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ABSTRACT

Early postgermination growth is critical for uniform seedling emergence in direct-seeded rice; however, the 

underlying regulatory mechanisms remain unclear. Here, we identified DS1, which encodes the shikimate 

pathway entry enzyme DAHPS2, from a dwarf and sterile mutant (ds1) in ‘Huazhan’ (HZ). Loss of DS1 disrup-

ted the shikimate pathway, reduced indole-3-acetic acid (IAA) levels through the downstream tryptophan-

dependent IAA biosynthesis pathway, and induced excessive jasmonic acid (JA) accumulation, resulting 

in severely impaired postgermination growth. Exogenous application of the auxin analog 1-naphthaleneace-

tic acid or the JA biosynthesis inhibitor diethyldithiocarbamic acid partially rescued the mutant phenotype. 

Conversely, DS1 overexpression elevated IAA levels, reduced JA accumulation, and promoted postgermina-

tion growth, facilitating rapid seedling emergence under submergence conditions. This effect was further 

validated in the ‘Zhongjia 3’ cultivar. We demonstrate that DS1 is transcriptionally activated by RR26, a 

type-B cytokinin (CK) response regulator, through direct binding to the DS1-7 cis element. Using prime edit-

ing, we precisely modified DS1-7 in HZ to generate transgene-free germplasm with improved DS1 expression 

and enhanced submergence tolerance. Collectively, our findings establish an RR26–DS1 module that regu-

lates IAA–JA homeostasis through the shikimate pathway, providing mechanistic insights into postgermina-

tion growth and valuable genetic resources for breeding direct-seeded rice cultivars.
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INTRODUCTION

With increasing labor costs, simple and efficient dry and wet 

direct seeding methods have become critical for modern agricul-

tural practices. Nevertheless, dry direct seeding is often chal-

lenged by severe weed infestation (Li et al., 2023a). Wet direct

seeding, although effective for weed control, is hindered by 

uneven seedling emergence caused by the poor submergence 

tolerance of current rice varieties at the germination stage (Hsu 

and Tung, 2015). Therefore, the development of rice germplasm 

capable of rapid and uniform emergence under submerged 

conditions is urgently needed. Rice responds to submergence
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through two major strategies: quiescence and escape (Bailey-

Serres et al., 2012). Quiescence, which largely depends on the 

SUBMERGENCE 1 (SUB1) locus, involves complex hormone 

signaling interactions among JA, auxin, ethylene, gibberellic 

acid (GA), and brassinosteroids. These interactions restrict shoot 

elongation and conserve carbohydrate reserves until flooding 

subsides (Xu et al., 2006; Khalil et al., 2024).

By contrast, the escape strategy relies on rapid coleoptile and/or 

mesocotyl elongation during early germination (Bailey-Serres 

et al., 2012; Sun et al., 2018; Pucciariello, 2020). The coleoptile, 

a cylindrical tissue emerging before the first leaf, determines the 

maximum sowing depth suitable for seedling establishment 

(Inada et al., 2002). Under submerged conditions, rapid 

coleoptile elongation is essential for seedlings to reach the water 

surface, thereby facilitating oxygen acquisition and supporting 

subsequent leaf and root development (Narsai et al., 2015). This 

physiological process is governed by a complex regulatory 

network. For example, the glucosyltransferase OsUGT75A pro-

motes coleoptile elongation by glycosylating abscisic acid (ABA) 

and JA, thereby reducing their bioactive levels (He et al., 2023). 

The ethylene-responsive transcription factors OsEIL1 and 

OsEIL2 further enhance this process by upregulating reactive oxy-

gen species–scavenging genes (Qiao et al., 2024). Additionally, 

salicylic acid (SA) produced by OsCNL1/2 alleviates IAA-

mediated germination inhibition by regulating GH3 family-

dependent auxin homeostasis (Wang et al., 2024). The 

OsDREB1A–OsNAC3–OsGA20ox1 transcriptional module also 

promotes early postgermination growth by activating the GA 

pathway (Huang et al., 2025). Hormonal crosstalk fine-tunes 

coleoptile elongation through the coordinated actions of 

ethylene, ABA, GA, and JA. In addition, auxin—whose 

biosynthesis derives from tryptophan (Trp), the end product of 

the shikimate pathway via the TAA1/YUCCA route—plays a central 

role in this regulatory network (Zhao, 2012; Casanova-Sá ez et al., 

2021; Wang et al., 2024). However, the precise mechanisms by 

which auxin interacts with other hormonal pathways to regulate 

coleoptile elongation remain incompletely understood.

The shikimate pathway is essential for synthesizing aromatic amino 

acids, including phenylalanine, tyrosine, and Trp, in plants and other 

organisms (Herrmann and Weaver, 1999; Maeda and Dudareva, 

2012). This pathway consists of seven enzymatic steps and is 

initiated by 3-deoxy-D-arabino-heptulosonate 7-phosphate syn-

thase (DAHPS; referred to as DHS in Arabidopsis). DAHPS cata-

lyzes the condensation of phosphoenolpyruvate from glycolysis 

and erythrose-4-phosphate from the pentose phosphate pathway 

to produce 3-deoxy-D-arabino-heptulosonate 7-phosphate and 

inorganic phosphate (Herrmann and Weaver, 1999; Tzin and 

Galili, 2010; Yokoyama et al., 2021). DAHPS enzymes are phyloge-

netically classified into two types (I and II), which share low 

sequence identity of less than 10%. Higher plants such as Arabi-

dopsis, sorghum, and rice possess type II DAHPS enzymes 

(Gosset et al., 2001; Webby et al., 2005; Richards et al., 2006; 

Tohge et al., 2013). In Arabidopsis, the three type II isoforms 

(AthDHS1, AthDHS2, and AthDHS3) exhibit distinct regulatory 

properties. AthDHS1 requires Mn 2+ and reducing agents, whereas 

AthDHS2 is subject to feedback inhibition by tyrosine and Trp. 

Notably, this inhibition can be reversed through interaction with 

either AthDHS1 or AthDHS3 (Entus et al., 2002; Yokoyama et al., 

2021). In sorghum, the DAHPS enzyme encoded by biomass yield

1 (BY1) influences biomass production and grain yield (Chen 

et al., 2020). In rice, two DAHPS enzymes, OsDAHPS1 and 

OsDAHPS2, have been identified (Kanna et al., 2006). 

Additionally, Wang et al. (2020) demonstrated that DNRL1, which 

encodes a DAHPS enzyme, plays a crucial role in leaf morphogen-

esis by facilitating amino acid biosynthesis. Despite these ad-

vances, the specific molecular functions and regulatory mecha-

nisms of DAHPS enzymes in rice remain incompletely understood.

In this study, we dissected the molecular basis of postgermina-

tion growth by characterizing the dwarf and sterile dwarf and ste-

rility 1 (ds1) mutant through map-based cloning. We revealed that 

DS1 encodes DAHPS2, the entry enzyme of the shikimate 

pathway. Loss of DS1 caused pleiotropic defects, including 

severely impaired postgermination growth, extreme dwarfism, 

vascular and floral abnormalities, and sterility. Mechanistically, 

DS1 mutation disrupted the shikimate pathway, reduced IAA 

levels via the downstream Trp-dependent IAA biosynthesis 

pathway and induced excessive JA accumulation. Conversely, 

overexpression of DS1 increased IAA levels, suppressed JA 

accumulation, and significantly enhanced postgermination 

growth under both normal and submerged conditions, including 

combined cold and submergence stress. These effects were 

consistently observed across multiple rice cultivars. Furthermore, 

we demonstrate that DS1 expression is positively regulated by 

RR26, a type-B CK response regulator that binds to the DS1-7 

promoter element to fine-tune DS1 transcription. Finally, using 

prime editing, we precisely modified the structure and copy num-

ber of DS1-7 in HZ, generating transgene-free lines with elevated 

DS1 expression. Consistent with DS1 overexpression (DS1-OE) 

lines, these edited lines exhibited enhanced postgermination 

growth under submergence, providing valuable genetic re-

sources for breeding submergence-tolerant rice varieties suitable 

for direct-seeded cultivation.

