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ARTICLE INFO ABSTRACT

Keywords: Seed formation requires the supply of sucrose derived from leaves and the functioning of starch biosynthetic
OsGUN4 ) enzymes during seed development, of which are related to the tetrapyrrole metabolism. Here, we found that,
St.arCh biosynthesis aside from leaves, the Genome Uncoupled 4 (OsGUN4) was also predominantly expressed at 7-14 days after
Rice . . . . . .

Heme flowering (DAF) in developing seeds, whereas its down-regulation produced aberrant grain appearances and

altered storage substances in the epi-genetic mutant of gun4®’ seeds, which was attributed to abnormal per-
formance of metabolites and starch biosynthetic enzymes. Moreover, the OsGUN4 mutation would greatly affect
the sucrose accumulation in leaves and the sucrose transportation in phloem, which was related to the weak
photosynthesis resulted from reduced chlorophylls. Conversely, in developing grains, the OsGUN4 mutation led
to the accumulation of sucrose and the tetrapyrrole metabolites, i.e., protoporphyrin IX (PPIX) and heme, but
inhibited synthesis of storage starch. Additionally, feeding of the exogenous heme also greatly suppressed the
expression of starch biosynthetic genes at 7 to 14 DAF in developing grains, suggesting its similar effects to the
OsGUN4 mutation during starch biosynthesis. Collectively, these findings demonstrated that OsGUN4 was a
potential regulator to mediate starch biosynthesis via tetrapyrrole metabolites early during seed development.

Grain development

1. Introduction

Starch is the major storage carbohydrate in higher plants, displaying
critical role of starch in plant growth and productivity and our reliance
on starch as a major component of our diet (Bahaji et al., 2014). With the
increasing demand of starch from food and non-food industries but the
growing loss of arable land to urbanization, understanding starch
biosynthesis and its regulation is vital to produce the rational design of
agronomic traits and more and better polymers via biotechnological
approaches in crop plants (Geigenberger et al., 2004). Hitherto, while a
sound knowledge of the enzymes involved in starch metabolism has
been revealed, little is known about the detailed regulatory mechanisms
of starch biosynthesis (Bahaji et al., 2014), thus, to understand these
mechanisms is crucial for ultimately controlling these properties, which
is a goal that has significant industrial interest.

However, although highly similar, transient and storage starch syn-
theses occurring in plastid stroma involve in dedicated enzymatic ac-
tivities, which were typically supported by several genetically
independent isoforms (Bahaji et al., 2014; Geiger, 2011). The storage
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starch is synthesized in the amyloplasts of non-photosynthetic sink tis-
sues, i.e., seeds endosperm, and requires the supply of carbon precursors
and energy from the source organs, i.e., leaves (Bahaji et al., 2014).
Supplies in this process mainly depends on sucrose transporters, which
delivers sucrose and energy from source to sink organs throughout the
vascular system (phloem) in the plant (Geiger, 2011). Besides, as one of
the important variations, amyloplast displays a high morphology and
function in plant cells, whereas its development from undifferentiated
proplastid requires coordinated regulation of nucleus and plastids to
achieve a specific enzymatic configuration for functional diversity
(Chan et al., 2016). The vast majority of plastid proteome is encoded by
nucleus, but the expression of plastid genes is essential for metabolic
processes such as photosynthesis and lipid biosynthesis (Jarvis and
Lopez-Juez, 2013). Amyloplasts are essential for starch biosynthesis and
storage in cereal crops, but nearly all studies on signaling pathway be-
tween the nucleus and chloroplasts have been focused in photosynthetic
cells.

The Genome uncoupled 4 (GUN4) were identified to be involved in
chlorophyll biosynthesis and plastid-to-nucleus signaling pathway in
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Arabidopsis thaliana (Peter and Grimm, 2009; Adhikari et al., 2011),
Chlamydomonas reinhardtii (Brzezowski et al., 2014), Synechocystis sp.
(Chen et al., 2015) and rice (Li et al., 2014, 2017; Jiang et al., 2019).
Furthermore, the mutation of OsGUN4 in rice have been revealed to
greatly affect tetrapyrrole intermediates, including heme, protopor-
phyrin IX (PPIX) and Mg-PPIX, and deregulate transcription of
photosynthesis-associated nuclear genes (PhANGs) depending on
disruption of singlet oxygen (10)-induced signaling pathway (Li et al.,
2017). Recently, we also demonstrated the roles of OsGUN4 in the
regulation of ROS and peroxidases (PRX) genes (Li et al., 2021). More-
over, expression of starch biosynthesis-associated genes is partly medi-
ated by tetrapyrrole intermediates, i.e., heme, indicating a possible
retrograde signaling from nucleus to non-photosynthetic plas-
tids—amyloplasts during starch biosynthesis in BY cells (Enami et al.,
2011). But whether the similar roles are existed in rice developing grains
remains largely unknown.

