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Carbon and nitrogen antagonistically regulate multiple developmental processes.
However, the molecular mechanism affecting nitrogen metabolism by sucrose transport
remains poorly defined. Previously, we noted that Oryza sativa DNA BINDING WITH ONE
FINGER 11 (OsDOF11) mediated sucrose transport by binding to the promoter regions
of Sucrose Transporter 1 (SUT1), Oryza sativa Sugars Will Eventually be Exported
Transporters 11 (OsSWEET11), and OsSWEET14. Here, we note that OsDOF11
promotes nitrogen uptake and then maintains the ratio of fresh weight to dry weight in
seedling plants and the effective leaf blade at flowering stages. Mutants of the sucrose
transporter gene OsSWEET14 displayed a phenotype similar to that of OsDOF11.
By microarray analysis and qRT-PCR in OsDOF11 mutant plants, OsDOF11 affected
the transcription level of amino acid metabolism-related genes. We further found that
mainly amino acid contents were reduced in flag leaves but increased in seeds. Both
sugar and organic nitrogen changes caused the ratio of fresh weight to dry weight to
decrease in OsDOF11 mutant seedling plants and mature leaves, which might result
in vigorous reduced metabolic activity and become less susceptible to stress. These
results demonstrated that OsDOF11 affected nitrogen metabolism by sugar distribution
in rice, which provided new insight that OsDOF11 coordinated with C and N balance to
maintain plant growth activity.

Keywords: OsDOF11, nitrogen, water content, stress, rice

INTRODUCTION

Rice (Oryza sativa L.) is one of the most important crops for over one-third of the population
of the world (Sasaki and Burr, 2000). With the rapid development of society, the population has
increased faster year by year, and the global human population was estimated to be near 7.7 billion
in 2021, which caused a world food crisis. To some degree, an increase in photosynthetic rate or
a higher nitrogen use efficiency in plants and crops might be a vital element to resolve the food
crisis. Sucrose, the primary product of photosynthesis, plays a pivotal role in mediating various
physiological processes and mainly provides raw materials that participate in starch synthesis
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(Nakamura, 2002; Fitzgerald et al., 2009; Tian et al., 2009;
Yan et al., 2011; Feng et al., 2019). Sucrose is synthesized in
mesophyll cells and then moves from source tissue into sink
tissue cells via a phloem loading system to support plant growth
and development (Ayre, 2011). Sucrose phloem loading systems
contain two traditional sucrose transport routes, apoplastic
loading and symplastic loading (Braun et al., 2014). These
transport pathways always initiate from mesophyll cells by
bundle sheath, mestome sheath, and PP (phloem parenchyma)
and enter PP-TSEs (thick-walled sieve elements) (symplastic
loading) or CC-SEs (companion cells-sieve elements) (apoplastic
loading) in grasses (Eom et al., 2012; Braun et al., 2014).
Symplastic loading always depends on plasmodesmata. However,
two membrane protein family genes, SUT (Sucrose Transporter,
also called SUC for Sucrose Carrier) and SWEETs (Sugars
Will Eventually be Exported Transporters)-type transporter,
participate in apoplastic loading between CC and SE, except for
plasmodesmata (Braun et al., 2014; Wu et al., 2018).

As sucrose transporters mediate long-distance sucrose phloem
loading, several transcription factors regulate its expression
levels. Bai et al. (2016) isolated a gene (Os02g0725900) encoding
nuclear factor Y B1 (NF-YB1) expressed in caryopses from
4 to 21 DAP, as previously reported (Sun et al., 2014; Bai
et al., 2016). Mutations of OsNF-YB1 by CRISPR/cas9 and RNA
interference (RNAi) transgenic plants showed a chalky phenotype
due to binding to the promoters of the sucrose transporter
genes Oryza sativa Sucrose Transporter 1 (OsSUT1), OsSUT3,
and OsSUT4 (Bai et al., 2016). Oryza sativa DNA BINDING
WITH ONE FINGER 11 (OsDOF11), a transcription factor, is
a sucrose transport inducer. Mutations of OsDOF11 and RNAi
transgenic plants displayed semi-dwarf, fewer tillers, smaller
panicles and smaller grain sizes due to lower levels of sucrose
transport activity. The expression of four SUT genes – OsSUT1,
OsSUT3, OsSUT4, and OsSUT5 – as well as two SWEET genes,
OsSWEET11 and OsSWEET14, was reduced in various organs of
the mutant, including the germination seeds, seedlings, leaves,
stems, and young panicles. OsDOF11 binds directly to the
promoter regions of SUT1, OsSWEET11, and OsSWEET14 (Wu
et al., 2018). However, the OsSUT1 Tos17 insertional mutant does
not produce homozygous seeds, OsSWEET11 involves stamen
development, and the OsSWEET14 mutant displays a similar
phenotype with a dwarf phenotype and smaller seeds (Yang
et al., 2018). In addition, DOF11-VP16-Myc driven by the 2.0
kb DOF11 promoter rescued the DOF11 semi-dwarf phenotype
(Kim et al., 2021).

