
fpls-13-864605 April 15, 2022 Time: 9:5 # 1

ORIGINAL RESEARCH
published: 21 April 2022

doi: 10.3389/fpls.2022.864605

Edited by:
Atsushi Fukushima,

Kyoto Prefectural University, Japan

Reviewed by:
Fengjuan Lyu,

Jiangxi Academy of Agricultural
Sciences (CAAS), China

Zhou Li,
Sichuan Agricultural University, China

*Correspondence:
Hongwei Zhao

hongweizhao_cool@126.com

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Plant Abiotic Stress,
a section of the journal

Frontiers in Plant Science

Received: 28 January 2022
Accepted: 14 March 2022

Published: 21 April 2022

Citation:
Wang X, Liu H, Zhang D, Zou D,

Wang J, Zheng H, Jia Y, Qu Z, Sun B
and Zhao H (2022) Photosynthetic

Carbon Fixation and Sucrose
Metabolism Supplemented by

Weighted Gene Co-expression
Network Analysis in Response

to Water Stress in Rice With
Overlapping Growth Stages.
Front. Plant Sci. 13:864605.

doi: 10.3389/fpls.2022.864605

Photosynthetic Carbon Fixation and
Sucrose Metabolism Supplemented
by Weighted Gene Co-expression
Network Analysis in Response to
Water Stress in Rice With
Overlapping Growth Stages
Xinpeng Wang†, Hualong Liu†, Di Zhang, Detang Zou, Jingguo Wang, Hongliang Zheng,
Yan Jia, Zhaojun Qu, Bin Sun and Hongwei Zhao*

Key Laboratory of Germplasm Enhancement, Physiology and Ecology of Food Crops in Cold Region, Ministry of Education,
Northeast Agricultural University, Harbin, China

Drought stress at jointing and booting phases of plant development directly affects plant
growth and productivity in rice. Limited by natural factors, the jointing and booting stages
in rice varieties are known to overlap in high-latitude areas that are more sensitive to
water deficit. However, the regulation of photosynthetic carbon fixation and sucrose
metabolism in rice leaves under different degrees of drought stress remains unclear.
In this study, rice plants were subjected to three degrees of drought stress (−10,
−25, −and 40 kPa) for 15 days during the jointing-booting stage, we investigated
photosynthetic carbon sequestration and sucrose metabolism pathways in rice leaves
and analyzed key genes and regulatory networks using transcriptome sequencing in
2016. And we investigated the effects of drought stress on the growth periods of
rice with overlapping growth periods in 2016 and 2017. The results showed that
short-term drought stress promoted photosynthetic carbon fixation. However, ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) activity significantly decreased,
resulting in a significant decrease in photosynthetic rate. Drought stress increased
the maximum activity of fructose-1,6-bisphosphate aldolase (FBA). FBA maintains the
necessary photosynthetic rate during drought stress and provides a material base
after the resumption of irrigation in the form of controlling the content of its reaction
product triose phosphate. Drought stress significantly affected the activities of sucrose
synthase (SuSase) and sucrose phosphate synthase (SPS). Vacuoles invertase (VIN)
activity increased significantly, and the more severe the drought, the higher the VIN
activity. Severe drought stress at the jointing-booting stage severely restricted the
growth process of rice with overlapping growth stages and significantly delayed heading
and anthesis stages. Transcriptome analysis showed that the number of differentially
expressed genes was highest at 6–9 days after drought stress. Two invertase and
four β-amylase genes with time-specific expression were involved in sucrose-starch
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metabolism in rice under drought stress. Combined with weighted gene co-expression
network analysis, VIN and β-amylase genes up-regulated throughout drought stress
were regulated by OsbZIP04 and OsWRKY62 transcription factors under drought stress.
This study showed that any water deficit at the jointing-booting stage would have a
serious effect on sucrose metabolism in leaves of rice with overlapping growth stages.

Keywords: overlapping growth stages, drought stress, sucrose metabolism, carbon fixation, transcriptional
analysis, weighted gene co-expression network analysis (WGCNA)

INTRODUCTION

Drought has become the main cause of crop yield reductions
worldwide. For example, China suffered an agricultural drought
in 2016, and the affected area totalled 9,872.7 thousand hectares,
according to the National Bureau of Statistics of China [NBSC]
(2017). Given that a decrease in crop production caused
by drought has the potential to cause significant economic
disruption, the demand for the development of drought-tolerant
crops is increasing (Todaka et al., 2015). Locally adapted drought
stress tolerance traits are needed to achieve maximal crop yield
potential (Greenham et al., 2017).

In 2020, the rice (Oryza sativa L.)-cultivated area totaled
30,080 thousand hectares in China, producing a yield of 211.9
million tons (NBSC). As one of the world’s most important
cereals, rice is also the most water-intensive crop. Compared with
other cereal crops, rice cultivars have been planted with zero
soil water potential for thousands of years, which causes greater
sensitivity to decreases in soil-water potential. Rice production
requires large amounts of water. Three to five thousand liters of
water are required for the production of 1 kg of rice seed, while
other crops, such as maize or wheat, require less than half of
that (Singh et al., 2002). Therefore, understanding the range of
physiological changes initiated by drought stress is important for
developing supportive measures to enhance drought resistance.

The drought response involves changing molecular,
biochemical, and physiological mechanisms and morphology of
plants (Chaves et al., 2009; Yousfi et al., 2016), and the duration
and intensity of drought are of paramount importance in these
responses. Severe or prolonged drought has been found to
negatively affect leaf growth (Caldeira et al., 2014) by inhibiting
cell proliferation and expansion (Baerenfaller et al., 2012). This is
because drought inhibits photosynthesis and carbon metabolism
(Hamilton et al., 2001), resulting in a lack of a sufficient carbon
skeleton for cell proliferation. The mobilization of non-structural
carbohydrates (NSC) is the basis of plant carbon metabolism.
A large number of studies have found that drought increases
the level of NSCs in the short term (Kozlowski and Pallardy,
2002), but a long period of drought forced NSC to be consumed
for the maintenance of cellular survival, including respiratory
metabolism and osmotic adjustment (Amthor and McCree,
1990). The role of sucrose has been the focus of attention among
NSCs, not only providing nutrition for plant cells, but also as
a signal molecule of many metabolic pathways (Couée et al.,
2006; Bolouri-Moghaddam et al., 2010). Therefore, studying
the influence of drought stress on sucrose metabolism is key

to understanding the mechanism of carbon metabolism in
response to drought.

