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ABSTRACT ARTICLE HISTORY
CO,-Responsive CCT Protein (CRCT) is a transcription factor regulating the expression of starch Received 13 November 2023
synthesis-related genes in the vegetative organs of rice. Among six rice cultivars (Nipponbare, Revised 27 February 2024
Koshihikari, Habataki, Takanari, Momiroman, Leafstar), the expression of CRCT was highly corre- Accepted 29 March 2024
lated with the starch content of leaf sheath in Nipponbare, but not in Koshihikari, Takanari and KEYWORDS

Momiroman during plant development. Meanwhile, the expressions of starch synthesis-related CCT protein; cultivar
genes such as ADP-glucose pyrophosphorylase large subunit 1 was correlated with CRCT expression difference; rice (Oryza sativa);
in Nipponbare, Momiroman, and Leafstar, but the correlations were ambiguous in Koshihikari, starch; sugar response;
Habataki, and Takanari. In addition, the slopes of its regression lines in Nipponbare were larger transcription factor

than those cultivars. These results suggest that the influence of CRCT on starch synthesis varies

among these cultivars. Additionally, the similar cultivar differences were observed when these

gene expressions were analyzed after sucrose treatment in leaf blade. Some mutations in the

promoter regions of the starch synthesis-related genes were identified among these cultivars.

There were cultivars in which the presence of mutations correlated with decreased expression of

starch synthesis genes in response to CRCT. Thus, these mutations can partially explain the

responsiveness of the starch synthesis-related genes to CRCT, and difference in starch content of

vegetative organs among rice cultivars.

Cultivar difference in the regulation of starch synthesis
genes in vegetative organs ofrice
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1. Introduction

Starch is a major photosynthetic product and utilized for
transient carbon storage in vegetative organs such as a
leaf blade and a leaf sheath. At the end of the vegetative
stage, starch is highly accumulated in the leaf sheath of
rice. During the ripening stage, the carbohydrate stored
as this starch is translocated to grains. As much as 30% of
grain carbon is derived from this carbon translocation
(Cock & Yoshida, 1972), which is hugely important for
normal ripening under low irradiance (Okamura et al.,
2013). Thus, improving starch accumulation in the leaf
sheath is important to save grain yield and quality in rice.

Previously, we identified CO,-responsive CCT Protein
(CRCT) through screening CO,-responsive genes by
microarray (Fukayama et al., 2009; Morita et al., 2015).
In the leaf sheath, the starch content of CRCT overex-
pression lines was markedly higher than that of wild-
type while the starch content of CRCT knock-down lines
and CRCT knock-out lines was significantly lower
(Miyagawa et al., 2023; Morita et al., 2015). The expres-
sions of several starch synthesis-related genes such as
ADP glucose pyrophosphorylase large subunit 1 (OsSAGPLT)
was highly correlated with the expression of CRCT. CRCT
can binds to the promoter regions of these starch synth-
esis-related genes (Fukayama et al., 2021). These results
indicated that CRCT is a transcription factor regulating
starch synthesis by promoting the expressions of starch
synthesis-related genes. CRCT is significantly upregu-
lated under elevated CO, condition and also responds
to sucrose to promote the expressions of starch synth-
esis-related genes (Miyagawa et al., 2023). Given that
photosynthesis increases the accumulation of sucrose
under elevated CO, condition, CRCT is considered to
be a key regulator of starch synthesis in the vegetative
organs responding to the level of photosynthate.

In this way, the importance of CRCT in controlling
starch synthesis has become clear using a rice cultivar,
Nipponbare. It is well-known that starch accumulation in
the vegetative organs differs depending on the cultivar,
whereas the relationship between this phenomenon
and CRCT is unknown yet. In this study, we selected six
rice cultivars (Nipponbare, Koshihikari, Habataki,
Takanari, Momiroman, Leafstar), which showed different
patterns of starch accumulation in vegetative organs
during growth, and analyzed the expressions of CRCT
and starch synthesis-related genes, and starch content at
various developmental stages. Also, we analyzed the
cultivar differences in responsiveness of expression of
CRCT and starch synthesis related genes to sucrose.
These results and analysis of promoter sequence of
starch synthesis related genes suggest that the respon-
siveness of the promoters of starch synthesis-related

genes to CRCT may determine the expression levels of
these genes in some cultivars, and hence it partially
explains the cultivar difference in starch accumulation
of vegetative organs.

