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Abstract

Background
Drought severely limits sugarcane productivity. The wild relative of sugarcane, Narenga porphyrocoma, is
highly drought-tolerant and represents a valuable source of stress-resistance genes. We identified
NpSCI2A, encoding a s potato inhibitor I that is significantly downregulated under prolonged drought.

Results
Overexpression of NpSCI2A in rice markedly increased drought sensitivity, as evidenced by more severe
leaf wilting, reduced antioxidant enzyme activities, elevated H₂O₂ and MDA levels, and lower survival
rates. Transcriptome profiling revealed that NpSCI2A overexpression together with drought additively
suppressed chloroplast- and photosynthesis-associated genes. Through co-expression analysis and
protein–protein interaction assays, we identified two subtilases, SBT1.2 and SBT1.8, as direct physical
interactors of NpSCI2A. Interestingly, SBT1.2 and SBT1.8 transcript levels were paradoxically
upregulated in NpSCI2A-overexpressing plants under drought, suggesting a compensatory feedback
response to impaired protease activity.

Conclusions
These findings establish NpSCI2A as a negative regulator of drought tolerance that acts by inhibiting
SBT proteases, thereby disrupting chloroplast protein homeostasis and exacerbating oxidative damage.
Our study uncovers a functional link between protease inhibitor-mediated proteolytic regulation and
chloroplast function, offering new insights into plant drought adaptation and a potential target for the
molecular breeding of stress-tolerant sugarcane.

1. Introduction
Sugarcane (Saccharum spp.) is a major crop for global sugar and bioethanol production, and its yield and
quality are highly sensitive to drought stress [1, 2]. Drought suppresses germination, tillering, and stalk
elongation, and markedly reduces photosynthetic efficiency and sucrose accumulation, making it one of
the most significant abiotic stresses limiting sugarcane productivity [3–6]. With the increasing frequency
of extreme drought events driven by climate change, the development of drought-tolerant sugarcane
varieties has become an urgent necessity. However, the narrow genetic base, large and complex
genome, and long conventional breeding cycles have made drought resistance breeding a long-standing
challenge in modern sugarcane [7–10]. Therefore, the mining and utilization of drought-resistance genes
from wild relatives represent a promising approach to address this bottleneck [11, 12].
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Narenga porphyrocoma is a diploid wild relative closely related to sugarcane. Naturally distributed in arid
and barren habitats, it has evolved drought, disease, and cold tolerance, strong ratooning ability, and
adaptation to infertile soils [13, 14]. Compared with the highly polyploid and complex genome of
cultivated sugarcane, N. porphyrocoma has a relatively simple genome (~ 1.8 Gb, 69.12% repetitive
sequences) and a small chromosome number (2n = 30) [15, 16]. Hybrids between N. porphyrocoma and
sugarcane show markedly enhanced drought tolerance, indicating its value as a germplasm for studying
drought resistance and mining stress-related genes [16–18]. A recently assembled high-quality genome,
together with drought transcriptome profiling, has enabled the preliminary identification of key drought-
responsive gene families, including aquaporins, LEA proteins, and heat shock proteins, and the
systematic mapping of ABA signaling and response genes (e.g., PYL, PP2C, MAPK, LEA) across the 15
chromosomes, providing direct targets for marker-assisted selection [16]. However, the identification of
drought-resistance genes still depends largely on bioinformatic prediction, and functional validation and
regulatory network analysis remain limited. Therefore, elucidating the molecular mechanisms of drought
resistance in N. porphyrocoma and cloning key functional genes will help broaden the genetic base of
sugarcane, overcome breeding bottlenecks, and facilitate the development of drought-tolerant cultivars.

