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ARTICLE INFO ABSTRACT

Keywords: Drought and iron (Fe) toxicity are major abiotic stresses that significantly limit rice productivity. While drought
Keteki Joha reduces water availability and thereby restricts Fe uptake, waterlogged or rainfed conditions increase soluble Fe
Drought levels. Despite these contrasting environments, both stresses trigger oxidative damage caused by reactive oxygen
i:i)lrilN A species (ROS). This raises key questions on how plants adjust to such distinct conditions, what responses are
Transcriptomics shared, and which are stress-specific. To address this, we performed a meta-analysis of transcriptome datasets for

drought and Fe excess in the lowland aromatic rice variety Keteki Joha at two developmental stages. Common
responses included upregulation of ROS scavenging systems, transcriptional regulation, and hormonal signaling
pathways. In contrast, stress-specific responses showed distinct patterns. Under Fe toxicity, unique DEGs were
enriched in antioxidant activity, peroxidase function, and ROS metabolism, highlighting the importance of redox
defense. In parallel, several genes regulating Fe acquisition and homeostasis, including OsNAS1/2, OsHRZ2, and
IMA1, were consistently downregulated, indicating a transcriptional shift to suppress further Fe uptake while
enhancing compartmentalization and detoxification to maintain internal balance. Under drought, DEGs were
mainly involved in RNA metabolism, protein folding, and vesicle-mediated transport, pointing to post-
transcriptional and post-translational regulation as adaptive mechanisms. Additionally, 26 microRNAs (miR-
NAs) were identified as regulators of transcription factors under both stresses, suggesting an integrated miR-
NA-TF-target gene regulatory network. Together, these findings provide insights into the molecular basis of
stress resilience and identify potential gene targets for crop improvement.

1. Introduction ecosystems (Bordoloi et al., 2024).

Within the broader field of plant stress physiology, advances have

Global climate change has intensified the frequency and duration of
abiotic stresses such as drought, posing a long-term threat to global food
security. One major challenge in this context is how to sustain rice
productivity under threat for exposure to various stresses, such as
drought and/or iron (Fe) toxicity (Oladosu et al., 2019; Gupta et al.,
2025). This is particularly critical for aromatic rice cultivars like Keteki
Joha—an indigenous variety from Assam, India—prized for its fragrance
and high market value but known for its sensitivity to environmental
stressors (Das et al., 2010; Sahoo et al., 2019). While its aromatic quality
makes it an economically valuable target for genetic improvement, its
stress susceptibility limits its performance in rainfed and marginal

* Corresponding authors.

been made in understanding responses to individual stresses. For
instance, drought stress impairs physiological processes in rice, mani-
festing in leaf rolling, reduced growth, and tissue necrosis (Zampieri
et al.,, 2023; Regon et al., 2024). Similarly, Fe—though essential for
photosynthesis, respiration, and redox reactions (Kobayashi and Nishi-
zawa, 2014; Zhai et al., 2014)—becomes toxic under flooded, acidic soil
conditions typical of rice cultivation, where Fe?* accumulates, induces
oxidative damage and similar morphological responses such as leaf
rolling and reduced growth (Becker and Asch, 2005; Kar et al., 2021).
Clearly, there remains a critical knowledge gap regarding how rice
plants respond similarly or differently to drought and Fe toxicity,
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especially at the transcriptomic level. Most existing studies have treated
these stresses in isolation, overlooking potential crosstalk (Bashir et al.,
2014; Aung and Masuda, 2020; Regon et al., 2022; Kaur et al., 2023;
Regon et al., 2024; Gupta et al., 2025).

In Keteki Joha, transcriptomic studies under drought and Fe stress
(Regon et al., 2022,2024; Gupta et al., 2025) have identified differen-
tially expressed genes (DEGs) involved in stress mitigation, but they do
not yet explain how plants integrate these signals during both types of
stress exposure. Moreover, while many studies have identified compo-
nents such as reactive oxygen species (ROS) scavenging enzymes, phy-
tohormonal pathways, transcription factors (TFs) and miRNAs as key
players in single-stress responses (Zhang et al., 2022; Bhoite et al., 2025;
Das et al., 2025). For example, in rice, overexpression of the novel
stress-related transcription factor OsbZIP62 has been shown to enhance
tolerance to both drought and oxidative stress (Yang et al., 2019). In a
recent study, the ethylene signaling regulators OsEIL1 and OsEIL2 were
shown to promote coleoptile elongation and seedling emergence in rice
by enhancing the expression of ROS-scavenging genes (Qiao et al.,
2024). Similarly, in rice, miRNAs such as Osa-MIR169a, Osa-MIR171b/f,
Osa-MIR397a, and Osa-miR530-3p have been shown to modulate key
target genes affecting spikelet fertility and grain quality, thereby playing
a crucial role in shaping drought stress responses, particularly in sensi-
tive varieties like Swarna (Kumar et al., 2024). In other study, in rice,
miRNAs including miR166, miR399, miR408, and several novel candi-
dates have been implicated in regulating iron uptake and transport,
where reduced expression of specific novel miRNAs in FERI-over-
expressing lines enhances NRAMP4-mediated iron loading into seeds
(Paul et al., 2016). The common set for interplay of basic underlying
stress conditions in drought and Fe excess remains poorly understood.

This raises several open questions: Are there similarities in how
molecular signaling networks reorganize under drought and Fe stress?
Are there shared regulatory nodes—such as specific TFs, miRNAs, or
hormonal regulators—that could even mediate crosstalk between these
stress pathways? And how do these networks change across develop-
mental stages? Identifying such shared components could help pinpoint
robust stress-response hubs for special attention in breeding or genome
editing.