Studies have shown that high levels of sucrose can enhance
plant resistance (Lv et al., 2008). The role of sucrose in
metabolism is far more than that in many cases, as sucrose
signaling molecules involved in metabolic pathways form other
substances, such as anthocyanins and fructans (Teng et al.,
2005; Martínez-Noël et al., 2009). Sucrose is essential for
the induction of fructosyltransferases (FT) genes and acts as
a substrate for FT enzymes that synthesize fructose. It is
obvious that the actual level of sucrose greatly determines
the accumulation of fructans. The actual level of sucrose is
determined by the balance between sucrose biosynthesis (sucrose
phosphate synthase/sucrose phosphate phosphatase) and sucrose
degradation (invertases, sucrose synthase). Thus, it can indirectly
affect the synthesis of fructose and the growth and development
of plants by affecting sucrose metabolism. Concerning the key
enzymes involved in sucrose metabolism, contradictory data on
drought effects have been reported. Some studies have found
that SPS activity decreases or remains unchanged in maize,
potato, soybean, and some other crops under drought stress
(Vassey et al., 1991), while some data exhibited an increase in
SPS activity in rice and wheat (Niedzwiedz-Siegien et al., 2004).
Sucrose synthase (SuSase) and invertase (INV) are enzymes
that catalyze the cleavage of sucrose in higher plants. SuSase is
primarily involved in the biosynthesis of sucrose polymers, such
as starch and cellulose, and the production of energy (ATP).
Depending on the optimal pH, INV can be divided into three
types (VIN, CWIN, and CIN), and its subcellular localization and
function are different. VIN exists in the vacuoles of plant cells
and catalyzes the hydrolysis of sucrose to hexose. It regulates the
accumulation of sucrose in plant tissues and the utilization of
sucrose in vacuoles.

Sucrose synthesis is based on the Calvin cycle. Fructose-
bisphosphate aldolase (FBA) and ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) are the key enzymes of the
Calvin cycle, which is the main pathway for photosynthetic
carbon fixation. The activity and expression of these two enzymes
will change under drought stress. Most of the evidence on
drought-induced changes indicates that the activity of RuBisCO
and FBA declines during drought (Chaitanya et al., 2003). This
indirectly affects the rate of sucrose synthesis.

Transcription levels under drought stress have been
the focus of numerous plant species (Zhang et al., 2012;
Smita et al., 2013). Many drought-responsive genes are time-
sensitive (Wilkins et al., 2010; Dubois et al., 2017), so time
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effects must be considered in order to associate physiological
changes with transcriptomics. The combined action of time
and abiotic stress complicates the analysis of transcriptomics
(Greenham and McClung, 2015). Scholars have found that the
differences in transcriptomics caused by time factors are even
greater than abiotic stresses (Wilkins et al., 2010; Greenham
et al., 2017).

Network analysis is a powerful way to comprehensively
analyze the meaningful differences among time, treatments, and
development by providing a pathway structure (Priest et al., 2014;
Gehan et al., 2015; Righetti et al., 2015). Weighted gene co-
expression network analysis (WGCNA) has been widely applied
in recent years to analyze the association of transcriptional
changes with physiological differences in different periods. Here,
we analyzed the transcriptome and physiological parameters of
rice varieties with different drought tolerances during 12 days of
drought stress using the WGCNA approach.

Rice in cold regions has a short growth period. The jointing
and booting stages of these varieties overlap, and vegetative
growth and reproductive growth occur simultaneously. There
is also a high overlap between the heading and anthesis
stages. The overlapping characteristics of growth stages
also determine its extreme sensitivity to water during the
transition period of the growth stage, especially at the jointing-
booting stage. The kind of damage that water deficiency at
the jointing-booting stage will cause photosynthetic capacity
and the effects of different degrees of drought stress on
photosynthetic carbon fixation and sucrose metabolism need to
be investigated.

In this study, we selected two typical rice varieties in cold
regions with overlapping growth stages. We set three different
degrees of drought stress treatments at the jointing-booting
stage: mild, moderate, and severe drought stress, to explore the
differences with respect to the physiological and transcriptional
characteristics in leaf photosynthesis and sucrose metabolism
under different water deficit conditions.

MATERIALS AND METHODS

Plant Material and Growth Conditions
The research was conducted in the rain proof shelter of A’Cheng
experimental site of the Northeast Agricultural University in
Harbin City, China (126◦40 E, 45◦10 N) during the rice-
growing season (April–September) in 2016 (field experiment)
and 2017 (pot experiment). The frost-free period is short
at high latitudes, and the suitable season for rice growth is
only from May to October. The average daily temperature
during the growing season at the experimental site is shown
in Figure 1. Two typical japonica rice varieties Oryza sativa
subsp. Japonica with overlapping growth periods, Songjing 6
(SJ6, 135 days growth period and 2500◦C effective accumulated
temperature) and Dongnong 425 (DN425, 140 days growth
period and 2550◦C effective accumulated temperature) were
used as experimental materials. In mid-April of 2016 and
2017, rice seeds were sown in the seedbed and transplanted
in mid-May with a hill spacing of 30 cm × 10 cm, with

three plants per hill in the field experiment. Each pot was
transplanted into four hills with three plants per hill in pot
experiment. The diameter of the pot was 35 cm and the
height was 30 cm. The fertilization standard was composed of
nitrogen (150 kg per ha as urea), phosphorus (100 kg per ha
as diammonium phosphate), and potassium (75 kg per ha as
potassium sulfate). Urea was also used at mid-tillering (100 kg
per ha) as a top dressing.

Experimental Design
A split-plot design was used for this experiment. Drought stress
with different soil water at the jointing-booting stage was set
as the whole-plot factor with three levels: mild drought stress
(−10 kPa), moderate drought stress (−25 kPa), and severe
drought stress (−40 kPa), and irrigation at 3 cm depth was used
as a control (0 kPa). The water potential of SJ6 is denoted as
A0 (0 kPa), A1 (−10 kPa), A2 (−25 kPa), and A3 (−40 kPa),
and DN425 was marked as B0 (0 kPa), B1 (−10 kPa), B2
(−25 kPa), and B3 (−40 kPa). The booting stage was determined
by manually dissecting the stem and visually observing it. The
subplot factor was rice variety, and the area of the subplot
was 35 m2. A large soil ridge was used to separate the plots
(Supplementary Figure 1). The booting stage was defined as
50% of the plants having panicles that were visible to the naked
eye as a tiny and transparent growth <2 mm in length buried
within the leaf sheaths near the base of the plant, approximately
2 weeks before heading. The drought stress treatment lasted
for 15 days. Irrigation was controlled before the drought stress
to gradually reduce the soil water potential. A small amount
of water was added to maintain the potential for the design if
there was a water shortage during the comparable stress period.
All treatments were placed under a rainproof shelter during
drought stress. Eight soil tensiometers were evenly placed in two
rows in each plot (Supplementary Figure 1). A soil tensiometer
(Institute of Soil Science, Chinese Academy of Sciences) was used
to monitor the soil water potential at a depth of 20 cm. The
soil potential was monitored daily at 06:00, 12:00, and 18:00.
When the soil water potential was low, an appropriate water
supply was used to maintain the soil water potential within
the range of ±3 kPa of the designed water potential. Regular
irrigation was restored immediately after the drought stress.
The soil water potential was rapidly restored to 0 kPa and
the water depth was maintained at 3 cm until maturity. For
the convenience of description, days after drought stress were
recorded as Dx days, and days after restoration of irrigation were
recorded as Rx days.