Notably, plant protease inhibitors contribute to drought-resistance regulation. Subtilisin-chymotrypsin
inhibitor-2A (SCI-2A), a member of the potato inhibitor I family (MEROPS I13) of serine protease
inhibitors, inhibits both subtilisin and chymotrypsin [19]. Genes in this family are regulated by hormones
such as jasmonic acid (JA) and abscisic acid (ABA) and participate in both biotic and abiotic stress
responses [20]. Upon insect herbivory or pathogen infection, SCI-2A is induced and enhances plant
resistance by inhibiting insect midgut digestive proteases and fungal alkaline serine proteases [21–23].
Members of this family also respond to abiotic stresses, including drought and salinity [24, 25]. In rice,
17 putative members have been identified, including two functionally validated genes, OCPI1 and OCPI2
[26]. They share a stress-inducible bidirectional promoter and are both ABA-inducible [24]. Their
functions, however, differ: overexpression of OCPI1 enhances drought tolerance, whereas OCPI2 mainly
responds to salt, cold, and mechanical wounding [24, 27]. The Potato inhibitor I family is therefore large
and functionally diverse, with several members contributing to drought resistance. Nevertheless, the
functions of this family in sugarcane and its wild relatives (such as N. porphyrocoma) remain unreported,
and the downstream regulatory mechanisms in drought resistance are still unclear. Understanding the
drought-resistance functions and regulatory mechanisms of this family in sugarcane will facilitate the
genetic improvement of drought tolerance in this crop.

In this study, weighted gene co-expression network analysis (WGCNA) of transcriptome data from
drought-stressed Narenga porphyrocoma identified a core gene, NpSCI2A, significantly down-regulated
under drought stress. Heterologous overexpression of NpSCI2A in rice significantly reduced drought
tolerance compared with wild-type plants, indicating that NpSCI2A negatively regulates rice drought
resistance. Transcriptome profiling of the overexpression lines showed enrichment of differentially
expressed genes in chloroplast function and photosynthesis-related pathways, which were globally
down-regulated. To identify downstream targets of NpSCI2A, we performed co-immunoprecipitation (CO-
IP) together with co-expression analysis (Pearson’s r > 0.9), and identified 14 potential target proteins of
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NpSCI2A. Among these, two subtilase family members, SBT1.2 and SBT1.8, exhibited particularly strong
co-expression (r > 0.98). and molecular docking and yeast two-hybrid assays confirmed physical
interactions between NpSCI-2A and STB1.2 and STB1.8 proteins. Our findings provide a functional gene
(NpSCI2A) and its interacting targets (SBT1.2/1.8) that could be manipulated via gene editing or
marker‑assisted selection to improve drought tolerance in sugarcane cultivars.

2. Materials and Methods

2.1 Plant Materials and Growth Conditions
N. porphyrocoma plants were obtained from the Guangxi Academy of Agricultural Sciences. Transgenic
rice plants overexpressing NpSCI2A were generated by Agrobacterium-mediated transformation of
japonica cv. Zhonghua 11 (Oryza sativa L. ssp. japonica cv. Zhonghua 11) and were designated as
SCI2AOE. Rice plants were grown under a 16-h light/8-h dark photoperiod at 30°C (day)/25°C (night).

2.2 physiological and biochemical assays
Superoxide dismutase (SOD) activity was measured using an NBT-based assay kit (Geruisi, Suzhou,
China). Peroxidase (POD) activity was determined using a guaiacol-based assay kit (Geruisi, Suzhou,
China). Catalase (CAT) activity was measured using a visible colorimetric assay kit (Geruisi, Suzhou,
China). Malondialdehyde (MDA) content was determined using a thiobarbituric acid (TBA)-based assay
kit (Geruisi, Suzhou, China). Hydrogen peroxide (H₂O₂) content was measured using a titanium sulfate-
based assay kit (Geruisi, Suzhou, China). All assays were performed according to the manufacturer's
instructions. All experiments were performed with at least three biological replicates, and data are
presented as means ± standard deviation (SD). Statistical analyses were conducted using GraphPad
Prism 9.0. Leaf relative water content (RWC) was measured gravimetrically and calculated as RWC (%) =
(FW − DW) / (TW − DW) × 100, where FW is fresh weight, TW is turgid weight after 4 h hydration in
distilled water, and DW is dry weight after oven-drying at 80°C to constant weight. Survival rate was
assessed after 10 days of drought stress followed by 3 day of re-watering and expressed as the
percentage of surviving plants.