RESULTS

Screening and phenotypic characterization of a rice 
mutant exhibiting abnormal postgermination growth

In modern rice cultivation, the adoption of direct seeding is increas-

ingly important in response to rising labor costs. A key trait for the 

success of this practice, particularly under submerged conditions, 

is rapid postgermination growth, which ensures uniform seedling 

emergence and establishment. However, elite germplasm re-

sources suitable for direct seeding remain limited. To identify ge-

netic regulators controlling postgermination growth rate, we 

screened an ethyl methane sulfonate-induced mutant library 

generated from the indica rice cultivar HZ. Through this screen, 

we identified a mutant exhibiting abnormal postgermination growth 

velocity. After 5 days of germination, this mutant showed markedly 

inhibited postgermination growth compared with the wild type 

(WT), characterized by significantly shorter coleoptiles, first incom-

plete leaves, and radicles (Figures 1A, 1H, and 1I). In contrast, seed 

germination was not affected (Supplemental Figures 1A–1C). At the 

seedling stage, the mutant showed narrow leaves, increased leaf 

angles (Figure 1B), and inhibited elongation of both primary and 

lateral roots (Figure 1C and Supplemental Figure 2A). At the 

heading stage, the mutant was markedly shorter than the WT 

(Figure 1D and Supplemental Figure 2B), produced fewer tillers 

(Supplemental Figure 2C) and exhibited narrow, curled leaves
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(Figure 1E and Supplemental Figure 2D). The angles between the 

flag and penultimate leaves were enlarged (Supplemental 

Figure 2E). In addition, panicles were severely malformed, with 

abnormal stigmas, absence of anthers, and complete sterility

(Figures 1F and 1G). Overall, the mutant exhibited pronounced 

growth retardation throughout its entire life cycle (Figure 1J). 

Based on these pleiotropic phenotypes, the mutant was 

designated dwarf and sterility 1 (ds1).

Figure 1. Phenotypes and growth dynamics of wild type (WT) and ds1 mutant rice plants grown in the field.

(A and B) Phenotypes of WT and ds1 mutant plants at the germination stage (A, 5 days old; scale bar, 1 cm) and seedling stage (B, 15 days old; scale bar,

3 cm).

(C) Root morphology of WT and ds1 mutant plants at the seedling stage (scale bar, 2 cm).

(D) Phenotypes of WT and ds1 mutant plants at the heading stage (scale bar, 10 cm).

(E and F) Leaf (E) and panicle (F) morphology of WT and ds1 mutant plants at the heading stage (scale bar, 3 cm).

(G) Spikelet morphology and iodine staining of anthers in WT and ds1 mutant plants at the heading stage (white scale bar, 1 mm; black scale bar, 100 μm). 

(H and I) Length of the coleoptile and first incomplete leaf (H) and radicle (I) in WT and ds1 mutant plants after 5 days of germination. Values represent 

means ± SD of 10 biological replicates. P values were determined by a two-tailed Student’s t-test.

(J) Plant height dynamics of WT and ds1 mutant plants during the reproductive period. Values represent means ± SD of three biological replicates. 

Significant differences compared with WT were determined by Student’s t-test (**P < 0.01).
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Microscopic examination revealed that ds1 leaves at the seedling 

stage possessed only one large vein on each side and lacked 

small veins, whereas WT leaves contained three large veins and 

multiple small veins (Supplemental Figure 3A). At the heading 

stage, ds1 leaves exhibited fewer large and small veins per side 

compared with the WT (Supplemental Figure 3B), accounting 

for the narrow-leaf phenotype. In the top1 and top2 regions of 

the ds1 leaf joints, an increased number of sclerenchyma cells 

was observed on both the abaxial and adaxial sides relative to 

the WT, whereas the top3 region showed no obvious difference 

between the two genotypes (Supplemental Figures 3C–3E). The 

increased sclerenchyma accumulation on the adaxial side likely 

contributed to the greater leaf angles observed in ds1. In 

addition, ligules in ds1 were significantly smaller than those in 

the WT (Supplemental Figures 3C–3E). Panicle development 

was also severely disrupted in ds1, with flowers lacking 

stamens and anthers and containing only a hardened pistil, 

resulting in sterility (Supplemental Figures 3F and 3G).

DS1 encodes DAHPS2, the entry enzyme of the 
shikimate pathway

To fine-map the DS1 gene, a mapping population was created by 

crossing the japonica rice cultivar ‘Wuyungeng 7’ (WYG7) as the

male parent with heterozygous ds1 mutant plants as the female 

parent. All F 1 hybrids displayed normal phenotypes. ds1 mutant 

individuals were subsequently selected from the F 2 population 

generated by selfing F 1 plants for genetic mapping.

Using 21 ds1 mutant plants from the WYG7 × heterozygous ds1 

cross, DS1 was initially mapped to the distal region of the long 

arm of chromosome 7. By expanding the F 2 population to 

16 300 individuals and developing new simple sequence repeat 

and sequence-tagged site markers (Supplemental Table 1), the 

mapping interval was narrowed to a 58 kb region on 

chromosome 7 (Figure 2A). Sequencing of six candidate open 

reading frames within this interval identified a single nucleotide 

substitution (G1407C) in the fifth exon of LOC_Os07g42960, 

which results in a missense mutation (M469I) (Figures 2B–2E). 

This gene is predicted to encode DAHPS2, the entry enzyme of 

the shikimate pathway that catalyzes the condensation of phos-

phoenolpyruvate and erythrose-4-phosphate to form 3-deoxy-D-

arabino-heptulosonate 7-phosphate, a key step in aromatic 

amino acid biosynthesis (Supplemental Figure 4A) (Maeda and 

Dudareva, 2012). Although the mutation did not alter the overall 

protein structure of DAHPS2 (Supplemental Figure 4B), its 

enzymatic activity was significantly reduced in the ds1 mutant 

compared with the WT (Figure 2G).

(3)
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Figure 2. Map-based cloning, DAHPS2 enzyme activity, and genetic validation of DS1.

(A) The ds1 locus was initially mapped to chromosome 7 (Chr. 7) and subsequently fine-mapped to a 58-kb physical interval using the indicated molecular 

markers.

(B) Mutation sites in ds1 at the genomic DNA and protein levels.

(C) Predicted monomeric DS1 protein structure generated using SWISS-MODEL. Green indicates the cas1 target site, purple indicates the cas2 target 

site, and Met469 denotes the ds1 mutation site.

(D) DAHPS2 enzyme activity in WT and ds1 plants. Values represent means ± SD of three biological replicates. P values were determined by a two-tailed 

Student’s t-test.

(E) Genetic complementation of the rice ds1 mutant. From left to right: WT and two independent DS1 complementation lines at maturity (scale bar, 10 cm).

(F) Schematic representation of the different mutation sites introduced into DS1.

(G) Phenotypes of mature mutant plants harboring two distinct DS1-targeted Cas9/sgRNA constructs (scale bar, 10 cm).

4 Plant Communications 7, 101714, April 13 2026

Plant Communications DS1 enhances submergence tolerance in rice

Please cite this article in press as: Chen et al., Prime editing of an RR26-responsive cis-element enhances DAHPS2 expression and submergence toler-

ance in rice through the shikimate pathway, Plant Communications (2026), https://doi.org/10.1016/j.xplc.2026.101714



Figure 3. Regulation of postgermination growth by auxin and JA in WT and ds1 mutants.

(A) IAA content in the coleoptile and first incomplete leaf of WT and ds1 mutant plants after 5 days of germination. Values represent means ± SD of three 

biological replicates. P values were determined by a two-tailed Student’s t-test.

(B) GUS staining in 8-cm root tips of DR5::GUS/HZ and DR5::GUS/ds1 transgene-positive plants (scale bar, 200 μm).

(C) Phenotypes of WT and ds1 seeds after a 5-day treatment with 5 nM NAA or 10 μM NPA. From top to bottom: dehulled seeds under control conditions 

without exogenous hormones, 5 nM NAA, or 10 μM NPA (scale bar, 1 cm).

