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Natural variation of OsWRKY23 drives
difference in nitrate use efficiency between
indica and japonica rice

Siyu Zhang 1,5, Zhe Ji 2,5, Wu Jiao1,5, Chengbo Shen 1, Yaojun Qin1,
Yunzhi Huang1, Menghan Huang1, Shuming Kang1, Xuan Liu1, Shunqi Li1,
Zulong Mo1, Ying Yu1, Bingyu Jiang1, Yanan Tian 1, Longfei Wang 1,
Qingxin Song 1, Shaokui Wang 3 & Shan Li 1,4

Between the two major rice subspecies, indica varieties generally exhibit
higher nitrate (NO3

‒) uptake and nitrogen (N)-use efficiency (NUE) than japo-
nica varieties. Introducing efficient NO3

‒ utilization alleles from indica into
japonica could improve NUE, and at the same time uncover unknown reg-
ulators of NO3

‒ metabolism. Here, we identify OsWRKY23 as a key regulator of
NO3

‒ uptake and NUE differences between indica and japonica rice. The
OsWRKY23indica allele exhibits reduced transcriptional activation of a negative
regulator of auxin accumulation, DULL NITROGEN RESPONSE1 (DNR1). The
resultant increase in auxin level improves NO3

‒ uptake and assimilation, which
ultimately enhances grain yield. Geographical and evolutionary analyses reveal
overlapping distribution of OsWRKY23indica and DNR1indica, particularly in low-
fertility soils, suggesting their involvement in the adaptation to low N condi-
tions to improve NUE and grain yield. Incorporating the OsWRKY23-DNR1
module from indica rice represents a promising strategy to enhance japonica
NUE, which is crucial for sustainable agriculture.

The widespread application of nitrogen (N) fertilizers has catalyzed a
remarkable surge in global crop productivity over the past five
decades1–4. Excess N input, however, leads to increased economic
costs, significant environmental damage, biodiversity loss, and health
risks to human1,2,4. Thus, developing improved crop varieties marrying
high yieldswith enhancedN-use efficiency (NUE) emerges as a pressing
goal, pivotal for steering agriculture towards greater sustainability
while curbing N demand. Rice (Oryza sativa L.) is one of the most
important staple crops globally, serving as the primary food source for
over half of the world’s population3. Nitrate (NO3

‒) represents one of
the major sources of N for rice, even when grown under anerobic
paddy field conditions due to significant nitrification in the
rhizosphere5,6. Interestingly, the two primary subspecies of Asian

cultivated rice, indica, and japonica, differ in their NUE, with indica
varieties generally exhibiting superior NO3

‒ absorption activity and
NO3

‒ assimilation capacity compared to japonica varieties5. Therefore,
deciphering the molecular mechanisms underlying this difference is
likely to allow the discovery of regulators of NO3

‒ metabolism and
provide strategies to improve NUE not only in japonica rice but also in
other crops.

To date, natural allelic variations of five genes in indica and
japonica subspecies of rice have been identified that contribute to
their difference in NO3

‒ uptake and assimilation. First, the indica var-
iant of the NO3

‒ transporter-encoding OsNRT1.1B has been associated
with increased NO3

‒ uptake and root-to-shoot transport, resulting in
significantly enhanced grain yield and NUE compared to the japonica
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OsNRT1.1B allele5. Second, the indica and japonica variants of the NO3
‒

reductase (NR) protein OsNR2 differ in one amino acid within the
NAD(P) binding domain, which results in indica OsNR2 conferring
greater NR activity7. Therefore, rice varieties harboring the indica
OsNR2 allele exhibit superior grain yield andNUE relative to those with
japonica OsNR2, which is also partially attributed to a feed-forward
interaction with OsNRT1.1B5,7. Third, a recent quantitative trait loci
analysis revealed that the allelic variation ofMYB61, encoding a crucial
transcriptional regulator of cellulose synthesis downstream of the
NUE-regulating GROWTH-REGULATING FACTOR4 (GRF4), contributes
to the difference in NUE between the two rice subspecies8. Specifically,
the indica MYB61 allele leads to a higher expression level, which
enhances NUE and grain yield, particularly under conditions of low N
availability, through a yet unresolved mechanism. Finally, accumulat-
ing evidence highlights a pivotal role played by auxin in governing rice
NUE, with two genes encoding negative regulators of auxin abun-
dance, REGULATOR OF N-RESPONSIVE RSA ON CHROMOSOME 10
(RNR10) and DULL NITROGEN RESPONSE1 (DNR1), displaying allelic
differences between indica and japonica varieties9,10. DNR1 is an ami-
notransferase that catalyzes the conversion of indole-3-pyruvate to L-
Trp, the opposite reaction in the auxin biosynthetic pathway, thereby
repressing auxin accumulation9. RNR10 serves as an F-box protein that
stabilizes DNR1 through monoubiquitination10. The indica variants of
both RNR10 and DNR1 lead to reduced transcript and protein abun-
dances, and the resultant elevation in auxin level enhances NO3

‒

uptake, NO3
‒ assimilation, and N-responsive reshaping of root archi-

tecture. Indeed, knocking out RNR10 orDNR1 in japonica rice has been
shown to improveNUE andgrain yield, demonstrating the feasibility of
exploiting advantageous variant genes for optimizing crop perfor-
mance and therefore the need to identify additional regulatory genes
that contribute to the divergent NUE between rice subspecies9,10.

In this study, we report the isolation of a single segment sub-
stitution line (SSSL)-W56 among 82 SSSLs that exhibits reduced NO3

‒

uptake, fromwhich the OsWRKY23 transcription factor is identified as
a positive regulator of DNR1. The OsWRKY23indica allele results in
reduced OsWRKY23 abundance, which leads to decreased DNR1 tran-
script abundance, increased auxin accumulation, and ultimately
enhancedNO3

‒ uptake and grain yield. Thesefindings shed light on the
intricate OsWRKY23-DNR1-auxin regulatory module involved in NUE
regulation and its impact on grain yield for sustainable agriculture.