2.3 Transcriptome sequencing and data analysis
Total RNA was extracted from rice leaves using Trizol reagent (Invitrogen). After assessing
concentration and integrity with a Nanodrop spectrophotometer and an Agilent 2100 Bioanalyzer, strand-
specific cDNA libraries were constructed and subjected to paired-end 150-bp sequencing on an Illumina
NovaSeq 6000 platform. Raw reads were filtered by fastp to remove low-quality sequences, and clean
reads were aligned to the reference genome using HISAT2. Gene expression levels were quantified as
FPKM by StringTie. Differentially expressed genes (DEGs) were identified with DESeq2 (|log₂(fold
change)| ≥ 1 and FDR < 0.05). To identify genes synergistically regulated by NpSCI2A overexpression and
drought stress, we intersected two comparisons—SCI2AOE drought vs. wild-type drought, and SCI2AOE
drought vs. SCI2AOE well-watered—to obtain common DEGs. Based on these common DEGs, GO and
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KEGG enrichment analyses were performed using clusterProfiler (significance threshold P < 0.01).
Pearson correlation coefficients between NpSCI2A and other genes were calculated to construct a co-
expression network (|r| > 0.9).

2.4 Co-immunoprecipitation and mass spectrometry
Total protein was extracted from leaves of NpSCI2A-GFP and GFP transgenic rice plants using a plant
total protein extraction kit (Coolaber, Beijing, China; catalog no. PTE001). The supernatant was incubated
with anti-GFP magnetic beads (Abmart, Shanghai, China; catalog no. A10023T) at 4°C for 1 h with gentle
rotation. After washing, the bound proteins were eluted with elution buffer, separated by SDS‑PAGE, and
detected by western blotting with an anti‑GFP antibody (Abmart). A wild‑type rice sample processed in
parallel served as the negative control. All experiments were performed with three independent
biological replicates. The eluted proteins were digested with trypsin and analyzed by LC‑MS/MS on a
Thermo Fisher Q Exactive HF mass spectrometer coupled to an Easy‑nLC system. Acquired MS/MS
spectra were searched against the rice protein database (RAP‑DB, IRGSP‑1.0) using MaxQuant, with
peptide and protein false discovery rates (FDR) set to less than 1%.

2.5 Yeast two-hybrid assay
The coding sequence of NpSCI2A was cloned into pGADT7 (AD-NpSCI2A), and the coding sequences of
SBT1.2 and SBT1.8 were cloned into pGBKT7 (BD-SBT1.2 and BD-SBT1.8). The respective AD and BD
plasmid pairs were co-transformed into yeast strain Y2HGold. Transformants were selected on SD/–
Leu/–Trp medium, and single colonies were serially diluted and spotted onto SD/–Leu/–Trp/–His/–Ade
medium. Plates were incubated at 30°C for 3–5 d. The combination of pGADT7-T and pGBKT7-53 served
as the positive control, and co-transformation with empty pGADT7 and pGBKT7 vectors served as the
negative control. All experiments were performed with three independent replicates. Primers are
presented in Table S5.

3. Result
1. NpSCI2A, a drought-downregulated potato inhibitor I gene, is a hub gene in a co-expression

module under prolonged drought stress

To identify key drought-tolerance genes in N. porphyrocoma, we performed weighted gene co-expression
network analysis (WGCNA) on a previously published transcriptomic dataset from this species under
drought stress [16]. One co-expression module exhibited the strongest association with prolonged
drought treatment, within which a gene annotated as a subtilisin-chymotrypsin inhibitor 2A-like protein
occupied a hub position and was designated NpSCI2A (Fig. 1A). RT-qPCR confirmed that NpSCI2A
transcript levels were significantly down-regulated under long-term drought, consistent with the RNA-seq
data (Fig. 1B). To characterize NpSCI2A, we first analyzed its evolutionary conservation and structural
features. Multiple sequence alignment and phylogenetic analysis revealed that NpSCI2A is highly
conserved among grasses, sharing the highest sequence similarity with its orthologs in maize and
sorghum (Fig. S1A, B). Subsequently, 3D modeling showed that NpSCI2A adopts the canonical potato
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inhibitor I fold, a disulfide-free α/β structure with an α-helix packed against a four-stranded mixed β-
sheet, consistent with its annotation as a serine protease inhibitor (Fig. 1C). To preliminarily assess
whether it is responsive to drought stress, we analyzed its promoter region. The results showed that the
promoter harbors an enrichment of cis-acting elements responsive to abscisic acid, jasmonic acid, and
gibberellin, as well as binding motifs for WRKY, bZIP, and NAC transcription factors (Fig. 1D).
Furthermore, Pearson correlation analysis revealed that the expression of several WRKY and NAC
transcription factors within the same drought-responsive module was significantly correlated with
NpSCI2A expression (Fig. 1E). Collectively, these findings indicate that NpSCI2A is a drought-repressed
candidate gene encoding a protease inhibitor, which likely functions downstream of a complex
regulatory network mediated by multiple hormones and transcription factors, and may contribute to
plant adaptation under prolonged water deficit.