To answer these questions, we employed a metadata analysis of
transcriptomic datasets from Keteki Joha plants that had been exposed
in comparably similar experimental setups to drought and Fe stress at
both seedling and mature stages (Regon et al., 2022; Regon et al., 2024).
This enabled us to identify the interesting key genes, along with their
pathways and regulatory networks, that coordinate the responses to
both these stresses of drought and Fe excess, an outcome that we present
here.

2. Methodology
2.1. Transcriptome data collection and metadata retrieval

Transcriptomic datasets from Keteki Joha rice exposed to drought
and iron stress were obtained from previously published studies (Regon
etal., 2022; Regon et al., 2024). These datasets included gene expression
profiles from both seedling and mature plant stages under control and
stress conditions. Metadata for each dataset, including developmental
stage, stress type, and treatment conditions, was compiled prior to
analysis.

2.2. Identification and filtering of differentially expressed genes (DEGs)

Differentially expressed genes (DEGs) were retrieved from each
dataset as reported in the respective studies using their defined statis-
tical thresholds. To identify shared and stress-specific transcriptional
responses, DEGs were filtered based on their regulation patterns across
conditions. Genes showing significant differential expression under both
drought and iron stress were classified as commonly regulated, whereas
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genes differentially expressed exclusively under either drought or iron
stress were considered stress-specific. Filtering was performed jointly by
considering DEGs from both seedling and mature developmental stages
together, enabling the identification of conserved as well as stage-
dependent stress responses. Hierarchical clustering of the filtered
DEGs was performed using pheatmap v1.0.12 (Kolde, 2019) based on
normalized expression values.

2.3. Regulatory gene prioritization and network-based filtering

Subsets of DEGs were narrowed down based on their functional roles.
The prioritization focused on biologically relevant genes and criteria as
indicated in the result section. Functional categories for reactive oxygen
species (ROS) metabolism and antioxidant defense included enzymatic
antioxidant production pathway such as superoxide dismutase (SOD),
catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase
(GPX), and glutathione reductase (GR), non-enzymatic antioxidant
pathways, and ROS-producing pathways. A curated list of ROS- and
antioxidant-associated genes in rice was compiled using Gene Ontology
(GO) term searches in AmiGO 2 (http://amigo.geneontology.org/).
Relevant GO terms included categories linked to ROS metabolism,
hydrogen peroxide response, redox regulation, and cellular
detoxification.

For transcription factor (TF) analysis, a genome-wide list of TFs and
TF-target regulatory relationships for Oryza sativa were obtained from
PlantRegMap (Tian et al., 2020). The DEG list was screened against this
dataset to identify differentially expressed TFs and their experimentally
supported or computationally predicted target genes. TF-target associ-
ations overlapping with the stress-responsive DEG pool were retained to
construct a stress-relevant regulatory subnetwork.To focus on regulators
with stronger biological impact, only TFs exhibiting substantial differ-
ential expression (|logz fold change| > 1.5) were selected for network
construction, while their downstream targets were retained regardless of
fold-change magnitude, provided they were classified as DEGs. This step
was intended to prioritize key regulatory drivers rather than to
re-identify DEGs.

Curated gene sets were mapped to the DEG data to identify respon-
sive regulatory modules at both developmental stages. Small RNA-TF
gene target interactions were predicted as follows: Coding sequences
(CDS) of TFs were retrieved from the PMI-ren rice sequence database
(https://www.pmiren.com) and submitted to the psRNATarget web
server (https://www.zhaolab.org/psRNATarget) to predict potential
small RNA/miRNA binding partners (Dai et al., 2018; Guo et al., 2020).
Predicted interactions were noted to identify TFs that may be regulated
by small RNAs during stress. TF-target-miRNA interaction framework
was visualized through a Sankey diagram generated using SRPlot (Tang
et al., 2023). To further enhance the depth of analysis, a co-expression
network was constructed using Cytoscape v3.10.3 (Kohl et al., 2010).

3. Results and discussion

3.1. Design of the meta-analysis approach to identify key regulator genes
and networks for drought- and Fe excess stress in Keteki Joha rice

The advantage of using two Keteki Joha rice transcriptome datasets
(Regon et al., 2022; Regon et al., 2024) is that they uniquely capture
both similar developmental stage-specific and stress-specific gene
expression under drought and Fe excess stress separately. These datasets
were reduced to differentially expressed genes (DEGs) and then filtered
for specific functional response terms and used in regulatory network
analysis (general outline of the workflow in Fig. 1). By comparing DEGs
across stages and stress conditions, we were able to uncover conserved
regulatory mechanisms that might be missed in single-condition snap-
shots or by comparing outcomes of totally different experimental setups.
This integrative approach identifies the responsive genes and provides
insights into the underlying logic of regulatory hierarchies and stress
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Fig. 1. Workflow of meta-analysis to identify cross-talk between drought and excess Fe stress in rice. Transcriptomic datasets from Keteki Joha rice were analyzed at
both seedling and mature stages under drought and iron stress. Differentially expressed genes (DEGs) were classified as commonly or uniquely regulated across stress
conditions and stages. Filtered DEGs responsive to transcription factors (TFs), phytohormones, drought, and iron stress were further analyzed to identify TF-miR-
NA-target modules using PlantRegMap and psRNATarget. The resulting regulatory network highlights potential cross-talk between drought and iron stress, with
miRNA-TF modules linked to regulation of ROS-related genes. Created by Biorender (https://app.biorender.com).
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prioritization, as described in the subsequent paragraphs.