Collection of Leaf Tissue for
Physiological Determination and
RNA-Sequencing
Three fully unfolded top leaves of each plant were collected and
immediately flash frozen in liquid nitrogen in 2016. At each
time point, leaves from 12 plants in the same treatment group
were collected, and four plants were pooled for each biological
replicate, resulting in three biological replicates per treatment
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FIGURE 1 | Average daily temperature (◦C) of growing season in experimental site. The sampling dates were marked yellow squares (2016) and black circles (2017).

group at each time point. The leaves were stored at −80◦C until
physiological determination and RNA extraction.

Determination of Physiological
Indicators
Sucrose content was measured using the resorcinol method (Du
et al., 2020), with some modifications. 0.1 g leaves were ground
with a mortar and pestle in liquid nitrogen and homogenized in
8 mL 80% ethanol, followed by an 80◦C water bath for 40 min.
Repeated extraction once and merged the extract. Activated
carbon was added to the extracting solution, decolorized by
an 80◦C water bath for 30 min. The extracting solution was a
crude enzyme solution with a constant volume of 20 mL. One
hundred microliters of 2 mol·L−1 NaOH were added to a 4 mL
crude enzyme solution, boiled in a water bath for 5 min. Seven
milliliters of 30% hydrochloric acid and 2 mL 0.1% resorcinol
were added successively, followed by an 80◦C water bath for
10 min, and then the absorbance was measured at 480 nm.

The activity of VIN (S-AI) was determined as previously
described (Yu et al., 2017), with some modifications. 0.1 g leaves
were ground with a mortar and pestle in liquid nitrogen and
homogenized in 1 mL extracting solution [50 mM HEPES-NaOH
(pH 7.5), 50 mM MgCl2, 2 mM EDTA, 0.2% BSA, 2% PVP,
10 mM DTT]. The homogenate was centrifuged at 12,000 × g
for 10 min at 4◦C. The supernatant was a crude enzyme solution.
Fifty microliters of crude enzyme solution were added to the
determination and control tubes. Then, 200 µL 8% sucrose and
200 µL acetic acid-sodium acetate buffer solution was added to
the determination and control tubes, respectively. Water baths
were run at 37◦C for 30 min, followed by a 95◦C water bath
for 10 min. One hundred twenty-five microliters of 20 mM
dinitrosalicylic acid were added to the determination and control
tubes, followed by a 95◦C water bath for 10 min, and then the
absorbance was measured at 510 nm. The catalyzed production
of 1 µg reducing sugar per minute per gram leaf is defined as one
unit of enzyme activity.

The activity of sucrose phosphate synthase (SPS) and sucrose
synthase (SuSase) was determined as previously described (Yu
et al., 2016), with some modifications. 0.5 g leaves were ground

with a mortar and pestle in liquid nitrogen and homogenized in
3 mL extracting solution [50 mM HEPES-NaOH (pH 7.5), 50 mM
MgCl2, 2 mM EDTA, 0.2% BSA, 2% PVP]. The homogenate was
centrifuged at 10,000 × g for 10 min at 4◦C. The supernatant
was a crude enzyme solution. Fifty microliters of HEPES-NaOH,
20 µL 20 mM MgCl2, 20 µL 100 mM UDPG and 20 µL
100 mM fructose-6-phosphate (sucrose synthase determination
with fructose added) were added to 50 µL crude enzyme solution,
respectively. Then, water baths were run at 37◦C for 30 min.
Then, 200 µL 2 M NaOH was added to stop the reaction,
boiled in a water bath for 10 min. One and a half milliliters of
30% hydrochloric acid and 0.5 mL 0.1% resorcinol were added
successively, followed by an 80◦C water bath for 10 min, and
then the absorbance was measured at 480 nm. The catalyzed
production of 1 µg sucrose per minute per gram leaf is defined
as one unit of enzyme activity.

The activity of RuBisCO was determined as previously
described (Wang et al., 1992), with some modifications. 0.1 g
leaves were ground with a mortar and pestle in liquid nitrogen
and homogenized in 1 mL extracting solution (1 M Tris–HCl
buffer (pH 7.2), 20 mM KCl, 1 mM EDTA). Two hundred
watt ultrasonic crushed 3 s, 7 s interval, a total time of
1 min. The homogenate was centrifuged at 8,000 × g for
10 min at 4◦C. The supernatant was a crude enzyme solution.
Ten microliters of 25 mM RuBP, 180 µL working solution
(10 mM NaHCO3, 2.5 mM ATP, 0.3 mM NADH, 10 mM DTT,
5 mM MgCl2, 40 units·mL−1 3-phosphoglycerate kinase, 40
units·mL−1 glyceraldehyde-3-phosphate dehydrogenase) were
added to 10 µL crude enzyme solution, and then the
absorbance was measured at 340 nm. The oxidation of 1 nmol
NADH per minute per gram leaf is defined as one unit of
enzyme activity.

The activity of FBA was determined as previously described
(Schaeffer et al., 1997), with some modifications. 0.1 g leaves
were ground with a mortar and pestle in liquid nitrogen
and homogenized in 1 mL 50 mM Tris–HCl buffer (pH
7.5). Two hundred watt ultrasonic crushed 3 s, 7 s interval,
a total time of 1 min. The homogenate was centrifuged
at 8,000 × g for 10 min at 4◦C. The supernatant was a
crude enzyme solution. One hundred microliters of working
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solution (50 mM Tris–HCl, 5 mM MgCl2, 1 mM EDTA),
20 µL 210 µM NADH, 20 µL 2 mM fructose-1,6-bisphosphate,
20 µL 1 unit ml−1 glycerol-3-phosphate dehydrogenase and
20 µL 1 unit ml−1 triose-phosphate isomerase was added
to 20 µL crude enzyme solution, and then the absorbance
was measured at 340 nm. The consumption of 1 nmol
NADH per minute per gram leaf is defined as one unit of
enzyme activity.