3.2 NpSCI2A negatively regulates drought tolerance in rice
To examine the function of NpSCI2A in drought tolerance, we developed homozygous T2 transgenic rice
lines overexpressing NpSCI2A (SCI2AOE). RT-qPCR confirmed high-level expression of NpSCI2A in
SCI2AOE lines, confirming successful generation of the overexpression lines (Fig. 2A). To assess drought
tolerance, three independent NpSCI2A-overexpressing rice lines (SCI2AOE-4, -5, and − 6) with the highest
transgene expression were selected and subjected to drought stress, with wild-type (WT) plants serving
as controls. SCI2AOE plants displayed pronounced leaf wilting and rolling, while wild-type plants showed
only mild wilting and maintained better overall growth on day 3 of drought stress. (Fig. 2B). Physiological
analyses revealed that the activities of the antioxidant enzymes superoxide dismutase (SOD), peroxidase
(POD), and catalase (CAT) were significantly reduced in SCI2AOE lines compared with wild-type plants
(Fig. 2C–E). By contrast, SCI2AOE lines accumulated higher levels of malondialdehyde (MDA) and
hydrogen peroxide (H₂O₂) (Fig. 2F–G), and their leaf relative water content was significantly reduced
(Fig. 2H). These results indicate that ectopic expression of SCI2A compromises antioxidant capacity,
exacerbates oxidative damage, and reduces water retention in rice under drought stress. Following re-
watering after a 10-day drought treatment, the survival rate of SCI2AOE seedlings was significantly lower
than that of wild-type plants (Fig. 2I). Collectively, these findings demonstrate that NpSCI2A
overexpression reduces drought tolerance in rice, affirming its role as a negative regulator of drought
response, consistent with its down-regulation under drought conditions.

3.3 NpSCI2A overexpression suppresses chloroplast
function and photosynthesis-related pathways
To elucidate the molecular mechanism underlying the reduced drought tolerance of SCI2A-
overexpressing rice, transcriptome profiling was performed on SCI2AOE and wild-type plants under
drought stress (DS_SCI2AOE vs DS_WT) and on SCI2AOE plants under drought versus control conditions
(DS_SCI2AOE vs CK_SCI2AOE). Differential expression analysis identified 4,073 up-regulated and 3,210
down-regulated genes in the DS_SCI2AOE vs DS_WT comparison, and 4,539 up-regulated and 2,983
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down-regulated genes in the DS_SCI2AOE vs CK_SCI2AOE comparison (Fig. 3A, B, Table S1). To identify
genes underlying NpSCI2A-dependent drought sensitivity, we intersected the two comparisons and
focused on the overlapping DEGs. (Fig. 3C, Table S1). This intersection filters out basal genotypic
differences and general drought responses, enriching for genes synergistically regulated by NpSCI2A
overexpression and drought. GO enrichment analysis revealed that these DEGs were enriched in
chloroplast, plastid, thylakoid membrane, and photosynthetic membrane components (Fig. 3D; Table S2,
P < 0.01), indicating that SCI2A overexpression broadly impairs chloroplast integrity and the
photosynthetic apparatus. Consistently, KEGG analysis showed significant enrichment in
photosynthesis-related pathways (including photosynthetic proteins, antenna proteins, and the Calvin
cycle), protein folding, carotenoid biosynthesis, and glyoxylate and dicarboxylate metabolism (Fig. 3E;
Table S3, P < 0.01). Additionally, we selected five genes for validation by qRT-PCR to confirm the accuracy
of the transcriptome data (Fig. 3F). Together, these results suggest that NpSCI2A overexpression
disrupts multiple chloroplast-associated metabolic processes, which likely contributes to the enhanced
oxidative damage and reduced survival of SCI2AOE plants under drought stress.

