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Summary

The source-sink relationship determines the overall agronomic performance of rice. Cloning
and characterizing key genes involved in the regulation of source and sink dynamics is
imperative for improving rice yield. However, few source genes with potential application in
rice have been identified. Glucan, Water-Dikinase 1 (GWD1) is an essential enzyme that plays a
pivotal role in the first step of transitory starch degradation in source tissues. In the present
study, we successfully generated gwd7 weak mutants by promoter editing using CRISPR/Cas9
system, and also leaf-dominant overexpression lines of GWD1 driven by Os/2 promoter.
Analysis of the gwdT plants indicated that promoter editing mediated down-regulation of
GWD1 caused no observable effects on rice growth and development, but only mildly
modified its grain transparency and seed germination. However, the transgenic pOsl2::GWD1
overexpression lines showed improvements in multiple key traits, including rice yield, grain
shape, rice quality, seed germination and stress tolerance. Therefore, our study shows that
GWD1 is not only involved in transitory starch degradation in source tissues, but also plays key
roles in the seeds, which is a sink tissue. In conclusion, we find that GWD1 is an ideal
biotechnological target with promising potential for the breeding of elite rice cultivars via
genetic engineering.

Introduction

Rice, one of the most important staple crops in the world, serves
as the primary source of carbohydrates and nutrition for more
than half of the world’s population. Improving rice yield is
essential to prevent a global food crisis. Grain yield in rice mainly
consists of three major factors; the number of grains per panicle,
the 1000-grain weight and the number of panicles per unit area
(Ren et al., 2020). Recently, the number of cloned genes that
directly contribute to rice yield has increased. For example, a
number of genes related to grain size have been successfully
cloned and characterized, such as GS3 and qTGW3/TGW3 (Hu
etal., 2018; Li et al., 2019; Mao et al., 2010; Ying et al., 2018).
In addition, some key genes that control plant architecture in rice
have also been cloned and studied, including /PA7 and DEPT. A
point mutation in /PAT resulted in an ideal rice plant that had a
reduced number of tillers and increased lodging resistance,
which acted to enhance grain yield (Jiao et al., 2010; Wang
et al., 2018 Science). Mutations in DEPT promote cell division
and increase panicle density, branch number and grain number
per panicle, thereby increasing rice yield by 15% to 20% (Huang
et al., 2009). Moreover, some of these genes also showed
interactions, and they act coordinately to regulate rice yield, thus
forming a complex regulatory network (Liu et al.,, 2018b; Sun

et al., 2018).
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Nevertheless, grain yield in rice is not only affected by genes
that are directly related to sink strength, such as seed size. Other
factors involved in source capacity and flow fluence also play
important roles in determining grain filling which, in turn, is vital
to rice yield (Li et al., 2018a; Liang et al., 2001). Thus,
modulating expression of sink-related genes has only a limited
contribution to final rice yield, which could be one major reason
why most cloned vyield-related genes have not been widely
applied in modern rice breeding practice. It is generally thought
that harmonizing the source, sink and flow of rice is a
prerequisite for high yield potential (Peng et al., 2000; Zhai
et al., 2020). However, most progress on cloning and charac-
terizing source-related genes comes from studies in the model
dicotyledonous plant Arabidopsis thaliana. These studies have
shown how chloroplasts fix carbon during photosynthesis and
then transport the fixed carbon between mesophyll and phloem
parenchyma cells in the form of soluble sugar, and the
subsequent synthesis and degradation of soluble sugar (Son-
newald and Kossmann, 2013; Abt and Zeeman 2020). In leaf
tissues, transitory starch is synthesized during the light period
and degraded at night. During the first 2 h in the darkness, the
process is accelerated and then proceeds at a constant rate. At
the end of the light phase, the leaf starch content reaches its
peak, while at the end of the dark phase, leaf transitory starch is
almost all degraded. The diurnal starch synthesis and products of
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its degradation supply plants continually with carbohydrates
necessary for metabolism (Streb and Zeeman 2012). Neverthe-
less, it remains mostly unknown whether the regulation of
transitory starch metabolism in source organs will affect sink
organ activity and the final yield in rice, a major crop and model
monocotyledonous plant species.