3.2. Developmental stages and different stress conditions: overview of
DEGs

An overview of the available transcriptome data and their investi-
gation in this study for identifying the overlapping and differing path-
ways for drought and Fe excess responses in Keteki Joha is provided
(Fig. 2a). The seedling stage data and the mature stage data are from
leaves only. The significantly regulated DEGs in both conditions were
grouped into ten distinct clusters based on their expression patterns
across different developmental stages and stress treatments (Table S1).
In our analysis we describe as “commonly” regulated those genes that
are similarly regulated in both stresses, and as “uniquely” regulated
those genes that are either drought stress or Fe excess stress-regulated.
Such genes are discriminated in either hierarchical clustering (Fig. 2a)
or Venn diagram analysis (Fig. 2b). Interestingly, the extent of differ-
ential gene expression was greater at the mature stage compared to the
seedling stage, suggesting a more robust transcriptional reprogramming
in response to stress as plants advance in development. Additionally, a
general trend of upregulation over downregulation was observed, indi-
cating activation of stress-responsive pathways may outweigh repres-
sion of growth-related functions under combined abiotic stress.

(a) All Significantly Regulated Genes

Drought Iron

Drought [ron
Mature

Seedling

| 1
N -
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3.2.1. Commonly regulated genes under drought and iron stress (Clusters 1
and 8)

Transcriptome profiling revealed Clusters 1 and 8 as the major
groups of commonly regulated genes across both drought and iron stress
and across seedling and mature stages. Cluster 1 genes were consistently
upregulated (789 genes), indicating activation of stress perception
pathways, hormone- and transcription-mediated signaling, osmotic
adjustment, and redox regulation. This suggests a shared protective
strategy involving resource allocation toward regulatory and defense
processes. In contrast, Cluster 8 genes were downregulated (645 genes),
predominantly representing photosynthesis-, secondary metabolism-,
and growth-related transcripts. This repression likely conserves energy
by limiting carbon assimilation and metabolic investment during stress.
Together, these clusters reflect a coordinated trade-off where plants
enhance defense and signaling (Cluster 1) while suppressing growth and
photosynthetic output (Cluster 8) to maintain homeostasis under com-
bined drought and iron stress.

3.2.2. Stage-specific regulation under combined drought and iron stress
(Clusters 2, 5, and 7)

Stage-dependent regulation revealed that seedlings and mature
plants adopt distinct strategies. Cluster 2 (seedling upregulated) showed
activation of amino acid and small-molecule metabolism, catabolic and
autophagy pathways, and transcriptional/RNA regulation, indicating
rapid metabolic reprogramming for early stress adjustment. In mature
plants, Cluster 5 displayed upregulation of carbohydrate and secondary

(b)  Venn Diagram
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Fig. 2. (a) Clustering of differentially expressed genes (DEGs) under drought and iron stress at seedling and mature stages in Keteki Joha. The DEGs are grouped into
eight distinct clusters based on their expression patterns across the different stress conditions and developmental stages. Here, blue to yellow color gradient is
showing gradual fold changes from negative to positively regulated DEGs. (b) Venn diagrams illustrating the overlap and distribution of DEGs under drought and iron

stress conditions.
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metabolism, terpenoid pathways, ion transport, and proteostasis,
reflecting a compensatory defense mode to stabilize metabolism and
maintain Fe balance during reproductive growth. Conversely, Cluster 7
(mature downregulated) showed suppression of primary metabolism,
cell wall formation, reproductive signaling, and hormone-mediated
development, suggesting a shift away from growth investment toward
survival. These patterns highlight a transition from metabolic flexibility
in seedlings to defense prioritization in mature plants.

3.2.3. Iron stress-specific regulation (Clusters 6, 9, and 10)

Iron stress responses also varied by developmental stage. In seed-
lings, Cluster 9 exhibited strong downregulation of genes associated
with ion transport, photosynthesis, and antioxidant defense, reflecting
reduced nutrient homeostasis and metabolic vulnerability. In mature
plants, Cluster 6 showed repression of secondary metabolism, phenyl-
propanoid/lignin biosynthesis, and ROS detoxification, indicating en-
ergy conservation at the expense of structural integrity and
detoxification capacity. Conversely, Cluster 10 was upregulated and
enriched in stress signaling, phosphorylation-based regulation, auxin-
linked responses, and amino acid metabolism, suggesting that mature
tissues compensate through signaling-mediated adaptation rather than
structural reinforcement. These contrasting responses illustrate a
developmental shift from impaired metabolic control in seedlings to
signaling-dependent tolerance in mature plants.

3.2.4. Contrasting drought responses at the mature stage (Clusters 3 and 4)

Under drought at maturity, Cluster 3 was upregulated, with
increased expression of ROS-detoxifying enzymes, ion transporters,
protein-folding machinery, and carbohydrate metabolism genes, indi-
cating enhanced redox stability, osmotic regulation, and metabolic
flexibility. Conversely, Cluster 4 showed strong downregulation of
photosynthesis, chloroplast maintenance, carbon fixation, ribosome
biogenesis, and nutrient metabolism, reflecting a suppression of energy-
intensive growth processes. This trade-off reinforces a drought adapta-
tion mechanism where defense and cellular protection are prioritized
(Cluster 3) while growth and biosynthetic activity are strategically
limited (Cluster 4).

3.3. Unique and common drought- and iron-responsive genes across
developmental stages in Keteki Joha

In the above paragraph, we outlined the genes regulated across
different developmental stages under both stress conditions. To gain
deeper insights, we further investigated the cross-talk between drought
and iron stress by examining the regulation patterns of differentially
expressed genes (DEGs) that are either commonly shared or uniquely
responsive at both the seedling and mature developmental stages.