Here, to explore the function of OsGUN4 in the development of
grains, we further employed the rice epi-genetic mutant gun4® to
examine the mature seed properties, its carbon metabolites and starch
biosynthetic enzymes at 7-20 days after flowering (DAF) in developing
grains. The transcriptional expression of genes involved in starch
biosynthesis were also investigated to verify the role of OsGUN4 in
starch biosynthesis. Our results demonstrated that OsGUN4 was
involved in playing roles during starch biosynthesis via tetrapyrrole
metabolites to regulate transcription of starch biosynthetic genes.

2. Materials and methods
2.1. Plant materials

From wildtype indica variety Longtepu B (LTB), we previously
developed a xantha mutant line, Huangyu B (HYB) by using gamma ray
mutagenesis (Zhou et al., 2006). The epigenetic mutation of OsGUN4,
qun4®. underlies the xantha phenotype of HYB (Li et al., 2014). The
unique xantha marker trait of HYB was resulted from elevated CHG
methylation in a 374-bp region (—2497 to —2124 bp) within the CpG
island of the OsGUN4 promoter (Li et al., 2014). Further, through
gamma ray irradiation, a few OsGUN4 mutant alleles were derived from
the cross between M plants of a japonica line GS113 and HYB (Li et al.,
2014). The hybrid F; with GUN4/gun4® genotype were further
self-crossed and the homozygous F, individuals were selected. The
floury seeds derived from the GUN4/GUN4 genotype seedlings with
green leaf color, as well as the non-floury seeds from gun4*/gun4®"
genotype seedlings with yellow leaf color were consecutively selected to
Fg generation. In the current study, the harvest Fg seeds, as well as the Fg
seedlings, were used as the investigated materials, and thereby, the
GUN4/GUN4 genotype materials were used as wild-type (WT), whereas
the gun4®/gun4®” genotype materials were termed as gun4®
(Figure S1).

Leaves, roots, stems at 35-days after germination (DAG, depicted as
vegetative stage), 14-days after pollination (DAF, depicted as repro-
ductive stage) and 42 DAF (depicted as ripening stage), as well as
developing grains at 0, 3, 7, 10, 14, 28, 42 DAF, were collected for
phenotypes, carbon metabolites, enzyme assays and RT-qPCR analysis.

For heme treatments, the hulled grains of 7, 10 and 14 DAF were
collected from the developing grains and subsequently cultured in 1 x
MS medium containing 40 pM heme at 30 °C for 24 h under 16 h/8 h
light (100 pmol photons m~2 s!)/dark.

2.2. Scanning electron microscopy analysis

Scanning electron microscopy analysis was performed with previous
described methods (She et al., 2010). Dried seeds were cut across the
short axis with a razor blade, and then the sputter-coated with gold to
scan with a Hitachi S~-3000N SEM according to the manufacturer’s
protocol (Hitachi, Tokyo, Japan).
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2.3. Determination of PPIX, Mg-PPIX and heme

Extraction of PPIX, Mg-PPIX and heme were performed with the
previous methods (Papenbrock and Grimm, 2001). In brief, 0.3 g hulled
or unhulled grounded grains were suspended with cold alkaline acetone
containing 0.1 N NH40OH (9:1; v/v), and then the supernatants were
subsequently collected with centrifugation (5 min at 16,000xg) for
determination of PPIX and Mg-PPIX with the enzyme linked immuno-
sorbent assay (ELISA) method by using commercial kits (Elisa Kkits,
Jingmei Tech., China) according to the manufacturer’s instructions.
While the pellets were resuspended in acetone/HCl/DMSO (10:0.5:2,
v/v/v) and the supernatant were collected for heme determination with
the previous method (Peter and Grimm, 2009).

2.4. Analysis of metabolites

Determination of amylose, starch, and protein were performed as
described previously (Han et al., 2012). Sucrose, fructose, and glucose
were analyzed using the methods described by Tang et al. (2016).

2.5. Characterization of amylopectin structure

Chain length distributions of amylopectin was determined using
high-performance anion-exchange chromatography with pulsed
amperometry detection (She et al., 2010).

