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Abstract: Drought poses a significant constraint on rice production, and in this study, we have
discovered a novel drought-sensitive mutant, designated as dsm3, arising from the progenies of
indica rice variety Zhonghui8015 treated with EMS. Under drought stress conditions, dsm3
exhibited characteristic withered leaf tips, accompanied by increased levels of MDA and H:O,
reduced Pn, and decreased activity of POD and SOD. Genetic analysis revealed that the withered
leaf tip phenotype was governed by a single recessive gene, designated as Osdsm3.To begin with,
Osdsm3 was initially mapped to the short arm of chromosome 1 through a cross involving dsm3 and
02428. Subsequently, utilizing a population of 2591 F2 individuals, we narrowed down the location
of Osdsm3 to a 78KDb interval, encompassing 13 open reading frames (ORFs). Sequencing analysis
unveiled a mutation (1275G— A) in the exon of the candidate gene (LOC_0Os01g10680), leading to
premature translation termination. Moreover, a quantitative RT-PCR assay demonstrated high
expression of OsDSM3 in the panicle and sheath, with a significant upregulation of drought stress-
related genes under drought conditions. Phylogenetic analyses indicated that Osdsm3 shares
evolutionary homology with UNE1, an intracellular transport protein found in Arabidopsis
thaliana. Subcellular studies further confirmed that OsDSM3 resides in the cytoplasm. In
conclusion, the forthcoming cloning of Osdsm3 holds promise for delving deeper into the molecular
mechanisms governing rice drought resistance.

Keywords: rice (Oryza sativa L.); drought stress; Osdsm3; genetic analysis; fine mapping

1. Introduction

Rice (Oryza sativa L.) is a crucial crop that sustains more than half of the global population.
However, drought stress stands as a prominent abiotic factor hindering rice yield, especially with the
challenges of global warming and water scarcity [1]. Drought stress disrupts the delicate balance
between water and carbon metabolism in rice, leading to osmotic disorders, reduced photosynthetic
rates, and ultimately, diminished rice yields [2]. Identifying drought-tolerant genes is of paramount
importance for both rice breeding and comprehensive molecular mechanism investigations.

Drought tolerance in rice primarily involves adaptive changes in root structure, osmotic
adjustment, and antioxidant enzyme activities [3]. Under drought stress, rice experiences alterations
in root architecture, including enhanced root-shoot ratios, increased fence-sponge tissue ratio, and
thicker cuticles. These changes collectively minimize water loss, thus enhancing drought resistance
[4,5]. As drought stress progresses, the number of nodal roots decreases, while lateral root branching
density increases, along with elongation of total lateral root length [6,7]. Additionally, rice plants
maintain cell osmolarity balance through osmotic adjustment substances like glycine betaine,
trehalose, and soluble sugars during drought conditions [8]. Drought stress diminishes the activity
of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT),
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leading to the accumulation of reactive oxygen species (ROS) and resulting in cell metabolic disorders
[9]. To mitigate the toxicity of excessive ROS, plants employ antioxidant enzymes like SOD and POD
to scavenge the reactive oxygen species during drought stress [10].