(legend continued on next page)
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To confirm that LOC_Os07g42960 corresponds to DS1, we per-

formed a complementation assay by introducing the full-length 

DS1 genomic sequence from HZ into the ds1 heterozygous back-

ground. Sequencing and phenotypic analyses confirmed that 

expression of the wild-type DS1 gene fully rescued the ds1 

mutant phenotypes (Figure 2H and Supplemental Figures 4E 

and 4F). Additionally, we designed two CRISPR–Cas9 knockout 

target sites (cas1 and cas2) in the ‘Nipponbare’ (NIP) 

background (Figure 2I). The resulting knockout lines carrying 

diverse mutation patterns (Supplemental Figures 4C and 4D) 

exhibited disrupted DAHPS2 protein structures (Supplemental 

Figure 4B) and phenocopied the ds1 mutant (Figure 2J and 

Supplemental Figures 4G and 4H). Together, these results 

demonstrate that mutation of the DS1 gene is responsible for 

the ds1 mutant phenotype.

DS1 regulates postgermination growth by modulating 
IAA biosynthesis and JA accumulation

Expression analysis revealed that DS1 is transcribed in multiple 

tissues, with the highest expression detected in root tips 

(Supplemental Figures 5A and 5B). Sequence alignment further 

showed that DS1 is highly conserved across different species, 

suggesting an evolutionarily conserved role in rice growth and 

development (Supplemental Figures 5C and 5D).

Because Trp, a downstream product of the shikimate pathway, 

serves as a direct precursor for the Trp-dependent IAA biosynthesis 

pathway (Supplemental Figure 6A) (Zhao, 2010; Maeda and 

Dudareva, 2012), we hypothesized that IAA homeostasis might 

be altered in the ds1 mutant. Consistent with this hypothesis, Trp 

and IAA contents in the coleoptile and first incomplete leaf of ds1 

seedlings at 5 days of germination were significantly lower than 

those in the WT (Supplemental Figure 6B; Figure 3A). In addition, 

β-glucuronidase (GUS) staining further confirmed reduced auxin 

accumulation in ds1 (Figure 3B).

To investigate whether exogenous auxin could rescue the ds1 

phenotype, WT and ds1 seedlings were treated with 20 μM IAA. 

Root elongation in ds1 increased by 5.96% compared with the 

untreated mutant but remained significantly shorter than that of 

the WT (Supplemental Figures 7A and 7B), indicating only 

partial phenotypic rescue by IAA supplementation. When 

treated with yucasin, an inhibitor of auxin biosynthesis 

mediated by YUCCA enzymes (Nishimura et al., 2014), root 

elongation was suppressed in both genotypes. Notably, this 

inhibitory effect was weaker in ds1, with an 8.12% reduction 

compared with a 15.04% reduction in the WT (Supplemental

Figures 7C and 7D), further supporting the conclusion that the 

DS1 mutation compromises endogenous IAA biosynthesis.

To distinguish whether the growth defects in ds1 result from 

impaired auxin biosynthesis or defective auxin transport, we 

treated WT and ds1 seedlings with 1-naphthaleneacetic acid 

(NAA), an IAA analog that enters cells via passive diffusion 

and therefore bypasses polar auxin transport (Yamamoto and 

Yamamoto, 1998; Tan et al., 2007). Treatment with 5 nM NAA 

significantly rescued the ds1 mutant phenotype (Figures 3C– 

3E), indicating that impaired IAA biosynthesis, rather than 

defective transport, underlies the observed growth defects. 

Conversely, treatment with 10 μM 1-naphthylphthalamic 

acid (NPA), an inhibitor of auxin efflux (Huang et al., 2017), 

further exacerbated the radicle growth defects in ds1 

(Figures 3C–3E). Together, these results demonstrate that 

DS1, as the entry enzyme of the shikimate pathway, acts as a 

key upstream regulator of IAA homeostasis in rice by 

maintaining adequate IAA biosynthesis and enabling proper 

downstream developmental responses.

To further investigate the broader impact of DS1 on rice growth 

regulation, we performed RNA sequencing analysis on both 

shoot and root tissues of 7-day-old WT and ds1 seedlings after 

germination. Gene ontology enrichment analysis revealed that 

DS1 is closely linked to plant hormone signal transduction path-

ways (Supplemental Figure 8A). Based on this observation, we 

examined whether DS1 also influences hormonal pathways 

beyond auxin. Consistent with earlier results, genes involved in 

auxin biosynthesis, metabolism, and transport were 

significantly downregulated in ds1 (Supplemental Figure 8B and 

Figure 3F), whereas genes related to JA biosynthesis were 

upregulated (Supplemental Figure 8B and Figure 3G). Because 

JA is known to inhibit plant growth (Dathe et al., 1981; Chen 

et al., 2011), we hypothesized that elevated JA levels contribute 

to the impaired postgermination growth observed in ds1. To 

test this hypothesis, we measured hormone levels in the 

coleoptile and first incomplete leaf of WT and ds1 seedlings 

5 days after germination and found that JA levels were 

significantly higher in the mutant (Figure 3H). Exogenous 

application of JA severely inhibited WT growth, mimicking the 

ds1 phenotype (Figures 3I–3K). Conversely, treatment with the 

JA biosynthesis inhibitor DIECA (Farmer et al., 1994) restored 

postgermination growth in ds1 to WT levels (Figures 3I–3K). 

These findings indicate that excessive JA accumulation partially 

contributes to the postgermination growth defects of the ds1 

mutant and in conjunction with impaired auxin biosynthesis, 

underlies the growth-regulatory function of DS1.

(D and E) Coleoptile (D) and radicle (E) lengths of WT and ds1 after 5 days of NAA or NPA treatment. Ten seeds were analyzed per treatment. Significant 

differences compared with WT were determined using Student’s t-test (**P < 0.01). Different lowercase letters above the bars indicate significant dif-

ferences determined by two-way ANOVA followed by Tukey’s post hoc test (P < 0.05).

(F and G) Quantitative RT–PCR analysis of auxin-related (F) and JA-related (G) gene expression in WT and ds1 mutant plants after 7 days of germination. 

Values represent means ± SD of three biological replicates. Significant differences compared with WT were determined using Student’s t-test (**P < 0.01).

(H) JA content in the coleoptile and first incomplete leaf of WT and ds1 mutant plants after 5 days of germination. Values represent means ± SD of three 

biological replicates. P values were determined by a two-tailed Student’s t-test.

(I) Phenotypes of WT and ds1 mutant seeds treated with 5 μM JA or 5 μM DIECA for 5 days. From top to bottom: dehulled seeds under control conditions 

without exogenous hormones, 5 μM JA, and 5 μM DIECA (scale bar, 1 cm).

(J and K) Coleoptile (J) and radicle (K) lengths of WT and ds1 mutant seeds after 5 days of JA or DIECA treatment. Ten seeds were analyzed per 

treatment. Different lowercase letters above the bars indicate significant differences determined by two-way ANOVA followed by Tukey’s post hoc test 

(P < 0.05).
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Figure 4. DS1 overexpression significantly enhances submergence tolerance.

(A) Relative DS1 transcript levels in the coleoptile and first incomplete leaf of WT/HZ and three independent DS1-OE/HZ lines after 5 days of germination. 

Values represent means ± SD of three biological replicates. P values were determined by one-way ANOVA.

(legend continued on next page)
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Overexpression of DS1 significantly enhances rice 
postgermination growth

Previous experiments showed no significant difference in germi-

nation rates between ds1 and the WT (Supplemental Figures 1A– 

1C). However, postgermination growth was markedly inhibited in 

ds1 compared with the WT (Figures 1A, 1H, and 1I), primarily due 

to reduced IAA levels and elevated JA levels (Figures 3A and 3H). 

These findings prompted us to investigate whether DS1 

overexpression could enhance postgermination growth. To this 

end, we generated three DS1-OE lines in the HZ background 

(Figure 4A) and measured their IAA and JA levels. Compared 

with WT/HZ, DS1-OE/HZ lines exhibited elevated IAA levels 

(Figure 4B) and markedly reduced JA levels (Figure 4C). 