2.6. Enzyme activity assays

About 0.1 g samples were homogenized in ice-cold buffer [50 mM
HEPES-NaOH, pH 7.4, 2 mM MgCl,, 50 mM -mercaptoethanol, 12.5%
(v/v) glycerol], and the homogenate was then centrifuged at 20,000xg
for 10 min at 4 °C. The supernatants were used for enzyme activity as-
says with the plant enzyme-linked immunosorbent assay (ELISA) kits
(Mlbio, Shanghai) as follows: sucrose synthase (SS, NO.ml077397), su-
crose phosphate synthase (SPS, NO.ml062647), ADP-Glc pyrophos-
phorylase (AGPase, NO.ml076671), granule-bound starch synthase
(GBSS ml076667), soluble starch synthase (SSS, NO.ml076670), starch
branching enzyme (SBE, NO.ml076664) according to the manufac-
turer’s instructions.

2.7. Western blotting

Briefly, 0.5 g developing grains of 7, 10, 14 DAF were ground, and
resuspended in 1 mL extraction buffer [2% SDS, 50 mM NayCOs, 12%
sucrose, 50 mM DTT and 2 mM EDTA, pHS8.0, with 0.1 mM phenyl-
methylsulfonyl fluoride (PMSF) and protein inhibitors (Sigma)] for
protein extraction. Antibodies against OsGUN4 (Li et al., 2014) was
generated by BPI (Beijing Protein Innovation, Beijing, China), the pro-
teins were immunoblotted according to Li et al. (2014) with OsHSP
(0s09g0482600) as a reference protein.

2.8. Quantitative real-time PCR analysis (qRT-PCR)

Quantitative real-time PCR analysis was performed following the
previous method (Li et al., 2017). Relative gene expression was calcu-
lated in relation to the rice Ubiquitin gene using the 2-22% method
(Livak and Schmittgen, 2001). Gene-specific primers for qRT- PCR were
listed in Table S1.

2.9. Accession numbers

Genes accession number were identified through homolog search of
GenBank/EMBL database (https://www.ncbi.nlm.nih.gov/).
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2.10. Statistical analysis

Data were expressed as means + standard deviations (n = 6) and
analyzed using two-way ANOVA test followed by the Tukey’s Multiple
Comparison Test with P < 0.05.

3. Results

3.1. The OsGUN4 mutation produced aberrant grain appearances and
abnormal storage substances in seeds

Previous studies revealed that the OsGUN4 mutation negatively
affected the photosynthesis in leaves (Zhou et al., 2006), which was
generally thought to lead to lanky seeds. Thus, to determine the effects
of OsGUN4 mutation on seeds, the grain appearance and starch granules
of gun4%' were examined. Unlike the white and floury endosperm of
wild-type, the gun4%" seeds showed relatively transparent appearance in
brown seeds (Fig. 1A). Additionally, seed length had no differences
between WT and gun4?’, but both of the seed width and thickness were
significantly reduced in gun4%! (Fig. 1B). Besides, the polished seeds also
performed similar appearances to brown seeds (Fig. 1C). Consistent with
the phenotypic traits, the transparency of gun4" seeds exhibited higher
values as compared with wild-type (Fig. 1D). Moreover, the cross sec-
tions of gun4% seeds became greatly downsized both in the peripheral
and central regions of endosperm in relative to that in wild-type
(Fig. 1E). Accordingly, scanning electron microscopy assays indicated
that the endosperm of gun4®' grains, were filled with densely packed,
large, and irregularly polyhedral starch grains, while the wild-type was
packed with loosely arranged compound starch grains (Fig. 1F and G).
Finally, the amylose content performed significant increase in gun4®:
grains compared with that in wild-type (Fig. 1H).

Furthermore, the structural changes of amylopectin indicated that
the endosperm greatly increased the middle chains consisting of 15-40
degrees of polymerization (DP), while decreased the short chains of
6-14 DPs and long chains of more than 40 DPs (Fig. 11I). All these results
indicated that the OsGUN4 mutation not only produced lanky seeds, but
also made neglect effects on the seed appearances as well as the storage
substances.

3.2. Temporal and spatial expression pattern of OsGUN4

OsGUN4 was predominately expressed in leaves and made abnormal
effects on the formation from proplastid to chloroplast (Li et al., 2014).
Nonetheless, lanky phenotypes were derived from the insufficient
photosynthetic products, which could not fully explain the accumula-
tion of amylose and alterative storage substances. So we further inves-
tigated the expression pattern of OsGUN4 at the temporal and spatial
scales.

As shown in Fig. 2A, aside from vegetative leaves, reproductive and
ripening leaves and stem, OsGUN4 was also predominately expressed at
7,10 and 14 DAF in developing grains, but had not obvious expression at
0, 3, 28 and 42 DAF, suggesting OsGUN4 may be involved in grain
development at 7 to 14 DAF (Fig. 2A).