Drought is a critical factor that hinders plant growth, impacting various stages of rice
development and affecting both yield and quality [11]. To address production losses caused by
drought stress, identifying drought-resistant genes and cultivating resilient rice varieties prove
effective. Currently, researchers have isolated 44 drought-tolerant genes related to rice, categorized
primarily into functional genes [12] and regulatory genes [13]. These genes participate in osmotic
regulation, dehydration resistance, and antioxidant protection during drought stress [14]. For
instance, Wei et al. identified and cloned a rice CDPK gene, OsCPK9, which enhances drought
tolerance by improving osmotic regulation and enhancing stomatal closure. Ahmad et al. discovered
the OsTPKbD gene, a dual-pore potassium channel protein that maintains a normal K+ balance inside
cells, thereby enhancing drought tolerance [15]. The OsNHX1 (Na+/H+ Antiporter 1) gene plays a
crucial role in ion balance regulation, affecting the concentration of intracellular sodium ions and
increasing rice's drought tolerance, as found by Liu et al. Dehydration, a morphological response to
drought stress, involves the waxy layer on the plant surface limiting transpiration rate, contributing
to enhanced drought resistance [16]. Wang et al. discovered the WSL4 gene, a -ketoacyl-CoA
synthase gene involved in rice leaf cuticular wax synthesis. Overexpression of this gene increases leaf
cuticular wax content, reducing water loss, and enhancing drought resistance [17]. Additionally,
under drought stress, plants accumulate reactive oxygen species (ROS) that can damage cellular
structures and cause injuries. Antioxidant enzymes play a vital role in clearing ROS and mitigating
plant damage. Du et al. observed that the expression levels of the peroxidase genes OsPOX8.1 and
OsP0OX22.3 increase during drought stress [18]. In a related study, Zhang et al. identified the gene
OsAPX2, which encodes a cell solute ascorbate peroxidase. Overexpression of this gene significantly
reduces ROS levels and positively regulates rice's drought tolerance [19]. Abcisic acid (ABA), a crucial
hormone in plant responses to abiotic stress, also plays a vital role in drought response and
regulation. Yu et al. discovered a drought-responsive gene called OsEm1, which enhances rice's
sensitivity to ABA, positively regulating drought resistance [20]. Sharma et al. discovered the
OsFBX257 gene, a gene that encodes for an F-Box protein, which plays a crucial role in promoting
ABA signaling. They observed that the gene's function and expression level have a significant impact
on both root and shoot development, and it can also influence rice drought stress tolerance in
controlled environments [21]. OsbZIP23 and OsbZIP72 are considered key regulators in ABA-
dependent drought and salt stress responses. They control the expression of many stress-related
genes and increase both ABA sensitivity and drought and salt resistance in rice [12,22,23].
Additionally, key enzyme genes involved in ABA biosynthesis and metabolism, such as OsLCY and
OsNCED¢4, respond to rice drought stress by controlling the synthesis of ABA precursors [24,25].
Additionally, the NAC transcription factors in rice are significant players in responding to abiotic
stress, with several NAC members involved in the response to drought stress. For instance, Hu et al.
demonstrated that overexpressing the stress-responsive gene SNAC1 significantly enhances drought
resistance in transgenic rice, even under severe drought conditions during the reproductive phase,
without affecting yield [26]. Moreover, PP2C protein phosphatases in plants have broad involvement
in growth, development, and responses to biotic and abiotic stress, including disease resistance,
wound response, and ABA-mediated stress signaling [27]. The OsPP2C gene family plays a crucial
role in rice's response to drought stress, with OsPP2C77, OsPP2C51, and OsPP2C49 confirmed to be
involved in drought stress signal transduction. These discoveries shed light on the intricate
mechanisms that contribute to rice's ability to cope with drought stress [28-30]. Overall,
comprehending the functions of these drought-resistant genes and their regulatory mechanisms
offers valuable insights to bolster rice's capacity to withstand drought stress, leading to enhanced
crop yields and quality.

However, the current pool of cloned genes related to drought resistance in rice remains limited,
hindering in-depth exploration of the molecular mechanisms involved. In this study, we conducted
screening and characterization of a drought-sensitive mutant, followed by precise mapping to
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identify the candidate gene. Our findings contribute to a novel gene resource for breeding programs
and facilitate investigations into the molecular mechanisms underlying drought resilience in rice.

2. Materials and Methods

2.1. Plant Materials

The drought-sensitive mutant (dsm3) was screened and identified from the mutant library of the
indica rice cultivar Zhonghui8015 (ZH8015) treated with EMS (ethyl methanesulfonate). To conduct
genetic analysis and gene mapping, a total of 2591 F2 individuals were generated through a cross
between dsm3 and 02428, a japonica rice cultivar. From 2017 to 2019, all plants were cultivated in an
experimental field at the China National Rice Research Institute (Hangzhou, Zhejiang province,
China) with a row spacing of 16.5 cm x 21.5 cm.

2.2. Measurement of agronomic traits

Both ZH8015 and dsm3 plants were grown as described above. At the maturation stage, ten
plants from the middle of each line were randomly selected for measuring agronomic traits. The
measured traits included plant height, panicle length, grain length and width, thousand-grain
weight, leaf length, and leaf width.

2.3. Drought stress treatments

To assess the drought tolerance of ZH8015 and dsm3, we conducted a modified drought stress
treatment in the greenhouse of the China National Rice Research Institute in 2019 [31]. Germinated
seeds were sown on a petri dish, and 7-day-old seedlings were then transplanted into plastic pots
filled with 3 kg of sandy soil, which was irrigated daily. Subsequently, 7-week-old seedlings of
ZH8015 and dsm3 were subjected to varying durations of drought stress, including 0 days (Control
Check, CK), 1, 2, 3, 4, 5, and 6 days. After the treatments, we collected samples of the second upper
leaves, root system, and aboveground parts of all materials for determining physiological indices and
conducting phenotype analysis. Additionally, soil water content was measured using the weighing
method reported in the literature [32].