Consistent with these hormonal changes, DS1-OE/HZ seedlings 

exhibited significantly longer coleoptiles, first incomplete leaves, 

and radicles relative to WT/HZ 5 days after germination 

(Figures 4D–4F).

Wet direct seeding is often hindered by uneven seedling emer-

gence due to the poor submergence tolerance of current rice va-

rieties during germination (Hsu and Tung, 2015). Under 

submerged conditions, seeds may fail to rapidly reach the 

water surface, leading to mold growth and seedling death. We 

therefore hypothesized that the accelerated postgermination 

growth observed in DS1-OE/HZ lines would promote rapid cole-

optile elongation and facilitate more efficient escape from sub-

mergence. Consistent with this hypothesis, under laboratory con-

ditions with a 5 cm water depth, DS1-OE/HZ lines developed 

significantly longer coleoptiles than WT/HZ, indicating enhanced 

submergence tolerance (Figures 4G and 4H). To further assess 

whether this effect is conserved across genetic backgrounds, 

we generated three DS1-OE lines in the japonica cultivar ‘Zhong-

jia 3’ (DS1-OE/ZJ3). All DS1-OE/ZJ3 lines similarly exhibited su-

perior submergence tolerance compared with their correspond-

ing WT controls (Supplemental Figures 9A–9C).

Given that direct-seeded rice, particularly in spring, often faces 

low-temperature stress that impairs germination and early seed-

ling establishment, we further evaluated DS1-OE/HZ lines under 

combined cold and submergence conditions (15 ◦ C, 14/10 h day/ 

night cycle, 5 cm water depth). Under these conditions, DS1-OE/ 

HZ lines consistently maintained significantly longer coleoptiles 

than WT/HZ (Supplemental Figures 10A–10D).

Collectively, these results demonstrate that DS1 overexpression 

enhances seedling emergence rate and uniformity by accelerating 

postgermination growth, thereby enabling rapid escape from sub-

merged conditions. This advantage is maintained even under low-

temperature stress and is associated with elevated IAA levels and 

an optimized IAA–JA balance in DS1 overexpression lines.

To assess the performance of this germplasm under complex and 

variable environments, we conducted field trials. In summer field 

experiments under normal temperatures in Fuyang, DS1-OE/HZ 

lines exhibited faster elongation and more uniform seedling emer-

gence under submerged conditions than WT/HZ (Figure 4I). 

Consistently, large-scale winter field trials in Hainan confirmed 

that the DS1-OE/HZ lines consistently outperformed the WT 

(Figure 4J and Supplemental Figures 11A–11I). Notably, during 

the direct-seeding period in Hainan, ambient temperatures re-

mained near 15 ◦ C for nearly half of the time (Supplemental 

Figure 11J). Taken together, our findings indicate that DS1-

mediated acceleration of postgermination growth significantly 

enhances rice adaptation to direct-seeding environments.

The RR26 transcription factor enhances DS1 expression

To elucidate the regulatory mechanism underlying DS1 expres-

sion, we sought to identify its upstream transcriptional regulators. 

We first analyzed the DS1 promoter using the PlantRegMap data-

base (https://plantregmap.gao-lab.org/) to predict potential tran-

scription factor binding sites. Candidate regulators were then 

screened using firefly luciferase (LUC) reporter assays, leading 

to the identification of RR26 (LOC_Os01g67770), a type-B CK 

response regulator (Li et al., 2024) (Figures 5A and 5B). This 

interaction was further validated by LUC assays in tobacco 

epidermal cells, which showed a strong LUC signal, indicating 

that RR26 activates DS1 transcription (Figure 5C). To determine 

whether RR26 directly binds to the DS1 promoter, we 

performed yeast one-hybrid (Y1H) assays to test its interaction 

with the predicted DS1 cis element DS1-7, located at − 242 to

− 232 bp relative to the transcription start site. Although the full-

length DS1 promoter exhibited self-activation, this effect was 

eliminated when DS1-7 was used alone. Under these conditions, 

RR26 binding was confirmed by the appearance of blue colonies 

(Figures 5D and 5E). Electrophoretic mobility shift assays (EMSA) 

further verified the direct binding of RR26 to DS1-7 in vitro 

(Figure 5F). Subcellular localization analysis showed that RR26 

localizes to the nucleus (Supplemental Figure 12), and 

sequence alignment revealed high conservation of RR26 across 

plant species, suggesting an evolutionarily conserved function 

in growth regulation (Supplemental Figures 13A and 13B).

Having established the molecular interaction between RR26 and 

DS1, we next sought genetic evidence to confirm that RR26 acts 

as a positive regulator of DS1 in planta. Knockout of RR26 (rr26) 

resulted in postgermination growth defects that closely

(B and C) IAA (B) and JA (C) contents in the coleoptile and first incomplete leaf of WT/HZ and DS1-OE/HZ lines after 5 days of germination. Values 

represent means ± SD of three biological replicates. P values were determined by a two-tailed Student’s t-test.

(D) Phenotypes of WT/HZ and DS1-OE/HZ lines after 5 days of germination on 1/2 MS medium (scale bar, 1 cm).

(E and F) Coleoptile and first incomplete leaf lengths (E) and radicle length (F) of WT/HZ and DS1-OE/HZ lines after 5 days of germination on half-strength 

MS (1/2 MS) medium. Data represent means ± SD from 20 seeds per genotype. P values were determined by one-way ANOVA.

(G) Phenotypes of WT/HZ and DS1-OE/HZ lines after 10 days of germination under 5-cm submergence (scale bar, 1 cm).

(H) Coleoptile length of WT/HZ and DS1-OE/HZ lines after 10 days of germination under 5-cm submergence. Data represent means ± SD from 300 seeds 

per genotype. P values were determined by one-way ANOVA.

(I) Phenotypes of WT/HZ and DS1-OE/HZ lines after 25 days of dry sowing followed by continuous 5-cm submergence treatment in the field in Fuyang, 

Zhejiang, China (scale bar, 0.5 m).

(J) Phenotypes of WT/HZ and DS1-OE/HZ lines after 23 days of dry sowing followed by continuous 5-cm submergence treatment in the field in Lingshui, 

Hainan, China. The length of the white baffle is 0.5 m.
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Figure 5. RR26 activates DS1 expression to balance IAA–JA antagonism.

(A and B) Luciferase transient transactivation assays in rice protoplasts. Constructs used in the transient expression assays are shown in (A). RR26 

significantly activates DS1 transcription (B). Values represent means ± SD of three biological replicates. P values were determined by a two-tailed 

Student’s t-test.

(legend continued on next page)

Plant Communications 7, 101714, April 13 2026 9

DS1 enhances submergence tolerance in rice Plant Communications

Please cite this article in press as: Chen et al., Prime editing of an RR26-responsive cis-element enhances DAHPS2 expression and submergence toler-

ance in rice through the shikimate pathway, Plant Communications (2026), https://doi.org/10.1016/j.xplc.2026.101714



phenocopied the ds1 mutant (Supplemental Figures 14A–14D). In 

contrast, overexpression of RR26 in the NIP background (RR26-

OE/NIP) resulted in a marked increase in DS1 transcript abun-

dance and enhanced submergence tolerance, closely resem-

bling the DS1 overexpression phenotype (Figures 5G–5I).

Further physiological characterization revealed that RR26 also 

participates in hormonal regulation during early seedling devel-

opment. The inhibited postgermination growth of rr26 seedlings 

was partially rescued by treatment with NAA (Figures 5J–5L), 

indicating that RR26 contributes to auxin regulation. Moreover, 

exogenous JA treatment significantly inhibited WT growth, 

mimicking the rr26 phenotype, whereas treatment with DIECA 

alleviated this inhibition (Figures 5M–5O). These results 

suggest that RR26 also functions in JA homeostasis.

Together, these results demonstrate that RR26 directly binds to 

the DS1 promoter at the DS1-7 element to activate DS1 expres-

sion, thereby functioning as a key upstream positive regulator of 

postgermination growth.