Weighted Gene Co-expression Network
Analysis Network Analysis
Drought time datasets of the two cultivars were filtered to
remove any genes that did not reach an FPKM value of 1
in at least one time point. Log2 normalized FPKM values
were used to generate the co-expression network using cloud
computing1. Average hierarchical clustering using the hclust
function was performed to group the genes based on the
topological overlap dissimilarity measure (1-TOM) of their
connection strengths. Network modules were identified using a
dynamic tree cut algorithm with a minimum cluster size of 30
and merging threshold function of 0.85. To relate the physiology
measurements with the network, the module eigengenes were
correlated with the physiological data. Correlations were
performed for each physiological trait separately using the mean
values at each time point to associate the diel patterns between
the physiological traits and eigengenes. To associate individual
genes with physiology, we calculated gene significance (GS) as
described in the WGCNA package as the absolute value of
the correlation between gene expression and physiology across
the time series.

qRT-PCR Confirmation of Differentially
Expressed Genes
qRT-PCR was conducted using a LightCycler 480 real-
time PCR system. Each reaction was performed in a
volume of 20 µL containing 10 µL of 2 × SYBR green
master reagent (TOYOBO, Japan), 2.0 µL of diluted
transcription product and 0.6 µL of each gene-specific
primer and 6.8 µL of ddH2O. The following thermal
cycling conditions were used: 95◦C for 5 min, followed by
45 cycles of 95◦C for 15 s, 56◦C for 25 s, and 72◦C for
35 s. Dissociation curve analysis was performed using the
following thermal profile: 95◦C for 10 s, 60◦C for 1 min, and
95◦C for 15 min.

Statistical Analysis
Data analyses were performed using the SPSS 18.0 (Chicago,
IL, United States) software package. Analysis of variance
(ANOVA) was used to analyze all data and differences among
treatments. Results are reported as the mean ± standard
deviation (SD) values of three independent experiments, by
measuring at least three different replicates (plants) in each
experiment. SD was calculated directly from crude data. The
levels of significance in the figures are given by ns for

1https://console.biocloud.net

not significant, ∗ and ∗∗ for significance at P < 0.05, and
P < 0.01, respectively.

RESULTS

Effects of Drought Stress on
Photosynthesis
As shown in Figure 2, the net photosynthetic rate of the two
cultivars decreased significantly in D15 days under drought
stress. Compared with that of the control, the net photosynthetic
rate of the two cultivars decreased by 27.24 and 27.51% under
mild drought stress, 33.06 and 34.97% under moderate drought
stress, and 44.89 and 51.70% under severe drought stress,
respectively. After the restoration of irrigation, DN425 showed a
stronger recovery ability than that of SJ6 under severe drought
stress. Compared with D15, the net photosynthetic rate of the
two cultivars under severe drought stress increased by 61.24 and
114.66% in R10 days, respectively. The net photosynthetic rate
of DN425 under severe drought stress at R20 was significantly
higher than that of the control.

Ribulose-1,5-bisphosphate carboxylase/oxygenase is a key
enzyme in the carbon fixation reaction of rice. The activity
of RuBisCO in the control treatments reached the maximum
value on day R15 and then decreased gradually (Figures 3A,B).
In contrast to the control, the RuBisCO activity of the two
cultivars under drought stress showed a bimodal curve change.
The activity of RuBisCO in drought stress treatment reached
its first peak on D9 days, which was significantly higher than
that in the control. The activity of RuBisCO in drought stress
treatments of SJ6 on D9 days was increased by 69.40, 93.88,
and 40.82%, with increasing drought intensity, respectively. In
contrast to SJ6, DN425 was significantly higher than the control
only under severe drought stress on D9 days, and increased by
61.02% compared with the control. The activity of RuBisCO in
drought stress treatments decreased rapidly after reaching the
first peak, and was overall significantly lower than that in the
control at the same time until D15 days. Compared with the
control, the activity of RuBisCO in drought stress treatment
of SJ6 decreased by 36.62, 56.34, and 39.44%, with increasing
drought intensity, respectively. DN425 decreased by 57.97, 49.27,
and 69.57%, respectively. After irrigation resumed, the activity of
RuBisCO in each treatment decreased rapidly after reaching the
second peak value on day R15. The RuBisCO activity of DN425
under moderate and severe drought stress did not reach that of
the control after R15 days.

Fructose-1,6-bisphosphate aldolase (FBA) plays a key role in
the regeneration of RuBP in plants and indirectly participates
in plant photosynthesis. The maximum time of FBA enzyme
activity was different under different conditions of drought stress
(Figures 3C,D). The FBA activity of the two cultivars in the
control treatment reached the maximum value on D12 days, and
then decreased rapidly. FBA activity of the two cultivars under the
mild, moderate and severe drought stress conditions peaked at
D15, R5, and R10, respectively. The maximum activity of FBA in
SJ6 treatment was 12.38, 15.89, and 23.03% higher than that in the
control, with increasing drought intensity, respectively. DN425
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FIGURE 2 | Effect of drought stress on photosynthetic parameters of growth period overlapping rice at jointing-booting stage. Vertical bars represent standard
deviation. A0 and B0, control treatments (0 kPa) of SJ6 and DN425; A1 and B1, mild drought stress treatments (–10 kPa); A2 and B2, moderate drought stress
treatments (–25 kPa); A3 and B3, severe drought stress (–40 kPa).

FIGURE 3 | Effect of drought stress at jointing-booting stage on the activity of RuBisCO (A,B) and fructose-1,6-diphosphate aldolase (C,D) in growth period
overlapping rice leaves. ∗∗ represent significance at P < 0.01, respectively.

increased by 16.27, 15.48, and 42.25%, respectively. These results
indicate that drought stress increases the maximum activity of
FBA and prolongs the time required to reach the maximum value.
The more severe the drought stress, the greater the increase in
the maximum activity of FBA and the longer the time required to
reach the maximum value.

Effects of Drought Stress on Sucrose
Metabolism
Drought Stress Reduced Sucrose Content in Leaves
Sucrose content is an important trait that reflects carbon
sequestration in plant photosynthesis. The time when sucrose

content reached maximum was found to be different for each
treatment (Figure 4). The sucrose content in the leaves of the
control treatment reached its maximum value on day R5. The
sucrose content of SJ6 under moderate drought was significantly
lower than that of the other treatments in the first 9 days
after drought stress. The sucrose content of SJ6 under severe
drought stress was significantly lower than that of the control,
and the sucrose content was 35.77% lower than that of the
control at D15 days. The sucrose content of DN425 under
moderate and severe drought was significantly lower than that
of the control, and decreased by 23.53 and 15.83% at D15,
respectively. The sucrose content of mild drought stress was
significantly higher than that of the control on D15 days, and
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FIGURE 4 | Effect of drought stress on sucrose content of growth period overlapping rice leaves at jointing-booting stage. ∗∗ represent significance at P < 0.01,
respectively.

increased by 14.50%. After the restoration of irrigation, the
sucrose content under mild drought stress of the two cultivars
reached the maximum value on R5 days, with no significant
difference from the control, while the moderate and severe
drought stress of the two cultivars reached the maximum value
on R5 or R10 days, and the maximum value was significantly
lower than that of the control. The sucrose content of SJ6 leaves
under drought stress was significantly higher than that of the
control from R10 to R25 days. The sucrose content of DN425
was significantly lower than that of the control from R15 to R25
days under moderate and severe drought stress. Drought stress
also significantly affected the soluble sucrose content of leaves
(Supplementary Figure 2).