To ensure the expression of OsGUN4 early during seed development,
the hulled grains of 7, 10 and 14 DAF were collected to detect the
OsGUN4 expression at protein levels. Consistent with the results as
shown in qRT-PCR, the translated OsGUN4 also showed relatively high
expression (Fig. 2B). Thus, these results indicated that OsGUN4 played
potential roles early during grain development.

3.3. Mutation of OsGUN4 affected the grain formation at 5-35 Days
after pollination

To explore effects of the mutation of OsGUN4 on grain development,
the seed appearances during 5-35 DAF were investigated (Fig. 3). Both
of the seed size in wild-type and the gun4®' mutant were enlarged with
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Fig. 1. Properties of mature seeds in wild type (WT) and the epi-mutant gun4%".
(A) Representative brown seeds. Bar = 500 pm; (B) Quantification of seed
length, width and thickness; (C) Representative polished seeds. Bar = 500 pm;
(D) Transparency of polished seeds; (E) Seed cross sections. Bar = 300 pm; (F)
Scanning electron microscopy images of the kernel peripheral regions indicated
by red squares; Bar = 5 pm. (G) Scanning electron microscopy images of the
seed central regions indicated by green squares; Bar = 5 pm. (H) Amylose
content of mature seeds. Values are means =+ standard deviations (n = 6) and
analyzed for significant differences by two-way ANOVA followed by the
Tukey’s multiple comparison test with P < 0.05. (I) Comparison of amylopectin
chain-length distribution. . (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

grain development (Fig. 3A). However, compared to WT, the gun4®"
seeds were obviously shorter, and showed significant difference at 7-20
DAF but narrowed after 25 DAF (Fig. 3A). Moreover, unlike the white
and floury endosperm of wild-type, the gun4®' seeds showed greatly
downsized both in the peripheral and central regions of endosperm in
relative to wild-type (Fig. 3B). All these results indicated that the
OsGUN4 mutation made neglect effects on the grain formation and
storage substances during seed development.
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3.4. Mutation of OsGUN4 performed aberrant starch metabolism in
developing grains

The storage starch is synthesized in non-photosynthetic sink tissues,
i.e., seed endosperm, and requires the supply of sucrose and energy from
the green tissues, i.e. leaves (Bahaji et al., 2014). To determine whether
the aberrant formation of seeds was resulted from lacking of sucrose
from leaves, we next investigated the dynamic concentrations of sugars
at 7 to 14 DAF in developing grains.

At 7 to 14 DAF, both of the sucrose contents in leaves and phloem of
gqun4®t were significantly lower in relative to WT, only amount to
48.58%-86.88% and 65.78%-71.08% of that in WT, respectively
(Fig. 4A and B; Table S2). In contrast to leaves and phloem, the sucrose
contents of developing grains in gun4®' were significantly higher than
that in wild-type (Fig. 4C). Besides, the contents of glucose and fructose
became gradually increases from 7 to 14 DAF both in wild-type and
gun4%., while the concentrations of glucose and fructose in gun4%' were
greatly lower as compared to wild-type (Figure S2).

We next examined whether the OsGUN4 mutation also suppressed
the storage starch and proteins. The total starch and proteins displayed
decreased concentrations in gun4%., while the amylose contents in
gqun4®’ were significantly higher than that in wild-type (Fig. 4D-F).
However, despite the reduced total starch were detected in gun4?’, the
supply of sucrose performed enhanced accumulations in the developing
grains of gun4®.. These results indicated that the OsGUN4 mutation
seemed to suppress the sucrose transports from leaves to developing
grains, but instead promoted the accumulation of sucrose in developing
grains during the critical stage of seed development. So, it can be
concluded that the lanky seeds of gun4%’ was largely attributed to the
suppressed transformation from sucrose to starch.

Given the repressed effects of the OsGUN4 mutation on starch syn-
thesis, we subsequently analyzed the activities of key enzyme partici-
pating in starch biosynthesis, including SS, SPS, GBSS, AGPase, SSS and
SBE (Fig. 4; Table S3). Consistent with the contents of metabolites, the
activities of SS (Fig. 4G) and SPS (Fig. 4H) for sucrose utilizations were
significantly higher in gun4%! than that in WT, whereas AGPase (Fig. 41),
SSS (Fig. 4K) and SBE (Fig. 4L) involved in starch synthase showed
reduced activities in gun4ePi as compared to WT. Besides, activities of
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Fig. 3. Effects of OsGUN4 mutation on the seed development. (A) Representative brown seeds. Bar = 700 pm; (B) Seed cross sections. Bar = 300 pm. DAF, days after
pollination. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Detection of quality traits during grain development. (A) Sucrose content in leaves, (B) Sucrose content in phloem, (C) Sucrose content in developing grains,
(D) Total starch content, (E) Amylose content, (F) Protein content, (G) Activities of sucrose synthase (SS), (H) Activities of sucrose phosphate synthase (SPS), (I)
Activities of ADP-Glc pyrophosphorylase (AGPase), (J) Activities of granule-bound starch synthase (GBSS), (K) Activities of soluble starch synthase (SSS), (L) Ac-
tivities of starch branching enzyme (SBE) at 7, 10 and 14 DAF in wild type (WT) and the epi-mutant gun4epi. Values are means + standard deviations (n = 6) and
analyzed for significant differences by two-way ANOVA followed by the Tukey’s multiple comparison test with P < 0.05. DAF, days after pollination.