2.4. Histochemical and physiological analysis

To detect ROS accumulation, we followed previously reported methods [33]. For cell death
detection, we detached the second upper leaves from the plants and stained them with a 1 mg/mL
solution of 3,3'-diaminobenzidine (DAB) and a 0.25% solution of Evans blue (EB). After staining, the
leaves were incubated with 95% ethanol at 85-90°C until chlorophyll was completely removed [34].
To determine cell size, we immersed 1 cm root-tips of ZH8015 and dsm3 in a solution containing 1 pL
of NerveRed and 1 mL of sterile water, allowing them to stand for 0.5 hours on ice under dark
conditions. We followed the manufacturing instructions of NerveRed C2 (Item No: N4073) and
captured images using a laser confocal scanning microscope (Zeiss LSM700, Germany). The net
photosynthetic rate (Pn) of the second upper leaves of ZH8015 and dsm3 was determined using a
portable photosynthesis measurement device, LI-6400 (Li-COR, Lincoln, NB, USA), with an intensity
of 1200 pmol protons (m2-s) and an airflow rate of 500 umol-s-1 under drought stress. Chlorophyll
was extracted from the second upper leaf tissues and determined by spectrophotometry as described
previously [13]. Additionally, we determined the activity of SOD and POD, as well as the content of
MDA, H:0, soluble sugar, total protein, and proline using commercial assay kits from Nanjing
Jiancheng Bioengineering Research Institute (China).

2.5. Primer Design and Sequencing

Genomic DNA was extracted from the leaves of recessive individuals using the CTAB method
as previously described [35]. New SSR and InDel markers were designed using Primer Premier 5.0
software. The PCR reactions were performed using 2xTaq PCR Mix from TsingKe technology

doi:10.20944/preprints202308.0181.v1
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company (Hangzhou, China), and the PCR products were visualized on an 8.0% non-denaturing
polyacrylamide gel. The primers used for PCR are listed in Table S1.

2.6. RNA extraction and gRT-PCR

Total RNAs were extracted using the RNAprep Pure Plant Kit (TIANGEN, Beijing), following
the manufacturer's instructions. cONA was synthesized using ReverTra Ace qPCR-RT Master Mix
(Toyobo, Japan). gRT-PCR was performed using SYBR premix Ex Taq II (Takala, Japan) on the
LightCycler 480 II (Roche, Sweden). UBQ was used as a reference gene. qRT-PCR was conducted to
measure the expression levels of eight genes related to drought stress, including OsbZIP23 [12],
OsbZIP72 [22], POX22.3, and POX8.1 [36], OsLCY [24], OsNCED#4 [25], OsPP2C [28], and OsSNAC1
[26]. The cycle threshold (Ct) 2-AACt method was used to analyze the relative gene expression. The
primers used for qRT-PCR are listed in Table S2.

2.7. Sequence analysis

The open reading frame (ORFs) and full-length nucleotide sequences of Osdsm3 were subjected to
analysis using bioinformatics tools available on the websites RGAP (http://rice.plantbiology.msu.edu/)
and NCBI (https://www.ncbinlm.nih.gov/). Nucleotide and amino acid sequence alignments were
performed using MEGALIGN version 6 and SEQMAN version 6. Additionally, a phylogenetic tree was
constructed using the neighbor-joining method with MEGA version 7.

2.8. Subcellular localization

The CDS of Osdsm3 was cloned into the pYBA-1132-GFP vector without a termination codon,
creating a fusion vector between Osdsm3 and GFP. The fusion construct 355::DSM3-GFP and a control
vector 355::GFP were introduced into rice protoplasts using the 40% PEG 6000-mediated method and
incubated at 28°C for 24 hours under dark conditions. Confocal imaging was captured using a
confocal laser scanning microscope (Zeiss LSM 700, Germany).

2.9. Statistical analysis

Statistical significance analysis was conducted using one-way analysis of variance. All trials
were performed in three independent biological replicates and three technical replicates. The
significant differences among various treatments are denoted by "™*" at p < 0.05 and "™*" at p < 0.01.
Error bars represent the means + SD (n = 3).