Drought Stress Affects Sucrose Metabolism Pathway
Sucrose Synthase
The SuSase activity of SJ6 under moderate and severe
drought stress was significantly higher than that of the
control treatment on D6 days, while SuSase activity began
to decline on D9 and D6 days, respectively (Figures 5A,B).
SuSase activity under severe drought stress was 53.84% lower
than that of the control on D15 days. SuSase activity of
DN425 under moderate and severe drought stress began
to decrease after D12 and D6, and was significantly lower
than that in the control at D15 days, decreasing by 36.41
and 58.60%, respectively. After irrigation resumed, the
maximum activity of SuSase decreased by 18.92, 27.34,
and 19.37% in SJ6 and 19.59, 27.50, and 23.47% in DN425
with increasing drought intensity, compared with the
control, respectively.

Sucrose Phosphate Synthase
Sucrose phosphate synthase activity of SJ6 under moderate
drought stress decreased significantly after D12 and was 65.17%
lower than that of the control at D15 (Figures 5C,D). Although
the SPS activity of severe drought stress was temporarily higher
than that of the control at D9 days, the SPS activity decreased
again, which was 43.64% lower than that of the control at D15
days. SPS activity of DN425 increased rapidly under moderate
and severe drought stress, reaching the control level on D9 days,
and then decreasing again by 56.35 and 50.93%, respectively,

at D15 days. After irrigation resumed, there was no significant
difference in activity between the mild drought stress of SJ6
and that of the control. SPS activity under severe drought stress
was significantly lower than that of the other treatments after
R15 days. There was no significant difference in the maximum
value of SPS activity of DN425 under the three different
stress treatments.

Vacuolar Invertase
Vacuoles invertase activity continued to increase after D9 days
under moderate and severe drought stress, and reached the
maximum value on D15 days (Figures 5E,F). VIN activity of
SJ6 under the three drought stress treatments was significantly
higher than that of the control at D15 days, which increased by
78.93, 184.89, and 228.32%, with increasing drought intensity,
respectively. DN425 was 49.90, 106.71, and 156.30% higher than
that of the control, respectively. After the restoration of irrigation,
the VIN activity of SJ6 under drought stress was significantly
higher than that of the control, and gradually decreased to the
control level after R15 days. The VIN activity of DN425 under
severe drought stress was significantly higher than that of the
control within 10 days of irrigation restoration.

Drought Stress Affects the Synthesis of Transient
Starch in Leaves
We further examined the transient starch synthesis pathways in
the leaves. The activity of APDG pyrophosphorylase (AGPase) in
the control treatment reached the maximum value on D12 days
(Figure 6). AGPase activity of SJ6 under mild and severe drought
stress was significantly higher than that of the control after D6
days. AGPase activity under moderate and severe drought stress
reached the maximum value on D12 days, AGPase activity under
severe drought stress was 14.62% higher than that of the control.
AGPase activity reached its maximum value on D15 days under
mild drought stress. The AGPase activity of DN425 under mild
and severe drought reached the maximum value on D12 days,
while that of moderate drought reached the maximum value on
day R5. AGPase activity increased by 19.32% on D12 days under
severe drought, and decreased by 19.87 and 31.73% under mild
and moderate drought, respectively.
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FIGURE 5 | Effect of drought stress at jointing-booting stage on Sucrose synthase (A,B), sucrose phosphate synthase (C,D) and vacuolar invertase (E,F) activity in
leaves. ∗, ∗∗ represent significance at P < 0.05 and P < 0.01, respectively.

FIGURE 6 | Effect of drought stress at jointing-booting stage on AGPase activity in growth period overlapping rice leaves. ** represent significance at P < 0.01,
respectively.
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Effects of Drought Stress on Rice Growth Process
In previous studies, drought stress was generally considered
to shorten the vegetative growth period and advance the
reproductive growth of rice. In our study on rice with overlapping
growth periods, we found that mild and moderate drought
stress accelerated the growth process of rice, and both the
heading and flowering stages were occurred earlier (2–3 days)
than the control (Figures 7A,B). However, severe drought
stress caused a significant delay in the growth period. The
two cultivars did not head after 15 days of drought stress,
and the heading date was delayed by approximately 5 days
compared with the control. To verify this result, pot cultivation
was performed. The growth period of rice was generally earlier
under pot conditions than under field conditions, but the growth
period was also significantly delayed under severe drought stress
(Figures 7C,D).

Differentially Expressed Genes of Carbon Metabolism
in Rice With Overlapping Growth Periods Under
Drought Stress at Jointing-Booting Stage
Transcriptome Sequencing Data Statistics
To better understand the transcriptome differences between the
two cultivars under drought stress, transcriptome sequencing
was performed on the leaves of SJ6 and DN425 during severe
drought stress. Previous studies found that there were too many
apoptotic genes on the 15th day after drought stress, which
affected the analysis results. Therefore, only transcripts from
12 days before drought stress were selected for the analysis.
Comparing the results with the reference genome showed that the
comparison efficiency of reads of all samples with the reference
genome ranged from 80.94 to 87.33% (Supplementary Table 1).
About 37.79 million reads and 37.03 million reads in SJ6 and

DN425, respectively, could be compared at least once to the
reference genome.

Identification of Differentially Expressed Genes
Differential Expression Genes Have Time Effect Under
Drought Stress
First, the gene whose expression level (FPKM) of all samples
was not 0 was analyzed by clustering analysis (Figure 8A). The
results showed that all samples of the two varieties were not
clustered by variety difference, but by drought time difference,
indicating that the effect of drought stress time on the growth
period of overlapping rice was greater than that of inter-variety
difference. Therefore, differentially expressed genes at different
drought stress times were identified in the two cultivars.

A fold change of≥2 and FDR of <0.01 were used as screening
criteria in this study. The results showed that the number of
differentially expressed genes (DEGs) was the highest from day
6 to day 9 under drought stress. The DEGs Venn diagram of
SJ6 and DN425 at adjacent time nodes under drought stress
(Figures 8B,C) showed that the number of DEGs unique to
drought stress from 6 to 9 days was the largest, and 2,302 and
1,109 DEGs were identified, respectively, accounting for 52.79
and 47.76% of the total number of DEGs from 6 to 9 days,
respectively. These results indicated that there were many unique
differential genes expressed from the 6th to 9th day of drought
stress, which were different from that of other time nodes.