Results
OsWRKY23 is a negative regulator of rice NO3

‒ uptake
To identify additional N regulator(s) responsible for the difference in
NO3

‒ uptake rate between indica and japonica subspecies, we crossed
indicaHJX74 (with higher NO3

‒ uptake activity) as the recurrent parent
and japonica IRAT261 (with lower NO3

‒ uptake activity) as the donor
parent to generate a set of 82 single segment substitution lines (SSSLs),
each containing a single chromosome segment from
IRAT261 substituted into the HJX74 genetic background (Supplemen-
tary Fig. 1a)11. Compared to HJX74, one of the SSSLs, SSSL-W56, which
carries a segment from IRAT261 on the long arm of chromosome 1,
exhibited a reduced NO3

‒ uptake rate (Fig. 1a, b). A mapping popula-
tion was generated by crossing SSSL-W56 (donor parent) and HJX74
(recurrent parent), from which positional cloning using 132 BC1F2 and
862 BC2F2 progenies narrowed down the candidate region to a ~ 4.5 kb
stretch flanked by the markers WR16 andWR17 (Fig. 1c). This segment
contains the promoter and partial coding region of LOC_Os01g53260,
also known as OsWRKY23 (Fig. 1c). The alignment of OsWRKY23
genomic sequences from HJX74 and SSSL-W56 revealed several dif-
ferences: 23 SNPs (single-nucleotide polymorphisms) and 13 INDELs
(insertions and deletions) including a large insertion, 393-bp in the
promoter region of SSSL-W56 OsWRKY23 (OsWRKY23IRAT261) (Supple-
mentary Fig. 2a). Moreover, we expanded our analysis by comparing
the OsWRKY23 sequences in 12 indica and 12 japonica varieties,

discovering that the 393-bp INDEL was widely conserved and specific
to the rice subspecies, which likely explains the generally higher
expression level of OsWRKY23 in japonica compared to indica (Sup-
plementary Fig. 2b, c). Additionally, we found that the transcript and
protein levels of OsWRKY23 were positively regulated by external N
(Fig. 1d, e).

To confirm that the allelic variation of OsWRKY23 underlies the
difference in NO3

‒ uptake rate between indica and japonica varieties,
we created a near-isogenic line (NIL) in the HJX74 background, con-
taining the japonica allele of OsWRKY23 from IRAT261, termed NIL-
OsWRKY23IRAT261 (Fig. 1f). Compared to the control (NIL-OsWRKY23HJX74),
NIL-OsWRKY23IRAT261 plants displayed reduced NO3

‒ uptake rate,
alongside semi-dwarfism, increased tillering, and reduced panicle
branching, grain number, and yield (Fig. 1g–i; Supplementary Fig. 3).
These changes were attributed to elevated levels of OsWRKY23mRNA
and protein in NIL-OsWRKY23IRAT261 (Fig. 1j, k), suggesting that
OsWRKY23indica is a reduced function allele associated with desirable
agronomic traits. It is worth noting that these differences in above-
ground phenotypes, with the exception of mature plant height, were
also observed in the parental HJX74 and IRAT261 cultivars (Supple-
mentary Fig. 1b–e), which further indicated that OsWRKY23 addition-
ally regulates shoot phenotypes.

To further understand the phenotypic consequences of varying
OsWRKY23 expression, we constructed independent pAct::OsWRKY23-
Flag overexpression and oswrky23 mutant lines in the Zhonghua 11
(ZH11, a japonica rice variety) background (Fig. 2a). The two oswrky23
mutants were generated by CRISPR/Cas9, which resulted in a 1-bp
deletion and a 1-bp insertion in the first exon of OsWRKY23, respec-
tively, both leading to an early stop codon that disrupted its normal
gene function (Supplementary Fig. 4). Notably, oswrky23 plants
exhibited increased NO3

‒ uptake, tall stature, reduced tiller number,
increased panicle branching, grain number, and yield, whereas the
exact opposite phenotypes were observed in the pAct::OsWRKY23-Flag
overexpression lines (Fig. 2a–f; Supplementary Fig. 5). Additionally,
the activity of NR mediating NO3

‒ assimilation was higher in the
oswrky23 mutants and lower in the OsWRKY23 overexpression lines
(Fig. 2g). Taken together, OsWRKY23 negatively regulates both NO3

‒

uptake and assimilation.

OsWRKY23 targets DNR1 for transcriptional activation
We confirmed that OsWRKY23 functions as a transcription factor by
demonstrating that transiently expressedOsWRKY23 fusedwith green
fluorescent protein (GFP) predominantly localized in the nucleus of
rice protoplasts (Supplementary Fig. 6a). Nuclear and cellular protein
extracts isolated from transgenic lines (ZH11 pAct::OsWRKY23-Flag)
indicated the presence of the OsWRKY23-Flag fusion protein only in
the nuclear compartment (Fig. 3a). Further, transcription activation
assays in both yeast and rice protoplast showed that OsWRKY23 pos-
sesses transcription activation activity, with the N-terminal region (1-
174) being sufficient and necessary for reporter activation (Fig. 3b;
Supplementary Fig. 6b).

To understand how OsWRKY23 regulates root NO3
‒ uptake, we

performed DNA sequencing of OsWRKY23 chromatin immunopreci-
pitation products (ChIP-seq), and identified DNR1 as a downstream
target gene of OsWRKY23 (Fig. 3c). ChIP-qPCR and electrophoretic
mobility shift assays (EMSA) confirmed in vivo and in vitro OsWRKY23
binding to the two TTGAC/AACTG core sequence12-containing pro-
moter fragments of DNR1 (Fig. 3d, e; Supplementary Fig. 7; Supple-
mentary Data 1), respectively. To determine which of the two core
sequences within the ~3 kb promoter is important, we first compared
~25 bp sequences before and after the two TTGAC core sequences and
found no difference in the sequences surrounding the TTGAC at
positions -701 ~ -705. However, a single nucleotide polymorphism
(SNP) was identified in the ~25 bp sequences around the TTGAC at
positions -561 ~ -565, distinguishing indica from japonica rice (A in
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japonica rice, C in indica rice)9, which did not affect the binding affinity
of OsWRKY23 to the core sequences at this position in the promoters
of both DNR1indica and DNR1japonica (Fig. 3e). Next, we found that
OsWRKY23 exhibited no difference in binding to the two core
sequences within the ~3 kb promoter region (Fig. 3e). Interestingly,
yeast one-hybrid (Y1H) and rice protoplasts transient expression
assays revealed that indica and japonica DNR1 promoters exhibited
different sensitivity to OsWRKY23 (Fig. 3f–h). Specifically, Y1H assays
showed that OsWRKY23 bound more strongly to the japonica DNR1