GBSS in gun4%®! were higher than that in WT (Fig. 4J). Thus, the sup- 3.5. Mutation of OsGUN4 affected gene expression responsible for starch
pressed flow of sucrose-to-starch in gun4®" grains was derived from the metabolism in developing grains
suppressed activities of the key starch biosynthetic enzymes.

To investigate the detailed roles of OsGUN4 on starch biosynthesis,
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expression of starch biosynthetic genes were detected in the developing
grains. Genes for sucrose synthesis (OsSUS1, 2, 3), SPS (OsSPS2,
0sSPS11) were significantly increased in gun4® (Figure S3), whereas
genes encoding fructokinase (Frk, OsFrK1) and hexokinase (HxK,
OsHXK1, 4, 7) showed reduced expression at 7, 10 and 14 DAF as
compared to WT (Figure S3). Besides, expression of other genes for su-
crose synthesis, including phosphoglucoseisomerase (OsPGI), phosphoglu-
comutase (OsPGM), and sucrose phosphate phosphatase (OsSPPL1 and
OsSPPL2) were also greatly increased in gun4®! (Figure S3; Table S4).
However, for AGPase, genes for large subunit (OsAGPLI, 2, 3, 4) in
gun4® were significantly increased, while genes encoding small subunit,
such as OsAGPS1, 2a, 2b, show lower expression as compared to WT
(Figure S3), suggesting the abnormal functioning of AGPase. All in all,
up-regulation of the genes for sucrose synthesis would promote the
synthesis of storage starch from the transported sucrose, but the
repressed activity of AGPase, which was used for catalyzing the for-
mation of AGP, consequently restricted the starch synthesis. This can
also be concluded from the expression of genes involved in starch syn-
thesis. Compared with WT, gene expression for soluble synthase I (SSI,
OsSSI), SSIII (OsSSIIIb) and branching enzymes (BEII; OsBEIla, OsBEIIb)
was significantly reduced in gun4®", while genes encoding SSII (OsS-
Slla ; OsSSIIb, OsSSIIc), SSIII (OsSSIIIa), SSIV (0sSSIVa, OsSSIVb) and
BEI (OsBEI) showed increased expression in gun4epi (Figure S3).

Besides, gene expression for isoamylases (OsISA1, OsISA2, OsISA3),
pollulanase (OsPUL) and a-amylase (Amy3A, 3B, 3C) was increased as
compared to wild-type (Figure S3). Gene expression for storage proteins,
including protein disulfate isomerase (PDI), prolamin (CysR10), PPDKB,
glutelins (GluA1, GluA2, GluA3) was significantly reduced in gun4" as
compared to that in the wild-type, while gene expression for alanine
aminotransferase (AlaAT1, AlaAT4), major allergenic protein (RA16,
RA17, RA5B, RAG2 and RG21), globulins (globulinl, globulin2, 11s-
globulin, 10kD-, 13kD-, 17kD-, 19kD-globulin) showed increased
expression in gun4% (Figure $3). These results suggested that OsGUN4
mutation down-regulated the expression of many genes participating in
storage starch in developing grains, especially for OsAGPS]I.