Starch phosphorylation is known to be the only covalent
modification that occurs naturally in the process of transitory
starch degradation. It is important to understand the effect and
function of starch phosphorylation during starch metabolism.
Studies have shown that appropriate phosphorylation of starch
can improve its function and change certain physicochemical
properties, which meet the requirements of certain industrial
production and processing applications (Singh et al.,, 2003;
Wiesenborn et al.,, 1994). In addition, the phosphorylation of
starch can increase the specific surface area of starch granules and
make the starch more digestible and softer in texture, thus
meeting the requirements of consumers and the food processing
industry (Mahlow et al., 2016). In the late 1990s, the R gene was
cloned and shown to be related to starch phosphorylation in
potato (Lorberth et al., 1998). The protein encoded by the R7
gene was then found to be an a-glucan hydration dikinase
(GWD), which can catalyse the reaction of a-glucan and
adenosine triphosphate (ATP) with water to generate a-glucan
phosphate monoester, adenosine monophosphate (AMP) and
orthophosphate (Ritte et al., 2002). The GWD gene is present in
many plants, but the evolutionary history and enzyme functions
are not identical (Muyiwa et al., 2020). In Arabidopsis, GWD1
phosphorylates glucosyl residues of amylopectin at the C6
position (Ritte et al., 2002); then, GWD3/PWD further phospho-
rylates a different glucosyl residue at the C3 position (Baunsgaard
etal., 2005; Kotting et al., 2005). Either the mutation of GWDT or
GWD3/PWD caused excessive transitory starch accumulation in
plant leaves (Yu et al., 2001; Baunsgaard et al., 2005). GWD
catalyses starch phosphorylation (Blennow and Engelsen 2010)
which in turn regulates starch degradation (Mikkelsen et al.,
2005) and biosynthesis (Skeffington et al., 2014; Xu et al., 2017).
In cassava (Manihot esculenta), GWDT1 is essential for character-
ization of morphogenesis and the turnover of transitory starch in
leaves, and it contributes to source/sink strength, thus affecting
storage root growth (Zhou et al., 2017). A previous report also
showed that excessive starch accumulated in the leaves of the
GWD1 rice mutant LSET, but it had no significant effect on rice
vegetative growth; however, the grain yield was notably
decreased due to fewer panicles per plant, smaller and less
ripened grains in mutant plants during reproductive growth
(Hirose et al., 2013). Chen et al. (2017) overexpressed the potato
GWDT1 gene under control of an endosperm-specific D-hordein
promoter in rice, and the transgenic plants produced highly
phosphorylated rice starch. Interestingly, endosperm-specific
down-regulation of GWD expression in wheat increased the
grain biomass (Ral et al., 2012). Therefore, GWD could be an ideal
target for improving both grain yield and starch quality in crops
via genetic engineering.

In addition to the careful selection of suitable target genes,
the choice of the appropriate promoter is also crucial in
genetic engineering-mediated crop improvement. In general,
gene promoters are generally classified into three types based
on their expression mode and functions and include constitu-
tive, tissue-specific and inducible promoters. Tissue-specific
promoters are characterized by certain temporal and spatial
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expression patterns. Target genes can be specifically expressed
in a certain type of tissue or organ, avoiding the negative
effects of over-accumulated proteins in unintended tissues,
thus achieving precise expression control of the target gene in
the expected time, position and even quantity (Yi et al., 2010;
Jeong and Jung 2015). Tissue-specific promoters are of great
significance for improving desirable agronomic traits and stress
tolerance in crops via genetic engineering. Although a number
of tissue-specific promoters have been successfully identified
and used, such as the rice Glutelin promoters (Li et al., 2018b;
Qu et al, 2008), the number of tissue-specific promoters is
still far from adequate for research and crop breeding
applications.

When rice leaves undergo senescence, the assimilation ability
and conversion efficiency of transitory starch gradually decreases,
resulting in reduced glucose and stored starch, and a reduction in
the final grain yield. To investigate the function of GWD7 and
evaluate its potential for application in rice breeding programmes,
our plan was to overexpress GWDT in rice leaves, particularly to
enhance its expression in the senescent leaves in order to
promote the conversion efficiency of photosynthate from senes-
cent leaves to developing seeds. Therefore, we chose the Os/2
promoter, because its expression is mainly observed in the leaves,
and the expression is also induced by leaf senescence (Ansari
et al., 2005; Lee et al., 2001). In addition, we were inspired by
two recent reports by direct editing Wx gene promoter to
moderately down-regulation of its expression, thus fine-tuning of
the amylose content of rice and improved rice quality (Huang
et al., 2020; Zeng et al., 2020). Therefore, we also generated
weak gwdT mutants via CRISPR/Cas9-mediated gene edition of
GWD1 core promoter. Therefore, we were able to comprehen-
sively evaluate the effects of GWDT on rice yield, quality, seed
germination and stress tolerance by using these GWD7-related
rice materials in the present study.

Results
Expression analysis of GWD1 and Osl2 in rice

First, the expression pattern of GWD7 was determined via qRT-
PCR analysis. The highest expression levels of GWD71 were
observed in leaf blades of both young seedlings and mature
plants (Figure S1), which is consistent with previous reports
(Hirose et al., 2013). Second, we also examined the expression
pattern of Os/2. Considering that Os/2 is mainly expressed in rice
leaves and its expression is specifically enhanced during rice leaf
senescence, we intended to use its promoter to drive the
expression of GWDT in rice, thus promoting the expression of
GWDT in rice leaves during the late stage of grain filling. Our gRT-
PCR results showed that Os/2 is primarily expressed in rice leaves,
and its expression in stems, sheaths, roots and developing seeds is
low (Figure 1a). Specifically, the expression of Os/2 in rice leaves
gradually increased as the seeds developed (Figure 1b). There-
fore, the Os/2 promoter was suitable to drive the expression of
GWDT1 in rice and should help to enhance the translocation of
photosynthetic product from source to sink tissues during the
later stage of grain filling.