3. Results

3.1. Characterization of the dsm3 Mutant

Under drought stress, the dsm3 mutant displayed a gradual withering of the leaf-tip at the
tillering stage, starting 60 days after sowing (Figure 1A). Subsequently, the withered proportion
extended along the leaf vein from the distal axis end to the proximal axis (Figure 1B). At the heading
and maturation stages, the withering became more severe (Figure 1C,D). The appearance of the
withered leaf-tip phenotype constrained the growth and development of dsm3, leading to reduced
agronomic traits, including a decrease in thousand-grain weight and panicle length (Figure 1E, Table
1). Additionally, there were significant reductions in plant height, grain width, grain length-width
ratio, flag leaf length, second upper leaf width, and third upper leaf width in dsm3 compared to
ZHB8015 at the mature stage. However, there were no significant differences in the number of effective
tillering (Table 1). These findings suggest that the withered leaf-tip in dsm3 has a negative impact on
its growth, development, and rice yield.

doi:10.20944/preprints202308.0181.v1
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Figure 1. Phenotype of dsm3 mutant under drought stress. (A,B): Plant architecture and leaf tip
phenotype of ZH8015 and dsm3 at sowing 60 days under drought stress, respectively. (C,D): The plant
height of dsm3 significantly decreased at the heading and maturation stage. (E-G): comparison of
panicle length, grain width and length between ZHS8015 and dsm3 at the maturation stage,
respectively. (A,B) scale bar=10 cm. (D,E) scale bar=2 cm. (F,G) scale bar=1 cm.

Table 1. Comparison with agronomic traits between ZH8015 and dsm3 under drought stress.

Trait ZH8015 dsm3
Plant height (cm) 101.90 +2.70 71.25+3.16 **
No.of effective tillerings 6.30 +1.80 6.70 £1.40
Grain length (cm) 1.01 £0.10 097 +0.13*
Grain width (cm) 0.33 £ 0.04 0.29+0.05*
Grain length-width ratio 0.31+0.05 0.33 +£0.07 **
Thousand grain weight (g) 38.33 +0.99 26.91 +1.53 **
Panicle length (cm) 24.40 +1.40 18.80 +1.14 **
Flag leaf length (cm) 30.38 +4.11 22.33 £3.11**
Flag leaf width (cm) 1.58 +0.09 126+0.13*
Second upper leaf length (cm) 41.66 +4.64 33.87 £4.00 *
Second upper leaf width (cm) 1.48 +0.12 1.25+0.07 **
Third upper leaf length (cm) 45.68 + 4.60 4133 £3.59 *
Third upper leaf width (cm) 1.52 +0.12 1.25+0.08 **

* p <0.05 compared with ZH8015, ** p <0.01 compared with ZH8015.

3.2. Sensitivity of dsm3 to Drought Stress

To assess the response to drought stress, ZH8015 and dsm3 plants were subjected to irrigation
cessation from 0 to 6 days after sowing at day 46. The withered leaf-tip phenotype of dsm3 emerged
after 2 days of treatment and worsened with prolonged exposure, while ZH8015 did not exhibit such
symptoms (Figure 2A). During the treatment period from 0 to 4 days, both ZH8015 and dsm3
experienced gradual reductions in maximum root length and root-shoot ratio (Figure 2B,C,E).
Notably, dsm3 displayed a significant decrease in maximum root length after 2 days of treatment
(Figure 2C). Despite the similar decline in soil relative moisture content in both ZH8015 and dsm3
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(Figure 2D), the inhibited root growth in dsm3 suggested its sensitivity to dehydration stress.
Furthermore, the significant reduction in soil relative moisture of ZH8015 after 4 days of treatment
indirectly indicated a decrease in the root water use efficiency of dsm3 (Figure 2E). We speculate that
differences in root water use efficiency between ZH8015 and dsm3 contributed to the significant
decrease in maximum root length and root-shoot ratio observed in dsm3.Additionally, this study
examined the activities of SOD and POD, as well as the content of total protein and MDA. The results
revealed that ZH8015 showed stronger activities of POD and SOD and higher total protein content
compared to the dsm3 mutant under drought stress (Figure 2G,I). Conversely, there was a significant
decrease in the MDA content of dsm3 compared to ZH8015 (Figure 2H). The changes in phenotypic
and physiological indicators indicated the sensitivity of dsm3 to drought stress.
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! *— WI
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Figure 2. Response to drought treatment of ZH8015 and dsm3 at the tillering stage. (A): The leaves tip
phenotype comparison of ZH8015 and dsm3 after stress treatment of 2d, 4d, and 6d. (B,C): The
Maximum root length of ZH8015 and dsm3 exhibited variation trend as the stress treatment time
prolonged. (D): The Chart of root-shoot ratio variation tendency between ZH8015 and dsm3 under
drought stress. (E): Soil relative moisture of ZH8015 and dsm3 decreased gradually with the extension
of stress treatment time. F-I: Statistical analysis of total protein content (F), POD activity (G), MDA
content (H), and SOD activity (I) in ZH8015 and dsm3 after drought stress. (A) scale bar=10 cm. (B)
scale bar=2 cm (n=3).