Precision editing of DS1 improves submergence 
tolerance in direct-seeded rice

Our findings indicate that elevated DS1 expression improves sub-

mergence tolerance in direct-seeded rice by promoting postgermi-

nation growth. We therefore asked whether natural germplasm re-

sources harbor elite alleles associated with increased DS1 

expression. To address this, we analyzed SNP variation within a 

2.5 kb region upstream of the DS1 coding sequence across a 

rice micro-core collection, as previously described (Shang et al., 

2022). Four haplotypes (Hap1–Hap4) were identified, showing 

clear divergence between indica and japonica cultivars 

(Supplemental Figure 15A). However, transcriptome data from 

Shang et al. (2022) revealed no significant differences in DS1 

transcript abundance among these haplotypes (Supplemental 

Figure 15B). Consistently, promoter activity assays showed only 

minimal differences between indica- and japonica-type 

promoters (Supplemental Figure 15C). These results indicate 

that natural promoter polymorphisms within the surveyed 

germplasm have limited effects on DS1 expression.

Given that RR26 functions as a transcriptional activator of DS1, 

we next investigated how it regulates DS1 expression. LUC as-

says defined the core DS1 promoter region as − 232 to − 1 bp 

relative to the transcription start site (Figure 6A). Notably, 

increasing the copy number of the RR26 binding motif DS1-7 

led to a linear increase in the LUC/Renilla luciferase (REN) 

ratio (Figure 6B), supporting the notion that RR26 positively 

regulates DS1 transcription in a dosage-dependent manner.

Based on these findings, we hypothesized that increasing the num-

ber of RR26 binding sites in the DS1 promoter could enhance DS1 

expression. We therefore selected the DS1-7 motif as a target for 

genome editing and employed the ePE2 prime-editing system 

(Li et al., 2023b; Zou et al., 2025) to integrate three tandem 

copies of DS1-7 into the native DS1 promoter. The resulting edited 

lines showed four distinct integration patterns (Figure 6C). Despite 

this variability, RT–qPCR analysis confirmed significantly elevated 

DS1 transcript levels in all edited lines (Figure 6D). Following 

segregation and removal of exogenous editing components, 

submergence assays showed that the edited lines developed 

markedly longer coleoptiles than the WT, reflecting enhanced 

submergence tolerance (Figures 6E and 6F). Importantly, no 

obvious developmental abnormalities were observed at later 

growth stages (Supplemental Figures 16A–16G).

Collectively, these results elucidate the regulatory mechanism by 

which RR26 activates DS1 transcription and demonstrate that 

targeted promoter editing represents a feasible and promising 

strategy for generating transgene-free rice germplasm with 

improved submergence tolerance for direct-seeded cultivation.

DISCUSSION

This study demonstrates that DS1, which encodes the entry 

enzyme of the shikimate pathway, plays a central role in regu-

lating rice postgermination growth by maintaining hormonal ho-

meostasis and enhancing submergence tolerance (Figure 7).

Mutations at critical sites in DS1 cause pleiotropic 
phenotypes by disrupting DAHPS2 catalytic activity

To confirm that the severe ds1 phenotype is indeed caused by mu-

tation of the DS1 gene, we generated two CRISPR–Cas9 knockout 

lines targeting DS1 (cas1 and cas2) (Figure 2I). Among the 

knockout lines targeting cas1, four displayed phenotypes 

resembling ds1 (Figure 2J and Supplemental Figure 4C).

(C) Luciferase imaging assay in tobacco leaves showing RR26-mediated activation ofDS1 transcription.

(D and E) Y1H assays confirming RR26 binding to the DS1-7 promoter element.

(F) EMSA demonstrating RR26 binding to the biotin-labeled DS1-7 DNA probe.

(G) Relative DS1 transcript levels in the coleoptile and first incomplete leaf of WT/NIP and RR26-OE/NIP lines after 5 days of germination. Values represent 

means ± SD of three biological replicates. P values were determined by one-way ANOVA.

(H) Phenotypes of WT/NIP and three independent RR26-OE/NIP lines after 8 days of germination under 5 cm submergence (scale bar, 1 cm).

(I) Coleoptile lengths of WT/NIP and three independent RR26-OE/NIP lines after 8 days of germination under 5-cm submergence. P values were 

determined by one-way ANOVA.

(J) Phenotypes of WT and rr26 mutant seeds after 5 days of NAA treatment. From top to bottom: dehulled seeds of WT and rr26 under control conditions 

(no exogenous hormones) and 5 nM NAA (scale bar, 1 cm).

(K and L) Coleoptile (K) and radicle (L) lengths of WT and rr26 mutant seeds after 5 days of NAA treatment. Ten seeds were assessed per treatment. 

Different lowercase letters above the bars indicate significant differences determined by two-way ANOVA followed by Tukey’s post hoc test (P < 0.05). 

(M) Phenotypes of WT and rr26 mutant seeds after 5 days of JA or DIECA treatment. From top to bottom: dehulled seeds of WT and rr26 under control 

conditions (no exogenous hormones), 5 μM JA, and 5 μM DIECA (scale bar, 1 cm).

(N and O) Coleoptile (N) and radicle (O) lengths of WT and rr26 mutant seeds after 5 days of JA or DIECA treatment. Ten seeds were analyzed per 

treatment. Different lowercase letters above the bars indicate significant differences determined by two-way ANOVA followed by Tukey’s post hoc test 

(P < 0.05). Significant differences compared with WT were determined using Student’s t-test (**P < 0.01).
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Interestingly, we also identified one line with a normal phenotype 

(DS1cas1-N) (Supplemental Figure 17B). This line carried a three-

base deletion (CGA) at the target site (Supplemental Figure 17A), 

resulting in the loss of a serine residue and a glutamate-to-

arginine substitution. Protein structure modeling predicted no sub-

stantial conformational alterations (Supplemental Figure 17C), and 

enzymatic activity assays revealed a slight increase in DAHPS2 ac-

tivity (Supplemental Figure 17D). Consistently, agronomic 

trait analysis showed no significant differences between 

DS1cas1-N and the WT (Supplemental Figure 17E). A similar 

observation was reported for the dnrl1 mutant by Wang et al. 

(2020), in which a single nucleotide substitution (T1127A) in the 

fourth exon caused a leucine-to-histidine substitution at position 

376 (L376H) without affecting protein structure or enzymatic activ-

ity (Supplemental Figure 17D).

By contrast, the ds1 mutant carries a SNP (G1407C) in the fifth 

exon, resulting in a methionine-to-isoleucine substitution at posi-

tion 469 (M469I) (Figures 2C–2E). Although structural modeling 

predicted only minor conformational changes (Figure 2F; 

Supplemental Figure 4B), DAHPS2 enzymatic activity was mark-

edly reduced (Figure 2G), leading to the severe ds1 phenotype 

(Figures 1A–1G). These findings suggest that the ds1 mutation

disrupts a critical catalytic region of DS1, whereas minor 

alterations in non-essential regions have limited functional conse-

quences. Overall, the fifth exon of DS1 appears to be essential for 

its catalytic activity. Further studies using protein crystallography 

and site-directed mutagenesis will be required to precisely define 

the residues critical for DAHPS2 activity.

DS1 may act as a shikimate pathway gatekeeper that 
bridges crosstalk among multiple hormone signaling 
pathways

Our results demonstrate that DS1, encoding a DAHPS enzyme, is 

essential for coordinating hormonal balance during rice postgermi-

nation growth. As the entry point of the shikimate pathway, loss of 

DS1 function disrupts IAA biosynthesis, as evidenced by the signif-

icant rescue of ds1 defects following NAA application (Figures 3C– 

3E). Concurrently, ds1 mutants accumulated higher levels of JA, 

likely as an indirect consequence of impaired shikimate 

pathway flux. Inhibition of JA biosynthesis partially restored 

postgermination growth in ds1 (Figures 3I–3K), revealing a critical 

DS1-dependent antagonistic relationship between IAA and JA.

This antagonism aligns with established hormonal dynamics in 

submerged rice seedlings. The quiescence strategy, typified by

Figure 6. Development of novel direct-seeded rice germplasm via DS1 modification to enhance submergence tolerance.