Uniquely drought- or iron-responsive DEGs were predominantly
regulated at the mature stage (Fig. S1a, Table S2). Under drought stress,
rice exhibits a set of genes uniquely regulated in a stage-specific manner.
Among the drought-responsive genes, OsDIRP1, a drought-induced
RING protein (E3 ubiquitin ligase), was consistently upregulated at
both seedling and mature stages. Although previous studies describe it
as a negative regulator of drought and salt stress but a positive regulator
of cold stress (Cui et al., 2018), our results suggest a stage-specific
activation under drought, indicating a context-dependent role. At the
seedling stage, genes responsive to OsDERF4 (ERF/DREB transcription
factor) was specifically induced, whereas at the mature stage, HIPP41
and MYB76 were uniquely upregulated, reflecting their involvement in
long-term drought adaptation. Conversely, MIZ1, Ghd2 (BBX8), and
SDRILK-35 were downregulated, suggesting developmental fine-tuning
of growth and stress-response pathways.

Similarly, among iron-responsive genes, OsIAMTI (Indole-3-acetic
acid methyltransferase 1 / SABATH family protein) showed increased
expression at the seedling stage, supporting early auxin-mediated stress
adaptation. At the mature stage, OsHIPP41 was again uniquely

Plant Stress 20 (2026) 101297

upregulated, highlighting its dual role in drought and iron-related stress
tolerance. In contrast, OSABCG14, OsABCG40, OsABCG47, OsABCG29,
OsABCA2, and OsISC42 (Rubredoxin-like protein) were strongly down-
regulated. Previous studies link AtABCG14 to cytokinin transport
(Zhang et al., 2014) and ABCG40 to heavy metal detoxification (Dhara
and Raichaudhuri, 2021), suggesting that drought may specifically
affect iron-related detoxification and signaling pathways during later
developmental stages. Collectively, seedlings appear to prioritize hor-
monal regulation and early stress signaling, whereas mature plants
fine-tune iron homeostasis and stress-response networks, reflecting a
developmental stage-specific regulation of both drought- and
iron-responsive genes under drought stress.

Under iron excess conditions, uniquely expressed DEGs responsive to
drought and iron stress were more prominent at the mature stage than at
the seedling stage (Fig. S1b, Table S2). Drought-responsive genes under
iron stress in rice show both stage-specific and common expression
patterns. At the seedling stage, genes such as SDRLK-17, OsNACO016, and
OsCHR730/0sDNA2_11 are upregulated, reflecting early activation of
signaling, transcriptional regulation, and genome maintenance. At the
mature stage, upregulated genes include kinases (OsSDK10, SDRLK-53,
ECK1), transcription factors (OsDREB1G, OsERF096, OsAHL13), anti-
oxidant and metabolite-modifying enzymes (OsGSTU37, UGT85E1), and
structural/signaling proteins (OsRALF45, OsLTPd11), while several
genes such as Os2R MYB89, OsPIN10a, OsCUT1, OsGL1-3, OsGL1-2,
SDRLK-22, OsFTIP6, OsSCE3 are downregulated, indicating reduced
structural and hormonal responses. Importantly, some genes are
consistently upregulated at both stages, including OsGSTU30, OsCBL5,
OsASLRK, OsUGT3, and OsNACO045. Notably, OsUGT3 (UDP-glycosyl-
transferase) and OsNAC045 were consistently upregulated at both
stages, aligning with previous studies showing that their overexpression
confers enhanced tolerance to drought and salt stress in rice (Zhang
et al., 2020; Wang et al., 2021). Overall, these patterns reveal a coor-
dinated response, with seedlings emphasizing transcriptional and
genome-level regulation, and mature plants balancing stress signaling,
antioxidant defense, and structural adaptation.

Iron-responsive genes in rice exhibit stage-specific and shared
regulation under iron stress. At the seedling stage, genes involved in iron
uptake and homeostasis, such as OsGFD1, OsTOM1, OsYSL15, OsOPT7,
OsIRT2, and transcription factors OsbHLH156 and OsbHLH133, are
downregulated, while genes associated with iron storage and compart-
mentalization, including OsVIT2, OsPME2, and OsABCG48, are upre-
gulated, supporting redistribution and adaptation. At the mature stage,
metal transport and detoxification genes, such as OsABCG41,
OsMATE12, 0s10g0344900, and OsZIP9, are upregulated, whereas
050280599500, OsMATE33, 0s09g0249000, OsPME17, and OsCRL4 are
downregulated, indicating active nutrient mobilization alongside
reduced stress signaling. Some genes, including OsNAS1, OsNAS2,
OsHRZ2, and OsIMA1, are consistently downregulated at both stages,
reflecting a core repression of iron uptake and regulatory pathways.
Conversely, IMA1 (ironman), a key regulator of iron uptake, was
uniquely downregulated at both stages, supporting its negative regula-
tion of iron homeostasis under excess conditions (Cao et al., 2024).
Overall, seedlings focus on balancing uptake and compartmentalization,
while mature plants emphasize transport, homeostasis, and metal
redistribution under iron stress.

Further analysis of commonly regulated DEGs under drought and
iron stress revealed eight expression clusters across developmental
stages (Fig. S2). Among drought-responsive genes, Cluster 2 represented
the commonly upregulated group at both stages, reflecting a shared
adaptive mechanism. These genes were enriched for responses to salt
stress, water deprivation, and chemical stimuli, indicating activation of
broad abiotic stress pathways (Table S3, Fig. S3a). In contrast, Cluster 8,
the commonly downregulated group, included genes linked to the MAPK
signaling pathway, suggesting reduced energy-intensive signaling and a
shift toward resource conservation during stress adaptation. For iron-
responsive DEGs, Cluster 1 contained genes consistently upregulated
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across stages, enriched for xenobiotic transport, detoxification, and
iron-sulfur cluster assembly, highlighting roles in redox balance and
iron metabolism. Meanwhile, Cluster 8 displayed consistent down-
regulation and was associated with transition metal ion transport,
indicating restricted metal mobilization to avoid toxicity (Table S3,
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Fig. S3b).