promoter than to the indica DNR1 promoter, and transcriptional acti-
vation assays demonstrated that this resulted in a stronger activation
of the japonica DNR1 gene. These findingsmay help explain the higher
expression level ofDNR1 in japonica rice.Wehave previously identified
multiple SNPs in theDNR1promoter of japonica and indica varieties, as
well as a 520-bp fragment that is only present in the japonica DNR1
promoter9. We speculate that this japonica-specific 520-bp fragment
might result in the stronger activation of DNR1 by OsWRKY23. To test
this, we compared OsWRKY23 binding and activation activities on a
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Fig. 1 | Allelic variation of OsWRKY23 underlies the difference in NO3
‒ uptake

rate between indica and japonica varieties. a Morphology of HJX74 and W56
plants. Scale bar, 20 cm. b 15NO3

‒ uptake rates of HJX74 and W56. P values were
generated from two-side Student’s t tests. Data are mean ± s.e.m. (n = 3 biological
replicates). c Successive maps of the candidate gene, OsWRKY23, using indicated
recombination breakpoints and linked DNA markers to an ~ 4.5 kb segment
flanked by the markers WR16 and WR17 on chromosome 1. The gene structure of
OsWRKY23 is shown underneath, where the thick black bars represent the protein-
coding sequence, with the start and stop codons labeled as ATG and TAA,
respectively. The 393-bp insertion in the OsWRKY23IRAT261 promoter relative to the
OsWRKY23 start ATG (nucleotide 1), is shown as a red triangle. d Root OsWRKY23
mRNA levels in HJX74 grown in nutrient solutions with different N supply (0.15 N,
0.09375mM (NH4)2SO4 and 0.1875 mM KNO3; 0.3N, 0.1875 mM (NH4)2SO4 and
0.375mM KNO3; 0.6N, 0.375mM (NH4)2SO4 and 0.75mM KNO3; 1 N, 0.625mM
(NH4)2SO4 and 1.25mM KNO3). Transcript abundance was measured relative
to 1 N (set to 1). Different letters denote significant differences (P < 0.05) from a

two-side Duncan’s multiple range test. Data are mean ± s.e.m. (n = 3 biological
replicates). e Root OsWRKY23 protein abundance with different N supply.
HSP82 severs as loading control. Data are representative of three independent
experiments, with similar results. f Morphology of NIL-OsWRKY23HJX74 and NIL-
OsWRKY23IRAT261. Scale bar, 20 cm. g 15NO3

‒ uptakes rate of NIL-OsWRKY23HJX74 and
NIL-OsWRKY23IRAT261. The P value was generated from two-side Student’s t test.
Data are mean ± s.e.m. (n = 3 biological replicates). h, i Plant height (h) and the
number of tillers per plant (i) of NIL-OsWRKY23HJX74 and NIL-OsWRKY23IRAT261.
P values were generated from two-side Student’s t tests. h Data are mean ± s.e.m.
(n = 16 biological replicates). iData aremean ± s.e.m. (n = 12 biological replicates).
j Root OsWRKY23 transcript abundance. Transcript abundance was measured
relative to NIL-OsWRKY23HJX74 (set to 1). The P value was generated from two-sided
Student’s t test. Data are mean ± s.e.m. (n = 3 biological replicates). k Root
OsWRKY23 protein abundance. HSP82 severs as a loading control. Data are
representative of three independent experiments, with similar results. Source
data are provided as a Source Data file.
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native japonica DNR1 promoter and one that has this 520-bp fragment
removed, and a native indica DNR1 promoter and one that has this
fragment inserted. The results showed that this 520-bp fragment
indeed determined the sensitivity of the DNR1 promoter to
OsWRKY23,with themodified japonicaDNR1promoter less responsive
to OsWRKY23 activation and vice versa for the modified indica DNR1
promoter (Fig. 3f–h).

To further establish the regulatory role played by OsWRKY23 on
DNR1 expression, we conducted RT-qPCR and western blotting ana-
lyses,which showed thatboth the transcript andprotein levels ofDNR1
were more abundant in ZH11/pAct::OsWRKY23-Flag plants and less
abundant in the oswrky23 mutants, compared to the ZH11 WT control
(Fig. 3i, j). This led to decreased auxin level in ZH11/pAct::OsWRKY23-
Flag plants and increased auxin level in the oswrky23mutants (Fig. 3k).
Since DNR1 is also responsible for regulating the size of the root sys-
tem architecture (RSA)9, we subsequently compared the RSAs among
these materials and found that, compared to ZH11, oswrky23 plants
displayed larger root systems (longer total root length, greater total
root area, and an increasednumber of roots)whereas the oppositewas
observed for the OsWRKY23 overexpression lines (Supplementary
Fig. 8). Finally,OsWRKY23was found to be predominantly expressed in
the root, shoot, leaf, and node tissues, which correlated with the
observed phenotypic changes in the OsWRKY23 knockout and over-
expression lines, particularly regarding root NO3

‒ uptake, RSA and
shoot architecture, and this expression pattern was also similar to that
of DNR1 (Supplementary Fig. 9). Collectively, these results suggested

that OsWRKY23 targets DNR1 for transcriptional activation, and
thereby repressing root NO3

‒ uptake and plant growth.