(A) Identification of the DS1 core promoter region (− 232 to − 1 bp) using LUC assays. Constructs assayed (1–6) were pGreen0800+RR26GFP (negative 

control), pDS1-232+RR26GFP, pDS1-647+RR26GFP, pDS1-7+RR26GFP, pDS1-7X2+RR26GFP, and pDS1-7X3+RR26GFP.

(B) Dose-dependent activation of the DS1 promoter by RR26. LUC/REN ratios increased with increasing copy number of the RR26-binding motif DS1-7. 

Constructs assayed (1–5) were pGreen0800+RR26GFP (negative control), pDS1-232+RR26GFP, pDS1-7+232+RR26GFP, pDS1-7X2+232+RR26GFP, 

and pDS1-7X3+232+RR26GFP.

Data in (A) and (B) represent means ± SD of three biological replicates. Different lowercase letters above the bars indicate significant differences 

determined by one-way ANOVA followed by Tukey’s post hoc test (P < 0.05).

(C) Schematic of ePE2-mediated editing of the DS1-7 element. The target sequence is highlighted in blue, substituted nucleotides are shown in green, 

deleted nucleotides are indicated by purple dashes, and inserted nucleotides are shown in red.

(D) Relative DS1 transcript levels in WT/HZ and three independent DS1-7X3 edited lines after removal of exogenous components. Values represent 

means ± SD of three biological replicates. P values were determined by one-way ANOVA.

(E) Phenotypes of WT/HZ and three DS1-7X3 modified lines after 8 days of germination under 5-cm submergence (scale bar, 1 cm).

(F) Coleoptile lengths of WT/HZ and three DS1-7X3 edited lines after 8 days of germination under 5-cm water submergence. Data represent means ± SD 

from 100 seeds per genotype. P values were determined by one-way ANOVA.
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SUB1A, suppresses growth under submergence by coordinately 

reducing IAA levels and elevating JA accumulation (Xu et al., 

2006; Khalil et al., 2024). In contrast, the escape strategy 

actively suppresses JA activity to promote coleoptile 

elongation, as demonstrated by the glucosyltransferase 

OsUGT75A, which reduces JA and ABA levels to facilitate rapid 

coleoptile growth (He et al., 2023). Our findings position DS1 

upstream of these regulatory layers, functioning at the 

metabolic level to sustain IAA production while simultaneously

limiting JA accumulation, thereby creating a permissive 

hormonal environment for rapid postgermination growth.

Moreover, we identified the type-B CK response regulator RR26 as 

a transcriptional activator of DS1 (Figures 5A–5F), linking CK 

signaling with the shikimate pathway and IAA–JA homeostasis. 

CK accumulation is known to inhibit auxin signaling and root 

development (Li et al., 2024), suggesting that CK may also 

influence coleoptile elongation through interactions with IAA,

Figure 7. Proposed model of DS1-mediated hormonal homeostasis regulating submergence tolerance.

DS1, positively regulated by the type-B CK response regulator RR26, encodes DAHPS2, the first enzyme of the shikimate pathway, which supplies Trp for 

Trp-dependent IAA biosynthesis. In ds1 mutants, reduced IAA levels and excessive JA accumulation inhibit postgermination growth and lead to 

pleiotropic developmental defects. In WT plants, DS1 maintains IAA–JA balance, supporting normal growth but conferring limited submergence toler-

ance. In DS1-overexpressing (DS1-OE) and precisely edited (DS1-7X3) plants, elevated IAA levels and suppressed JA accumulation promote robust 

postgermination growth and significantly improve submergence tolerance. Black lines represent experimentally validated pathways, blue lines indicate 

previously reported pathways, and red lines represent putative or unverified regulatory relationships.
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similar to the antagonistic relationship between IAA and JA. Given 

that the shikimate pathway also supplies precursors for SA biosyn-

thesis, DS1 may further influence SA homeostasis. Together with 

previously characterized regulators such as SUB1A, which inte-

grates ethylene, GA, brassinosteroid, JA, and auxin responses dur-

ing the quiescence strategy, and OsUGT75A, which modulates JA 

and ABA during escape growth, DS1 emerges as a pivotal hub 

mediating crosstalk among multiple phytohormonal pathways, 

including IAA, JA, CK, and potentially SA. These regulatory nodes 

collectively function as molecular bridges that fine-tune hormonal 

interactions and coordinate postgermination growth in rice. The 

precise mechanisms underlying this multi-hormonal integration 

remain to be elucidated. Notably, the key germination-related hor-

mones GA and ABA do not appear to be directly influenced by DS1, 

which likely explains why DS1 mutations did not significantly affect 

seed germination rates (Supplemental Figures 1A–1C).

DS1 overexpression enhances postgermination growth 
to counteract multiple stresses

In modern rice production systems, there is a growing shift from 

traditional seedling raising and transplanting toward simplified, 

labor-saving cultivation methods. Among these, dry and wet 

direct seeding have been increasingly adopted due to their 

reduced labor requirements and improved operational efficiency. 

However, most elite rice cultivars were bred for conventional 

transplanting systems and consequently exhibit poor submer-

gence tolerance and slow early seedling growth under direct-

seeding conditions. These limitations often result in uneven emer-

gence, patchy seedling establishment, and asynchronous crop 

development under large-scale mechanized sowing, ultimately 

reducing production efficiency and constraining the broader 

application of direct-seeding technologies. Therefore, the devel-

opment of submergence-tolerant rice germplasm specifically 

optimized for direct seeding is essential for integrating genetic 

improvement with modern agronomic practices, reducing pro-

duction costs, and enhancing overall yield potential.

During the postgermination stage, overexpression of DS1 in the HZ 

background (DS1-OE/HZ) caused elevated IAA levels and substan-

tially reduced JA accumulation in the coleoptile and first incomplete 

leaf compared with the WT/HZ (Figures 4B and 4C). These 

hormonal alterations promoted vigorous postgermination growth 

and conferred enhanced submergence tolerance under both 

laboratory and field conditions (Figures 4D–4J). Similarly, DS1 

overexpression in the japonica cultivar ZJ3 also enhanced 

submergence tolerance (Supplemental Figures 9A–9C), indicating 

that the positive effect of DS1 overexpression is conserved across 

different genetic backgrounds. Notably, under combined cold and 

submergence stress, DS1-OE/HZ lines maintained a pronounced 

growth advantage under both laboratory and field conditions 

(Supplemental Figures 10A–10D and 11A–11J). These results 

indicate that DS1 overexpression enhances postgermination 

growth vigor, enabling direct-seeded rice to overcome multiple 

establishment constraints imposed by heterogeneous field condi-

tions—including waterlogging, seed desiccation, and low-

temperature stress—and thereby markedly improving seedling 

emergence rates.

Furthermore, IAA and JA contents in flag leaves at the heading 

stage were comparable between DS1-OE/HZ and WT/HZ plants

(Supplemental Figures 18A and 18B), suggesting that DS1 

overexpression does not disrupt hormone homeostasis at later 

developmental stages. Consistently, DS1-OE/HZ plants showed 

no obvious phenotypic differences from WT/HZ at the heading 

stage (Supplemental Figure 19A). Compared with WT/HZ, DS1-

OE/HZ lines exhibited slight decreases in plant height, number 

of secondary branches, seed-setting rate, and thousand-grain 

weight, accompanied by modest increases in tiller number, 

panicle length, and number of primary branches (Supplemental 

Figure 19B). No significant differences were observed in grain 

number per panicle, grain length, or grain width (Supplemental 

Figure 19B). Overall, yield per plant was not significantly 

affected (Supplemental Figure 19C). Similarly, no adverse 

effects on agronomic traits were observed in DS1-OE/ZJ3 lines 

(Supplemental Figures 20A–20I). These results indicate that 

DS1 overexpression promotes postgermination growth rate in 

rice without compromising subsequent plant growth, develop-

ment, or yield potential.