Generation of GWD1 overexpression lines and gwd1
mutants

We constructed the pOs/l2::GWD vector and transformed
the japonica rice variety 9983 via Agrobacterium-mediated
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Figure 1 Spatial and temporal expression
analysis of Os/2 in rice. (a) Expression
analysis of Os/2 in different tissues of rice.
(b) Expression of Os/2 in rice leaves at
different stages of senescence. DAF, day
after flowering. The rice Actin gene was
the internal control for normalization of
gene expression. Error bars represent SDs.
Each experiment was repeated at least
three times

Seedling Mature plant (10 DAF)

transformation (Figure 2a). Genotyping analysis identified more
than 10 positive, independent transgenic lines (Figure 2b). Then,
we planned to select representative lines for further analysis
based on the following criteria. First, the line should only
contain single copy of the T-DNA. Second, it should be
homozygous and the expression of GWD1 is notably increased
in the leaves. The plants from each target T, rice line were
genotyped by PCR, and the line was homozygous if all the
genotyped plants from the line were positive. Finally, its general
phenotype should be consistent with most other positive
homozygous lines. Therefore, three representative homozygous
lines expressing pOs/2::GWD (Lines 1, 2 and 3, T, generation)
were selected. The results indicated that the expression of
GWD1 was mainly enhanced in the leaves of pOsl2::GWD1
transgenic plants, and no significant differences were observed
in the seeds of the transgenic plants compared to the wild-type
(WT) control (Figure 2e; Figure S2), suggesting that the Os/2
promoter successfully directed dominant expression of GWDT in
rice leaves. Next, the GWD1 core promoter, 200bp upstream of
translation initiation codon (ATG), was analysed for the presence
of potential cis-acting motifs using the PLACE database. Th
result showed that one TATA box, one TATCCAY motif, one
pyrimidine box and four GATA boxes were included in the core
promoter (Figure 2¢; Table S1). Among them, TATCCAY motif
and pyrimidine box are responsible for sugar repression (Mena
et al., 2002; Morita et al., 1998; Toyofuku et al., 1998) while
GATA box is required for high level, light regulated and tissue-
specific expression (Reyes et al., 2004). Therefore, a specific
target site close to four clustered cis-elements was selected for
CRISPR/Cas9-mediated editing using CRISPR-GE (https:/bio.
tools/crispr-ge). Then, the GWD7-Cas9 plasmid was constructed
and transformed into the japonica rice variety ‘Zhonghual1’
(ZH11), and seven independent transgenic rice lines were
generated. Genotyping and sequencing analysis allowed us to
select two homozygous gwd? mutant lines without T-DNA
insertions in their genomes. These were designated gwd7-7 and
gwd1-2 and carried a 1 bp (G) deletion and a 1 bp (C) insertion
in the target region respectively (Figure 2d; Figure S3). Then,
gRT-PCR was performed to assess the effect of promoter
mutation on GWDT expression. The result indicated that the
transcription abundance of both two gwd? mutants was about
50% of that of the WT control (Figure 2f).

The GWD1 mutation suppresses starch degradation in
rice leaves

Since GWDT catalyses starch phosphorylation and promotes its
degradation, down-regulation or mutation of GWD7 will cause
over-accumulation of starch in plant leaves. Although iodine
staining is not quantitative, comparison with wild-type plants at
specific times during the diurnal cycle allows the identification of
plants with less or more starch accumulated than normal (Caspar
et al., 1991; Streb and Zeeman 2012). For example, the end of
the dark cycle is an ideal time point of distinguishing the
difference in starch accumulation between gwd1 mutant and the
wild-type control. Then, we first examined starch accumulation in
14-day-old seedlings of gwd7 mutant at the end of the dark
cycle. lodine staining showed that gwd7 mutant seedlings had
dark staining starch in the leaves, while the WT control did not
show any observable staining (Figure 3), suggesting that a large
amount of starch remained in the rice leaves after the dark
cycle. Since the transcription of GWDT was increased in the
pOsl2::GWD1 transgenic lines, we speculated that the effi-
ciency of transitory starch degradation could be accelerated in
pOsl2::GWDT plants. Therefore, we stained the leaves of both
pOsl2::GWDT rice and its WT control during the light cycle.
However, no difference in staining was observed between
seedlings of the GWDT overexpression lines and the WT control
(Figure S4), suggesting that the mild difference of starch
content in the pOs/i2::GWDT rice and the WT control was
indistinguishable.