Mineral elements are required for plant growth and
development, and most of these mineral elements are needed to
synthesize the necessary organic substances for plant life. Plants
possesses an intricate regulatory mechanism that coordinates the
capacity of carbon (C) assimilation with nitrogen (N) metabolism
(Nunes-Nesi et al., 2010). C, which is mainly assimilated by
fixed CO2 and water under photosynthesized processes into
catalytically synthesized carbohydrates and then utilized to build
the main skeleton of proteins, nucleotides of DNA or RNA, lipids,
numerous metabolites and cellular components, is one of the
most critical elements in plants. N is taken by the roots and
then assimilated in the roots and shoots. Phosphoenolpyruvate

carboxylase (PEPC) plays a vital role in the carboxylation
of phosphoenolpyruvate to form oxaloacetate (Wu et al.,
2017). Glutamine synthetase is coupled with glutamate synthase
(GOGAT) in the GS/GOGAT cycle. OsNADH-GOGAT1 is
expressed at root tips, leaves and seeds, while OsNADH-GOGAT2
is predominantly expressed in mature leaves (Tamura et al.,
2011). Nitrogen assimilation is integrated with carbohydrate
distribution. Accordingly, carbohydrate allocation between the
synthesis of organic acids and starch and sucrose is noticeably
affected by nitrogen metabolism at the transcript and post-
translation levels (Coruzzi and Zhou, 2001). Recently, great
achievements have been made in the dissection of C and N
metabolism to control plant developmental processes (Wang
et al., 2020; Zhang et al., 2020). However, little is known about
whether sucrose transport activity is involved in amino acid
metabolism. Here, we report that mutation in OsDOF11 causes
the ratio of fresh weight to dry weight to decrease due to
abnormal nitrogen uptake and affects nitrogen metabolism.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Previously, we reported that T-DNA insertion Within the
first intron of OsDOF11 in a background of cultivar Dongjin
(Oryza sativa L. ssp. japonica) caused a null allele (Jeon
et al., 2000). and we selected RNAi-9 From 12 independently
OsDOF11-RNAi plants With same background of OsDOF11
T-DNA insertion line (Wu et al., 2018). the OsSWEET14 mutant
line (Line PFG_3D-03008), T-DNA insertion Within the first
intron, Was derived From cultivar Hwayoung (Oryza sativa L.
ssp. japonica) (Jeong et al., 2006; Antony et al., 2010). Seeds
Were germinated at 28◦C for 7 days Under Yoshida medium
(with or without 3% sucrose) With multiple concentrations of
nitrogen (normal N, 0 N, and 10% N) (Yoshida et al., 1976;
Wu et al., 2017). the seedlings Were cultivated in pools With
3 different concentrations of nitrogen (lower concentration:
treatment With 90 kg/hm2 urea; middle concentration: treatment
With 135 kg/hm2 urea; higher concentration: treatment With
180 kg/hm2 urea) at the seedling stage, tillering stage, and
flowering stage in Yangzhou University, China. the whole plant at
the seedling stage in Yoshida medium, flag leaves at the flowering
stage and seeds in pools With 3 different concentrations of
nitrogen of WT and osdof11-1 plants, as well as RNAi-9, Were
harvested.