DS1 regulatory elements represent a potential strategy 
for improving submergence tolerance in direct-seeded 
rice

Given that elevated DS1 expression enhances submergence 

tolerance, we next sought to identify upstream transcriptional 

regulators controlling DS1 expression during the postgermination 

stage. We identified RR26, a type-B CK response regulator, as a 

positive regulator of DS1. Increasing the copy number of the 

RR26-binding motif DS1-7 in promoter–reporter assays resulted 

in a dose-dependent increase in LUC/REN ratios (Figure 6B). The 

rr26 mutant exhibited postgermination growth defects similar to 

those observed in ds1 (Supplemental Figures 14A–14D), and 

these defects were partially alleviated by exogenous 

application of NAA or the JA biosynthesis inhibitor DIECA 

(Figures 5J–5O). Moreover, DS1 transcript levels were 

significantly upregulated in RR26-OE/NIP lines, which exhibited 

markedly improved submergence tolerance compared with WT/ 

NIP plants (Figures 5G–5I).

Analysis of natural variation in the DS1 promoter identified four 

haplotypes that showed clear divergence between indica and 

japonica cultivars (Supplemental Figure 15A). However, 

neither DS1 transcript abundance nor promoter activity differed 

significantly among these haplotypes (Supplemental 

Figures 15B and 15C), indicating that natural polymorphisms 

within this region have limited impact on DS1 expression. We 

therefore selected the DS1-7 element as the optimal target for 

precise editing using the ePE2 prime editing system (Li et al., 

2023b; Zou et al., 2025). Targeted modification of the DS1 pro-

moter generated transgene-free rice lines with enhanced DS1 

expression and improved submergence tolerance (Figures 6C– 

6F), without detectable developmental abnormalities at later 

growth stages (Supplemental Figures 16A–16G). These edited 

germplasm lines have substantial breeding potential. The indica 

rice cultivar HZ, an elite restorer line widely used in hybrid rice 

production in China, was selected as the editing background 

due to its agronomic importance. To date, HZ has contributed 

to the development of more than 300 hybrid rice cultivars, cumu-

latively cultivated over 300 million mu (∼20 million hectares), 

making it an ideal candidate for improving stress resilience via 

precise genetic modification.
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In summary, DS1 overexpression significantly enhances postger-

mination growth and represents a promising molecular target for 

improving seedling establishment under submergence in direct-

seeded rice systems. Targeted editing of the DS1-7 regulatory 

element provides a precise, transgene-free strategy for 

enhancing submergence tolerance. Future studies should focus 

on elucidating how DS1 expression is adaptively regulated 

across diverse ecological environments and on dissecting its 

crosstalk with other hormone signaling pathways. These efforts 

will further advance molecular breeding strategies for developing 

high-yielding, submergence-tolerant rice cultivars tailored to 

direct-seeded agricultural systems.

METHODS

Plant materials and growth assays

The ds1 mutants were generated by ethyl methane sulfonate mutagenesis 

of the indica rice (Oryza sativa L.) cultivar HZ. An F 2 segregating popula-

tion, obtained by crossing heterozygous ds1 plants with the japonica 

cultivar WYG7, was used to fine map the DS1 gene. Unless otherwise indi-

cated, all plants were grown in paddy fields under natural conditions at the 

China National Rice Research Institute in Fuyang, Zhejiang Province, 

China (119 ◦ 6 ′ E, 30 ◦ 0 ′ N).

For GUS staining in ds1 plants containing DR5:GUS (Ulmasov et al., 1997), 

heterozygous ds1 plants were crossed with the japonica cultivar 

‘Dongjing’ carrying DR5:GUS (Yu et al., 2015), generating ds1 mutants 

harboring DR5:GUS.

For laboratory submergence assays, mature seeds of WT/HZ and DS1-

OE/HZ, WT/ZJ3 and DS1-OE/ZJ3, WT/NIP and RR26-OE/NIP, as well 

as WT/HZ and DS1-7X3/HZ were sown in transparent glass culture flasks 

containing 5 cm of water and incubated at 26 ◦ C under a 14-h light/10-h 

dark photoperiod for 7–10 days.

For field submergence assays, WT/HZ and DS1-OE/HZ seeds were 

directly sown in paddy fields in Fuyang, Zhejiang Province, and in Ling-

shui, Hainan Province, China (109 ◦ 55 ′ E, 18 ◦ 47 ′ N), where they were sub-

merged to a depth of 5 cm for 23–25 days.

Seed germination assays

To overcome the sterility of homozygous ds1 mutants, a half-seed strategy 

was employed. Mature seeds harvested from heterozygous ds1 plants were 

bisected, with the endosperm-containing half used for genomic DNA 

extraction and the corresponding embryo-containing half reserved for sub-

sequent phenotypic and molecular analyses. Homozygous ds1 mutants 

were identified by amplifying the target region with primers DS1Msite-F 

(5 ′ -CTCGATGGAGCTCATGTTGA-3 ′ ) and DS1Msite-R (5 ′ -CCCAGTTTCT 

TTTCCCTTCC-3 ′ ), followed by high-throughput sequencing using the 

high-throughput tracking of mutations (Hi-TOM) platform. Only seeds 

confirmed as homozygous ds1 mutants were used in subsequent experi-

ments. For quantitative germination assays, 50 seeds each of WT and ho-

mozygous ds1 mutants were evaluated per replicate. Seed coats were 

removed and seeds were cut into halves prior to the assay. Germination 

was defined as the emergence of the coleoptile to a length equivalent to 

that of the halved seed. Germination status was recorded at 12-h intervals.

Map-based cloning

Over 2100 mutant individuals were selected from a population of 16 300 F 2 
plants derived from the cross between heterozygous ds1 plants and 

WYG7. Genomic DNA was extracted using the cetyl trimethylammonium 

bromide method (Stewart and Via, 1993). Simple sequence repeat and 

sequence-tagged site markers showing polymorphisms between HZ 

and WYG7 were used for DS1 mapping. PCR products were separated 

on 4%–5% agarose gels. Candidate genes within the target interval

were amplified and sequenced by Hangzhou Tsingke Biological Engineer-

ing Technology and Service. Primers used for fine mapping and 

sequencing are listed in Supplemental Table 1, and predicted genes 

within the mapped region are listed in Supplemental Table 2.

Vector construction and genetic transformation

For mutant complementation, a 6988-bp genomic DNA fragment containing 

2749-bp upstream of the start codon, the 3239 bp DS1 coding sequence, and 

1000 bp downstream was amplified using primers DS1COMF/R and cloned 

into pCAMBIA1300, generating pCAMBIA1300-DS1COM (DS1COM). The 

control vector and DS1COM construct were introduced into HZ and hetero-

zygous ds1 plants via Agrobacterium-mediated transformation.

For gene knockout, two target sequences in DS1, 5’-TTCATGGATC 

ACAGCGAACA-3’ (cas1) and 5’-TACAGGGGAGACAACATCAA-3’ 

(cas2), and one target sequence in RR26, TCGAGGATCTTGAGCCAGGT, 

were designed. Deletion vectors were constructed using the CRISPR– 

Cas9 system (Wang et al., 2017) and introduced into NIP via 

Agrobacterium-mediated transformation.

For DS1 overexpression, the full-length DS1 coding sequence (excluding 

the termination codon) was amplified using primers DS1-GFPF/R, in-

serted into the pCAMBIA1300-GFP-FLAG vector, and transformed into 

HZ and ZJ3 via Agrobacterium-mediated transformation.

For prime editing, the ePE2 (pHUC411-cMYL-PEmaxNC) system was 

used to increase the copy number of the DS1-7 promoter element in 

HZ, as described by Zou et al. (2025) and Li et al. (2023b). The resulting 

constructs were transformed into HZ or NIP via Agrobacterium-

mediated transformation. Primers used for vector construction are listed 

in Supplemental Table 3.

Histological analysis

For paraffin sectioning, fresh leaves from three-leaf-stage seedlings, flag 

leaves, leaf cushions, and spikelets at the heading stage were collected 

and fixed in 50% Formalin-Acetic Acid-Alcohol solution (5% glacial acetic 

acid, 5% formaldehyde, and 70% ethanol). Samples were dehydrated 

through a graded ethanol series and embedded in paraffin. Sections of

5 μm thickness were prepared using a microtome (Leica), stained with to-

luidine blue, and observed under a microscope (Nikon 90i).