GWD1 overexpression increases plant height and 1000-
grain weight in rice

We examined agronomic traits in the selected pOsl2::GWD1
transgenic lines and the gwd7 mutants. In general, plant height
was increased in the GWDT overexpression line compared to the
WT (Figure 4a, b). Moreover, both 1000-grain weight and grain
yield per plant in the pOsl2::GWDT transgenic rice plants
showed about 10% increase while the seed setting rate, panicle
number per plant and grain number per panicle were
unchanged (Figure 4d; Figure S5a-c). No significant difference
was observed between the gwd7 mutant plants and the WT in
all traits tested (Figure 4e-h), which was different from the
reported GWDT null mutant (Hirose et al., 2013), suggesting the
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Figure 2 Generation and identification of the pOsl2::GWD1-
overexpressing transgenic rice plants and gwd7 knock-down mutants. (a)
Schematic diagram showing the structure of the pOs/2::GWD1
transformation construct. Os/2 pro, Osl2 promoter; 35S term, CaMV 35S
terminator. (b) PCR analysis of total DNA from representative pOs/2::
GWD?1 transgenic rice lines and the WT. (c) Analysis of the potential cis-
elements in the GWD1 core promoter. (d) DNA sequences around the
editing site and identification of gwd7 mutants. The guide RNA sequence
used in CRISPR/Cas9-mediated gene editing of GWDT1 is highlighted in
red, and the protospacer adjacent motif (PAM) is highlighted in blue. The
deletion in gwd1-1 is indicated by a hyphen. Expression analysis of GWD1
in the leaves of pOs/2::GWD1 overexpression lines (e) and gwd7 mutants
(f). Error bars represent the SDs. Each experiment was repeated at least
three times. **P < 0.01 (Student's t-test)

strategy to fine-tune GWDT expression via editing its core
promoter is effectual.

The effect of GWD1 on grain size and transparency

The result of grain shape analysis showed that GWDT overex-
pression noticeably increased grain length but reduced grain
width (Figure 5a-c); thus, the pOsl2::GWD1 grains were more
slender than those from WT plants. The rice grains were then
dehusked and polished, and the rice appearance was evaluated
using a rice quality detector (SC-E, Wanshen, China). The data
showed that GWDT overexpression had no effect on rice
chalkiness (Figure 5d-f). Interestingly, although the declined
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Figure 3 lodine staining of ZH11 (WT) and gwd7-7 mutant seedlings for
the presence of starch in the leaves

GWD1 expression did not alter grain shape of gwd? mutants
(Figure 5g-i), it significantly reduced the degree of chalkiness and
the percentage of chalky rice grains (Figure 5j-i), thus improved
rice appearance quality. Therefore, GWDT can either alter grain
shape or transparency in rice depending on its expression level
and pattern.

Examination of rice grain physicochemical characteristics
in the GWD1-related materials

In addition to evaluating the yield-related traits and appearance
quality of rice from the pOs/2::GWD1 transgenic and gwd7
mutant plants, we further examined the physicochemical proper-
ties of the grain, which are closely related to the eating and
cooking qualities (ECQs). The analyses showed that GWD1
overexpression or mutation had no significant effect on either
the apparent amylose content (AAC) or gel consistency (GC) of the
rice (Figure 6a-d). We also look at the thermodynamic properties;
differential scanning calorimeter (DSC) analysis showed that rice
from the gwd7 mutant had similar gelatinization curves to rice
from the control ZH11, but GWDT overexpression slightly
increased the onset temperature (T,), peak temperature (T,) and
conclusion temperature (T,) of gelatinization when compared with
the WT control (Figure 6e, f; Table S2). Finally, a Rapid Visco
Analyzer (RVA) assay was performed to evaluate the pasting
properties of rice flour in order to assess its apparent viscosity
changes during heating and cooling, which will predict the texture
of cooked rice. The result showed that the values for peak viscosity
(PKV), hot paste viscosity (HPV) and cool paste viscosity (CPV) were
all elevated. Most importantly, the breakdown viscosity (BDV) was
notably increased while the setback viscosity (SBV) was obviously
decreased (Figure 6g), suggesting that the ECQ of the rice from
the pOs/2::GWD1 transgenic plants was improved. This conclusion
was further confirmed by the taste value result, which indicated
that the taste value was also increased in the pOs/l2::GWD1 rice
(Table S3). In contrast, the PKV, HPV, CPV and BDV of rice flour
from gwd1 mutant plants were all slightly decreased, while the
SBV was increased (Figure 6h), implying the ECQ of gwd7 rice was
somewhat decreased.
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Figure 4 Characterization of the pOs/2::GWDT1 transgenic lines and the gwd1 knock-out mutants. Phenotypes of mature plants (a), plant height (b),
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GWD1 is a positive regulator of rice seed germination
and stress tolerance

Seed germination is not only a key event in plant reproduction and
development, but it is also critical for crop production. Therefore,
the effect of GWD1 overexpression or knock-down mutation on
rice seed germination was also investigated. The analysis showed
that GWDT overexpression increased germination while the gwd1
mutation decreased rice seed germination (Figure 7a, b; Fig-
ure S6a-d). We next used the starch board test and enzyme activity
test to evaluate the a-amylase activity of GWD1-related materials
during germination. The results indicated that there is no significant
difference in a-amylase activity between rice from transgenic
pOsl2::GWD1 plants compared to the WT control (Figure 7c, e, g).
However, the a-amylase activity was strikingly decreased in gwd1
mutants in both tests (Figure 7d, f, h). All of the above analyses
demonstrated that GWD1 plays a positive role in regulating rice
seed germination. Moreover, seed germination is precisely con-
trolled by various environmental cues and endogenous hormones.
Environmental stresses can suppress rice seed germination and
cause yield losses. Therefore, it is essential to evaluate seed
germination in the GWD1-related materials in response to stress.
The test results showed that germination in the GWDT1 overex-
pression lines was less sensitive while the gwd 7 mutants were more
sensitive to both salt stress and drought stress (Figure 8a-d).
Therefore, GWD1 can promote rice seed germination under either
normal or stress conditions, at least partially by modulating the a-
amylase activity. Since the promotional effect of GWDT overex-
pression on rice drought resistance was more remarkable, we
further evaluated the response of pOs/2::GWDT transgenic
seedlings to drought stress. The results indicate that GWD1-
overexpressing seedlings are more resistant to PEG treatment than
are the WT control seedlings. In addition, almost all of the pOs/2::
GWD1 transgenic seedlings recovered, while the WT seedlings died
36 h after the PEG-6000 was removed (Figure 8e).