Transcriptome Analysis
Three individual sample were used for transcriptomic analysis.
Total RNA was extracted from the main tiller flag leaves
of WT and osdof11-1 plants. The samples were separated,
frozen immediately in liquid nitrogen, and stored at −80◦C
before RNA isolation. Total RNA isolation was conducted using
an Ultrapure RNA Kit (CWBIO, CW0581S). The mRNA of
each sample was enriched using oligo(dT) magnetic beads
and digested into short fragments by fragmentation buffer.
Random hexamers were used as primers for first-strand and
second-strand cDNA synthesis. These double-stranded samples
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were treated with T4 DNA polymerase and T4 polynucleotide
kinase for end-repairing and dA-tailing, followed by T4 DNA
ligase treatment for adaptor ligation. Afterward, fragments
approximately 200 bp long were collected and used as templates
for PCR amplification to create the cDNA library. This library
was pair-end sequenced using the PE90 strategy (paired-end
reads of 90 base pairs per read) on an Illumina HiSeqTM

2,000. The raw reads were processed to generate clean-read
datasets by removing the adaptor sequences, reads with > 5%
ambiguous bases (noted as N), and low-quality reads that
contained more than 20% of bases with qualities of < 20.
The clean reads were then aligned to the rice japonica genome
(version: Tigr 7.0) using the Tophat program (v2.0.11) under
the following parameters: -a 10 -m 0 -i 31 -I 500000 –G.
The DEseq algorithm was applied to filter the differentially
expressed genes (Yang et al., 2018). In this study, genes
with a q-value < 0.05 and a fold-change > 2 between
the control and treated samples were considered significantly
differentially expressed.

GO Analysis
The GO information of differentially expressed genes was
retrieved from the rice oligonucleotide array database 1(Cao et al.,
2012). Fold-enrichment values were calculated by dividing the
query number by the query expected value. We selected GO
terms with a fold enrichment greater than 2 and a hypergeometric
P-value below 0.05. Visualization of GO terms was performed by
Microsoft excel, and Illustrator software was used to polish GO
terms. Functional information for differentially expressed genes
was analyzed by the MapMan toolkit (3.6.0RC1), which has been
used frequently for functional classification of transcriptome data
(Thimm et al., 2004).

RT–PCR Analyses
Total RNA was isolated from flag leaf blades of greenhouse-
grown plants at the flowering stage. The cDNAs were
synthesized and quantitative real-time qRT-PCR was performed
as previously described. The internal control was rice OsUBQ5
(LOC_Os01g22490). All experiments were conducted at least
three times, with three or more samples taken at each point. To
ensure primer specificity, we performed the experiments when
the melting curve showed a single sharp peak. The PCR products
were sequenced to verify the specificity of the reaction (Wu
et al., 2018). SYBR Green (Invitrogen) were 50◦C for 2 min,
95◦C for 2 min, and 40 cycles of 95◦C for 15 s and 57◦C for
30 s. The amount of product was quantified using a standard
curve after normalization with transcripts from an actin gene
(OsUBQ5). All primers used for studying gene expression are
listed in Supplementary Table 2.

Nitrogen Content
The seedling plant and effective leaf blade were harvested, ground
in liquid nitrogen, and then filtered through a 100-µm sieve.
The total nitrogen content was measured using a CHN-Nitrogen
analyzer (Vario EL cube, Elementar Analysensysteme Gmbh) and

1http://ricephylogenomics-khu.org/ROAD/analysis/go_enrichment.shtml

converted to protein content by using a conversion factor of 6.25
(Mariotti et al., 2008). The protein contents in the seedling plant
and effective leaf blade were calculated on a dry basis.

Extraction, Purification, and
Quantification of Amino Acids
The flag leaf blades at the heading stage and the mature
seeds from transgenic plants, as well as WT, were harvested
from the main tiller of each plant. For total amino acid
analysis, 10mg of rice power of each sample was hydrolyzed
with 1mL of 6N HCl (Sigma, United States) in a 2mL screw-
cap tube before adding 10nmol L-(+)-norleucine (Wako Pure
Chemicals, Japan). The samples were then heated at 110◦C
for 24h, followed by the treatment of 6h at 65◦C in order
to evaporate HCl completely. The residue was then dissolved
in 1mL Na-STM buffer and centrifuged at 1,600 × g for
10min at room temperature. The supernatant was filtered with
a 0.45µm nylon membrane syringe filter (Pall Life Sciences,
United States) and transferred to an autosampler bottle for
amino acid analysis. HPLC data were normalized with the
level of L-(+)-norleucine per sample. Three biological replicates
were designed for each sample. Seventeen amino acids were
measured, including alanine (Ala), arginine (Arg), aspartic acid
(Asp), cysteine (Cys), glutamic acid+glutamine (Glu), glycine
(Gly), histidine (His), isoleucine (Ile), leucine (Leu), lysine
(Lys), methionine (Met), phenylalanine (Phe), proline (Pro),
serine (Ser), threonine (Thr), tyrosine (Tyr), and valine (Val)
(Yang et al., 2018).