3.3. Abnormal H202 Accumulation, Cell Death, and Altered Cell Size in the Root Apical Meristem of the
dsm3 Mutant

We hypothesized that the withered leaf-tip of dsm3 resulted from an accumulation of H20:
leading to cell death. Evans blue staining revealed numerous blue spots in dsm3 after staining,
indicating a significant accumulation of dead cells compared to ZH8015 (Figure 3A). Additionally,
DAB staining demonstrated a much stronger H20: accumulation in dsm3 leaves compared to ZH8015
after staining (Figure 3B). To assess cell size, we treated the root-tips of ZH8015 and dsm3 with
NerveRed, a fluorescent dye, and examined them using a laser confocal scanning microscope (Figure
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3C). The results revealed that the root apical meristem cells of ZH8015 and dsm3 were closely
arranged, while the root apical meristem cells of dsm3 appeared narrower and shorter. This finding
explains why ZH8015 exhibited a longer maximum root length compared to dsm3.

dsm3 WT dsm3 NerveRed Bright Merged

Figure 3. Histochemical staining of ZH8015 and dsm3 to assay the presence of H20z, dead cell and
cell size. (A): Leaf Evans blue staining of ZH8015 and dsm3 to assay the presence of dead cells. (B):
Leaf DAB staining of ZH8015 and dsm3 to monitor the presence of H20:. (C): NerveRed staining assay
carried out to measure the cell size in root apical meristem between ZH8015 and dsm3. (A,B) scale
bar=1 cm. (C) scale bar=20 um.

3.4. Evaluation of Photosynthetic and Physiological Indicators under Drought Stress

Drought stress disrupts the carbon metabolism balance in plant cells, negatively affecting
photosynthesis. To assess this, we measured the photosynthetic pigment content and net
photosynthetic rate (Pn). Under drought stress, dsm3 leaves exhibited a significant reduction in Chla
content and Pn compared to ZH8015 (Figure 4A,B). Furthermore, there was a notable decrease in
stomatal conductance and intercellular CO: concentration in dsm3 leaves (Figure 4C). Next, we
measured various indicators in ZH8015 and dsm3 at the tillering stage under drought stress, including
total protein, proline, MDA, H20, soluble sugar, and the activities of SOD and POD. The results
indicated substantially higher levels of proline, MDA, and H20: in DSM3 compared to ZH8015
(Figure 4F,G,H), while dsm3 exhibited lower total protein content than ZHS8015 (Figure 4E).
Additionally, the soluble sugar content and POD activity were significantly decreased in dsm3
compared to ZH8015, and SOD activity was also notably reduced (Figure 41,],K). Based on these
findings, we postulate that the reduced activities of SOD and POD in dsm3 may hinder the scavenging
of oxidative metabolites, leading to the disruption of cell membrane integrity, cell death, and a
weakened drought tolerance.
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Figure 4. Measurement of drought related physiological traits in ZH8015 and dsm3 under drought
stress. (A): The levels of Chla, Chlb, and Car measured in ZH8015 and dsm3 after drought stress. (B—
D): Statistical analysis of the Pn, stomatal conductance, and intercellular CO2 concentration in ZH8015
and dsm3 at the tillering stage after drought stress. (E-K): Statistical analysis of total protein content
(E), proline content (F), MDA content (G), H202 content (H), Soluble sugar content (I), SOD activity
(J), and POD activity (K) in ZH8015 and dsm3 at the tillering stage after drought stress. (Mean +SD,
n=3).