Discussion

Starch is an o-D-glucan that consists of a mixture of two
polymers, amylose and amylopectin. The composition and struc-
ture of starch in the endosperm are key determinants of rice grain
quality. Therefore, the expression and function of starch
biosynthesis-related genes in rice endosperm have been exten-
sively studied (Butardo et al., 2019; Pandey et al., 2012). Some
genes, such as Wx, are considered to be the key determinants of
rice quality (Huang et al., 2020; Zhang et al., 2019). However,
studies of genes involved in starch metabolism in rice source
organs, such as leaves, are still rare. The starch phosphorylation
reaction catalysed by GWD is the beginning of the degradation of
transitory starch produced by photosynthesis. GWD, a key
enzyme with essential roles in the first step of transitory starch
degradation, plays important roles in both spore-forming plants
and angiosperms (Mahlow et al., 2016; Muyiwa et al., 2020).
GWD has been studied in a number of plant species, including
Arabidopsis, potato, rice, maize and wheat (Betti et al., 2016;
Bowerman et al., 2016; Hirose et al., 2013; Malinova et al., 2018;
Xu et al., 2017). In most of these studies, the expression of GWD
was down-regulated and consequently resulted in a starch-excess
phenotype accompanied by growth retardation, demonstrating
the positive roles played by GWD in enhancing the degradation of
transitory starch and in plant growth.

In addition, the effects of GWD on the phosphorylation,
structure and degradation of starch have also been investigated
(Chen et al.,, 2017). However, there are few comprehensive
studies of the effects of GWD on important economic traits of
crops. A GWD RNAI construct driven by the constitutive Ubiquitin
promoter was introduced and expressed in maize, which resulted
in an increased leaf starch content with no change in plant
biomass (Weise et al., 2012). In rice, the gwdT mutant LSET was
generated by Tos17 insertion and about one third of the CDS of
GWD1 was deleted. Therefore, there is no functional GWD1
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the gwd1 mutants. Each experiment was repeated at least three times. Error bars represent the SDs; **P < 0.01 (Student's t-test)

protein in the LSET rice, which led to the hyperaccumulation of
transitory starch in leaves but had no notable effects on rice
growth. However, LSET rice had smaller grains, fewer panicles per
plant and lower percentage of ripened grains, thus leading to a
20 ~40% reduction in rice yield (Hirose et al., 2013). In wheat, a
different conclusion was reached; down-regulation of GWD1
specifically in the endosperm via RNAi promoted both vegetative
biomass and grain yield in wheat (Bowerman, et al., 2016; Ral
et al., 2012), which could be due to the use of an endosperm-

specific promoter. Therefore, using a tissue-specific promoter,
instead of a constitutive promoter, would be more practical for
improving target crop traits because the plants would experience
fewer adverse side effects. In our research, we intensively studied
the effects of GWD1 on rice growth and grain yield in both
GWD1 overexpression transgenic lines and in weak gwd7 mutant
plants. It is worth noting that the GWD17 gene in the overex-
pression lines was driven by the Os/2 promoter, which imparted a
leaf-specific and senescence-inducible expression pattern. Our
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results demonstrate that tissue-specific overexpression of GWD1
enhanced several yield-related traits in rice, such as plant height,
1000-grain  weight and grain yield per plant (Figure 4a-c,
Figure S5¢). As to the gwd7 mutants, the mutation site was

located between the TATA box and the initiation codon ATG of
GWD1. Although the mutations did not directly modify any
known motifs, the expression of GWDT was notably declined. We
speculated that the destruction of unknown motifs or violation of
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spacing constraints may lead to GWDT expression change in
gwd1 mutants. In fact, a previous report indicated that single-
nucleotide deletions at any position between the TATA box and
the initiator sharply reduced transcription of target genes
(Patwardhan et al., 2009). Moreover, two recent studies in rice
also reported similar findings to us. Huang et al. (2020) reported
that editing a target site in the core promoter of Wx gene,
without alteration of the TATA box or other known motifs,
caused distinct change in Wx expression. In another study, Zeng
et al. (2020) also generated a number of mutated Wx alleles by
modifying its promoter, some of which only had a fragment
deletion without known motifs included or even only contained a
single-nucleotide change. Nevertheless, the expression of Wx was
significantly declined in these lines. In the present study, the
mutation in the core promoter of GWDT had milder effects on
rice growth and development than that of the reported GWD1
null mutant LSET. For example, the yield-related traits of gwd1
mutant were unchanged in the present study, but the grain yield
of LSET mutant was declined by more than 20% (Figure 4e-h;
Hirose et al.,, 2013). We infer that modulation of GWDI7
expression by editing its core promoter did not affect its protein
structure and functions, thus causing no observable negative
effects on both rice growth and development, including plant
height, seed size, setting rate and 1000-grain weight. In brief, the
existence of functional GWD1 protein or not is the major cause

— e

108 h

PEG-6000 Recovery

that led to different yield performance of LSET rice and gwd1
mutants.