Content of Amylose Determination and
Soluble Sugar
Starch was defatted using 85% methanol and then dissolved
in dimethyl sulfoxide containing urea solution. The iodine
absorption spectrum was scanned from 400 to 900 nm
using a spectrophotometer (Ultrospec 6300pro, Amersham
Biosciences, United Kingdom). The AAC (apparent amylose
content) was calculated from the absorbance at 620 nm by
reference to a standard curve. The true AC (amylose content)
was measured using a Megazyme Amylose/Amylopectin Assay
Kit (K-AMYL) according to the manufacturer’s instructions.
The amylose/amylopectin ratio was calculated based on AC.
The soluble sugar content was determined according to Stitt
et al. (1989). The amylose and soluble sugar content in the
seedling plant and effective leaf blade was calculated on the
basis of dry weight.

Statistical Analysis
Student’s t-test by Excel 2010 (Microsoft, United States) was
performed to determine any statistically significant differences
among values measured from WT, osdof11-1, and RNAi-9
samples in each experiment. Each data point represents the mean
from at least four different plants. T-test was used to compare
means at a significance level of P< 0.05 or P< 0.01.
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FIGURE 1 | Characterization of the OsDOF11 mutants at the seedling stage under multiple N contents in Yoshida medium. (A–H) Phenotypes of the odof11-1
mutant, OsDOF11-RNAi plants, and WT under multiple N concentrations of Yoshida medium. (A) Picture of seedling plants at 7 days after germination; (B) shoot
length; (C) root length; (D) root number; (E) ratio of shoot to root length; (F) fresh weight; (G) dry weight, (H) ratio of fresh weight to dry weight; (I) N concentration.
0 N: Yoshida medium without nitrogen, 0.1 N: Yoshida medium with 10% nitrogen, and normal medium: Yoshida medium with a normal content of nitrogen. Scale
bar = 1 cm. Error bars represent SE of at least five samples. *P < 0.05; **P < 0.01.

RESULTS

OsDOF11 Promotes Nitrogen
Assimilation by Sucrose Transport
Sucrose not only acts as a type of carbohydration for providing
energy, but is also utilized to synthesize other organic materials.
We described that OsDOF11 participated in sugar distribution
(Wu et al., 2018). To further analyze the function of OsDOF11,
we chose T-DNA insertion line osdof11-1 and OsDOF11 RNA
interference line 9 (RNAi-9), in which OsDOF11 transcription
level were reduced (Wu et al., 2018). Mutants of OsDOF11 and
background line of cultivar Dongjin (WT) were grown in Yoshida
medium without sucrose but with multiple concentrations of
nitrogen, which contains ammonium and nitrate (0 N, 10% N
and normal N). The images of the cultivated rice at 7 DAG
are shown in Figure 1A. As demonstrated, the shoot length,
root length, crown root number and fresh weight were reduced
in the osdof11-1 line, as well as in RNAi-9 (Figures 1B–F).
However, the dry weight was increased, which caused a reduction
in the ratio of the fresh weight to dry weight in mutants of
OsDOF11 (Figures 1G,H). As the nitrogen content increased
in the medium from 0 N to normal N, more nitrogen was
taken by WT seedling plants (Figure 1I). Compared with WT,
nitrogen concentrations were reduced in both the OsDOF11
and RNAi-9 lines. To confirm this result, we grew OsDOF11-
related material in paddy fields with different concentrations
of N by urea at the seedling, tillering, and filling stages (lower
concentration: 90 kg/hm2; middle concentration: 135 kg/hm2;
higher middle concentration: 180 kg/hm2). We measured the N
concentration per gram of dry weight (DW) directly in mutants
of OsDOF11 leaf blade and WT rice at the flowering stage.
We found that the effective leaf blades of OsDOF11 mutants

had lower N content under different nitrogen treatments (low
N, middle N, and high N) (Figure 2A). Additionally, the ratio
of fresh weight to dry weight was also reduced in all the
mutants (Figure 2B). These results are similar to the results at
the seedling stage.