3.5. Genetic Analysis and Fine Mapping of Osdsm3

In the F1 generation resulting from the cross between dsm3 and 02428, all individuals exhibited
a normal phenotype. The segregation ratios in the F2 population followed a 3:1 pattern, with y2=2.64
<x2.05=3.84 (Table 2), indicating that the phenotype of dsm3 was governed by a single recessive gene.

To identify the Osdsm3 locus, the recessive mutant plants from the F2 population were subjected
to map-based cloning. Linkage analysis revealed that the Osdsm3 locus was linked to the RM3746
marker on chromosome 1. Subsequently, newly developed SSR markers and InDel markers were
employed to analyze 37 recessive mutant plants, which initially mapped the Osdsm3 locus to a 7.78
Mb interval between RM8068 and C102 on the short arm of chromosome 1 (Figure 5A). With the
inclusion of 749 recessive individuals, the Osdsm3 locus was further narrowed down to a 78 Kb
interval between the C272 and RM223 markers (Figure 5B). Within this region, a total of 13 open
reading frames (ORF) were identified based on the Rice Genome Annotation Project
(http://rice.plantbiology.msu.edu/). PCR amplification of the CDS and genome sequences of these 13
ORFs was performed. The sequencing results indicated a mutation of 1275G— A in the exon of ORF6
(LOC_Os01g10680), resulting in TGG—TGA, leading to premature translation termination (Figure
5C). LOC_Os01g10680 encodes a putative protein known as GIL1 (gravitropic in the light), consisting
of 520 amino acids with a molecular mass of 56.48kD. This protein belongs to the plant protein family
DUF641, whose function is currently not well understood. Meanwhile, no mutations were found in
the other 12 candidate genes between ZH8015 and dsm3. Therefore, LOC_Os01g10680 was identified
as the target gene.
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Table 2. Genetic analysis of dsm3 in F2 population.
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Figure 5. Fine mapping of Osdsm3. (A): Primary mapping of Osdsm3 locus. The character above the
chromosome represented the SSR and IeDel markers. And the number on the right side of
chromosome indicated the recessive mutant, as the same below. (B): Fine mapping of Osdsm3 locus.
Numbers under the chromosome indicated the No. of recombinants. The 13 ORFs in the 78 Kb interval
represented the blue rectangle. (C): The Osdsm3 gene structure. The Osdsm3 gene containing one exon
and one intron indicated by using the red-rectangle and black line, respectively, a mutation from G
to A in the exon caused premature translation termination.

3.6. Analysis of Osdsm3 Expression Levels and Drought Stress-Related Genes

To investigate the regulatory role of Osdsm3 in the drought stress mechanism, we conducted qRT-
PCR analysis to measure the expression levels of two ROS-scavenging enzymes (OsPOX22.3,
OsP0OX8.1), two genes related to ABA synthesis (OsLCY, OsNCED4), and four genes associated with
drought tolerance (OsbZIP23, OsbZIP72, OsNACI, OsPP2X) in both ZH8015 and dsm3. The results
showed that the transcript levels of OsbZIP23, OsPOX8.1, and OsNCED4 were significantly up-
regulated in dsm3 compared to ZH8015. In contrast, the transcript level of OsLCY was markedly
down-regulated in dsm3 when compared to ZH8015 (Figure 6A). Notably, the transcript levels of
OsNCED4 and OsLCY were upregulated by 5.1- and downregulated by 2.6-fold, respectively. Based
on these findings, we speculate that the expression of genes related to drought resistance in dsm3 is
induced in response to drought stress, and the response of dsm3 to drought stress may be regulated
by ABA-dependent mechanisms.

Furthermore, the RT-PCR results indicated that the transcript level of Osdsm3 was significantly
higher in dsm3 than in ZH8015 (Figure 6B). A tissue-specific expression analysis revealed that OsDSM3
expression was highest in young panicles, approximately 1.44-fold in leaf sheaths, and around 3.96-
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fold in roots (Figure 6C). These findings suggest that Osdsm3 not only functions in drought tolerance
but also plays a key role in grain yield formation, which is consistent with the results showing
changes in grain size (Figure 1F-G).
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Figure 6. Expression level and pattern analysis of Osdsm3 and dehydration stress-related genes in
ZHB8015 and dsm3 under drought stress. (A): The relative expression levels of drought stress-
associated genes were measured using qRT-PCR in ZH8015 and dsm3 under drought stress. The
transcript level expressed relative to a UBQ reference gene. (B): Relative expression level of Osdsm3
in ZH8015 and dsm3. The relative expression level of Osdsm3 in dsm3 was normalized to that of
ZHB8015. (C): The tissue-specific expression of Osdsm3 was analysed in ZH8015.