3.6. Mutation of OsGUN4 affected the tetrapyrrole metabolism in
developing grains

Although the suppressed transport of sucrose from leaves to devel-
oping grains largely depended on less accumulation of photosynthetic
products caused by the OsGUN4 mutation, it still seemed not fully to
explain why more sucrose were accumulated at 7 to 14 DAF in gun4%".
Besides, tetrapyrrole intermediates, e.g., heme, were assumed to regu-
late starch biosynthesis during differentiation of plastids into amylo-
plasts (Enami et al., 2012). Thus, to investigate whether the similar
GUN4-involved regulatory route existed during early seed development,
the developing seeds of 7, 10, 14 DAF were used for determination of the
tetrapyrrole intermediates. Compared with the unhulled grains, all the
investigated intermediates showed significant decreases in hulled grains
of WT and gun4®’, and the similar change trends were also found be-
tween hulled and unhulled grains from 7 to 14 DAF (Fig. 5; Table S5).
Moreover, no significant changes of PPIX were detected from 7 to 14
DAF in WT, while PPIX was gradually accumulated with increased DAF
in gun4! (Fig. 5A and B). Also, more PPIX were detected in gun4%" than
that in WT (Fig. 5A and B). On the contrary, the contents of Mg-PPIX
were increased with DAF in both of WT and gun4®’, but less Mg-PPIX
were accumulated in gun4®’ as compared to WT (Fig. 5C and D). Be-
sides, the accumulations of heme were higher in gun4%! compared with
WT (Fig. 5C and D). All these results indicated that the OsGUN4 muta-
tion affected the tetrapyrrole metabolism early during seed develop-
ment, especially for the accumulations of heme.
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Fig. 5. Tetrapyrrole metabolisms during grain development. (A) PPIX contents
in the hulled grains; (B) PPIX contents in the unhulled grains; (C) Mg-PPIX
contents in the hulled grains; (D) Mg-PPIX contents in the unhulled grains;
(E) Heme contents in the hulled grains; (F) Heme contents in the unhulled
grains at 7, 10 and 14 days after pollination (DAF). Values are means + stan-
dard deviations (n = 6) and analyzed for significant differences by two-way
ANOVA followed by the Tukey’s multiple comparison test with P < 0.05.

3.7. Exogenous heme repressed the gene expression involved in starch
biosynthesis in developing grains

To further revealed the effects of heme on the starch biosynthesis in
developing grains, the hulled grains of 7-14 DAF were co-cultured with
40 pM heme. After feeding of exogenous heme, the expression of
OsGUN4, OsAGPS1 and OsGBSSI were significant decreased both in WT
and gun4%! (Fig. 6; Table S6). However, the expression of OsGUN4 and
OsAGPS1 showed gradual increases with DAF in WT, but displayed no
significant change from 7 to 14 DAF in gun4% (Fig. 6A-D). Moreover,
the enhanced expression of OsGBSSI were detected in both of WT and
gun4®’ and the expression of OsGBSSI were higher in gun4® as
compared to WT (Fig. 6E and F). These results suggested that the
accumulation of heme repressed the expression of starch biosynthetic
genes, e.g., OsAGPS1 and OsGBSSI.
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Fig. 6. Effects of exogenous heme on the developing grains. (A) Expression
levels of OsGUN4; (B) Expression levels of OsGUN4 after 40 pM heme treatment;
(C) Expression levels of OsSAGPS1; (D) Expression levels of OsAGPS1 after 40 uM
heme treatment; (E) Expression levels of OsGBSSI; (F) Expression levels of
OsGBSSI after 40 pM heme treatment at 7, 10 and 14 days after pollination
(DAF). Expression levels are reported relative to that of the WT grown at 7 DAF,
which was assigned a value of 1. Values are means + standard deviations (n =
6) and analyzed for significant differences by two-way ANOVA followed by the
Tukey’s multiple comparison test with P < 0.05.

4. Discussion
4.1. Effects of OsGUN4 on starch biosynthesis in developing grains

OsGUN4 was previously identified to be involved in chlorophyll
biosynthesis and retrograde signaling in to mediate the expression of
photosynthesis-associated nuclear genes (Li et al., 2014). Indeed, we
here found that the OsGUN4 mutation not only led to smaller seeds
(Fig. 1A—C and Fig. 3A) but also made neglect effects on seed substances
(Fig. 1I) and appearances (Fig. 1D-H and Fig. 3B). However, lanky
phenotypes in gun4%' might be derived from the insufficient photosyn-
thetic products, but this could not fully explain the accumulation of
amylose (Fig. 1H) and alterative storage substances (Fig. 1I) in the
scarce expression of OsGUN4. Moreover, the supply of sucrose from the
green tissues is essential for the biosynthesis of storage starch (Bahaji
et al., 2014), but, despite of accumulation of sucrose in grains (Fig. 4C),
its key downstream intermediates used for biosynthesis of storage
starch, performed decreased contents in gun4®! (Fig. 4D-F). So, it can be
concluded that the lanky seeds of gun4*" was largely attributed to the
suppressed transformation from sucrose to starch during seed formation.