OsWRKY23 acts upstream of DNR1 to regulate NO3
‒ metabolism

via OsARFs
Previously, we developed a NIL in the HJX74 background carrying the
japonica DNR1 allele from IRAP9, termed NIL-DNR1IRAP9. Due to the
higher activity of the japonica DNR1 promoter, DNR1 abundance is
higher in NIL-DNR1IRAP9 compared to NIL-DNR1HJX74 9. As a result, NO3

‒

uptake capacity is reduced in NIL-DNR1IRAP9, similar to that observed in
NIL-OsWRKY23IRAT261. With the discovery that OsWRKY23 upregulates
DNR1 expression, we tested if OsWRKY23 and DNR1 form a regulatory
module governingNO3

‒ uptake by comparingNO3
‒ uptake rate andNR

activity of HJX74 and the following NILs in the HJX74 background: NIL-
DNR1IRAP9, NIL-OsWRKY23IRAT261, and NIL-OsWRKY23IRAT261DNR1IRAP9 (Sup-
plementary Fig. 10a). Remarkably, NIL-OsWRKY23IRAT261DNR1IRAP9, car-
rying both japonica OsWRKY23 and DNR1 alleles, displayed
significantly reduced NO3

‒ uptake rate and NR activity compared to
HJX74 and NILs carrying either japonica OsWRKY23 or DNR1 allele
alone, indicating an additive effect of the japonica OsWRKY23 and
DNR1 alleles on NO3

‒ metabolism (Supplementary Fig. 10b, c). Notably,
compared to NIL-DNR1IRAP9 or NIL-OsWRKY23IRAT261, NIL-
OsWRKY23IRAT261DNR1IRAP9 plants also exhibited a decreased stature,
increased tiller number, reduced grain number, and consequent grain
yield, likely due to further decreased IAA content (Supplementary
Fig. 10d–h).
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Subsequently, we performed epistasis analysis to confirm that
DNR1 acts downstream of OsWRKY23, by comparing NO3

‒ uptake
capacity and NR activity of oswrky23, dnr1, and the oswrky23 dnr1
double mutant. Notably, NO3

‒ uptake and NR activities were sig-
nificantly higher in the oswrky23 dnr1 mutant compared to oswrky23,
and similar to dnr1, due to the similarly high auxin levels in oswrky23
dnr1 and dnr1 relative to oswrky23 (Fig. 4a–d). Consistently, the

oswrky23 dnr1 mutant exhibited agriculturally favorable phenotypes
similar to dnr1, including slightly elevated plant height, reduced til-
lering, increased grain number and yield (Fig. 4e–h). These findings
collectively indicate thatOsWRKY23 acts upstreamofDNR1, regulating
auxin accumulation, N metabolism, and ultimately grain yield.

DNR1 inhibits auxin accumulation, and thereby represses the
expression of genes related to NO3

‒ metabolism through AUXIN
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RESPONSE FACTORS (ARFs), particularly OsARF6 and OsARF179. We
found that the transcript levels of bothOsARF6 andOsARF17, aswell as
genes involved in NO3

‒ uptake (e.g. OsNRT1.1B, OsNRT2.3a and
OsNPF2.4) and NO3

‒ assimilation (e.g. OsNIA2), were higher in the
oswrky23 mutant and lower in the pAct::OsWRKY23-Flag over-
expression lines (Fig. 5a–f). Next, we generated OsARF6 or OsARF17
overexpression plants in the ZH11/pAct::OsWRKY23-Flag background
(Fig. 5g; Supplementary Fig. 11), which showed elevated expression
levels of OsNRT1.1B, OsNRT2.3a, OsNPF2.4 and OsNIA2 (Fig. 5h, i; Sup-
plementary Fig. 12), thus effectivelymitigating the NO3

‒ uptake andNR
activity deficiencies induced by OsWRKY23 overexpression (Fig. 5j, k).
However, the partial recovery in NO3

‒ uptake rate andNR activity upon
overexpressing OsARF6 or OsARF17 suggested potential functional
redundancy among OsARFs in regulating NO3

‒ uptake and assimila-
tion. Integrating these findings, it became evident that OsWRKY23-
mediated auxin homeostasis enhances N metabolism and rice yield
through OsARFs.

Low OsWRKY23 levels confer advantage in NUE and grain yield
under low N conditions
As described above, we discovered that the OsWRKY23 alleles of the
12 indica and 12 japonica varieties from our collection differ
regarding the presence or absence of a 393-bp promoter segment,
with indica varieties lacking it and japonica varieties possessing it.
Further phylogenetic analysis using the public available genotype
data of 3024 rice accessions13 showed that indica and japonica
OsWRKY23 alleles belonged to two separate clades (Fig. 6a). More-
over, we found that the 393-bp segment was also associated with 14
SNPs in the promoter region that distinguished the OsWRKY23 allele
between the two subspecies. To broaden the scope of our findings,
we performed a haplotype analysis of the OsWRKY23 promoter

across the 3024 rice accessions, unveiling four distinct haplotypes
(Hap. I-IV). Remarkably, haplotype I and haplotype II collectively
dominated the population, accounting for 82.8% of the rice acces-
sions. Haplotype I was prevalent in indica varieties (97.7%) and did
not contain the aforementioned 393-bp fragment in the promoter
region. Conversely, haplotype II harbored this 393-bp promoter
fragment andwas foundmainly in japonica varieties (84.3%) (Fig. 6b).
This distinct separation of OsWRKY23 haplotypes prompted us to
investigate whether the allele distribution of OsWRKY23 in different
rice subgroups correlates with their environmental condition, parti-
cularly soil N content. To this end, we gathered data on soil total N
content in rice planting areas from 42 countries or regions. Upon
projecting all varieties back to their original locations, we uncovered
a robust association between haplotype and soil N content. Specifi-
cally, haplotype I varieties predominated regions with relatively low
soil total N whereas haplotype II varieties were extensively cultivated
in N-rich areas (Fig. 6c). This suggests that the two variants of
OsWRKY23 with different expression levels might have played a
pivotal role in the geographical adaptation of rice varieties to soil
with different N content.

To further decipher the evolutionary trajectory of the OsWRKY23
gene in different rice varieties, we used the 393-bp segment as a
marker and analyzed the promoter sequence of OsWRKY23 in 185 wild
rice varieties, including those from OR-I (ancestors of Aus and indica
varieties), OR-J (ancestors of tropical and temperate japonica vari-
eties), andOR-W(otherwild rice varieties) clades. Interestingly, all OR-J
varieties harbored the 393-bp fragment in theirOsWRKY23 promoters,
whereas in contrast to the prevalent absence of this fragment in
modern indica rice, only 6 varieties (11.1%) within the OR-I clade had
OsWRKY23 promoters without this fragment. These results suggest a
pronounced selection pressure favoring either the loss (in indica) or
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retention (in japonica) of the 393-bp fragment in the OsWRKY23 pro-
moter (Fig. 6d).