Overall, the analysis of DEGs responsive to drought and iron stress
across developmental stages reveals both unique and common regula-
tory patterns. Key genes involved in detoxification, metal transport, and
stress signaling were differentially expressed, highlighting their
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Fig. 3. Depiction of the involvement of commonly upregulated and downregulated differentially expressed genes (DEGs) in key biological processes in Keteki Joha
under drought and iron stress at both seedling and mature stages. Gene ontology terms of related DEGs were identified using g:profiler (https://biit.cs.ut.ee/gprof
iler/gost) and represented using SRplot (https://www.bioinformatics.com.cn/en). Here, blue to yellow color gradient shows gradual changes in p-value from higher
to lower. Similarly size of the representing dots increases based on counts, that is number of genes linked with the biological process.
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potential role in mediating cross-talk between drought and iron stress
responses in Keteki Joha.

3.4. Peroxidase and peroxiredoxin: key reactive oxygen species regulators
under different stress conditions

Peroxidases are a group of heme-containing oxidoreductase enzymes
that catalyze the reduction of hydrogen peroxide using various electron
donors, playing a crucial role in managing oxidative stress in plants
(Kidwai et al., 2020). Among them, class III peroxidases—also referred
to as secretory peroxidases—are predominantly localized in the vacuole
or extracellular matrix and are considered key players in cell wall
modification, lignification, and defense responses (Hiraga et al., 2001).
In parallel, peroxiredoxins represent a distinct class of thiol-dependent
peroxidases that serve as antioxidants by detoxifying reactive oxygen
species (ROS), particularly peroxides, thereby preserving cellular redox
homeostasis under stress conditions (Dietz, 2003). Their differential
regulation under drought and excess Fe stress supports our hypothesis
that diverse antioxidant systems contribute to genotype-specific toler-
ance. This addresses an open question raised in the introduction
regarding the molecular mechanisms behind aromatic rice’s variable
stress response and emphasizes the value of transcriptomic comparisons
for identifying key regulatory networks (Fig. 3).

In this meta-analysis, the roles of peroxidases and peroxiredoxins
were examined under drought and iron (Fe) stress at different devel-
opmental stages. At the mature stage, peroxidases were more promi-
nently regulated compared to the seedling stage. Notably, several
peroxidases, including PRX41, PRX71, and PRX11, were commonly
downregulated across both developmental stages under different stress
conditions (Fig. 4a and b). A recent study by Gho et al. (2017) reported
that Os1-CysPRXB is involved in root development and was upregulated
at both stages. In contrast, Os1-CysPRXA, which is seed-specific and
associated with storage tissue formation, was found to be upregulated at
the seedling stage under both drought and Fe stress conditions (Fig. 4b).
Class and predicted subcellular localization of reported peroxidases
were listed in Table 1.

At the seedling stage, PRX24 was found to be upregulated. This Class
II peroxidase plays a key role in regulating ROS homeostasis in guard
cells and is involved in stomatal movement. PRX24 functions in coor-
dination with DCA1 (DST Co-Activator 1) and DST (Drought and Salt
Tolerance) to enhance drought and salt stress tolerance (Cui et al,
2015). Additionally, PRX24 has been shown to be essential for the for-
mation of iron plaques on rice roots under alternate wetting and drying
(AWD) conditions. These iron plaques serve as a physical barrier against
toxic ions and enhance the availability and uptake of phosphorus (Yang
et al., 2020).

At the mature stage, glutathione peroxidases (GPXs)—which are
non-heme peroxidases—were upregulated under different stress condi-
tions, functioning to prevent cellular damage through ROS scavenging
(Fig. 4a). Supporting this, knockdown of OsGPX1 led to reduced ROS-
scavenging capacity under drought stress. The expression of OsGPX1 is
transcriptionally regulated by OsADR3 (Abscisic Acid-Drought-ROS3),
as demonstrated through yeast one-hybrid assays (Li et al., 2021). In
another study, OsGPX3 and OsGPX5 were reported to be upregulated in
root tissues after 12 hours of drought stress. However, OsGPX5 showed a
significant downregulation in shoot tissues under the same stress con-
dition (Islam et al., 2014). Apart from peroxidases and peroxiredoxins,
several other ROS-related genes also showed upregulation at the mature
stage. One such group includes cytosolic Cu/Zn superoxide dismutases
(CSD1/2), which are key antioxidant enzymes regulated by miR398. A
recent study demonstrated that moderate suppression of OsCSD1/2 via
miR398 enhanced rice growth and yield. However, excessive down-
regulation impaired vein formation and significantly reduced biomass,
highlighting the importance of dose-dependent regulation of
ROS-scavenging genes (Lu et al, 2022). Another important
ROS-responsive protein family is the lipocalins, known for their
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conserved ability to bind and transport various lipids (Ji et al, 2023). In
this meta-analysis, upregulation of OsTIL1 was observed at the mature
stage under drought and Fe stress (Fig. 4a). Functional studies using
CRISPR/Cas9-mediated gene editing and overexpression of OsTILI
revealed its protective role in maintaining cell membrane integrity
under oxidative stress. Overexpression of OsTIL1 also led to increased
expression of OsFAD3-1/3-2/7 (fatty acid desaturases), particularly
under cold stress (Ji et al, 2023). Supporting this, earlier studies re-
ported that overexpression of AtTIL in Arabidopsis conferred enhanced
tolerance to light stress, paraquat treatment, and freezing, while dele-
tion of AtTIL increased sensitivity to heat stress (Chi et al, 2009;
Tremblay et al, 2009). Plant sulfiredoxin (Srx) homologs are
chloroplast-targeted enzymes that play a vital role in maintaining redox
balance by reducing overoxidized 2-Cys peroxiredoxins, thus ensuring
chloroplast redox homeostasis under oxidative stress conditions, upre-
gulated at the mature stage (Liu et al., 2006).