Although knock-out of the target gene is useful in studying its
functions in the lab and sometimes it could also improve certain
traits of crops, it often accompanies with a series of other
negative side effects. That is one important reason why most
cloned yield-related genes have not been successfully applied in
crop production. On the other hand, we could fine-tune the
expression of the target gene by promoter editing using CRISPR/
Cas9 technology, without damaging its protein product, thus
leading to less negative side effects on plant growth and
development. Our study demonstrated that the strategy of
editing the core promoter of target gene is effectual and
applicable in modern breeding programmes. Moreover, we also
studied the quality of the rice harvested from the GWD1-related
materials in detail, including both appearance quality and ECQ.
The shape of rice grains from the GWDT overexpression lines was
slender (Figure 5a-c), meeting the requirements of seed shape in
modern rice breeding programmes. Moreover, its pasting prop-
erties were modified, with increased BDV and decreased SBV
(Figure 6g), which resulted in improved apparent viscosity and
texture of the cooked rice. Nevertheless, the effects of the gwd1
mutation on grain yield and quality were milder. No notable
change was observed in grain size and rice ECQ (Figure 5g-i;
Figure 6b, d, f, h). However, the degree of chalkiness and the
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percentage of chalky grains in the gwd7 mutants were signifi-
cantly reduced (Figure 5j-I). Therefore, GWDT overexpression
driven by the Os/2 promoter improved multiple agronomic traits
related to both rice yield and quality, exhibiting potential for
application in rice breeding programmes. On the contrary, the
down-regulation of GWDT expression by promoter editing
caused over-accumulation of starch in the leaves and a reduction
in grain chalkiness without any visible changes in other agro-
nomic traits. The grain chalkiness traits are closely related to rice
appearance quality and milling quality. In the market, the
transparent rice is high in price and welcomed by consumers.
From an industrial standpoint, it is critical to maximize the milling
recovery of whole grain polished rice. Therefore, the rice
processing enterprises will prefer transparent rice grains because
they are not easy to be broken during milling process, thus
increasing head rice yield.

Source-sink communication is critical in almost every stage of
plant growth and development (Li et al., 2018a). Various factors,
especially sugar allocation and phytohormones, are involved in
the regulation of the source-sink relationship (Chen et al., 2019;
Mathan et al., 2021; Réthoré et al., 2020; Zhang et al., 2021). As
mentioned above, modulating the expression of the leaf-
dominant gene GWDT not only affected starch accumulation in
the source organ leaves, but also changed sink organ seed-related
traits, including grain shape, rice transparency and physicochem-
ical characteristics. Another important issue related to source—
sink communication is seed germination. Seed germination, the
beginning of a new life cycle in plants, involves a series of
complex physiological and biochemical reactions, including
degradation of seed storage reserves. A recent report showed
that the metabolism of glutelin, the major storage protein in rice
seeds, is involved in phytohormone-regulated seed germination in
rice (Xiong et al., 2021). Whether changes in the level of starch,
another major component of the rice seed, also affects seed
germination is still largely unknown. Since GWD1 is the primary
enzyme responsible for starch phosphorylation, an integral step in
starch degradation, GWD1-related genetic materials are appro-
priate for studying the effect of starch metabolism on seed
germination. However, there are only three published studies, in
wheat, barley and tomato, that mention the effect of GWD on
germination. In wheat, endosperm-specific suppression of GWD
expression caused a slight reduction in germination rate (Ral
et al., 2012). In barley, GWD overexpression had combination
effects on both starch granule structure and amylase activities,
thus affecting cereal grain germination and seedling establish-
ment (Shaik et al., 2014). In tomato, the gwd mutant legwd::Ds,
caused by insertion of the transposon Ds, showed excess
accumulation of starch in the pollen and reduced pollen
germination, which led to male gametophytic lethality (Nashile-
vitz et al., 2009). However, no such data have been reported from
rice. In the present study, we have demonstrated that GWD1 is a
positive regulator of seed germination in rice by using both
GWD1 overexpression lines and gwd71 mutants. Overexpression
of GWD1 promoted seed germination, while the gwd7 mutation
suppressed seed germination, which was due at least in part to
changes in the activity of a-amylase (Figure 7a-h). Although both
starch metabolism and the levels of soluble sugars in plants
contribute to alleviation of the damaging effects of stress
(Krasensky and Jonak 2012; Siddiqui et al., 2020), direct evidence
confirming the role of GWD in the stress response is rare. A single
study in Arabidopsis showed that mutation of GWD promoted
electrolyte leakage and reduced sugar accumulation and plant

survival rate under freezing stress (Yano et al., 2005). In our
study, we directly demonstrated that GWD1 enhances tolerance
to abiotic stress during both seed germination and seedling
growth stages in rice (Figure 8a-e), thus further adding to our
knowledge of the role of GWD in mediating the plant stress
response.