After establishing the OsWRKY23-DNR1-auxin regulatory module
for N metabolism and grain yield, we compared the distribution pat-
tern of OsWRKY23 and DNR1 haplotypes, which closely aligned with
each other (Supplementary Table 1). Moreover, the distribution of the
indicahaplotype I ofOsWRKY23 showed a positive correlation with the

distribution of the indica haplotype I ofDNR1, while the distribution of
the japonica haplotype II of both genes also exhibited a positive cor-
relation across the 78 countries where the rice accessions used for
haplotype analysis for OsWRKY23 and DNR1 were located (Fig. 6e, f).
Conversely, the distribution of the indica haplotype I ofOsWRKY23was
negatively correlated with the japonica haplotype II of DNR1
(Fig. 6g, h). These findings further underscored the coordinated
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Fig. 5 | The OsWRKY23-DNR1 module regulates N metabolism-related genes
and thereby N metabolism through OsARFs. a–f mRNA abundances of OsARF6
(a),OsARF17 (b),OsNRT1.1B (c),OsNRT2.3a (d),OsNPF2.4 (e), andOsNIA2 (f) relative
to ZH11 (set to 1). Data aremean ± s.e.m. (n = 3 biological replicates). gMorphology
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20 cm. h, imRNA abundances of OsNRT1.1B (h) and OsNIA2 (i) relative to ZH11 (set
to 1). j 15NO3

‒ uptake rate. k NR activity. a–f, h–kDifferent letters denote significant
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s.e.m. (n = 3 biological replicates). Source data are provided as a Source Data file.
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regulatory role of these two genes in modulating the variation in NO3
‒

uptake observed between indica and japonica rice varieties.
Finally, we explored the potential of OsWRKY23 as a target for

enhancing the agronomic traits of japonica rice varieties. To this end,
we examined the phenotypes of ZH11, oswrky23, and the oswrky23 dnr1
double mutant. Compared to the WT control, oswrky23 plants exhib-
ited moderately increased height and reduced tillering under both
high and low N conditions. Notably, oswrky23 plants showed similar
number of primary branches but an increased number of secondary
branches per panicle, which led to a significant enhancement in grain
yield. Importantly, under both high and lowNconditions, the oswrky23
dnr1doublemutant exhibited enhanced agronomic traits compared to
oswrky23. This highlights the potential for yield improvement through
optimizing the OsWRKY23-DNR1 module (Fig. 7).

Discussion
Asian cultivated rice comprises two major subspecies: indica and
japonica, each characterized by distinct developmental and physiolo-
gical traits14,15. Japonica varieties, representing about 40% of rice

cultivation in China, Japan, and South Korea16, excel in both food
quality and yield stability, particularly thriving in cooler climates14,15.
However, japonica varieties exhibit lower efficiency inNO3

‒ uptake and
assimilation compared to indica varieties, resulting in reduced NUE5.
To address this weakness of japonica varieties, it is crucial to identify
alleles conferring efficient NO3

‒ utilization in indica varieties and
integrate them into japonica varieties. In this study, we identified
OsWRKY23, a negative regulator of NO3

‒ uptake, from a SSSL carrying a
single chromosome segment from a japonica variety (IRAT261) into
the indica (HJX74) genetic background that exhibited a reduced NO3

‒

uptake rate compared to its indica parent.
OsWRKY23 belongs to the WRKY superfamily of transcription

factors that are primarily found in higher plants, with Arabidopsis
hosting 74 members and rice potentially accommodating up to 116
in Indica rice and 137 in Japonica rice17. Functionally, WRKY proteins
play crucial roles in regulating a variety of biotic and abiotic stress
responses in plants, ranging from pathogen attacks to environ-
mental stresses such as salinity, drought and cold17–29, as well as
developmental processes such as leaf senescence, trichome
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development, embryogenesis, carbohydrate anabolism and sec-
ondary metabolism30,31. Several previous studies have alluded to a
regulatory role played by WRKY family members on N pathway32–38.
First, WRKY proteins have been shown to participate in the process
of leaf senescence, during which more than 70% of leaf N is esti-
mated to be exported from senescing leaves throughout the seed
filling stage in most annual crops as a mean of N remobilization. For
example, AtWRKY70, AtWRKY53, AtWRKY75, and HvWRKY12 exhibit
high expression levels in senescing leaves, therefore playing a reg-
ulatory role in leaf sentence32–34. Additionally, aberrant methylation
of W-box sequences might disrupt signal transduction networks
involving AtWRKY53, AtWRKY18, and AtWRKY25 during
senescence35. Second, AtWRKY1 is responsible for integrating sig-
nals related to cellular N and light-energy resources to regulate
changes in plant metabolism36. Third, glutamine, the downstream
assimilation product of N metabolism, induces the expression of
WRKY8, WRKY25, WRKY28, WRKY29, WRKY31, WRKY42, and WRKY48,
as well as JA-responsive gens WRKY50 and WRKY51, to regulate
Arabidopsis stress responses37. Finally, WRKY-binding sites were
found to be enriched in the promoters of genes induced by nitric
oxide (NO), a key signaling molecule involved in various

physiological processes that is synthesized from nitrite and
L-arginine38. However, to our best knowledge, the direct regulation
of NO3

‒ uptake by a WRKY family protein has not been reported
before, highlighting the unique role of OsWRKY23 in rice.