Functional enrichment analysis revealed a conserved ROS-centered
stress-response framework shared between seedling and mature stages
under both drought and iron stress (Fig. 4c and d, Table S2). The
consistent enrichment of oxidative stress-related processes indicates
that maintenance of redox homeostasis and efficient detoxification of
hydrogen peroxide constitute a core adaptive mechanism operating
across developmental stages. This suggests that early and late growth
phases rely on similar antioxidant strategies to protect cellular compo-
nents from stress-induced oxidative damage.

In contrast, plants at the mature stage displayed an expansion of
stress-responsive pathways, reflecting a transition toward more complex
regulatory control (Fig. 4c, Table S2). The enrichment of processes
associated with circadian rhythm regulation and broader cellular stress
responses implies that, during the reproductive phase, stress adaptation
is integrated with temporal regulation and enhanced signaling net-
works. Such coordination likely enables mature plants to fine-tune
physiological and metabolic responses according to environmental
cues and internal developmental timing, thereby ensuring stress resil-
ience while safeguarding reproductive success.

3.5. Transcription factors to regulate drought and iron under different
developmental states

To explore the transcriptional regulatory architecture underlying
drought and iron stress responses across developmental stages, we in-
tegrated differential expression profiling with computational prediction
of transcription factor- and miRNA-mediated regulatory interactions.
This approach highlights the role of transcriptional integration as a
potential mechanism underlying stress resilience. Differentially
expressed genes (DEGs) identified under drought and iron (Fe) stress
across developmental stages were filtered against a curated list of
transcription factors (TFs), phytohormone-associated genes, and stress-
responsive genes related to both drought and Fe conditions. These
filtered genes were subsequently analyzed for predicted regulatory re-
lationships, leading to the identification of seven key TFs and 30 puta-
tive target genes (Table S2, Fig. 5a). Collectively, this integrative
analysis suggests a coordinated transcriptional regulatory framework
involving TFs such as DREB2A, ERF95, and ERF102 that may contribute
to drought and Fe stress responses across different developmental stages
in Keteki Joha.

Differentially expressed genes (DEGs) identified under drought and
Fe stress across developmental stages were filtered against curated
datasets of transcription factors, phytohormone-associated genes, and
stress-responsive genes. The expression patterns of these TFs and their
associated target genes were visualized using heatmap analysis (Fig. 5b),
revealing coordinated expression trends suggestive of shared regulatory
control. To further explore these relationships, a co-expression network
was constructed. This network analysis identified bZIP60 and DREB2A as
highly connected hub nodes (Fig. 5¢), implying their potential centrality
in stress-responsive transcriptional programs.
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Fig. 4. (a) and (c) represent the regulation of differentially expressed genes (DEGs) associated with reactive oxygen species (ROS) under drought and iron stress at
the mature and seedling stages, respectively. Here, blue to yellow color gradient is showing gradual fold changes from negative to positively regulated DEGs.

(b) and (d) depict the involvement of biological processes linked to these ROS-related DEGs under drought and iron stress at the mature and seedling stages,
respectively. Gene ontology terms of related DEGs were identified using g:profiler (https://biit.cs.ut.ee/gprofiler/gost) and represented using SRplot (https://www.
bioinformatics.com.cn/en). Here, blue to yellow color gradient shows gradual changes in p-value from higher to lower. Similarly size of the representing dots in-
creases based on counts, that is number of genes linked with the biological process.
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Table 1
- List of differentially expressed peroxidase and peroxiredoxin genes under
drought and iron stress across seedling and mature stages.

Gene_ID Gene_Name Stage Class/Type Localization
(DeepLoc)