2. Materials and methods
2.1. Plant materials and growth condition

The six rice cultivars (Oryza sativa L. cv., Nipponbare,
Koshihikari, Habataki, Takanari, Momiroman, Leafstar)
were grown in paddy soil under natural light and
temperature conditions in a net house. Two rice
seedlings at 4.5 leaf stage were transplanted into
1/5000 Wagner pots supplemented with 0.6 g chemi-
cal fertilizer (N:P:K=8:8:8), 1.0 g slow-release fertilizer
(LP COTE 70, JCAM AGRI, Tokyo, Japan), 0.4g micro-
nutrient (High green, MC FERTICOM, Tokyo, Japan)
and 4.0g silicate fertilizer (Softsilica, Tokyo, Japan)
per pot. The leaf sheaths were sampled at 18:00-
19:00 (photoperiod of 5:00-19:00) on sunny days
from the developmental stage (8th and 9th leaf
sheaths at 9.5 leaf stage) and the reproductive stages
(2nd and 3rd leaf sheath from flag leaf sheaths at 0,
10 and 20 days after heading), immediately frozen in
liquid nitrogen and stored at —80°C until required.

For the first sucrose treatment, the rice seedlings were
transplanted into 1 L pots supplemented with 2.0 g chemi-
cal fertilizer (N:P:K = 8:8:8), 0.5 g slow-release fertilizer, 0.4 g
micronutrient and 1.5 g silicate fertilizer. These plants were
grown under natural light and temperature in a green-
house. One month after transplanting, these plants were
placed in darkness for one day. Then, the second leaf blades
from the top of the main culms were detached at 10:00 and
immediately immersed in water or 50 mM sucrose solution
in the dark at 25°C. After 12 and 24 h, the treated leaf blades
were frozen in liquid nitrogen and stored at —80°C until
required. For the second sucrose treatment, Nipponbare
and Momiroman were grown as above and placed in dark-
ness for two days. Then, the leaf blades were sampled at
11:00 and immediately immersed in water or 50, 100, or
150 MM  sucrose  solution in the dark at
25°C. After 24 h, the treated leaf blades were frozen and
stored as above.

2.2. Determination of starch content

The starch in the leaf sheath was extracted and solubi-
lized as described previously (Morita et al.,, 2015). The
starch content was determined by a coupled enzyme
assay using an ENZYTEC Starch kit (E1268, r-biopharm,
Darmstadt, Germany) as described previously (Fukayama
et al,, 2021).



2.3. qRT-PCR analysis

The total RNA was isolated from rice tissues using
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions. The first strand
cDNA was synthesized from the total RNA with an oligo
(dT),¢ and a random hexamer as primers using
PrimeScript Il first Strand ¢cDNA Synthesis Kit (Takara,
Kyoto, Japan). The gRT-PCR was carried out using the
gene-specific primers shown in Supplemental Table 1,
TBgreen Premix Ex Tag GC (Takara), and a thermal cycler
(MyGoPro, IT-IS Life Science, Dublin, Ireland). The expres-
sion of genes relative to Actin (internal control) was
calculated by the delta-delta Ct method.

The priming site sequences of all primers used in this
study were analysed by genome-wide variation data of
685 rice varieties, TASUKE+ for RAP-DB (https://agrigen
ome.dna.affrc.go.jp/tasuke/ricegenomes/).  Although
this database does not include Habataki, Momiroman
and Leafstar, there are no mutations in the priming
sites of starch synthesis related genes among the vari-
eties in Oryza sativa. However, according to TASUKE+,
the mutation was found in the priming site of forward
primer of Actin (OsRac1-F2) in some varieties other than
Nipponbare, Koshihikari and Takanari. Therefore, we
determined the nucleotide sequence of the priming
site of OsRac1-F2 in Habataki, Momiroman and Leafstar
by ourselves and confirmed that there are no mutations
in this region in these varieties. Therefore, we consider
that PCR efficiency is unlikely to vary between six culti-
vars used in this study.