In conclusion, leaf-specific overexpression or knocking down
GWD1 expression in rice allowed us to comprehensively analyse
the function and effects of GWDT on plant growth, rice yield,
grain quality, seed germination and the stress response. Signif-
icantly, the gwd7 weak mutants generated by promoter editing
caused no observable effects on rice growth and development,
but only mildly modified its grain appearance quality and seed
germination. Nevertheless, pOs/2::GWD1 transgenic rice plants
exhibited improvements in multiple key traits, including increased
1000-grain weight, improved grain shape and rice quality, and
increased seed germination and stress tolerance. Therefore, our
study reveals that GWD1 is not only directly involved in the
degradation of transitory starch in rice leaves, but also plays
positive roles in a number of other growth and developmental
events in rice. Therefore, GWD1 is an ideal biotechnological
target for rice breeding programmes. The combination of GWD1
with an appropriate promoter, such as the Os/2 promoter, will
make impressive contributions towards potential improving rice
yield, grain quality and stress tolerance. Moreover, targeted
modification of gene core promoter is also promising in fine-
tuning of the expression of target genes. Considering the wide
distribution of the GWD gene in plant species, a similar strategy
could also be applied to the improvement of other crops.

Materials and methods
Plant materials and growth conditions

Two japonica rice varieties were used in this study, 9983 and
‘Zhonghua11’ (ZH11). 9983 was used for transgenic GWDT
overexpression, and ‘Zhonghual1’ was used for CRISPR/Cas9-
mediated knock-out of GWDT1. All rice plants were grown in the
field at Yangzhou University (Yangzhou, Jiangsu Province, China)
in the summer, using the same climate and crop management
conditions. Three replicate plots were used in the experiments,
and the plots were arranged in a randomized block pattern.

Promoter analysis and generation of GWD1 knock-down
mutant

To identify major motifs within the core promoter of GWDT,
200 bp DNA sequence upstream of the GWD7 translation
initiation codon ATG was scanned in PLACE database (http:/
www.dna.affrc.go.jp/PLACE/). To generate the gwd7 knock-
down mutant, a specific target site guide RNA sequence (5'-
GAGATATCCATCCGGATCC-3’) located between TATA box and
the ATG of GWD1 was selected and cloned into the sgRNA-Cas9
expression plasmid (Wang et al, 2019), which was then
transformed into the japonica rice cultivar ZH11 (Slamet-Loedin
et al., 2014). Then, DNA fragment containing the GWD1 target
site was amplified by PCR using the primer pair GWD1MT-F and
GWDI1MT-R (Table S4) and then used for sequencing. The plants
with mutation were selected, and their seeds were grown into
the next generation plants. Then, the homozygous rice mutants
were identified by sequencing. Next, the Cas9 gene, located
inside the T-DNA region, was identified by PCR using primer
Cas9-F and Cas9-R (Table S4). The transgene-free homozygous
mutants were selected for following analysis.
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Generation and identification of GWD1 overexpression
rice lines

The GWDT coding sequence and the Osl2 promoter were
amplified and cloned into the binary vector pCAMBIA1300 to
generate the pOs/2::GWD1 expression vector. This construct was
then successfully introduced into the genome of the rice variety
9983 via Agrobacterium-mediated transformation (Slamet-Loedin
et al., 2014). Genomic DNA PCR analysis was performed to
identify the positive transgenic plants (T, generation) by
GWD10OE-F and GWD1OE-R primers (Table S4). Then, the single
copy transgenic lines (T; generation) were selected based on
genotyping result and Mendel’s law of segregation. Next, the
seeds of six positive plants from each selected Ty line were
collected, respectively, and used to produce corresponding T,
progeny lines. Finally, total 20 plants from each T, rice line were
further genotyped by PCR to determine whether the line was
homozygous.

Agronomic trait investigations of the GWD1-related rice
materials

The main agronomic traits for rice were recorded after seed
maturity. Plant height refers to the length from top of the rice
main panicle to the field ground. Seed setting rate is the ratio of
full-filled grains to total grains of the panicle. Totally, 10 identical
main panicles were collected from the three replicate plots of the
same rice sample. The number of total grains and the full-filled
grains of each panicle was counted and recorded, respectively,
for calculating the seed setting rate. Then, these full-filled mature
seeds were air-dried for subsequent analyses of 1000-seed
weight, grain morphology and rice quality. About 200 rice grains
or polished seeds were measured, respectively, for seed size or
chalkiness using a grain appearance analyzer ScanMaker (Micro-
tek, Shanghai, China). The data for each sample represent the
mean of three plots.