3.4 NpSCI2A directly targets SBT1.2 and SBT1.8
To identify NpSCI2A-interacting proteins and dissect its molecular function in drought tolerance, we
performed co-immunoprecipitation (Co-IP) using transgenic rice plants overexpressing GFP-tagged
NpSCI2A and identified 420 putative interacting proteins (Table S4). Parallel transcriptome analysis of
drought‑responsive DEGs revealed 196 genes co‑expressed with NpSCI2A at a pearson correlation
coefficient > 0.9 (Table S4). Intersection of the CO‑IP and co‑expression datasets yielded 15
high‑confidence candidates that were both physically associated with NpSCI2A and transcriptionally
coordinated with it under drought stress (Fig. 4A; Table S4). Among these 15 candidates, two subtilase
family members, SBT1.2 and SBT1.8, showed particularly strong co‑expression with NpSCI2A
(correlation coefficients > 0.98; Fig. 4B). To identify which of these candidates are most likely to directly
interact with NpSCI2A, we performed molecular docking analysis. The results showed that in the
NpSCI2A–SBT1.2 complex, SBT1.2 forms three hydrogen bonds with NpSCI2A, involving residues
Gly280 (2.8 Å), Ser278 (2.0 Å), and Val54 (3.1 Å) of SBT1.2, along with extensive van der Waals contacts
(Fig. 4B). Similarly, SBT1.8 interacts with NpSCI2A via two hydrogen bonds, involving residues Leu56 (2.9
Å) and Asn318 (2.8 Å) of SBT1.8, and van der Waals contacts (Fig. 4C). These results indicate that
NpSCI2A can associate with both SBT1.2 and SBT1.8. Yeast two‑hybrid assays showed that cells
co‑expressing NpSCI2A with SBT1.2 or SBT1.8 grew on selective medium and were positive for
β‑galactosidase activity, whereas the negative control showed no growth (Fig. 4D). Together, these
results confirm direct physical interactions between NpSCI2A and SBT1.2 and SBT1.8. Intriguingly, the
transcript levels of SBT1.2 and SBT1.8 were paradoxically upregulated in NpSCI2A‑overexpressing rice
lines under drought stress (Fig. 4E). Given that NpSCI2A physically associates with these SBT proteases
and likely attenuates their activity, this transcriptional upregulation may reflect a compensatory feedback
mechanism that increases SBT synthesis to offset the reduced enzymatic activity.
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4. Discussion
Here, we show that NpSCI2A, a serine protease inhibitor of the Potato inhibitor I family from the wild
sugarcane species N. porphyrocoma, is significantly downregulated under drought stress, and its
heterologous overexpression in rice reduces drought tolerance. This negative effect is mediated by
direct inhibition of two subtilase proteases, SBT1.2 and SBT1.8, resulting in disrupted chloroplast
proteostasis and consequently impaired photosynthetic function. These findings reveal a mechanism by
which a Potato inhibitor I family member negatively regulates drought response through an SBT–
photosynthesis module.