Kyoto Encyclopedia of Genes and Genomes
Enrichment Analysis Time-Specific Expression Genes
We isolated the genes expressed at 6–9 days of drought stress
from other time nodes to analyze the pathways of these
DEGs. The main enriched pathways included carbohydrate

FIGURE 7 | Effects of drought stress on rice growth process in field test (A,B) and pot experiment (C,D).
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FIGURE 8 | Analysis of transcription differences under drought stress. (A) Cluster analysis of differential expression genes. (B) Venn diagram of differential expression
genes of SJ6 adjacent time samples. (C) Venn diagram of differential expression genes of DN425 adjacent time samples.

metabolism, coenzyme and vitamin metabolism, and lipid
metabolism (Figure 9A). Time-specific DEGs at 6–9 days of SJ6
were mainly enriched in translation, carbohydrate metabolism,
and amino acid metabolism (Figure 9B). Time-specific DEGs
at 6–9 days of DN425 were mainly enriched in carbohydrate
metabolism, amino acid metabolism, terpenoids, and polyketone
metabolism (Figure 9C).

According to the above results, during 6–9 days of severe
drought stress, SJ6 and DN425 cultivars expressed more
DEGs in the carbohydrate metabolism pathway, which
were different from those of other time nodes, and there
were differences among cultivars. Both cultivars expressed
invertase genes during sucrose degradation (Figures 9D,E),
SJ6 upregulated two invertase genes (LOC_Os03g20020
and LOC_Os09g08072), and DN425 upregulated only one
invertase gene (LOC_Os03g20020). There may be an interaction
between both invertases and multiple sucrose synthases
(Supplementary Figures 3A,B). SJ6 was downregulated
in UDP-glucose, fructose-6-phosphate, and glucose-6-
phosphate pathways, indicating that sucrose degradation
was not used for subsequent product synthesis. DN425 was
also downregulated in the fructose-6-phosphate pathway.
In starch synthesis, SJ6 upregulated the expression of
two starch synthase genes, and DN425 upregulated the
expression of ADP-glucose synthase-related enzyme genes.
SJ6 upregulated three β-amylase genes (LOC_Os03g04770,
LOC_Os10g32810, and LOC_Os03g22790) in starch
degradation. DN425 upregulated the expression of two β-
amylase genes (LOC_Os03g04770 and LOC_Os07g35880).
Fructose-1,6-diphosphate metabolite related enzyme genes
were up-regulated in both cultivars, and phosphate-transport-
related genes were downregulated in DN425, whereas no
downregulation was found in SJ6. Malate dehydrogenase related
genes were also upregulated in SJ6.

Co-expression Network Analysis
To further explore the transcriptional changes in sucrose
metabolism during the whole drought stress period, co-
expression network analysis was performed on the two tested
cultivars. The gene co-expression network was constructed, and
gene modules were identified in the two cultivars under different
drought stress conditions. The SJ6 expression genes constructed
12 modules, and DN425 expression genes constructed 13
modules (Supplementary Figure 4).

To correlate gene expression patterns with physiological
trait data, weighted gene co-expression network analysis
(WGCNA) was used to correlate different module
genes with measured physiological traits (Figure 10).
Six modules of SJ6 genes had the highest correlation
with physiological traits (white, cyan, black, salmon,
Skyblue3, and Mediumpurple3). Seven modules (lightcyan,
Grey60, Saddlebrown, White, Turquoise, Skyblue, and
Darkgreen) had the highest correlation with DN425
physiological traits.

Screening of Key Genes in Relevant Modules
Co-expression network analysis of genes in the modules
highly correlated with physiological traits in the above studies,
revealing that a vacuolar invertase gene (LOC_Os02g01590)
and its co-expression network were always upregulated during
drought stress (Figure 11). It was found that the expression
of this module gene was regulated by bZIP transcription
factor (OsbZIP04) (Figure 11A). Among the highly correlated
module genes of DN425, the WRKY transcription factor
(OsWRKY62) showed the greatest degree of change, suggesting
that it may play a key role in regulating gene expression
(Figure 11B). A β-amylase gene and an ABA-stress-ripening
inducible gene were also found in DN425 modules, and
both genes were regulated by WRKY transcription factors.
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FIGURE 9 | KEGG enrichment analysis of special DEGs from the 6th to the 9th day of severe drought stress. (A) KEGG enrichment analysis of time-specific DEGs of
SJ6 and DN425 co-expressed at 6–9 days under severe drought stress. (B) KEGG enrichment analysis of SJ6 time-specific DEGs at 6–9 days under severe drought
stress. (C) KEGG enrichment analysis of DN425 time-specific DEGs at 6–9 days under severe drought stress. (D,E) MapMan analysis of sucrose and starch
metabolism of DEGs at 6–9 days under severe drought stress. G1, SJ6 time-specific DEGs at 6–9 days; G2, DN425 time-specific DEGs at 6–9 days.
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FIGURE 10 | Correlations between module eigengenes and physiology measurements for SJ6 and DN425.

FIGURE 11 | Gene co-expression network analysis shown by the Cytoscape. (A) Gene co-expression network of SJ6. (B) Gene co-expression network of DN425.
The red polygon represents the transcription factors in the co-expression network, and the middle circle represents the co-expressed DEGs. The size of polygon and
circle represents the degree of gene association, and the transparency of line between graphs represents the weight.

In addition, protein interaction prediction showed that the
vacuolar invertase gene LOC_Os02g01590 interacted with
multiple sucrose synthases and sucrose phosphate synthases
(Supplementary Figure 3C).

Validation of Differentially Expressed Genes in
RNA-Sequencing by Quantitative Reverse
Transcription Polymerase Chain Reaction
To verify the accuracy of transcriptome sequencing, eight
upregulated genes in the sequencing results were selected for
real-time fluorescence quantitative PCR (qRT-PCR) validation
(Supplementary Figure 5). The gene names and primer designs
are listed in Supplementary Table 3. The qRT-PCR data

were consistent with the RNA sequencing data, indicating the
reliability of the RNA-Seq results.