Total RNA extraction and gRT-PCR gene expression
analysis

Rice tissue samples of ZH11 for spatial expression analysis of Os/2
and GWDT1 were collected from 14-day-old whole seedlings or
the leaf, seed, root, stem and leaf sheath of mature rice plant (10
DAF). Leaf samples for temporal expression analysis of Os/2 were
collected from ZH11 mature rice plants 0, 5, 10, 15 and 20 DAF
respectively. Leaf samples for expression analysis of GWD7 in its
transgenic rice or mutants were from homozygous plants 10 DAF
(T, generation). Then, total RNA was extracted from the collected
rice samples using the RNAsimple Total RNA Kit (Tiangen, Beijing,
China), after which it was treated with DNase | (Qiagen, Hilden,
Germany) to remove residual genomic DNA. 1 pg samples of
total RNA were reverse-transcribed using the SuperScript™ First-
Strand cDNA Synthesis System (Invitrogen, Carlsbad, CA). gRT-
PCR assays were then performed on a MyiQ Real-Time system
(Bio-Rad, CA) using Actin as the reference gene for normalization
of gene expression. The primer pairs used for expression analysis
of Osl2 and GWD1 were Osl2qRT-F/OsI2qRT-R and GWD1qRT-F/
GWD1gRT-R respectively. Each experiment consisted of three
biological replicates, and the primer sequences are given in
Supplementary Table S4.

lodine staining of starch in rice seedlings

Rice seeds were sterilized with 70% ethanol, washed twice with
Milli-Q water and allowed to imbibe in water for four days for
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germination. The germinated seeds were transferred to a PCR
plate with the bottom cut out and then cultured in water in a
climate-controlled chamber (12-h light and 12-h dark at a
temperature of 26 °C), and the water was changed every 48 h.
14-day-old seedlings at the end of the dark cycle (gwd7 mutant)
or six hours after the beginning of the light cycle (pOsl2::GWDT)
were collected for starch staining with potassium iodide as
previously described (Yu et al., 2001).

Analysis of seed quality using Grain analyzer and
preparation of rice flour

Mature rice seeds were air-dried, dehusked and subsequently
polished using a grain polisher (Kett, Tokyo, Japan). The seed
quality of polished rice was measured using the Grain analyzer
(Perten IM9500, Sweden). Then, the polished grains were further
ground into powder using a FOSS 1093 Cyclotec Sample Mill
(Tecator, Hoganas, Sweden) with a 0.5 mm sieve. The rice
powder samples were then stored in sealed bags under refrig-
eration at 4 °C until they were used for analysis.

Analysis of the physicochemical characteristics of rice

Apparent amylose content (AAC) was determined using the
iodine colorimetric method as described previously (Tan et al.,
1999). Gel consistency (GC) was determined as previously
described (Zhu et al., 2010). A differential scanning calorimeter
(DSC 200 F3, Netzsch Instruments NA LLC; Burlington, MA) was
used to evaluate starch gelatinization and retrogradation tem-
peratures as described (Zhang et al., 2017). Rapid Visco Analyzer
(RVA) profiles were determined using the Rapid Viscosity Analyzer
(RVA) (Techmaster, Newport Scientific, Warriewood, Australia)
(Li et al., 2018Db). All tests were performed in triplicate.

Seed germination analysis

Plump and uniform rice seeds were selected, dehulled, and
sterilized with 70% ethanol and washed twice with Milli-Q water.
The sterilized seeds were transferred to a sterile petri dish and
allowed to germinate in the dark in a climate-controlled incubator
at a temperature of 26 °C and a relative humidity of 70%.

Enzyme activity analysis

Seeds were imbibed at 28 °C for 72 h, and starch was extracted
from the germinating seeds. Starch hydrolase was then used to
hydrolyse the starch to produce reducing sugars, which react with
3,5-dinitrosalicylic acid to produce a brownish red compound
with an absorption peak at 540 nm. Amylase activity was
determined by measuring the increase in the rate of absorbance
at 540 nm (Liu et al., 2018a).

Starch degradation experiment

Seeds of the GWDT overexpression and mutant lines as well as
their respective WT controls were sterilized, and half-seeds
without embryos were placed on a 2% agar plate containing
2% potato dextrose agar. The plates were then incubated in the
dark at 28 °C for four days, after which they were stained with
iodine solution for five minutes and subsequently photographed
(Liu et al., 2018a). The diameters of at least 20 halos for each rice
sample were measured by using ImageJ software.

Stress treatment analysis

For the analysis of seed germination under abiotic stress
conditions, seeds were exposed to either 200 mM NaCl or 30%
PEG-6000 treatments. Germination rates were recorded every
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day. Each seed germination assay included at least three
independent biological replicates, and each replicate contained
30 germinated seeds (Li et al., 2020). For PEG treatment at the
seedling stage, 2-week-old seedlings of the pOs/l2::GWD1 trans-
genic line and the WT control were treated with 30% PEG for
seven days, after which they were transferred to fresh water
without PEG to allow for recovery. Photographs of seedlings were
taken at 72 h, 108 h and 156 h after PEG treatment and at 36 h
after recovery.
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Figure S6. Shoot lengths of germinated seeds of GWD1-related Table S3. Data of rice grain quality were analysed by Grain

materials at 96 h after imbibition (HAI). analyzer.
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