3.7. Phylogenetic Analysis and Subcellular Localization of OsDSM3

A phylogenetic tree of Osdsm3 (LOC_Os01g10680) and other plant DUF641 family proteins was
constructed using the neighbor-joining method with 1000 bootstrap replications via MEGA version
7 software. The phylogenetic analysis revealed that Osdsm3 shared high homology with UNE1, an
intracellular transporter protein (Accession: NP_174224) found in Arabidopsis thaliana (Figure 7A).
According to information from TAIR (https://www.arabidopsis.org/), intracellular transport proteins
not only respond to gravity, red light, and far-red light but also participate in the double fertilization
process of plants.

To determine the subcellular localization of OsDSM3, a 35S:: DSM3-GEFP fusion construct, and a
control 355:: GFP construct were created using the pYBA-1132-GFP vector, and then transferred into
rice protoplasts using the PEG 6000-mediated method. After incubating the transformed rice
protoplasts for 24 hours at indoor temperature, the green fluorescence signal was detected at 488 nm
using a laser scanning microscope. The results showed that the 355:: DSM3-GFP fluorescence signal
was exclusively distributed in the cytoplasm, while the control 355:: GFP fluorescence signal was
observed throughout the cell (Figure 7B). These findings indicate that OsDSM3 is a cytoplasm-
localized protein.
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Figure 7. Phylogenetic analysis and Subcellular localization of OsDSM3. (A): The Phylogenetic
relationship of DUF641 protein family among indica rice ZH8015, Arabidopsis thaliana and Zea mays
determined using the neighbor-joining method with MEGA version 7 software. Genebank accession
number for amino acid sequences: AT1G29300 (UNE1), AT3G60680, AT2G45260, AT5G58960, and
ZEAMMB?73_Zm00001d032503. (B): Subcellular localization of the Osdsm3 protein in rice protoplasts.
A fusion vector 355:: DSM3-GFP and a control 355:: GFP were transferred into rice protoplasts. The
green fluorescence signal was detected at an excitation wavelength 488 nm using a laser scanning
microscope. scale bars=2 um.

4. Discussion

Plants often face challenges from both biotic and abiotic factors, such as drought, salt, and cold
stress, leading to physiological and biochemical changes at the cellular and molecular levels [37]. In
previous studies, the dsm1 mutant showed drought sensitivity during the seeding and booting
stages, while overexpression of the DSM1 gene enhanced drought resistance in rice seedlings [36].
Similarly, the dsm2 mutant exhibited drought hypersensitivity during the seedling and panicle
development stages, showing higher levels of wilting and MDA content compared to wild-type
plants after dehydration stress [38]. In this study, we focused on the dsm3 mutant, which displayed
drought sensitivity during the tillering stage and showed a significant decrease in agronomic traits
related to rice yield (Table 1). Furthermore, under drought stress, the content of MDA and H202 in
dsm3 was higher than that in WT plants (Figure 4G,H).

The reduction in total chlorophyll content and leaf area in dsm3 might have contributed to the
decrease in the net photosynthetic rate (Figure 4A,B). Drought stress disrupted the ROS homeostasis
in plant cells, resulting in ROS accumulation and the breakdown of membrane lipids [39], which
could cause cell death in dsm3, as confirmed by Evans blue staining (Figure 2A). The reduced stomatal
conductance of dms3 weakened its ability to absorb CO: from the environment, leading to a decrease
in intercellular CO2 concentration and insufficient fixation of CO: during the photosynthetic dark
reaction phase. Consequently, dry matter accumulation was reduced, consistent with the change in
thousand-grain weight (Table 1).These results indicate that dms3 is a drought-sensitive mutant and
exhibits unique responses under drought stress. Understanding the underlying mechanisms of its
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drought sensitivity may provide valuable insights into developing strategies for enhancing drought
resistance in rice and other crops

Peroxidases are found universally in vascular plants and play a crucial role in defending against
abiotic stress such as drought, salt, and heat by scavenging reactive oxygen species (ROS) [40]. In the
case of the peroxidase gene OsPOX8.1, its expression level was higher in dsm3 compared to ZH8015,
but surprisingly, the peroxidase activity (POD) was significantly reduced in dsm3 (Figure 6A). This
led us to conclude that the POD expression might be activated due to the accumulation of peroxides.
Further investigations, including peroxidase activity assays, superoxide dismutase tests, and DAB
staining, revealed that dsm3 suffered damage from ROS accumulation, which aligned with Jing's
research [36].