DISCUSSION

Effects of Drought Stress at
Jointing-Booting Stage on
Photosynthesis of Rice With Overlapping
Growth Periods
Photosynthesis is the energy source for all the physiological
activities of crops. Drought stress significantly reduces the
photosynthetic capacity of rice and reduces photosynthetic
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products (Lu et al., 1994). RuBisCO and FBA are both key
enzymes in the Calvin cycle, and their activities determine the
photosynthetic carbon sequestration efficiency of rice. Some
studies have found that because RuBisCO is a bifunctional
enzyme, its activity is affected by CO2 concentration regulation,
drought stress reduces mesophyll conductance, causing abnormal
CO2 transmission (Ding et al., 2014), and resulting in
an increased photorespiration rate and a decrease in net
photosynthetic rate (Kozaki and Takeba, 1996; Wingler et al.,
2000; Guo et al., 2008). Some scholars believe that severe water
stress can lead to a dual decline in RuBisCO activity and
content (Chen et al., 1999; Perdomo et al., 2017). However,
some studies have found that the expression of RuBisCO
activase is upregulated under drought stress, thus increasing
the activity of RuBisCO (Yue et al., 2015; Perdomo et al.,
2017). In this study, the activity of RuBisCO increased rapidly
after the onset of drought stress and reached its first peak
at D9. The activity of RuBisCO under drought stress was
significantly higher than that of the control, indicating that
short-term drought stress promoted the activity of RuBisCO. We
believe that leaf water loss and chloroplast degradation continued
under drought stress, leading to a decrease in CO2 transport
capacity and photosynthetic rate. A large amount of RuBisCO
was activated to compensate for the decreased photosynthetic
carbon sequestration capacity caused by chloroplast degradation.
However, with further water loss caused by drought stress,
the mesophyll conductance decreased, and CO2 transport
capacity was significantly reduced, which greatly reduced the
carboxylation capacity (Ding et al., 2014). This explains why
RuBisCO activity decreased rapidly after reaching its first peak
during drought stress.

Fructose-1,6-bisphosphate aldolase is also a key enzyme in
photosynthesis (Toshio et al., 1991), and both gene expression
and enzyme activity have, under different circumstances, been
shown to increase in a variety of stress-related studies (Yamada
et al., 2000; Purev et al., 2008; Yang, 2009; Liu et al., 2019).
FBA is generally believed to have four main functions in
cells: participation in osmotic regulation (Fan, 2009), increased
photosynthetic rate under stress (Long et al., 2010), participation
in Na+/H+ transport (Yamada et al., 2000), and sucrose signaling
(Lu, 2011). In this study, drought stress increased the maximum
FBA activity and extended the time required to reach the
maximum value. The more severe the degree of drought stress,
the greater the maximum value of FBA activity and the longer
the time required to reach the maximum value. In the drought
stress stage, FBA activity increased with an increase in RuBisCO
activity. It did not decrease with the decrease in RuBisCO activity
but continued to increase until after the resumption of irrigation,
before rapidly decreasing. Considering the diversity of FBA’s
participation in biological processes, we believe that FBA, in
the form of its reaction product triose phosphate, acts as a
link during drought stress and after restoration of irrigation,
that is, coordinating various metabolic pathways to jointly resist
drought stress and complete post-stress recovery. During drought
stress, FBA mainly participates in the regeneration reaction
of RuBP, improving the efficiency of photosynthetic carbon
fixation. When the activity of RuBisCO decreases rapidly due

to drought stress, FBA activity continues to increase, producing
more triose phosphate. On the one hand, RuBP regeneration is
maintained. On the other hand, the subsequent reaction of triose
phosphate ultimately provides raw materials for the production
of hormones and other substances. Transcriptomic sequencing
results showed that FBA-related enzyme genes and genes related
to subsequent metabolic pathways were upregulated to varying
degrees, confirming the above views. The FBA activity continued
to increase after the restoration of irrigation, which may be due
to the fact that the recovery process of drought stress requires
a large amount of triose phosphate to synthesize the required
substances, and the more severe the drought stress is, the longer
the recovery time will be. The control treatment does not require
such a recovery process, so the FBA activity does not need to
be maintained at high levels. This also explains why the FBA
activity of the control treatment remained stable at later stages
of the experiment.

Effects of Drought Stress on Sucrose
Metabolism
Sucrose synthase, sucrose phosphate synthase, and acid invertase
are the key enzymes involved in sucrose metabolism (Housley
et al., 1989; Pollock and Cairns, 1991). Relevant studies have
shown that the activities of SuSase and SPS are significantly
increased under dehydration and osmotic stress (Yang et al., 2001,
2003; Romer et al., 2004; Klotz and Haagenson, 2008). Invertase
is considered to be a key enzyme in cell osmotic regulation, which
can hydrolyze sucrose into two hexose molecules, thus doubling
osmotic pressure (Thomas and González, 2004; Sergeeva et al.,
2006). Invertase has also been found to be involved in fruit
formation in other crops (Zhang et al., 2006; Hayes et al., 2007). It
was found that water stress increased SPS activity, but decreased
invertase activity (Cao et al., 2018). In the study of abiotic stress
in rice, some scholars found that the activities of SuSase and
SPS were significantly increased in the hypertonic environment
induced by salt stress (Shao et al., 2022). In this study, under
moderate and severe drought stress, the activity of SuSase and
SPS in leaves decreased after a period of stress, indicating that the
sucrose synthesis and decomposition ability of leaves decreased
at this time. However, VIN activity in leaves was significantly
higher than that in the control at this stage, making up for low
sucrose decomposition ability. Transcriptome sequencing also
showed that the VIN gene was highly expressed at this time, and
a variety of highly expressed invertase genes were enriched at
the same time. Coupled with sucrose transportation, the sucrose
content in leaves under moderate and severe drought stress
increased slowly. Path analysis showed that the decrease in net
photosynthetic rate was the main factor limiting sucrose content
under severe drought stress (Supplementary Table 2). After
restoration of irrigation, the maximum SPS activity of drought
stress treatments was not significantly lower than that of the
control, and the maximum SuSase activity was significantly lower
than that of the control, while the VIN activity was significantly
lower than that during drought stress, indicating that the sucrose
synthesis ability of drought stress treatments was nearly at
control levels, and sucrose decomposition capacity decreased
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significantly compared to that of the control. This also explains
why the sucrose content of SJ6 leaves under drought stress was
higher than that of the control in the recovery stage, studies
have found similar results (Cao et al., 2018). In addition, in
DN425, moderate and severe drought stress treatments recovered
the sucrose content of leaves to a level significantly lower than
that of the control, and panicle sucrose content was significantly
higher than that of the control at this stage (Supplementary
Figure 6); thus, we speculated that this phenomenon was due
to sucrose transportation from leaves to grains. Related research
has found that drought stress also increases the material transport
phenomena (Wang et al., 2004). Path analysis showed that there
was a complex correlation among VIN, SuSase, and SPS activities
under different drought stress conditions, and the three enzymes
jointly determined the sucrose content of leaves. The interaction
prediction of the two VIN genes enriched in the transcriptome
sequencing also revealed the interaction between the vacuolar
invertase genes and a variety of sucrose synthases and sucrose
phosphate synthases, which also confirmed the hypotheses above.
The internal mechanism of sucrose content, determined by the
interaction of the three enzymes, needs to be further studied.