2.4. Analysis of nucleotide sequences of promoters

Genomic DNA was extracted from leaf blades basically as
described in Liu et al. (1995). As an exception, we used
modified DNA extraction buffer (50 mM Tris-HCI (pH7.5),
0.3 M NaCl, 20 mM EDTA, 10 mM mercaptoethanol, 5 M
urea, 0.5% (w/v) SDS, 5% (v/v) phenol). Promoter regions
of starch synthesis genes were amplified by PCR using
Quick Tag HS DyeMix (TOYOBO, Osaka, Japan) and the
primers (listed in Supplemental Table 1). The PCR pro-
ducts were purified using ISOSPIN PCR Product or
ISOSPIN Agarose Gel (NIPPON GENE, Tokyo, Japan). The
nucleotide sequences of these PCR products were deter-
mined by contract analysis (Azenta, Tokyo, Japan). Cis-
elements were analyzed using New PLACE database
(https://www.dna.affrc.go.jp/PLACE/?action=newplace).

2.5, Statistical analysis

The significance of difference in expression between
sucrose treatment and H,0 treatment was analyzed by
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a Student’s t-test. The significance of difference in induc-
tion of starch synthesis-related genes among culativars
was analyzed by Tukey'’s test. The regression lines were
created using the least squares method, and the correla-
tion coefficient was calculated. The level of significance
was set at for p < 0.05 for Student’s t-test and Tukey’s
test, and p < 0.01 for correlation coefficient.

3. Results and discussion

3.1. Expressions of CRCT and starch synthesis-
related genes in the leaf sheath

The starch content in the rice leaf sheath varies dynamically
with developmental stages, and it is considerably different
among rice varieties (Goda et al.,, 2016; Hirano et al., 2005).
CRCT is a key regulator of starch accumulation by control-
ling the expression of starch synthesis-related genes in rice
leaf sheath (Morita et al., 2015). From these findings, we
assume that CRCT can determine changes in the starch
content in rice leaf sheath throughout developmental
stages, and differences in the starch contents among culti-
vars. To test this hypothesis, we analyzed the expressions of
CRCT and starch synthesis-related genes by gRT-PCR, and
measured the starch contents in the leaf sheaths of the six
rice cultivars (Nipponbare, Koshihikari, Habataki, Takanari,
Momiroman, Leafstar) at various developmental stages.
These six rice cultivars are representative or have different
starch accumulation patterns (Fukayama et al., 2021).
Sugimura et al. (2015) reported that the starch content in
the leaf sheathes peaked at the heading stage in
Nipponbare and Takanari. Thus, the leaf sheathes were
sampled at 0, 10 and 20 days after heading in addition to
vegetative stage (8.0 leaf stage).

In all the six rice cultivars, the expressions of CRCT at the
reproductive stages were markedly higher than that at the
vegetative stage (Figure 1a). Also, the expressions of starch
synthesis-related genes and the starch contents after head-
ing were higher than those at the vegetative stage.
Photosynthetic products such as sucrose positively regulate
CRCT and nitrogen negatively affects the expression of
CRCT (Morita et al,, 2015). At the vegetative stage, the sink
strength for growth is large and nitrogen would be suffi-
cient. After heading, the main sink gradually shifts to the
panicle from vegetative organs, and nitrogen becomes
limited. It is possible that physiological changes such as
the balance of carbon and nitrogen may influence the
differences in expression of CRCT between the reproductive
stages and vegetative stage. Either way, changes in the
expression of CRCT seem to affect the expression level of
starch synthesis related genes and the starch accumulation
during growth of rice.