Under drought stress, plants remodel protein homeostasis by removing damaged proteins and
processing signal peptides [28, 29]. Studies have shown that various serine protease inhibitors are
transcriptionally repressed under abiotic stress, thereby releasing their cognate proteases to perform
essential proteolytic functions [26, 30]. For instance, rice chymotrypsin inhibitor OCPI1, potato type I
inhibitor, and peanut Bowman–Birk inhibitor AhBBI are all upregulated by drought [24, 31, 32]. In this
study, the NpSCI2A of N. porphyrocomawas significantly downregulated under prolonged drought. These
findings indicate that protease inhibitors can show contrasting transcriptional responses to drought, with
some being induced while others are repressed. They may thus play positive or negative roles in drought
adaptation, likely depending on their target proteases [30, 33]. The downregulation of NpSCI2A may
reflect an adaptive de‑repression mechanism that relieves inhibition of downstream proteases, thereby
facilitating stress‑associated protein turnover. Overexpression of NpSCI2A disrupted this process at the
transcriptional level, leading to the repression of genes required for chloroplast development and
photosynthetic membrane integrity and the downregulation of photosynthetic pathways such as light
harvesting, the Calvin cycle, and carotenoid biosynthesis. (Fig. 3A-E). Suppression of these pathways
may reduce light energy utilization and carbon assimilation, causing excess excitation energy to be
converted into reactive oxygen species[34, 35]. In parallel, impaired photoprotective pathways further
compromised ROS scavenging capacity, ultimately leading to H₂O₂ and MDA accumulation, decreased
antioxidant enzyme activities, and increased water loss in NpSCI2A-overexpressing lines. [34, 36].

As a serine protease inhibitor of the Potato inhibitor I family, SCI2A participates in plant stress responses
by directly inhibiting its target proteases. In this study, we identified two subtilase family members,
SBT1.2 and SBT1.8, which are highly co-expressed with NpSCI2A, as downstream targets. Previous
studies have shown that under drought stress, plant SBT family genes are significantly upregulated,
mediating stress signaling, maintaining chloroplast proteostasis, and modulating stomatal development,
thereby protecting the photosynthetic apparatus [37–39]. Previous studies have shown that Arabidopsis
SBT3.8 positively regulates osmotic stress tolerance by cleaving PSK precursors to release bioactive
signaling peptides [37]. Maize ZmSDD1 enhances water retention and drought adaptation by reducing
stomatal density [40]. Cotton (Gossypium hirsutum) GhSBT27A plays a key role in maintaining chloroplast
structural integrity and stability under water-deficit conditions[41]. In our study, the SCI2AOE lines rice
lines showed significant phenotypic, physiological, and transcriptomic alterations under drought stress
compared with wild-type controls. Based on these results, we propose that NpSCI2A may directly inhibit

Page 9/21



SBT1.2 and SBT1.8, thereby impairing the timely degradation and turnover of damaged photosynthetic
proteins. This impairment could lead to over-reduction of the photosynthetic electron transport chain,
excessive ROS accumulation, and oxidative damage. These findings suggest that the NpSCI2A–
SBT1.2/1.8 module may contribute to the drought response by modulating chloroplast proteostasis.
Notably, under drought stress conditions, the transcript levels of SBT1.2 and SBT1.8 were significantly
upregulated in SCI2AOE lines (Fig. 4F). This regulatory pattern, in which an inhibitor suppresses the
activity of target enzymes while the corresponding target genes undergo compensatory transcriptional
upregulation, has been previously documented in protease–inhibitor interaction systems. For example,
when herbivorous insects ingest plant protease inhibitors, they can upregulate the transcription of their
own digestive protease genes to compensate for the inhibited enzyme activity, a mechanism observed in
the serpin–protease regulatory network of the tobacco hornworm [42, 43]. These findings further
confirm that under drought stress, N. porphyrocoma can actively downregulate NpSCI2A expression to
relieve its inhibition of SBT family members, thereby activating SBT protease activity and maintaining
chloroplast protein homeostasis as an adaptation to drought stress.

Although our work identifies NpSCI2A as a negative regulator of drought tolerance acting through SBT
protease inhibition, several limitations remain. First, NpSCI2A was characterized in a heterologous rice
system; its conserved function in N. porphyrocoma awaits validation by homologous transformation or
gene editing. Second, only overexpression was examined; loss-of-function lines are needed to confirm
that NpSCI2A downregulation is necessary and sufficient for drought tolerance. Third, the drought-
specific substrates of SBT1.2 and SBT1.8, as well as the biochemical link between their inhibition and
chloroplast dysfunction, remain unclear, warranting substrate profiling and subcellular localization
studies. Finally, the enrichment of hormone- and TF-binding motifs in the NpSCI2A promoter and its
co‑expression with WRKY and NAC factors suggest a complex upstream regulatory network, whose
dissection may offer new strategies for precision manipulation of crop drought responses