OsDOF11 Promotes Nitrogen
Assimilation by OsSWEET14
Previously, we noted that OsDOF11 mediated sucrose transport
by binding to the promoters of the sucrose transporter genes
OsSUT1, OsSWEET11, and OsSWEET14 (Wu et al., 2018).
We added 3% sucrose to Yoshida medium with multiple
concentrations of nitrogen and repeated the growth of the
OsDOF11 mutant experiments. The trend was similar in Yoshida
medium with or without sucrose (Supplementary Figure 2).
Interestingly, as sucrose was added to Yoshida medium, the
WT took slightly more nitrogen than the WT without sucrose.
Thus, we analyzed the phenotype of OsSWEET14 mutant
(Supplementary Figure 1). We found that the nitrogen content
and ratio of fresh weight to dry weight in the OsSWEET14
mutant were reduced under multiple concentrations of nitrogen
(Figure 3). These results suggest that OsDOF11 mediates
nitrogen uptake or assimilation by sucrose transport.

Transcriptome Analysis of OsDOF11
Mutant
Previous studies have reported that decreased sucrose transport
activity caused increased sugar content of leaves and reduced
grain size (Coruzzi and Zhou, 2001; Eom et al., 2012; Julius
et al., 2017). During plant development, the carbon skeleton
driven by the photosynthesis product influences the activity of
enzymes for N metabolism, especially amino acids. The flag
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FIGURE 2 | OsDOF11 affects nitrogen metabolism by sugar distribution in the effective leaf blade at the flowering stage. (A) Ratio of fresh weight to dry weight of
effective leaf blade at flowering stage; (B) N concentration in effective leaf blade at flowering stage; Low: treatment by urea 90 kg/hm2; Mid: treatment by urea
135 kg/hm2; High: treatment by urea 180 kg/hm2. Error bars represent SE of at least five samples. *P < 0.05; **P < 0.01.

leaf transported and reorganized nutrition, which contributed
mainly to grain development (Reguera et al., 2013). We first tried
to investigate nitrogen-related genes affected in the OsDOF11
mutants by transcriptome analysis using mRNAs prepared
from the flag leaf blades of osdof11-1 and WT at the heading
stage. The RNA sequencing data identified 22,282 annotated
genes, among which 930 had at least twofold higher transcript
levels, while 880 had at least twofold lower levels in osdof11-1
compared with WT. These genes were involved in multiple
signaling pathways, especially sugar and acid metabolism,
amino acid metabolism, metabolic pathways, plant hormone
signal transduction, biosynthesis of secondary metabolites,
and others (Figure 4). The top 20 enriched pathways were
described in Supplementary Figure 3. Seventeen fundamental
amino acid metabolism-related genes were changed (Figure 5A).
Among the changed genes, 132 genes were downregulated,
and 114 genes were upregulated (Supplementary Table 1).
We therefore selected N signaling genes to verify the results
of the RNA sequencing experiment. From that group of genes,
we randomly selected six N-related genes, of which two were
downregulated (LOC_Os04g43800 and LOC_Os02g34600) and
four were upregulated (LOC_Os02g41680, LOC_Os02g41650,

LOC_Os09g29200, and LOC_Os02g41630). Quantitative
real-time RT-PCR analyses confirmed the microarray results
(Figures 5B–G). We further chose two nitrogen transporter
genes (ammonium transporter-AMT3;2 and nitrate transporter-
NRT1.2) and six N-metabolism genes (nitrate reductase-NR,
glutamine dehydrogenase-GDH, glutamine synthetase-OsGS1;
1/OsGS1;2) and ferredoxin-dependent glutamate synthase1-
GOGAT1/GOGAT2) (Kurai et al., 2011). Quantitative real-time
PCR analyses indicated that the expression of OsAMT3;2
and OsGS1;1 was upregulated and that OsNRT1;2, NR, and
OsGOGAT1 were downregulated in the OsDOF11 mutant plants.
Transcript level of OsGDH, OsGS1;1 and OsGOGAT1 were not
obviously affected (Supplementary Figure 4). These results
suggested that OsDOF11 affects N signaling.