Correspondingly, activities of SS (Fig. 4G) and SPS (Fig. 4H) for
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sucrose utilizations were significantly higher in gun4%" than that in WT,
whereas AGPase (Fig. 4I), SSS (Fig. 4K) and SBE (Fig. 4L) involved in
starch synthesis showed reduced activities in gun4%" as compared to WT.
These results suggested that the suppressed transformation from sucrose
to starch in gun4%’ was derived from the inhibited activities of the key
starch biosynthetic enzymes, and consequently caused the downsized
seeds. In other words, OsGUN4 plays vital roles in the functioning of
starch biosynthetic enzymes, e.g., AGPase, SSS and SBE, which further
have positive effects on seed development.

However, the phenotypes of floury endosperm in WT seemed to be
paradox to that of other rice wild-type varieties in the normal presence
of OsGUN4. Although GUN4 is not related to the phenotypes serves as
one possible explanation, the restoration of transparent phenotype in the
mutant of OsGUN4 vetoed it (Figs. 1 and 3). Therefore, another possi-
bility is that the difference largely depends on the repressed expression
of OsGBSSI in WT as compared to other rice varieties. In fact, both
expression of OsGBSSI and the GBSS activity in WT was even lower than
that in gun4® (Figs. 4 and 6). GBSS/Wx is responsible for elongating the
amylose polymers released from the starch granule (Ortiz-Marchena
et al,, 2014), while the formation of starch greatly depends on the
amylose/amylopectin ratio (Sattari et al., 2015). Collectively, the
repressed expression of OsGUN4 could reasonably explain why the
phenotypes of floury endosperm exists in WT as compared to the other
rice wild-type varieties in the present of OsGUN4. Nevertheless, the
restoration of transparent appearance in gun4%! also seemed to rely on
the increased expression of OsGBSSI (Figure S3) and the enhanced ac-
tivity of GBSS at 7 to 14 DAF (Fig. 4). Interestingly, the expression of
OsGBSSI maybe also relevant to the tetrapyrrole metabolism, e.g., PPIX.
The simultaneous accumulation of heme and PPIX (Fig. 5) was beneficial
to the expression of OsGBSSI, and eventually promoted the restricted
carbon precursors for preferential synthesis of amylose. To sum up,
OsGUN4 was involved in starch biosynthesis and remodeling starch
granule structure during early seed development.

4.2. OsGUN4 was involved in mediating starch biosynthesis through
tetrapyrrole intermediates during seed development

Rice seeds kept size enlarging and weight increasing during 6-20
DAF of grain filling periods (Xu et al., 2008). Interestingly, OsGUN4 was
also displayed high expression at 7 to 14 DAF in developing grains
(Fig. 2), which was consistent with the reported results of Cy3 signal
intensity from database of RiceXPro (https://ricexpro.dna.affrc.go.jp
/GGEP/gene-search.php?keyword = AK061014; Figure S4). However,
due to the limitation of inherent lethal defects of gun4-null mutant plants
during seedling stages (Li et al., 2014), nearly scarce studies have been
directly related to OsGUN4 during seed development in rice, not to
mention its possible roles in seed development. Nonetheless, in BY cells,
tetrapyrrole intermediates, i.e., heme, have been reported to partly
mediate a possible retrograde signaling from nucleus to
non-photosynthetic plastids—amyloplasts during starch biosynthesis
(Enami et al., 2011).

Here, we demonstrated that the OsGUN4 mutation greatly sup-
pressed the synthesis of sucrose in leaves and the transport of sucrose in
phloem during seed formation (Fig. 4). However, by contrast, more
sucrose was accumulated in the developing grains of gun4°", while less
storage starch and proteins were detected as compared to WT (Fig. 4).
This provided a possible explanation why the seeds of gun4%' became
smaller. In other words, the repressed flow of sucrose to starch in the
developing grains were responsible for the smaller seeds of gun4%:,
which was also highly correlated with activities of the key starch
biosynthetic enzymes, i.e., AGPase (Fig. 4). But, how OsGUN4 may
function during starch biosynthesis is still unknown.

Leaves is thought to be the tissue-specific parts of OsGUN4 (Li et al.,
2014). However, we here revealed that OsGUN4 was also showed highly
expression at 7-14 DAF in developing grains (Fig. 2), which was
consistent with the results of Cy3 signal intensity assays (https://ricexp
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ro.dna.affrc.go.jp/GGEP/gene-search.php?keyword =  AK061014;
Figure S4). Thus, it could be concluded that effects of OsGUN4 on the
seed development not only depends on the retarded sucrose from leaves,
but also greatly relevant to the starch biosynthesis during early seed
development. Actually, the OsGUN4 mutation made negative effects on
the seed size, and also was prone to remodel the starch composition
(Fig. 1).