https://agrigenome.dna.affrc.go.jp/tasuke/ricegenomes/
https://agrigenome.dna.affrc.go.jp/tasuke/ricegenomes/
https://www.dna.affrc.go.jp/PLACE/?action=newplace
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In Habataki, the expressions of CRCT, OsAGPL1 and
OsAGPS1 were decreased at 10 and 20 days after head-
ing (DAH), and the starch content also decreased over
the same period. In Leafstar, the starch content as well as
the expressions of CRCT and starch synthesis-related
genes increased during reproductive stage and reached
its maximum at DAH 20. Also, in Nipponbare and
Koshihikari, the patterns of change in the starch content
were similar to those of CRCT expression. From these
results, it is suggested that CRCT is involved in changes
in the starch accumulation in the leaf sheath during
plant development of these cultivars. However, the
starch content of Momiroman continued to increase
even at DAH 20 although the expressions of CRCT and
starch synthesis-related genes were significantly
decreased at that time. In contrast, the starch content
of Takanari was quite low at DAH 20 although the
expressions of CRCT and starch synthesis-related genes
were kept at high level. These results suggest that fac-
tors other than control of starch synthesis by CRCT,
possibly starch degradation can contribute to starch
content in some cultivars (Sugimura et al., 2015).

The scatter plots showed that the starch content and
the expressions of starch synthesis-related genes were
basically correlated with CRCT expression, but the
degree of the correlations differed among cultivars
(Figure 1b). Overall, the slopes of the regression lines
and the correlation coefficient in Koshihikari, Takanari
and Habataki tended to be lower than Nipponbare
(Table 1). Also, the slope in Leafstar was slightly lower
than that in Nipponbare. Thus, it is assumed that there
may be cultivar differences in the sensitivity of starch
synthesis-related genes to CRCT.

3.2. Response of expressions of CRCT and starch
synthesis-related genes to sucrose

In our previous study, it was shown that CRCT responds to
sucrose to promote the expressions of starch synthesis-
related genes (Miyagawa et al., 2023). In this experiment,
we used leaf blades rather than leaf sheathes from which
starch can be easily removed by dark treatment before
starting sucrose treatment. Thus, sucrose dependent
inductions of CRCT and starch synthesis-related genes
were analyzed using the detached leaf blades of the six
rice cultivars. The expression of CRCT was basically upre-
gulated by sucrose treatment in most cultivars (Figure 2).
These results were largely consistent with previous
reports using Nipponbare (Miyagawa et al., 2023; Morita
et al,, 2015). However, in Momiroman, the expression was
high even without sucrose treatment, and thus the
increase in expression was unclear. In order to confirm

whether CRCT in Momiroman really respond to sucrose or
not, we conducted the second experiment under condi-
tions that make it more likely to respond to sucrose,
namely, longer dark treatment and higher sucrose con-
centrations. In this experiment, the expression of CRCT
was upregulated by 24h sucrose ftreatment in
Momiroman (Supplemental Figure 1). Overall, even with-
out sucrose treatment, the expression of CRCT tended to
be high in Momiroman, especially at 12 h. CRCT belong to
CCT protein, some of which is controlled by circadian
rhythm (Li & Xu, 2017; Valverde, 2011). The CRCT expres-
sion in the leaf blade of Nipponbare increased during the
daytime and decreased during the night period
(Fukayama et al., 2021). Most of these changes in expres-
sion are considered to be in response to sugar levels, but
can be partially influenced by circadian rhythms. It is
hypothesized that Momiroman is more susceptible to
circadian rhythm than other cultivars. This cultivar differ-
ence is interesting, and its mechanism awaits clarification.