OsWRKY23 acts as a transcriptional activator that directly binds to
the promoter region of DNR1 to induce its expression. As a negative
regulator of auxin accumulation, increased DNR1 level reduces auxin
level, which results in a diminished capacity of OsARFs to stimulate
downstream genes related to N metabolism. Therefore, the
OsWRKY23-DNR1 module negatively impacts rice NUE (Supplemen-
tary Fig. 13). Given the regulatory role played by DNR1 on above-
ground phenotypes9 that are also influenced by OsWRKY23, it is pos-
sible that the mRNA or protein of OsWRKY23 translocate from root to
shoot to modulate the level of DNR1 in the shoot. However, the facts
that the expression patterns of OsWRKY23 and DNR1 largely over-
lapped, and both the transcript and protein levels of OsWRKY23 and
DNR1 were positively regulated by external N in the shoot (similar to
what occurs in the root, Supplementary Fig. 9)10, do not lend support
to this hypothesis. Nevertheless, further evidence is needed to confirm
this. Additionally, we also explored the possibility of OsWRKY23
directly targeting genes involved in auxin signaling, NRTs, andNIAs for
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transcriptional regulation. We discovered the presence of W-box
motifs in the promoter regions of someof thesegenes, suggesting that
OsWRKY23 has the potential to regulate their transcription. For
instance, in the ~3 kb promoter sequence of OsNRT1.1B, we identified
three W-boxes located at positions -2201 ~ -2205, -2104 ~ -2108, and
-552 ~ -556, and demonstrated that OsWRKY23 could bind to these
three core sequences and activate its expression. However, such reg-
ulation is inconsistent with the observed decrease in OsNRT1.1B
expression in OsWRKY23 overexpression lines, indicating that any
promotion of OsNRT1.1B expression by OsWRKY23 is likely out-
weighed by its activation of DNR1-mediated inhibition on OsNRT1.1B
expression, thus leading to the inhibition of NO3

‒ uptake (Supple-
mentary Fig. 14).

Interestingly, we discovered evident disparities in the promoter
sequence of OsWRKY23 between indica and japonica rice varieties,
especially regarding the presence or absence of a 393-bp fragment.
Indica varieties generally lack this 393-bp region and exhibit a
lower OsWRKY23 expression level, which contributes to the higher
NUE observed compared to japonica varieties (Supplementary
Fig. 13). These results elude to the potential of manipulating
OsWRKY23 expression level, especially in japonica varieties, for
enhanced NUE.

To this end, we generated null oswrky23 mutant lines and
oswrky23 dnr1 double mutant lines in the japonica ZH11 background.
Notably, when compared to WT plants, both NUE and grain yield
exhibited significant improvements in both oswrky23 and oswrky23
dnr1 due to increased auxin accumulation, with the above-ground
architecture moderately affected. Hence, we propose that the
OsWRKY23-DNR1-auxin cascade presents a promising avenue for
improving cropNUE, thereby promoting sustainable agriculture in the
future.

Methods
Plant materials and field growth conditions
The indica HJX74 and japonica IRAT261 rice germplasms were used in
this study for constructing the SSSLs and mapping populations. This
included BC1F2 and BC2F2 populations derived from a cross with SSSL-
W56, containing a substituted segment from IRAT261 in the genetic
background of HJX74, which served as the recipient parent11. Paddy-
grown rice plants were grown under standardized conditions at two
experimental stations: one situated in Lingshui, Hainan Province, and
the other in Hefei, Anhui Province.

Hydroponic culture of plants
Seeds were sterilized using a 20% NaClO solution for 30minutes, and
uniform seedlings were selected for further analyses. Seven-day-old
seedlings were then transferred and grown in 40 L of nutrient solution
(0.625mM (NH4)2SO4, 1.25mM KNO3, 0.3mM NaH2PO4·2H2O, 1mM
CaCl2, 1mM MgSO4·7H2O, 20 µM EDTA-Fe, 0.5mM Na2SiO3, 9 µM
MnCl2, 20 µM H3BO3, 0.77 µM ZnSO4, 0.32 µM CuSO4, 0.39 µM
(NH4)6Mo7O24, pH 5.5) in PVC pots for four weeks. To vary N con-
centrations as needed, 0.625mM (NH4)2SO4 and 1.25mM KNO3 (1N)
was replaced with 0.375mM (NH4)2SO4 and 0.75mM KNO3 (0.6N),
0.1875 mM (NH4)2SO4 and 0.375mM KNO3 (0.3 N), or 0.09375mM
(NH4)2SO4 and 0.1875 mM KNO3 (0.15 N). Nutrient solutions were
replenished twice weekly, and pH levels were adjusted to 5.5 daily
using 5M NaOH. The growth conditions maintained a temperature of
30 °C during the 14 h of light and 22 °C during the 10 h of darkness,
with a photon density of 400 μmol/s/m² and a relative humid-
ity of 60%.

Fine mapping of OsWRKY23
Finemapping ofOsWRKY23 utilized BC1F2 and BC2F2 plants derived from
backcrossing a selected SSSL-W56 with HJX74. Detailed primer sequen-
ces for map-based cloning can be found in Supplementary Table 2.

Transgene constructs
The full-lengthOsWRKY23,OsARF6, andOsARF17 cDNA were amplified
from ZH11 and subsequently inserted into the pAct::Flag-nos vector to
generate the pAct::OsWRKY23-Flag, pAct::OsARF6-Flag and pAct::O-
sARF17-Flag constructs10. gRNA constructs required for generating the
CRISPR/Cas9-induced loss-of-function mutations in OsWRKY23 within
the ZH11 genetic background, as well as in both OsWRKY23 and DNR1
within the ZH11 genetic background, were prepared following estab-
lished protocols39. Transgenic rice plants were generated via Agro-
bacterium (AGL1)-mediated transformation40. Details of the primer
sequences used are provided in Supplementary Table 3.

Subcellular localization
Todetermine the subcellular localization ofOsWRKY23, the full-length
cDNA of OsWRKY23 was fused in-frame to the green fluorescent pro-
tein (GFP) and driven by its ~3 kb native promoter to generate the
pOsWRKY23-OsWRKY23-GFP-nos vector. The nucleus-localized gene
OsWRKY29 was constructed in the p35S::mCherry-nos vector (35S pro-
moter from the Cauliflower Mosaic Virus (CaMV)) to indicate nuclear
localization signals. The localization of GFP was visualized 24 h using a
confocal microscope (Zeiss LSM710). Detailed primer sequences can
be found in Supplementary Table 3.

