the developmental and physiological processes. The in-
formation on tissue- and stage-specific genes as well as
regulatory proteins is a useful resource for future func-
tional genomics studies of rice grain development and
grain filling as well as for the design of novel biofortifica-
tion strategies.

Materials and Methods

Plant Material and Growth Conditions

Rice plants (Oryza sativa cv. Nipponbare) were grown in
hydroponic solutions at 28 °C. Solutions for the hydro-
ponic system were prepared as previously described
(Wang et al. 2013). Rice grains were collected at 04, 08
and 16 days after flowering (DAF), de-husked and imme-
diately frozen by placing the collection tubes in liquid
nitrogen. Five sub-regions of the rice grains, including
CC, NE, OVT, EN and AL were dissected for further
analysis (see below). The time points were selected based
on the reported differentiation of the main cell types
(Krishnan and Dayanandan 2003). NE is differentiated
into a single layer cell at around 4 DAF, while the en-
larged cells and thickenings of NE are noticed at 8 DAF
(Krishnan and Dayanandan 2003). CC are visible as
greenish cell layer from 4 DAF to 16 DAF. OVT locates
in the ventral side of the endosperm, in conjunction with
NE (Krishnan and Dayanandan 2003). EN cells are grad-
ually developing and enlarging through 4 to 16 DAF,
and the outer layer of EN cells differentiate into AL at
about 16 DAF.

Cryostat Settings, Mount Slides Preparation and Laser
Capture Micro-Dissection (LCM)

Three grains were used for each sample preparation.
Cryostat was set to specific conditions with the knife at
- 18°C and specimen at — 20 °C. Thirty pm of trim and
10 um of fine trim were used. Two to three rice grains
from the same developing stage, ie. 4, 8 or 16 DAF,
were mounted in the mould with optimal cutting
temperature compound (O.C.T. compound). The
mounted samples were incubated at —20°C for 5 min.
The fixed samples were then removed from the mould
for further dissection. One drop of 70% ethanol was
added onto the membrane slide. The slide was put up-
side down and was soaked and warmed in 70% ethanol
solution. The slide was attached to the membrane sur-
face of the microscope and was immediately placed back
to the cryostat, further drying was allowed for 20 min
and the samples were processed using the LCM. PALM
LMC settings were adjusted to 65-75% of energy and
focus. After Kohler-Illumination, the lens was changed
to 10x or 20x objective. The laser-cut tissues were cata-
pulted into an eppendorf cap and then the eppendorf
tube was unmounted from the microscope. 350 ul RLT
Buffer from Qiagen RNeasy Micro Kit was added to the
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cap and tube, vortexed for 5 min and incubated at room
temperature (RT) for 5 min.

RNA Extraction, Pre-Amplification and RNA Sequencing
The RNA extraction was done with the Qiagen RNeasy
Micro Kit following manufacturer’s instruction manual.
All RNA samples were adjusted to a concentration of
100 pg/ul prior to pre-amplification. Pre-amplification
for the Illumina sequencing was done using the Clone-
tech SMARTer Ultra Low kit following the user’s man-
ual with small modifications. In brief, the RNA samples
were subjected to first strand cDNA synthesis, followed
by 15 cycles of Long Distance (LD) PCR. The PCR amp-
lified cDNA was subsequently purified by immobilizai-
ton on AMPure XP beads for 15 min at RT, resuspended
in 15 pl nuclease-free water and stored at — 20 °C for fur-
ther experiments and library preparation.

Three biological replicates for each tissue were se-
quenced at the Functional Genomics Center Zurich
(FGCZ). Correlation coefficients of two biological repli-
cates between tissues ranged from 0.85 to 0.9 for most
samples, indicating that the results were highly reprodu-
cible. Biological replicates of poor quality (i.e., with low
correlation coefficients) were excluded, therefore, 28
samples in total were used for detailed analysis [NE_
4DAF(3), OVT_4DAF(3), CC_4DAF(2), EN_4DAF(1),
NE_8DAF(3), OVT_8DAF(2), CC_8DAF(1), EN_
8DAF(2), NE_16DAF(3), OVT_16DAF(1), CC_
16DAF(2), EN_16DAF(2), AL_16DAF(3)] (Table S8).
The TruSeq SR Cluster Kit v4-cBot-HS (Illumina, Inc.,
California, USA) was used for cluster generation using 8
pM of pooled normalized libraries on the c¢BOT. Se-
quencing were performed on the Illumina HiSeq 2500
single end 126 bp using the TruSeq SBS Kit v4-HS (Illu-
mina, Inc., California, USA).

Threshold for data analysis were chosen to be p<
0.001 and RNA-seq reads higher than 10. For a pair-wise
comparison, gene expression level change higher than 2-
fold and p-value< 0.05 were chosen. Reads were aligned
with the STAR aligner (Dobin et al. 2012) to the cv.
Nipponbare reference genome IRGSP1.0 (Tanaka et al.
2008). Gene expression counts were computed with R/
Bioconductor. Differential expression was assessed with
the Bioconductor packages edgeR (Robinson et al. 2009).
Genes were considered as differentially expressed if the
p-value was below 0.01 and the expression fold-change
was greater than 2.

gRT-PCR Validation

Reverse transcription was performed using Superscript-
III Reverse Transcriptase (Invitrogen, Carlsbad, USA).
The diluted ¢cDNA samples were used as templates for
RT-PCR and real-time PCR. The internal control genes
used for RT- PCR were rice UBIQUITIN 5 (OsUBQS5)
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and ELONGATION FACTOR I1-ALPHA (OsEF-1a). Real-
time PCR was performed using SYBR Premix Ex Taq
(Takara, Dalian, China) on a Rotor-Gene 3000 (Corbett
Research, QIAGEN, Hilden, Germany) detection system
and software, according to the manufacturer’s instruc-
tions. The primers used for qPCR validation are pro-
vided in Supplementary Table 7.