As well as CRCT, the expressions of starch synthesis-
related genes except for OsBEl were basically upregu-
lated by sucrose treatment in all cultivars (Figure 2).
However, we observed cultivar difference in the
response of CRCT and starch synthesis-related genes
to sucrose. In detail, the expressions of OsAGPL1 under
sucrose treatment in Habataki and Takanari were lower
than that in Nipponbare even though there were no
obvious difference in the expression of CRCT among
these three cultivars. The expressions of OsAGPST in
Koshihikari, Habataki and Takanari at 24 h sucrose
treatment were lower than those in the other cultivars.
The expressions of OsPhol in Koshihikari, Habataki,
Takanari and Leafstar at 24 h sucrose treatment were
lower than those in Nipponbare and Momiroman.
Next, we compared the inductions of starch synthesis
ralated genes by sucrose relative to CRCT among cul-
tivars and tested for significant differences between
cultivars (Supplemental Figure 2). The inductions of
OsAGPL1, OsAGPST and OsPhol in 24h were signifi-
cantly lower in Koshihikari, Habataki, Takanari than
those in Nipponbare. The scatter plot highlighted
that the correlations between the expressions of
CRCT and starch synthesis-related genes after sucrose
treatment differed among the rice cultivars although
these correlations is unclear compared to Figure 1b
(Supplemental Figure 3). Similar to Table 1, the slopes
of the regression lines of Habataki and Takanari in
OsAGPST and OsPhol tended to be lower than that
of Nipponbare (Table 2). Therefore, these cultivar dif-
ferences in sucrose dependent induction of starch
synthesis-related genes by CRCT may also suggest
the presence of the difference in sensitivity of starch
synthesis-related genes to CRCT.
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Figure 1. Starch content and starch synthesis-related gene expressions in the leaf sheathes of six rice cultivars. (a) The starch content
and starch synthesis-related gene expressions at various developmental stages. Rice leaf sheathes were sampled in the evening of
vegetative stage (VGS, 8.5 leaf stage) and reproductive stages of 0, 10 and 20 days after heading (DAH). The expressions of starch
synthesis related genes relative to Actin analyzed by qRT-PCR are shown. Data represent mean =+ SD of four to five biological replicates.
(b) The correlation between starch content and starch synthesis-related gene expressions as a function of CRCT expression. Data were
obtained from the experiment of Figure 1a.
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Table 1. Slopes of the liner regressions and its correlation coefficients of the relationship between the expressions of CRCT and starch

synthesis related genes in leaf sheathes during development.

Cultivar Starch OsAGPL1 0OsAGPS1 OsBEI OsPho1

Nipponbare 51.74 (0.862) 9.35 (0.868) 8.24 (0.820) 1.07 (0.899) 5.46 (0.886)
Koshihikari 18.54 (0.370) 2.62 (0.483) 1.74 (0.348) 0.78 (0.556) 1.65 (0.614)
Habataki 43.41 (0.713) 2.73 (0.788) 1.80 (0.629) 0.27 (0.338) 1.76 (0.798)
Takanari 13.11 (0.478) 4.84 (0.782) 2.09 (0.380) 0.36 (0.233) 235 (0.443)
Momiroman 3.12 (0.069) 16.56 (0.941) 9.54 (0.903) 1.44 (0.920) 6.20 (0.925)
Leafstar 42.74 (0.653) 11.94 (0.888) 6.83 (0.921) 0.69 (0.908) 4.25 (0.918)
Total 30.53 (0.571) 10.92 (0.815) 6.79 (0.785) 0.70 (0.586) 4.36 (0.818)

Slopes and correlation coefficients (parenthesis) were calculated using the data of Figure 1b. Significance of correlation (correlation coefficient > 0.590, p <

0.01) is shown by boldface.

3.3. Nucleotide sequences of the promoter regions
of starch synthesis-related genes among rice
cultivars

Previously, we estimated the promoter regions of starch
synthesis-related genes to which CRCT directly binds by
ChlP analysis in Nipponbare (Fukayama et al., 2021). In this
study, the nucleotide sequences of these regions of the six
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4). The comparison of cis-elements in these nucleotide
sequences identified 3, 9, 3 and 21 mutations in OsAGPLT,
OsAGPS1, OsBEl and OsPhol among six cultivars, respec-
tively (Figure 3, Supplemental Table 2). There were few
mutations in regions other than cis-elements, with 0, 1, 1
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Figure 2. Effects of sucrose on the expression of starch synthesis-related genes in the leaf blades of the six rice cultivars. Seventh leaf
blades at 7.2 leaf stage were immersed in water (H,0) or 50 mM sucrose solution (Suc). The expressions of CRCT and starch synthesis-
related genes (OsAGPL1, OsAGPS1, OsBEIl, and OsPhoT) relative to Actin analysed by gRT-PCR are shown. The data represents the means
+SD of four independent samples. Asterisks indicate significant differences between a water-treated group and a sucrose-treated
group for the same hour and cultivar by the Student’s t-test (*p < 0.05).
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Table 2. Slopes of the linear regressions and its correlation coefficients of the relationship between the expressions of CRCT and starch

synthesis related genes in leaf blades after sucrose treatment.