Preparation of nuclear and cellular protein extracts
An extraction buffer containing Ficoll (25mg/mL), Dextran T 40
(50mg/mL), Sucrose (137mg/mL), 25mM Tris-HCl (pH 7.4), 10mM
MgCl2, 0.5mM DTT, and a protein inhibitor cocktail (Roche Life-
Science) was used to separate cytoplasmic and nuclear proteins.
OsWRKY23-Flag and GRF4-Flag proteins from OsWRKY23 and GRF4
overexpression lines41, respectively, weredetected by immunoblotting
using anti-DDDDK (MBL, 185-7, Lot.009, diluted 1:10000). Immuno-
blotting results were visualized using the Tanon-5200 Chemilumines-
cent Imaging System (Tanon Science and Technology).

Transcription activation assay in yeast
The full-length and domain-specific fragments of OsWRKY23 cDNA
were separately inserted into the PGBKT7 vector (Takara). The result-
ing constructs were transformed into yeast strains (AH109) and cul-
tured on selective media: single dropout medium (SD-Trp) and triple
dropout medium (SD-Trp-His-Ade). Detailed primer sequences are
provided in Supplementary Table 3.

Quantitative real time PCR analysis
Total RNAs were extracted from various plant tissues using the TRIzol
reagent (Tsingke, TSP401), and full-length cDNAs were synthesized
using a cDNA synthesis kit (Accurate Biology, AG11728). RT-qPCR was
conducted following the manufacturer’s protocol (Accurate Biology,
AG11718). Each RT-qPCR assay included aminimum of three biological
replicates. The rice ACTIN1 gene (OsActin1, LOC_Os03g50885) served
as the internal reference. RT-qPCR primer sequences are detailed in
Supplementary Table 4.

ChIP-seq and ChIP-qPCR assays
For ChIP assays, approximately 2 g of 14-day-old seedlings from
transgenic pActin::Flag-OsWRKY23 rice plants were fixed with 1% (v/v)
formaldehyde. After isolating and lysing nuclei, chromatin complexes
were extracted and sonicated to yield fragments averaging ~500bp in
size. Immunoprecipitation was performed overnight at 4 °C using anti-
Flag antibodies (Sigma, F1804). The precipitated DNA was eluted and
stored in water at -80 °C. Sequencing libraries were prepared accord-
ing to the manufacturer’s protocol and sequenced on the BGISEQ-500
platform. Sequence reads were aligned to the reference genomes of
Nipponbare and Minghui 63 (MH63), respectively. Additionally, pre-
cipitated DNA samples were used as templates for RT-qPCR, with pri-
mer sequences provided in Supplementary Table 4.
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EMSA assays
Full-length OsWRKY23 cDNA was inserted into the pCold-TF vector
(Takara), which was subsequently transferred to E. coli BL21 (DE3;
SangonBiotech, B528414-0100) under the induction conditionof 18 °C
at 150 rpm for 12 h with 0.3mM IPTG to facilitate the expression of the
His-OsWRKY23 recombinant protein. His-OsWRKY23was then purified
using Ni-NTA agarose beads (QIAGEN, 30210) following the manu-
facturer’s protocol. DNAprobeswere amplified and labeledwith biotin
using a biotin labeling kit (Sangon Biotech). DNA gel shift assays were
conducted using the LightShift Chemiluminescent EMSA kit (Thermo
Fisher Scientific, 20148). Detailed primer sequences can be found in
Supplementary Table 5.

Yeast one-hybrid assays
The OsWRKY23 cDNA was inserted into the pB42AD vector (Takara).
Promoter fragments of ~3 kb and 2.5 kb corresponding to DNR1were
amplified from IRAP9 and HJX74, respectively. The ~2.5 kb fragment
from IRAP9 had the 520-bp region removed, while the ~3 kb frag-
ment from HJX74 had this region inserted. All fragments were then
cloned into the pLacZi vector to drive the lacZ reporter gene
expression42,43. The constructs were subsequently introduced into
the yeast strain EGY48. Monoclonal colonies were selected from SD-
Trp/Ura plates, and then cultured in SD-Ura liquid medium for 48 h.
The yeast culture was collected in 2mL tubes, and the experimental
procedures were performed following the manufacturer’s instruc-
tions, with β-galactosidase activity assessed at 420 nm using a
spectrophotometer44. Detailed PCR primer sequences can be found
in Supplementary Table 6.

Transient expression assays in rice protoplasts
The ~3 kb and ~2.5 kb promoter fragments of DNR1 were amplified
from IRAP9 and HJX74, respectively. The ~2.5 kb fragment from
IRAP9 had the 520-bp region removed, while the ~3 kb fragment
from HJX74 had this region inserted. Both fragments were cloned
into the pUC19 vector. These constructs contained the firefly luci-
ferase (LUC) reporter gene driven by the 35S minimal TATA box and
5× GAL4 binding elements45–47. Full-length cDNA of OsWRKY23 was
amplified and fused with the GAL4 binding domain (GAL4BD)
sequence to generate the effector plasmid pRTBD-OsWRKY23.
Transient transactivation assays were performed using rice proto-
plasts. Briefly, the plasmid was added to a 2mL tube, followed by
100 μL of rice protoplasts and 110 μL of 40% PEG4000. The mixture
was gently shaken and incubated in the dark for 15minutes. The
reaction was terminated by adding 440 μL of W5 solution, followed
by centrifugation to remove the supernatant. The protoplasts were
then washed once with W5, resuspended in 1 mL of W5, and incu-
bated at 28°C for 16 h. LUC activity assays were conducted using the
Dual-LUC Reporter Assay System (Promega, Madison, WI, USA;
E1960) and the GloMax™ 20-20 Luminometer, with the Renilla (REN)
LUC gene serving as the internal control48. PCR primer sequences
are provided in Supplementary Table 7.