Effects of Drought Stress on Starch
Metabolism
Scholars found that drought stress reduced the synthesis of
transitory starch in leaves and enhanced the storage starch in
developing grains (Prathap and Tyagi, 2020). The AGPase activity
was found to be increased under water deficit stress in rice
leaves (Prathap et al., 2019). Studies on drought stress in the
rice booting stage have shown that it will have a great impact
on rice (Guo et al., 2014; Chen et al., 2016; Zhao et al., 2017). In
this study, AGPase activity of SJ6 leaves increased under drought
stress, which was consistent with the results of Yang Jianchang’s
study (Yang et al., 2003). AGPase activity decreased rapidly after
D12 days, and decreased slowly after R5 days. These results
indicate that after grain grouting began, the synthesis rate of
instantaneous starch in the leaves decreased significantly. SuSase
activity in leaves continued to increase after R5 days, which
may be because not all sucrose degraded by SuSase was used
in the synthesis of instantaneous starch because recovery after
drought stress requires a material basis. Transcriptome analysis
showed that genes related to UDP-glucose, fructose-6-phosphate,
and glucose-6-phosphate synthesis were downregulated in SJ6
during drought stress, which also confirmed the hypotheses
above. In addition, transcriptome sequencing showed that
multiple upregulated β-amylase genes were enriched during
drought stress, suggesting that starch was mainly metabolized by
degradation rather than synthesis during drought stress.

Effects of Drought Stress on Growth
Process of Rice With Overlapping
Growth Periods
Previous studies have suggested that drought stress can advance
the reproductive growth of rice and accelerate the process of
premature senescence. However, our study found that only
mild and moderate drought stress could advance the growth

period of rice with overlapping growth periods. When the
soil water potential reached −40 kPa at the jointing-booting
stage, that is, when severe drought stress was reached, the
normal growth process of rice was interrupted. After irrigation
was restored, the interrupted growth process under severe
drought stress was resumed, which resulted in heading and
anthesis occurring significantly later than those in the control.
Transcriptome sequencing revealed that a delayed flowering gene
(OsABF1) was upregulated during drought stress, and the same
phenomenon was found in related studies (Zhang et al., 2016).
The upregulated expression of OsABF1 was not observed under
mild and moderate drought stress.

Weighted Gene Co-expression Network
Analysis Key Gene Screening
Because time has a more significant effect on the transcriptome
than changes in drought stress on the transcriptome, the
difference at the transcriptome level in a single comparison
of time cannot reflect the effect of drought stress at the gene
level. Co-expression network analysis is an analytical method
that leads to significant differences in treatment, development,
or time scale by providing path structures (Priest et al., 2014;
McClung et al., 2015; Righetti et al., 2016). In addition, co-
expression network analysis can integrate transcriptome data into
multiple datasets, which can be used for subsequent analysis
of gene network structure and prediction of key genes within
the structure (Langfelder et al., 2011; Krouk et al., 2013).
In this study, we used weighted gene co-expression network
analysis (WGCNA) (Langfelder and Horvath, 2008, 2012) to
synthesize and analyze transcriptome and physiological data
from 12 days of drought stress in both cultivars. Transcriptome
data were classified based on the gene expression patterns during
drought stress. The results showed that 12 and 13 gene modules
were constructed for SJ6 and DN425, respectively, and six and
seven gene modules were selected, which were highly positively
correlated with physiological traits, respectively. Analysis of the
gene expression network in the SJ6 module showed that the bZIP
transcription factor (OsbZIP04) played a regulatory role in gene
expression in most modules, especially in modules highly related
to FBA and VIN enzymes. The bZIP transcription factor was
found to be associated with most of the genes in the modules.
Among them, the vacuolar invertase gene (LOC_Os02g01590)
was upregulated during drought stress. Previous studies have
also shown that the bZIP transcription factor plays a key
role in drought resistance of rice (Fukao and Xiong, 2013;
Maruyama et al., 2014); and in the analysis of the gene
expression network of the LOC_Os02g01590 module in DN425,
the WRKY transcription factor (OsWRKY62) is highly correlated
with genes in the module. In contrast, the bZIP transcription
factor is not highly correlated, and the β-amylase gene in the
module is also found to be regulated by WRKY transcription
factors. WRKY transcription factors have also been shown to be
involved in abiotic stress resistance in rice genes (Song et al.,
2010). These results indicate that SJ6 and DN425 differ in the
regulatory pathways of related genes, but it may be that the two
transcription factors jointly regulate the expression of related
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genes, but there is a strong and weak difference in
the correlation. These predictions need to be verified in
subsequent studies. In addition, in the analysis of gene
networks in modules highly related to physiological traits,
we also found a large number of other transcription
factor families related to drought stress reported by
predecessors, such as the AP2/EREBP transcription factor
family, the zinc finger (Selvaraj et al., 2020), MYB (El-
Kereamy et al., 2012) and the NAC transcription factors
(Lee et al., 2017).

CONCLUSION

Drought stress at the jointing-booting stage significantly reduced
the net photosynthetic rate of rice leaves with overlapping growth
stages during stress, and the more severe the drought stress, the
greater the decrease. Drought stress promoted the activity of
RuBisCO in a short time, but the activity of RuBisCO decreased
after a period of drought. Drought stress increased the maximum
activity of FBA, the more severe the drought stress, the greater
the increase in the maximum activity of FBA and the longer the
time required to reach the maximum value. The VIN activity of
leaves increased significantly under drought stress, and the more
severe the drought stress, the greater the increase. Drought stress
significantly reduced the activities of SuSase and SPS in functional
leaves and affected sucrose synthesis and degradation. After
irrigation resumed, all treatments failed to recover to the control
level. Severe drought stress changes the inherent growth process
and delays the heading and flowering stages of rice. The number
of DEGs was the highest from day 6 to day 9 under drought stress.
Kyoto encyclopedia of genes and genomes (KEGG) enrichment
analysis revealed that two invertase genes and four β-amylase
genes with time-specific expression were involved in sucrose-
starch metabolism in rice under drought stress. Combined with
WGCNA analysis, VIN and β-amylase genes were regulated by
OsbZIP04 and OsWRKY62 transcription factors during drought
stress. Finally, our findings provide valuable insights into carbon
fixation and sucrose metabolism in rice with overlapping growth
periods under drought stress.
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Supplementary Figure 1 | Field map of the experimental design. The red dotted
line represents the separation between repetitions, and the black dotted line
represents the partition between varieties. The circle represents the position of the
soil tensiometer. The black line represents the soil ridge for separating treatments.

Supplementary Figure 2 | Effect of drought stress on the soluble sugar content
of growth period overlapping rice leaves at the jointing-booting stage. **Represent
significance at P < 0.01, respectively.

Supplementary Figure 3 | Prediction of invertase protein interaction network. (A)
LOC_Os03g20020, (B) LOC_Os09g08072, and (C) LOC_Os02g01590.

Supplementary Figure 4 | Gene merging module cluster tree.

Supplementary Figure 5 | DEGs between RNA-Seq and qRT-PCR.

Supplementary Figure 6 | Effect of drought stress on sucrose content of growth
period overlapping rice panicles at the jointing-booting stage.
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