OsDOF11 Mediates Amino Metabolism in
Flag Leaf

In rice, flag leaves act as an important source to export and
use photosynthates for grain filling (Ainsworth and Bush,
2011). Assessment of the concentration of N-containing
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FIGURE 3 | Characterization of the OsSWEET14–1 mutant at the seedling stage under multiple N contents of Yoshida medium without sucrose. (A–C) Phenotypes
of OsSWEET14–1 and WT under multiple N concentrations in Yoshida medium. (A) Picture of seedling plants at 7 days after germination; (B) ratio of fresh weight to
dry weight; (C) N concentration. 0 N: Yoshida medium without nitrogen, 0.1 N: Yoshida medium with 10% nitrogen, and normal medium: Yoshida medium with a
normal content of nitrogen. Scale bar = 1 cm. Each data point represents the mean (±SE) from at least four different plants. *P < 0.05; **P < 0.01.

metabolites (free amino acids) per gram of fresh weight
revealed differences in the free amino acid content of flag
leaves. The most significant change was reduction in the
threonine (Thr), serine (Ser), glutamic acid (Glu), glycine
(Gly), alanine (Ala), valine (Val), leucine (Leu), phenylalanine
(Phe), and proline (Pro) concentrations in the flag leaves
of OsDOF11 mutant rice. Calculation of the amounts of
these amino acids revealed that the total amino acids
(TAAs), Essential Amino Acids (EAAs), and nonessential
amino acids (NAAs) were all decreased (Figure 6A and
Supplementary Table 2).

Leaf acts as the source, but the grain is a sink tissue.
Previously, we reported that the OsDOF11 mutant displayed
a smaller grain size (Wu et al., 2018). However, the total
starch and apparent amylose contents were not changed in
flag leaves (Supplementary Table 5). Therefore, OsDOF11 does
not affect the starch percent in grains. We further measured
the amino acid content in rice grains of OsDOF11 mutants.
Interestingly, the results demonstrated that aspartic acid (Asp),
valine (Val), methionine (Met), isoleucine (Ile), leucine (Leu),
and arginine (Arg) were obviously increased, as were TAAs,
EAAs, and nonessential amino acids (NAAs) (Figure 6B and
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FIGURE 4 | Microarray analysis of related genes in WT and OsDOF11 mutants. (A) Microarray analysis; (B) Down regulated genes; (C) up regulated genes; (D)
down regulated genes related to amino acid metabolism; (E) Up regulated genes related to amino acid metabolism.

FIGURE 5 | Transcription analysis of N-related genes in WT and OsDOF11 mutants. (A) Microarray analysis of amino acid-related genes in WT and OsDOF11
mutants. (B–G) Expression levels of N assimilation genes relative to OsUBQ5 evaluated at flowering stages in leaf blades. (B) LOC_Os04g43800;
(C) LOC_Os02g34600; (D) LOC_Os02g41680; (E) LOC_Os02g41650; (F) LOC_Os09g29200; (G) LOC_Os02g41630. Each data point represents the mean (±SE)
from at least four different plants. **P < 0.01.
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FIGURE 6 | OsDOF11 affects nitrogen metabolism by sugar distribution in flag leaves and seeds. (A) Free amino acid content in flag leaves; (B) free amino acid
content in seeds.

Supplementary Table 3). These results indicate that there are
obvious differences between the C and N distributions in leaves
and grains during rice development.

DISCUSSION

Previously, we studied OsDOF11 genes and noted that OsDOF11
mediated sucrose transport by binding the promoters of sucrose
transporter genes. Here, we further studied the responses of
N metabolism to sucrose, aiming to characterize physiological
responses and metabolic pathways associated with the carbon
distribution in OsDOF11 mutant and RNAi-9 rice plants. In
conclusion, OsDOF11 promotes sucrose transport to coordinate
with C and N balance to maintain plant growth activity.