Data Analysis

The enriched GO categories of subregion or stage-
specific DEGs were analyzed in PlantGSEA (Yi et al
2013) (The Plant GeneSet Enrichment Analysis, http://
structuralbiology.cau.edu.cn/PlantGSEA/).  Fisher test
and cut-off for FDR-adjusted p-value < 0.01 was used to
screen the GO term enrichment. The significantly chan-
ged metabolic pathway analysis was carried out using
the KEGG (Tanabe and Kanehisa 2012) server (Kyoto
Encyclopedia of Genes and Genomes, http://www.gen-
ome.jp/kegg/) with the threshold of p-value <0.01. The
functional gene set was annotated by TIGR (Rice Gen-
ome Annotation, http://rice.plantbiology.msu.edu/index.
shtml) and RiceDB (http://ricedb.plantenergy.uwa.edu.
au/). The categories of transcription factors were down-
loaded from PlantTFDB (http://planttfdb.cbi.pku.edu.cn/
) for further analysis. DEGs were also assigned and visu-
alized using MapMan v3.6. Default parameters were
used and the background of mapping was TIGR7 rice
protein and IPR Interpro.

Motif analysis was conducted using the MEME (Mul-
tiple EM for motif elicitation, http://meme-suite.org/)
Suite analyzing tools (Bailey et al. 2009). 1000 bp prox-
imal or distal to the translational start site ATG of the
identified DEGs was extracted from RAPDB (http://
rapdb.dna.affrc.go.jp/). Over-represented cis-motifs of a
width of 6-10 nucleotides were selected. The enriched
known motifs were analyzed in AME (McLeay and
Bailey 2010) (Analysis of Motif Enrichment) tools by
JASPAR plants database (http://jaspar.genereg.net) with
the threshold of p-value < 0.05.

Gene co-expression analysis was performed as de-
scribed previously (Coman et al. 2014). In brief, the
Pearson correlation coefficients between DEGs were cal-
culated. The analysis was visualized in Cytoscape (Cline
et al. 2007).

The data discussed in this publication have been de-
posited in NCBI's Gene Expression Omnibus and are ac-
cessible through GEO accession number GSE153954.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512284-020-00421-4.

Additional file 1: Figure S1. Representative images of rice grain thin
sections before and after LCM. Representative light microscope images of
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NE, CC OVT and AL at 4, 8 and 16 days after flowering (DAF). Serial LCM
of tissues was performed on thin sections of grains 16 DAF. Before,
before LCM; After, after LCM; NE: Nucellar Epidermis; CC: Cross Cells; OVT:
Ovular Vascular Trace; EN: Endosperm; AL: Aleurone Layer.

Additional file 2: Figure S2. Summary of differentially expressed genes
(DEGs) and principle component analysis (PCA) for each rice grain tissue
and stage during development. a Correlation of NE, CC, OVT, EN and AL
at 4, 8, and 16 days after flowering (DAF) with different biological
replicates. b PCA of rice grain tissues. Principle components in one to
three collectively represent 79% of the variance in the dataset. NE:
Nucellar Epidermis; CC: Cross Cells; OVT: Ovular Vascular Trace; EN:
Endosperm; AL: Aleurone Layer.

Additional file 3: Figure S3. gRT-PCR validation of tissue-specific genes.
Top three genes from each tissue were chosen from the list of DEGs.
Values are the average of three technical replicates. Data from two bio-
logical replicates are shown. The error bars are from three technical repli-
cates. The gene annotations are listed. NA represent novel genes without
annotation. The expression was normalized to the expression of rice UBI-
QUITIN 5 (OsUBQ5) gene.

Additional file 4: Figure S4. Gene Ontology (GO) analysis for the
molecular functions of the DEGs in the developing rice grains.
Significantly (p < 0.01) overrepresented GO terms in (a) OVT at 4, 8 and 16
DAF and (b) AL as compared to CC, NE, OVT and EN are shown as
heatmaps.

Additional file 5: Figure S5. Co-expression analysis for OVT and CC
specific genes in different stages of rice grain development. Co-
expression datasets of a OVT- and b CC-specific genes were analysed and
a graphic views produced using Cytoscape. Blue: OVT_04, yellow:
OVT_08, red: OVT_16, green: bridge TF, and light blue: central TF

Additional file 6: Figure S6. Expression profiles of DEGs related to
hormone metabolism and transporters in rice grain tissues during
development. a Genes related to gibberellin (GA) biosynthesis, signaling
and transporters. b Genes related to ethylene (ET) metabolism,
transporters and receptors ¢ Genes related to amino acid transport. d
Genes involved in nitrate (N), sulfate (S) and phosphate (P) transport. The
gene-normalized signal intensities are shown in the heat maps using Z-
Scores. DAF: days after flowering.

Additional file 7: Table S1. Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis for OVT, CC and EN. The overrepresented
pathways are shown by p-values < 0.05.

Additional file 8: Table S2. KEGG analysis for the AL. The
overrepresented pathways are shown by p-values < 0.05.

Additional file 9: Table S3. Differentially expressed TF genes and their
expression level in each tissue and grain development stages.

Additional file 10: Table S4. Expression level of hormone related
genes in each tissue and grain development stages.

Additional file 11: Table S5. Expression level of transporter genes in
each tissue and grain development stages.

Additional file 12: Table S6. Expression level of transporter families in
each tissue and grain development stages.

Additional file 13: Table S7. gPCR primers used in this study.

Additional file 14: Table S8. Number of total counts and uniquely
mapping rate in each sample.
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DEGs: Differentially expressed genes
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