Earlier studies have suggested that stress-related genes respond to drought stress through ABA-
dependent or ABA-independent pathways [41,42]. In our study, we performed a comparative
analysis of drought stress-related genes in dsm3 and ZHS8015 (Figure 6A). Notably, the gene
OsNCED¢4, responsible for catalyzing the rate-limiting step of ABA biosynthesis, showed a significant
increase in relative transcript levels under drought stress [24]. Simultaneously, the upstream gene
OsLCY, responsible for ABA biosynthesis through carotene conversion, exhibited significant down-
regulation under drought stress [25]. The varying expression levels of OsNCED4 and OsLCY support
their role in ABA biosynthesis, as previously described. Consequently, we speculated that the dsm3
response to drought stress might be regulated through the ABA-dependent pathway. Additionally,
we observed that Osdsm3 exhibited the highest relative transcript abundance in young panicles, while
the grain-weight of dsm3 reduced significantly (Figure 6C, Table 1). This indicates that Osdsm3 might
be a multifunctional gene, playing a role in both rice yield and response to drought.

The candidate interval comprised 13 ORFs, of which ORFs 1 to 5 and 11 to 13 encoded proteins
of unknown function, as described in RGAP (Table S1). Additionally, ORF7 encoded a d-composite
subunit involved in DNA polymorphism, consisting of a POLD1/p123 catalytic unit and three
regulatory units—POLD2/p50, POLD3/p66, and POLD4/p12. This subunit played a crucial role in
DNA repair mechanisms [43]. ORF8 encoded an immune protein with a domain containing collagen
fiber and cyclic carbohydrates, facilitating the recognition of specific microbial surface carbohydrates
and participating in immune responses to pathogen infections [44]. ORF9 encoded a receptor-like
protein kinase, responsible for sensing and transducing stress signals, and regulating downstream
gene expression through phosphorylation and dephosphorylation to combat biotic and abiotic
stresses [45]. Notably, all of these genes exhibited identical sequences between ZH8015 and dsm3.

Moving on to ORF6, it encoded a GIL1 protein, which in Arabidopsis thaliana was induced
simultaneously by light and gravity. In experiments with the loss-of-function gill mutant exposed to
red light and far-red light in the presence of gravity, its hypocotyl growth occurred in the anti-gravity
direction. However, there were no phenotype changes when it was solely induced by gravity or light
[46]. Nonetheless, further investigation is needed to determine whether ORF6 influences the growth
direction of rice hypocotyls. No insertions, deletions, transitions, or transversions were found in the
other ORFs, except for a single base mutation in the exon of ORF6 (Osdsm3), leading to premature
translation termination. Based on these findings, ORF6 was identified as the candidate gene. The
identified mutation site, Osdsm3, which results in the formation of a premature stop codon, offers a
compelling opportunity for gene editing to create relatively weaker mutant variants. This approach
holds the potential to establish a harmonious balance between crop yield and drought resistance,
enabling the identification of suitable loci that confer both improved drought tolerance and
maintained productivity. By exploring and harnessing these beneficial mutation sites, novel
resources for water-efficient and drought-resistant rice varieties can be developed, contributing
significantly to the advancement of sustainable agriculture practices. However, its gene function
requires verification through transgenic complementary experiments.

5. Conclusions

In this study, we conducted a screening and characterization of a drought-sensitive mutant,
named dsm3, from the progenies of indica rice variety Zhonghui 8015 treated with EMS. Through
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phenotypic analysis and drought stress evaluation, we established that dsm3 exhibited sensitivity to
drought stress. The underlying cause of the dsm3 phenotype was traced back to the Osdsm3 gene,
which was located within a 78kb interval between markers C272 and RM223 on the short arm of
chromosome 1. Initial insights into the function of Osdsm3 were gained through phylogenetic analysis
and subcellular localization studies. Subsequent map-based cloning of Osdsm3 will further our
understanding of the molecular mechanisms behind drought resistance in rice and pave the way for
developing new drought-resistant rice cultivars.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Candidate genes in target region; Table S2: Primers used for gene
mapping, subcellular localization and RT-qPCR.
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