OsDOF11 Involves Nitrogen Assimilation
by Sucrose Transport
Reciprocal control between C and N uptake or assimilation
coordinating the production of sugars and amino acids,
according to the plant requirements, has been postulated
(Reguera et al., 2013). We found that OsDOF11 mutant plants
took up less nitrogen than WT plants in Yoshida medium
with multiple nitrogen contents at the seedling stage. OsDOF11
mutant plants were grown in paddy fields with different
concentrations of N by urea. Compared with the WT, the
effective leaf blades of the OsDOF11 mutants had lower N
content, which was similar to the seedling stage. By transcriptome
analysis, fundamental amino acid metabolism-related genes were
affected, especially amino acid metabolism-related genes. Total
amino acids, essential amino acids, and nonessential amino acids
were all decreased in the leaf blade. Interestingly, total amino
acids, essential amino acids, and nonessential amino acids were
increased in OsDOF11 seeds.

In the leaf blade, the soluble sugar contents in the leaf
blade were not changed, but reduced in leaf sheath in the
OsDOF11 mutant plants (Wu et al., 2018) or in seeds. As we
added 3% sucrose to Yoshida medium with multiple nitrogen
contents, nitrogen uptake activity was increased. We reported

that OsDOF11 modulates sugar transport by regulating the
expression of both SUT and SWEET genes in rice. The ratio
of fresh weight to dry weight and nitrogen content in the
OsSWEET14 mutant at the seedling stage were reduced under
multiple concentrations of nitrogen. Previously, ADP-glucose
pyrophosphorylase (AGPase) was shown to control a rate-
limiting step in the starch biosynthetic pathway. Both OsAGPS2
and OsAGPL2 knockout plants showed increased levels of free
amino acids and soluble sugars in the endosperm, separately
expressed in the leaf and endosperm (Lee et al., 2015). We
have shown that reduced sucrose transport activity, mediated
by mutation of the OsDOF11 positive role in the inducement
of sucrose transporter genes, led to lower content of sucrose in
leaves and smaller size of the sink tissues (Wu et al., 2018). During
the germination stage and flowering stage, OsDOF11 is involved
in N uptake. As the N concentration increases, the activity is
enhanced. In addition, sucrose transport blockade of the loss of
function of OsDOF11 resulted in reduced efficiency of amino acid
biosynthesis in leaves but enhanced N or amino acid content
in seeds. All these results supported that sucrose levels promote
nitrogen assimilation.

Water Content Involves Susceptibility to
Stress
As in previous reports, the sugar transporter genes OsSWEET11,
OsSWEET12, OsSWEET13, OsSWEET14, and OsSWEET15 are
involved in responses to pathogen infection by inducing the
secretion of sucrose into the apoplasm, where the pathogen
grows (Wu et al., 2018, 2019). OsDOF11 mediates susceptibility
to infection by Xanthomonas oryzae pathovar oryzae and
Rhizoctonia solani by SWEET genes (Wu et al., 2018; Kim et al.,
2021). N and C are also two of the most important components
for living organisms. N nutrition plays diverse roles in osmotic
regulatory (Gao et al., 2016), soil drying (Zhong et al., 2018),
drought (Gao et al., 2010), high temperatures (Liu et al., 2019).
It is also reported that OsGS2 performs important roles in the
carbon-nitrogen metabolic balance in rice growth (Bao et al.,
2015), which also contributes to improved drought tolerance
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(Singh and Ghosh, 2013). Both sugars and amino acids may affect
the water content in rice plants, which might further mediate
tissue metabolism activity and then lead to a stress response.
Additionally, at the seedling stage and filling stage, the ratio
of fresh weight to dry weight decreased in OsDOF11 mutants,
indicating that OsDOF11 mediates water content by soluble
sugars and amino acids, which further involves plant tissue
metabolism activity. And Zhong et al. noted that coordinated
regulation of the C and N metabolism facilitated the acclimation
of rice photosynthesis to water deficit stress (Zhong et al., 2019).
OsDOF11 is expressed in the vasculature of roots, leaves, stems,
and developing seeds. We found that the transcription levels of
ammonium/nitrate transporter genes were affected in OsDOF11-
related lines. Therefore, we will try to analyze whether there is
crosstalk between ammonium/nitrate and sucrose transport, and
whether N signaling or metabolism is involved in susceptibility
to stress by OsDOF11 in future work, which might provide new
insight into the maintenance of carbon and nitrogen.
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