Western blotting
Total protein was extracted from root tips using extraction buffer
containing 50mM Tris-HCl (pH 7.5), 150mM NaCl, 0.1% NP-40 deter-
gent, 10% Glycerol, 1mM DTT and protease inhibitor cocktail (Roche
LifeScience). The proteins were separated by SDS-PAGE electrophor-
esis. OsWRKY23 and DNR1 proteins were detected by immunoblotting
using anti-OsWRKY23 antibodies (customized in the Animal Experi-
ment Center, Institute of Genetics and Developmental Biology, Chi-
nese Academy of Sciences, diluted 1:2000), anti-DNR1 antibodies
(ABclonal, diluted 1:5000), and anti-DDDDK-tag antibodies (MBL, 185-
7, Lot.009, diluted 1:10000), respectively. Immunoblotting results
were visualized using the Tanon-5200 Chemiluminescent Imaging
System (Tanon Science and Technology).

15N uptake analysis
After growth in hydroponic condition for 21 days, rice root low-affinity
15NO3

‒ influxmeasurementswere conducted as follows. Specifically, 21-
day-old rice plants were initially transferred to0.1mMCaSO4 for 1min,
followed by a complete nutrient solution containing 2.5mM K15NO3

(Aldrich, 335134, 98% atom excess 15N) as the N source, replacing
0.625mM (NH4)2SO4 and 1.25mM KNO3, for 5min. After this, the
plants were incubated in 0.1mMCaSO4 for 1min before collecting the
roots, which were dried at 80 °C for 72 h. Root dry weight was recor-
ded, and the 15N content was measured using the Isoprime 100 (Ele-
mentar, Germany). The influx of 15NO3

‒ was calculated from δ (‰min‒

1), N content (N%), and entire root dry weight (DW) as follow:

δ15N ðm �min�1Þ= RSAMPLE � RSTD

RSTD
� 103 ð1Þ

RSAMPLE is the 15N/14N ratio of the sample and RSTD is the 15N/14N
ratio of atmospheric N2.

15N influx ðμmol � h�1 � g�1 � DWÞ= 24000 � DW � N%RSTD�ðδ15N + 200Þ
560+3�RSTD�ðδ15N + 200Þ

ð2Þ

N% is the N content and DW is the dry weight of whole root.

Measurement of NR activity
Approximately 1 g of fresh plantmaterial from individual riceplantwas
used to assess NR activity, following the instructions provided in the
Nitrate Reductase Kit (Solarbio LIFE SCIENCES, BC0080).

Determination of IAA content
Approximately 50mg of root tips were ground into a fine powder in
liquid N and extracted with an acetonitrile solution9. The concentra-
tion of IAA was subsequently determined using an ESI-HPLC-MS/MS
system and a standard curve provided by Wuhan Triploid Biotech.

Root system analysis
Roots from rice plants were excised and spread out in water within a
transparent dish. The root systemwas then scannedusing a ScanMaker
i800plus (Zhejiang TOP Cloud-agri Technology Company) with a
resolution set to 300dpi and a zoom ratioof 100%. The scanned image
was imported into the RhizoPheno root analysis system (Zhejiang TOP
Cloud-agri Technology Company) to measure the total root length,
area and number. Objects smaller than 10 pixels were automatically
excluded by the software as noise or contamination.

Bioinformatic analysis of functional genes based on the 3K
RG panel
Bioinformatic analysis of functional genes based on the 3 K RG panel
was performed for haplotype analyses ofOsWRKY23 andDNR1. INDELs
and a base set of approximately 18 million SNPs from all 3024 lines
were sourced and analyzed10,12.

Analysis of the resequence data of wild rice
Resequencing data from 185 wild rice samples were obtained from a
previous study49. Raw reads were processed using Trimmomatic for
quality control, then aligned to the japonica reference genome (Nip-
ponbare, Reference-IRGSP-1.0) with BWA, employing default
parameters50. Duplicate reads were removed using Picard tools, and
pairs with a mapping quality below 10 were excluded. Only paired
reads with valid mapping were retained. Structural variations were
identified using Lumpy with default settings51.
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Geographical distribution of rice varieties and soil nitrogen
content analysis
The soil total nitrogen content for 42 rice-growing countries was
obtained from a previous study52. For detailed information, 5-arc-
minute maps of soil nitrogen content were aggregated into country-
scale and vertically-lumped data using area- and depth-weighted
methods to align with the spatial scale ofOsWRKY23 allele frequency.
First, soil nitrogen content data were sourced from a comprehensive
global soil dataset (http://globalchange.bnu.edu.cn) at a spatial
resolution of 5’ × 5’. To represent the average nitrogen content within
the root zone, we calculated a weighted average of soil nitrogen
across four soil layers: 0–4.5 cm, 4.5–9.1 cm, 9.1–16.6 cm,
16.6–28.9 cm. Subsequently, data on rice-planting areas (km² for
each grid cell) from recent decades were obtained from the History
Database of the Global Environment (HYDE 3.2.1)53 with a spatial
resolution identical with the global soil dataset. To avoid biased
estimations for countries with smaller rice-planting areas, we
acquired area-weighted soil nitrogen content across all rice-planting
areas within each country. Finally, Pearson’s correlation analysis was
performed to assess the relationship between the soil total nitrogen
content of these 42 countries and the OsWRKY23 allele frequency in
the corresponding countries.

Statistical analysis
We analyzed the data from field and hydroponic experiments using
two-sided Student’s t-tests and Duncan’s multiple range test. Multiple
comparisons were conducted with the least significant difference test
at a significance level of P =0.05. All statistical analyses were per-
formed using SPSS version 27.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
TheChIP-seqdata havebeenuploaded toNCBI SequenceReadArchive
(SRA) database under accessions SRR32088468 and SRR32088469
within BioProject PRJAN1214501 [https://dataview.ncbi.nlm.nih.gov/
object/PRJNA1214501]. SNPs for accessions from the 3K RiceGenomes
Project can be accessed via RiceVarMap v2.0 (http://ricevarmap.ncpgr.
cn/). Resequencing data of the 185 wild rice accessions are available at
NCBI. Soil nitrogen content data can be found in the Global Soil Data
set (http://globalchange.bnu.edu.cn). The data for the rice-planting
area of different countries are from the History Database of the Global
Environment (HYDE 3.2.1) (https://doi.org/10.17026/dans-25g-gez3).
Soil nitrogen content data in different countries were obtained from
previous study52. Source data are provided with this paper.
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