To analyze the expression pattern of DS1, a 2749-bp promoter fragment 

was amplified from HZ genomic DNA and cloned upstream of the GUS re-

porter gene in the pCAMBIA1305 binary vector. The resulting plasmid was 

introduced into HZ to generate transgenic plants. For GUS staining, 8-cm 

root tips from three-leaf stage DS1-GUS T 1 transgenic plants, HZ, and ds1 

mutants containing DR5:GUS were infiltrated with GUS staining solution 

and incubated at 37 ◦ C overnight. Samples were then dehydrated through 

a graded ethanol series and embedded in ethanol. Primers used for GUS 

vector construction are listed in Supplemental Table 3.

RNA extraction and RT-qPCR

Total RNA was extracted from various tissues using an AxyPrep Total RNA 

Miniprep Kit (Axygen). First-strand cDNA was synthesized using Rever-

TraAce quantitative PCR RT Master Mix (Toyobo) following the manufac-

turer’s instructions. RT-qPCR was performed on a CFX96 Touch Real-

Time PCR Detection System (Bio-Rad) using 2× SsoFast EvaGreen 

SuperMix. OsUBQ5 and OsActin were used as internal reference genes. 

Data are presented as mean ± SD from three biological replicates, and 

statistical significance was evaluated using Student’s t-test. Primers 

used for RT-qPCR are listed in Supplemental Table 4.

Endogenous hormone content and DS1 enzyme activity 

measurement

Coleoptiles and first incomplete leaves (approximately 0.1 g fresh weight) 

from WT, ds1, and DS1-OE lines at the postgermination stage, as well as
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flag leaves from WT and DS1-OE lines at the heading stage, were 

collected and ground in liquid nitrogen. IAA and JA contents were deter-

mined by high performance liquid chromatography (Waters Xevo-TQD) as 

described by Pan et al. (2010).

For DS1 enzyme activity assays, plasmids expressing different DS1 vari-

ants were introduced into Escherichia coli strain BL21 (DE3). Cultures 

grown at 37 ◦ C were induced with 0.2 mM isopropyl-β-D-

thiogalactopyranoside at 18 ◦ C for 16 h. Bacterial cells were harvested, 

sonicated in 1× PBS (pH 7.4) and centrifuged at 12 000 rpm for 10 min. 

The supernatant was used to measure DAHPS enzyme activity using an 

ELISA kit (MM-62834O2, Jiangsu Meimian Industrial). Each sample was 

analyzed with four biological replicates.

Subcellular localization

Full-length cDNAs of DS1 and RR26 were amplified and fused into the 

pCAMBIA1300-GFP-FLAG vector under the control of the Ubi promoter. 

Rice protoplasts were isolated and transformed as described previously 

(Qiu et al., 2016), then incubated at 28 ◦ C for 14–16 h. GFP fluorescence 

was detected using a confocal laser scanning microscope (Carl Zeiss 

LSM 980).

Phylogenetic analysis

Protein sequences used for phylogenetic analysis were identified by 

BLASTP searches using DS1 and RR26 as queries. Full-length amino 

acid sequences were aligned using DNAMAN software. Phylogenetic 

trees were constructed using the neighbor-joining method in MEGA (v7), 

with bootstrap analysis based on 1000 replicates.

Hormone response assays

Dehulled seeds containing embryos were surface-sterilized by immersion 

in 70% (v/v) ethanol for 1 min, rinsed twice, incubated in 10% NaClO for 

30 min, and thoroughly washed with sterile water. Sterilized seeds were 

sown on half-strength Murashige and Skoog (1/2 MS) medium supple-

mented with 5 nM NAA (a synthetic auxin analog), 5 nM NPA (an auxin 

efflux inhibitor), 5 μM JA, or 5 μM DIECA (a JA biosynthesis inhibitors), 

or no chemical treatment as a control. Coleoptile and radicle lengths 

were measured on day 5 and the plants were photographed.

For hydroponic hormone treatments, WT and ds1 seedlings were grown to 

the three-leaf stage and treated with either 20 μM IAA or 50 μM yucasin, a 

specific inhibitor of YUCCA-dependent auxin biosynthesis (5-(4-

chlorophenyl)-4H-1,2,4-triazole-3-thiol), or double-distilled water as a 

control for 7 days. Root lengths were then measured and documented.

LUC assays

For LUC activity assays in rice protoplasts, different lengths of the DS1 

promoter were cloned into the pGreen0800-LUC reporter vector, and 

the full-length RR26 cDNA was cloned into pCAMBIA1300-GFP-FLAG 

as an effector. These plasmids were co-transformed into rice protoplasts 

and incubated at 28 ◦ C for 16–18 h. LUC and REN activities were 

measured using the Dual-Luciferase Reporter Assay System (Promega) 

following the manufacturer’s protocol.

For LUC activity assays in tobacco, plasmids were infiltrated into Nico-

tiana benthamiana leaves via Agrobacterium tumefaciens. After 48–72 h, 

luminescence signals were detected using a low-light cooled imaging 

apparatus (Tanon 5200). Primers used for these assays are listed in 

Supplemental Table 3.

Y1H assay

For Y1H analysis, the full-length cDNA of RR26 was cloned into the 

pB42AD vector, and different fragments of the DS1 promoter were in-

serted into pLacZi2u carrying the LacZ reporter gene. The resulting con-

structs were co-transformed into the yeast strain EGY48. Y1H assays 

were performed using the Clontech Y1H system (Takara, Beijing, China)

following the manufacturer’s instructions. Primers used for construct gen-

eration are listed in Supplemental Table 3.

EMSA

For EMSA, a 1299 bp C-terminal fragment of RR26 was cloned into a 

maltose-binding protein (MBP) fusion vector. The recombinant RR26-

MBP plasmid and an empty MBP vector as a control were transformed 

into Escherichia coli strain BL21 (DE3). Cultures were grown at 37 ◦ C 

and induced with 0.2 mM isopropyl-β-D-thiogalactopyranoside at 18 ◦ C 

for 16 h. Fusion proteins were purified using MBP agarose according to 

the manufacturer’s protocol. Biotin-labeled and unlabeled DNA probes 

were synthesized by Sunya Biological Technology. DNA-binding reac-

tions were performed in EMSA/gel-shift binding buffer (Beyotime, 

GS005) at room temperature for 20 min. Reaction mixtures were sepa-

rated on a 4% native polyacrylamide gel and transferred to a nylon mem-

brane. Fluorescence signals were detected using a chemiluminescent 

EMSA kit (Beyotime, GS009) according to the manufacturer’s protocol. 

Competitive binding assays with increasing amounts of unlabeled probes 

were conducted to determine protein–DNA interaction specificity. Purified 

MBP protein was used as a negative control.

Statistical analysis

Statistical significance was evaluated using Student’s t-test for compari-

sons between two groups. Significance thresholds were set at P < 0.05 

and P < 0.01. Quantitative data are presented as means ± SD from at least 

three independent biological replicates. Statistical analyses were per-

formed using GraphPad Prism (v8.4.2).
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Casanova-Sá ez, R., Mateo-Bonmatı́, E., and Ljung, K. (2021). Auxin 

metabolism in plants. Cold Spring Harbor Perspect. Biol. 

13:a039867. https://doi.org/10.1101/cshperspect.a039867.

Chen, J., Zhu, M., Liu, R., Zhang, M., Lv, Y., Liu, Y., Xiao, X., Yuan, J., 

and Cai, H. (2020). BIOMASS YIELD 1 regulates sorghum biomass and 

grain yield via the shikimate pathway. J. Exp. Bot. 71:5506–5520. 

https://doi.org/10.1093/jxb/eraa275.

Chen, Q., Sun, J., Zhai, Q., Zhou, W., Qi, L., Xu, L., Wang, B., Chen, R., 

Jiang, H., Qi, J., et al. (2011). The basic helix-loop-helix transcription 

factor MYC2 directly represses PLETHORA expression during 

jasmonate-mediated modulation of the root stem cell niche in 

Arabidopsis. Plant Cell 23:3335–3352. https://doi.org/10.1105/tpc. 

111.089870.
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