Cultivar OsAGPL1 0OsAGPS1 OsBEI OsPho1

Nipponbare 5.96 (0.689) 6.34 (0.713) 1.13 (0.238) 1.72 (0.854)
Koshihikari 5.25 (0.811) 4.23 (0.868) 1.40 (0.431) 1.05 (0.879)
Habataki 1.39 (0.415) 2.94 (0.799) —0.18 (—0.081) 0.67 (0.923)
Takanari 0.52 (0.845) 1.80 (0.810) 0.05 (0.024) 0.41 (0.890)
Momiroman 2.05 (0.545) 3.39 (0.640) 2.01 (0.380) 1.05 (0.540)
Leafstar 4.24 (0.708) 5.42 (0.719) 0.35 (0.191) 0.71 (0.850)

Slopes and correlation coefficients (parenthesis) were calculated using the data of Figure 2 and Supplemental Figure 3 Significance of correlation (correlation

coefficient > 0.561, p < 0.01) is shown by boldface.

respectively. Particularly, the mutations were found in the
cis-element T1ME of TOC1 (Gendron et al., 2012), a repre-
sentative CCT protein in the OsAGPLT promoter of
Habataki and in the OsAGPS1 promoter of Takanari (com-
pared to Nipponbare). Also, the mutations in the cis-ele-
ment of Ghd7 (G-box, Nemoto et al., 2016), a CCT protein,
were found in the OsAGPST promoter of Takanari and the
OsBEl promoter of Takanari, Habataki and Leafstar.
Interestingly, the slopes of the regression lines of the
correlations of CRCT expression to starch synthesis-related
genes expressions in Habataki and Takanari were lower
than that in Nipponbare, suggesting a causal relationship
with these mutations. Thus, it is possible that these muta-
tions of promoter regions of starch synthesis-related
genes may relate to the sensitivity of starch synthesis-
related genes to CRCT in some cultivar such as Takanari.

However, it is also possible that cis-elements responsible
for this sensitivity may present outside of CRCT-binding
site sequenced in this study. Actually, Koshihikari is also
considered to be less sensitive, but no mutations were
found in this study. In addition, factors other than cis-
elements of CRCT may be involved in this mechanism,
which remains to be elucidated.

Concluding remarks

In this study, we indicated that responsiveness of
expressions of starch synthesis-related genes to
CRCT differed among rice cultivars during plant
growth and sucrose treatment. This difference can
be due to different sensitivity of starch synthesis-
related genes with CRCT. The mutations found in
the promoters of starch synthesis-related genes

(a) -3748 L] +193
(] | |
OsAGPL1 L
1 2 3 4 5§ 6 7 8 9 10

(b)

Mutations in cis-elements of OsAGPL1 promoters

Position Cultivar DNA sequence Cis-element motif Cis-element name
(5=3) (Strand)
-1260 Nipponbare IGIG CACA (-) T1ME
Habataki GGTG
-1198 Nipponbare  GIGGCGARAR GCCCAC (-) CCAATBOX1
Habataki GTIGGGGARR GRWAAW (+) GT1CONSENSUS
-984 Nipponbare  TAACGG CNGTTR (-) MYBCORE
TAACGG YAACKG (+) MYB2CONSENSUSAT
Habataki ARACGG

Figure 3. Comparison of nucleotide sequence of OsAGPLT promoters. (a) Diagram of OsAGPLT promoter in Nipponbare. Amplified
positions in previous ChIP-qPCR analysis (Fukayama et al., 2021) are shown in pink and red bar. Especially, the position enriched by
ChIP are shown in red bar. The position amplified by PCR for sequence analysis are shown in green bar. (b) Mutations in cis-elements
of OsAGPL1 promoters among six cultivars. Cis-elements which have nucleotide mutations compared to Nipponbare are listed, and
mutated nucleotide is coloured in red. The nucleotide sequences of cis-elements are underlined. Position is based on the numbers
from the translation initiation site.
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may involve in this sensitivity in some cultivars. To
exploit cis-elements determining the sensitivity will
help us to improve starch accumulation by genome
editing and breeding, and finally productivity and
quality of rice in the future.
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