0s03g0339300  OsPRX41 Both class IIT Extracellular
peroxidase

0s01g0294700  OsPRX11 Both class III Extracellular|
peroxidase Vacuole

0s02g0192700  PRXIIE2 Both Type-II Plastid
peroxiredoxin

0s07g0638400  Osl- Both 1 Cys- Cytoplasm

CysPRXB peroxiredoxin B

0s05g0135500  OsPRX71 Both class III Extracellular
peroxidase

0s01g0326000  OsPRX12 Mature class IIT Extracellular
peroxidase

0s10g0536700  OsPRX128 Mature class III Extracellular
peroxidase

0s12g0112000  OsPRX135 Mature class III Extracellular
peroxidase

0s12g0530100  OsPRX138 Mature class IIT Extracellular
peroxidase

0s502g0236800 OsPRX26 Mature class III Extracellular
peroxidase

0s06g0547400  OsPRX86 Mature class IIT Extracellular
peroxidase

0s06g0695500  OsPRX90 Mature class IIT Extracellular
peroxidase

0s07g0104100  OsPRX97 Mature class IIT Extracellular
peroxidase

0s07g0115300  OsPRX98 Mature class IIT Extracellular
peroxidase

0s05g0134400 OsPRX65 Mature class III Extracellular
peroxidase

050580499400  OsPRX75 Mature class IIT Extracellular|
peroxidase Vacuole

0s505g0499300 OsPOX1 Mature class III Extracellular
peroxidase

0s01g0270300  OsPRX4 Mature class III Extracellular
peroxidase

0s01g0327100  OsPRX15 Mature class IIT Extracellular
peroxidase

Os11g0112400  OsPRX2 Mature class IIT Extracellular
peroxidase

0s09g0507500  OsPRX123 Mature class IIT Extracellular
peroxidase

0s10g0109300  OsPRX125 Mature class III Extracellular
peroxidase

0s12g0191500  OsPRX137 Mature class III Extracellular
peroxidase

0s01g0327400  OsPRX16 Mature class IIT Extracellular
peroxidase

0s01g0543100 OsPRX17 Mature class III Extracellular
peroxidase

050280236600  OsPRX27 Mature class IIT Extracellular
peroxidase

0s03g0234900  OsPRX39 Mature class IIT Extracellular
peroxidase

0s03g0368900  OsPRX45 Mature class IIT Extracellular|
peroxidase Vacuole

050680681600  OsPRX89 Mature class III Extracellular|
peroxidase Vacuole

0s501g0962700 OsPRX20 Mature class III Extracellular
peroxidase

050280833900  OsPRX32 Mature class IIT Extracellular
peroxidase

0s02g0240100  OsPRX30 Seedling  class III Extracellular
peroxidase

0s07g0638300  Osl- Seedling 1 Cys- Cytoplasm

CysPRXA peroxiredoxin

0s07g0677100  OsPRX110 Seedling  class III Extracellular|
peroxidase Vacuole

0s02g0161800  OsPRX24 Seedling  class III Extracellular
peroxidase
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Among the identified TFs, Dehydration Responsive Element Binding
Protein 2A (DREB2A), a member of the AP2/ERF family, has been
experimentally validated in multiple plant species as a regulator of heat,
salt, and dehydration stress responses (Agarwal et al., 2017). Similarly,
ERF95 has been shown to regulate Fe homeostasis during seed matura-
tion (Sun et al., 2020). The upregulation of DREB2A and ERF95 observed
in our dataset under drought and Fe stress conditions is therefore
consistent with previously reported experimental findings, lending in-
direct support to their proposed involvement in stress regulation in
Keteki Joha (Fig. 6).

In the inferred regulatory network, DREB2A and ERF95 appear to be
associated with members of the bHLH, bZIP, and ERF transcription factor
families, forming a putative regulatory network that may coordinate
plant responses to drought and Fe stress. Nevertheless, previous studies
provide biological plausibility for these links. For instance, ERF74 has
been experimentally shown to regulate oxidative homeostasis via RbohD
under stress conditions (Yao et al., 2017), and bHLH130 has been re-
ported to enhance resistance against Phytophthora infestans in tomato
(Wang et al., 2025). Likewise, bZIP20 has been shown to improve
thermotolerance through ROS homeostasis and methyl jasmonate
signaling in Dimocarpus longan (Zhai et al., 2025). These prior findings
support the broader functional relevance of the TF families identified in
our network, although the specific interactions proposed here remain to
be experimentally validated.

ERF102 represents another notable regulatory node within the pro-
posed miRNA-TF-target network (Fig. 6). Computational prediction
suggests that ERF102 is targeted by miR9664, a miRNA previously
shown to regulate genes involved in plant immunity, including RPM1
and NPR1 (Hou et al., 2020; Li et al., 2021). Overexpression studies of
miR9664 have demonstrated compromised defense responses against
Magnaporthe oryzae (Li et al., 2021), supporting a functional role for
this miRNA-target module.

Experimental evidence from other plant systems indicates that
ERF102 is nuclear-localized and functions in cold acclimatization, often
in coordination with ERF103 (Iligen et al., 2020). In our network,
ERF102 is predicted to be regulated by upstream bZIP14 and bZIP33,
based on co-expression relationships. Both TFs have been implicated in
drought stress tolerance and ROS regulation in Vitis vinifera and Zea
mays, respectively (Yu et al., 2020; Cao et al., 2021), lending biological
credibility to these inferred links.

Among the downstream targets or signaling components associated
with ERF102, GmbZIP114 in soybean has been reported to play a role in
flower organ development (Yue et al., 2023). Similarly, bZIP60, an ER
membrane-bound transcription factor, is activated through ER
stress-induced cleavage and subsequent nuclear translocation. Its
expression and activation in anthers even under non-stress conditions
suggest an essential role in managing secretory demands during repro-
ductive development (Iwata et al., 2008). Another key target, AtbZIP34
in Arabidopsis, is expressed in both gametophytic and sporophytic floral
tissues. Disruption of AtbZIP34 results in defective pollen morphology,
impaired germination, and abnormal exine formation, highlighting its
importance in male reproductive development, lipid metabolism, and
cellular transport (Gibalova et al., 2009).

Taken together, these findings suggest that ERF102 may function as
an integrative regulatory node linking environmental stress responses
with developmental processes, particularly during reproductive stages.
However, we emphasize that the proposed miRNA-TF-target regulatory
framework is largely based on computational inference and comparative
evidence from other plant species. Functional validation through ap-
proaches such as miRNA cleavage assays, ChIP-qPCR, and transgenic
studies will be essential to confirm the direct regulatory roles proposed
in this model.