As depicted above, tetrapyrrole intermediates, e.g., heme, were
assumed to regulate starch biosynthesis during differentiation of plastids
into amyloplasts (Enami et al., 2012). In this study, the OsGUN4 mu-
tation led to more accumulations of heme (Fig. 5), which would greatly
down-regulate the expression of genes involved in starch biosynthesis, i.
e. OsAPGS1 (Figure S3), and eventually reduced the activity of AGPase
(Fig. 4) to suppress the transformation from sucrose to starch (Fig. 4)
during seed development (Fig. 3). Additionally, this can be confirmed
from the down-regulated expression of OsAGPS1 after feeding with
exogenous heme (Fig. 6). Besides, the expression of OsGBSSI, OsAGPS1
and OsGUN4 performed decreased trends upon on the exogenous heme
treatments in WT, while OsGUN4 was insensitive to the heme treatments
in gun4®! (Fig. 6), suggesting PPIX was more prone for the synthesis of
heme in the conditions of OsGUN4 mutation and eventually to suppress
the expression of starch biosynthetic genes.

Nonetheless, accumulations of heme seem to not fully explain the
increased expression of OsGBSSI (Figure S3) and the enhanced activity
of GBSS (Fig. 4) at 7 to 14 DAF in the OsGUN4 mutant. Although the
exogenous heme treatments would lead to the decreased expression of
OsGBSSI (Fig. 6), the contents of heme displayed inconsistent changes
with the OsGBSSI expression in the OsGUN4 mutant (Figure S3 and
Fig. 5). Therefore, the expression of OsGBSSI maybe also relevant to
other tetrapyrrole metabolism, e.g., PPIX. In fact, the OsGUN4 mutation
led to the accumulations of heme and PPIX (Fig. 5), which also served as
one of the retrograde signals (Tabrizi et al., 2016). Actually, activation
of signaling resulted from PPIX accumulations in the OsGUN4 mutant
would promote the expression of OsGBSSI to enhance the activity of
GBSS, which eventually increased the amylose contents for the grain
elongation during early seed development.

Besides, the exogenous heme treatments produced similar effects
with the OsGUN4 mutation on starch biosynthesis (Fig. 6 and Figure S3),
which furthermore lead to the accumulation of heme (Fig. 5). Simulta-
neously, the OsGUN4 mutation also led to the accumulation of PPIX,
which was beneficial to the expression of OsGBSSI, and eventually
promoted the restricted carbon precursors for preferential synthesis of
amylose.

Collectively, under normal conditions, GUN4 would promote the Mg-
PPIX synthesis from PPIX but suppress the formation of heme, which
would promote expression of the starch biosynthetic genes and activate
the associated enzymes, i.e., GBSS and AGPase, and eventually promote
the transformation from sucrose to starch. However, in the conditions of
heme accumulation, e.g., the OsGUN4 mutation and the feeding of
exogenous heme, PPIX would also be simultaneously accumulated.
Moreover, the accumulated heme would suppress the expression of
starch biosynthetic genes, leading to the reduced carbon flow of sucrose
to starch, while the accumulation of PPIX seems to activate the
expression of OsGBSSI to promote the amylose synthesis, which was
helpful to the maintenance of cell morphology.

4.3. Potential economic values on starch utilization of gun4%

Rice quality, especially eating and cooking qualities (ECQs), de-
termines its economic value and consumer recognition in the market.
However, the formation of ECQs depends on many factors, e.g., amylose
content (AC), flavor substances, fatty acid content, gel consistency (GC)
and protein content, and in addition, the amylose/amylopectin ratio,
while the amylopectin fine structure determines the physicochemical
properties, nutritional quality and final yield of rice grains addition (Bao
et al., 2006). Here, interestingly, although possibly not suitable for the
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general public, more than 17% of amylose in the mature seeds of gun4%"
(Fig. 1H) showed potential values in the formation of resistant starch
(RS) for some special populations, due to its improvement of seed
quality. The high contents of amylose and the changed structure of
amylopectin determined the unique rice qualities of gun4%" and its po-
tential market values. RS is the sum of starch and products derived from
starch degradation which does not undergo digestion and absorption by
the small intestine (Reddy et al., 2013). Both of SSIIla and GBSSI are
involved in the synthesis of resistant starch. The regulation of SSIIIa on
RS depends on the high expression of GBSSI gene, while mutation of
SSIIIa would reduce the expression of GBSSI, and consequently lead to
the decrease of RS content and amylose-lipid complex (Zhou et al.,
2016). This is consistent with the results as shown in Fig. 4 and
Figure S4, which showed the higher expression of genes for SSIlla and
GBSSI.

Collectively, we here demonstrated that OsGUN4 play regulatory
roles in storage starch biosynthesis, which helps to provide the foun-
dation for utilizations of resistant starch in rice.
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