5. Conclusion
In summary, this study identifies a drought-repressed potato inhibitor I family protein, NpSCI2A, from the
drought transcriptome of N. porphyrocoma, and demonstrates that it functions as a negative regulator of
drought tolerance. By directly targeting the subtilases SBT1.2 and SBT1.8, NpSCI2A impairs chloroplast
function and photosynthetic pathways, leading to exacerbated oxidative damage. These findings
establish a functional link between protease inhibitor-mediated proteolytic regulation and chloroplast
protein homeostasis, providing new insights into the molecular mechanisms of plant drought adaptation
and offering candidate targets for the molecular breeding of stress-tolerant sugarcane.
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Figure 1

Molecular characterization of NpSCI2A. (A) WGCNA heatmap of the drought-induced gene module
across control (CK) and drought-stressed (DS) samples. (B) Validation of NpSCI2A expression by RNA-
Seq and RT-qPCR. Data are means ± SD. (C) Predicted 3D structure of the NpSCI2A protein. (D) Cis-
acting elements in the 2000-bp upstream promoter of NpSCI2A(MYB/MBS, TGACG-motif, and ABRE/G-
box). (E) Co-expression network of transcription factors (TFs) highly correlated with NpSCI2A.
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Figure 2

Overexpression of NpSCI2A reduces drought tolerance in rice. (A) Relative expression levels of NpSCI2A
in wild-type (WT) and seven independent NpSCI2A-overexpressing (SCI2AOE) transgenic rice lines. The
expression level in WT was normalized to 1. Data are presented as means ± SD (n = 3 biological
replicates). (B) Phenotypic comparison of WT and SCI2AOE plants under drought stress. (C-E)
Antioxidant enzyme activities in WT and SCI2AOE plants under drought stress. Activities of (C)
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superoxide dismutase (SOD), (D) peroxidase (POD), and (E) catalase (CAT) were measured at day 0 (pre-
stress) and day 3 of drought treatment.(F) Malondialdehyde (MDA) content and (G) hydrogen peroxide
(H₂O₂) content were measured at day 0 and day 3 of drought treatment. (H) Relative water content of WT
and SCI2AOE leaves after 3 days of drought treatment. (I) Survival rates of WT and SCI2AOE plants after
10 days of severe drought stress followed by re-watering. All physiological data are presented as means
± SD (n = 3 biological replicates). Different lowercase letters indicate significant differences between
groups (p < 0.05, one-way ANOVA with Tukey’s post-hoc test).
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Figure 3

Transcriptomic analysis reveals global gene expression reprogramming in SCI2AOE plants under drought
stress. (A-B) Volcano plots showing differentially expressed genes (DEGs) in two comparisons. (A) DEGs
in SCI2AOEvs. wild-type (WT) plants under drought stress (DS). (B) DEGs in SCI2AOEplants under drought
stress (DS) vs. control (CK). (C) Venn diagram showing overlapping DEGs between the two comparisons.
(D-E) GO cellular component (D) and KEGG pathway (E) enrichment of core DEGs, highlighting repressed
photosynthesis-related pathways in SCI2AOE plants under drought. (F) RT-qPCR confirming the
transcriptome results.
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Figure 4

Identification and verification of proteins interacting with NpSCI2A. (A) Venn diagram showing the
overlap of candidate proteins identified by CO-IP and co-expression analysis. (B) The top co-expressed
genes with NpSCI2A based on Pearson correlation analysis, highlighting the subtilisin-like protease
SBT1.2. (C-D) Molecular docking models of NpSCI2A with (C) SBT1.2 and (D) SBT1.8, showing their
binding interfaces and interaction forces (hydrogen bonds and van der Waals forces). (E) Yeast two-
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hybrid assay confirming the physical interaction between NpSCI2A and SBT1.2/SBT1.8. (F) qRT-PCR
analysis showing the expression levels of SBT1.2and SBT1.8 in wild-type and SCI2AOE plants.
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