4. Conclusion and future prospects

This study provides new insights into the regulatory mechanisms
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Fig. 5. (a) Interaction map showing the relationships between target genes, transcription factors (TFs), and associated miRNAs. Common regulators—including TFs,
phytohormones, and differentially expressed genes (DEGs) responsive to drought and iron stress—at both seedling and mature stages are highlighted to depict their
combined regulatory roles. This Sankey diagram was drawn using srplot. (b) Heatmap displaying the differential expression patterns of selected genes across various
stress conditions and developmental stages. Here, blue to yellow color gradient is showing gradual fold changes from negative to positively regulated DEGs. (c) Co-
expression network illustrating interactions between target genes and TFs, constructed based on combined scores obtained from STRING database analysis (https://st
ring-db.org/). The network was resulted using string database and further visualized using Cytoscape 3.10.3.
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Fig. 6. Proposed regulatory network depicting the cross-talk between drought and iron stress via miRNA-TF-target interactions. Key miRNAs (miR1882e, miR1863,
miR5496, miR9664) negatively regulate transcription factors (DREB2A, ERF95, ERF102), which in turn modulate downstream TFs (e.g., bHLH, bZIP, ERFs). These
may ultimately regulate ROS-related genes to mitigate combined stress responses. Dotted lines indicate predicted regulatory links. Created by Biorender (https://app.

biorender.com).

underlying drought and iron (Fe) stress tolerance in Keteki Joha rice
(Table S3). By integrating transcriptomic data from seedling and mature
stages, we identified common stress-response pathways involving ROS-
related genes, transcription factors (TFs), and phytohormone signaling.
A multilayered regulatory model was proposed, highlighting key TFs
such as DREB2A, ERF95, and ERF102 that coordinate stage-specific re-
sponses to combined stress. These findings emphasize the potential of
targeting shared regulatory hubs for developing multi-stress-tolerant
rice varieties. The study underscores the importance of integrating
environmental signaling with developmental regulation. While
transcriptome-based predictions are valuable, they are limited by the
absence of post-transcriptional and proteomic data. Future work
involving gene editing (e.g., CRISPR/Cas9) or overexpression studies is
needed to validate these regulatory modules. In practical terms, genome
editing strategies such as CRISPR/Cas9 or CRISPR/Cpfl could be
employed to validate and functionally characterize the identified regu-
latory hubs. For instance, targeted knockout or base-editing of negative
regulators (e.g., IMA1 in iron homeostasis) could help enhance tolerance
to Fe toxicity, while promoter engineering of key transcription factors
(DREB2A, ERF95, ERF102) may allow fine-tuned expression under stress
without penalizing growth. Similarly, multiplex genome editing could
be used to simultaneously modulate TF-miRNA-target modules,
creating rice lines with stacked tolerance to drought and Fe stress.
Broadly, this research contributes to our understanding of stress cross-
talk and lays a foundation for precision breeding. Expanding this
approach across genotypes and incorporating proteomic or metabolomic
data will help address the complex challenge of engineering crops
resilient to multiple abiotic stresses.

Ethics approval and consent to participate

No ethical approval and consent is required.

11

Declaration of generative AI and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work, the author(s) used ChatGPT 4.0
for language and grammar improvement. After using this tool/service,
the author(s) reviewed and edited the content as needed and take(s) full
responsibility for the content of the published article.

CRediT authorship contribution statement

Divya Gupta: Writing — original draft, Validation, Software, Re-
sources, Methodology, Investigation. Hans-Jorg Mai: Supervision,
Software, Methodology, Investigation. Petra Bauer: Writing — review &
editing, Investigation, Funding acquisition. Sanjib Kumar Panda:
Writing - review & editing, Visualization, Supervision,
Conceptualization.

Declaration of competing interest
The authors declare no competing interests.
Acknowledgements and funding

This work was supported by the Scheme for Promotion of Academic
and Research Collaboration (SPARC), Ministry of Education, Govern-
ment of India (Project No. SPARC/2024-2025/AGF/P3737). This work
received funding by Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under Germanys Excellence Strategy — EXC-
2048/1 - project ID 390686111. Funding through DAAD-DST (DST/
INT/DAAD/P-14/2022(G) with India is greatly acknowledged.


https://app.biorender.com
https://app.biorender.com

D. Gupta et al.
Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.stress.2026.101297.

Figure S1- Heatmaps illustrating the expression profiles of uniquely
regulated drought- and iron-responsive differentially expressed genes
(DEGs) under drought and iron stress conditions in Keteki Joha. (a)
Shows the expression of DEGs responsive to drought (left) and iron
(right) under drought stress at seedling and mature stages. (b) Depicts
the expression of DEGs responsive to drought (left) and iron (right)
under iron stress at seedling and mature stages. Yellow represents
upregulation, blue indicates downregulation, and black signifies no
significant expression change (log2 fold change scale from -4 to +4).

Figure S2- Transcriptomic analysis of commonly regulated drought-
and iron-responsive DEGs in Keteki Joha under drought stress. Heat-
maps showing hierarchical clustering of common DEGs responsive to (a)
drought and (b) iron across seedling and mature stages under drought
and iron treatments. Expression levels range from —2 to +2 (z-score),
reflecting the intensity of differential expression across stress types and
developmental stages. Here, yellow represents upregulation, blue in-
dicates downregulation, and black signifies no significant expression
change.

Figure S3- Heatmaps highlighting key commonly regulated DEGs
selected based on biological relevance and magnitude of expression. (a)
The left panel displays genes responsive to drought stress, and (b) the
right panel shows genes responsive to iron stress under drought condi-
tions. Expression values are scaled by log: fold change, ranging from —6
to +6 (drought) and —4 to +4 (iron). Here, D and I denote Drought and
Iron, respectively. Here, yellow represents upregulation, blue indicates
downregulation, and black signifies no significant expression change.

Table S1- Summary of Stage- and Stress-Specific Transcriptional
Regulation in Response to Drought and Iron Stress in Keteki Joha.

Table S2- List of Differentially Expressed Genes (DEGs) Identified
Under Drought and Iron Stress at Seedling and Mature Stages

Table S3- List of gene ontology and KEGG pathway of clusters
commonly regulated under drought and iron stress at different devel-
opmental stages.

Data availability
Data will be made available on request.
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