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ARTICLE INFO ABSTRACT

Keywords: Climate change intensifies environmental stressors such as drought and heat, posing a significant threat to crop

Climate change productivity, while elevated CO2 concentrations generally have a positive effect on photosynthetic performance

‘]’)Vheatht and, under certain conditions, can compensate for the negative effects of stress factors. We investigated the
roug

morpho-physiological and transcriptional responses of bread wheat (Triticum aestivum L.) to drought (D),
elevated temperature (eT), and elevated CO» (eC) applied individually, in pairs (eT+D, eC+D, eC+eT), and as a
triple combination (eC+eT+D). The eT+D combination resulted in the most severe reductions in growth and
yield, whereas eC consistently enhanced water-use efficiency. Transcriptome profiling revealed extensive
reprogramming of gene expression under multifactorial treatment, including enrichment of hormone signalling
and photosynthesis pathways. Key transcription factor families (e.g., MYB, NAC, WRKY) and potential marker
genes were differentially regulated across treatments. Co-expression network analysis identified gene modules
associated with critical traits, such as shoot biomass and grain yield, emphasising roles for stress-responsive
signalling. These findings advance our understanding of wheat adaptation to climate-related stress combina-
tions and provide molecular targets for breeding climate-resilient cultivars.

Elevated CO,

Elevated temperature
Morpho-physiology
Transcriptome analysis

Introduction efforts aimed at enhancing resilience.

Global climate models predict that atmospheric CO, concentrations

Bread wheat (Triticum aestivum L.), an allohexaploid with AABBDD
subgenomes (Ramirez-Gonzalez et al., 2018), is a staple cereal crop that
is essential for global food security (Shiferaw et al., 2013). However,
climate change is intensifying abiotic stressors — such as drought and
elevated temperatures — that could threaten wheat productivity. These
factors may interact in complex ways, resulting in synergistic, additive,
or antagonistic effects (Sato et al., 2024). While the impacts of indi-
vidual stressors are relatively well understood (Shah et al., 1999; Tah-
masebi et al., 2017; Prasad et al., 2011; Tricker et al., 2018), their
combined effects remain poorly characterised, which hinders breeding
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will exceed 700 ppm by the end of the century, accompanied by average
temperature increases of 2 °C to 4 °C (Intergovernmental Panel on
Climate Change 2015). These changes are expected to increase the fre-
quency of extreme weather events, including prolonged heatwaves and
severe droughts (Tripathy et al., 2023), particularly in the key
wheat-producing regions such as Southern and Central Europe and the
Mediterranean basin (Lorite et al., 2023). Overall, these climatic trends
are projected to reduce wheat yields, resulting in significant
socio-economic consequences for a growing global population (Holman
et al., 2021).

Received 15 July 2025; Received in revised form 9 October 2025; Accepted 1 November 2025

Available online 3 November 2025

2667-064X/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-4724-9519
https://orcid.org/0000-0003-4724-9519
https://orcid.org/0000-0003-4801-6602
https://orcid.org/0000-0003-4801-6602
mailto:sahu.p@czechglobe.cz
www.sciencedirect.com/science/journal/2667064X
https://www.sciencedirect.com/journal/plant-stress
https://doi.org/10.1016/j.stress.2025.101115
https://doi.org/10.1016/j.stress.2025.101115
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stress.2025.101115&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Z. Milec et al.

By 2050, the global population is projected to increase by approxi-
mately 2 billion people - rising from about 7.7 billion in 2020 to roughly
9.7 billion - significantly raising the demand for food production. In
particular, projections indicate that an additional 132 million metric
tonnes of wheat will be required annually, assuming constant per capita
consumption (Erenstein et al., 2022). This highlights the urgency of
addressing the negative impacts of drought and heat, two major con-
straints on wheat productivity (Cohen et al., 2021). Drought limits soil
water availability, reducing stomatal conductance and altering resource
reallocation, while heat stress further impairs photosynthesis
(Onyemaobi et al., 2021; Rizhsky et al., 2002; Bita and Gerats, 2013). In
contrast, elevated CO3 can partially mitigate these effects by enhancing
photosynthetic  efficiency and improving water-use efficiency
(Shanmugam et al., 2013; Abdelhakim et al., 2021). However, the
combined effects of elevated CO5 with drought and heat often result in
non-additive and unpredictable outcomes that deviate from predictions
based on single-stressor studies, emphasizing the need for multifactorial
investigations.

The plants response to environmental stressors involves intricate
molecular processes that activate or suppress numerous metabolic
pathways (Bita and Gerats, 2013). However, transcriptomic studies in
cereals remain limited and are often restricted to single or dual-stress
conditions, such as heat or heat combined with drought, and typically
focus on early growth phases or specific developmental stages such as
flowering (Liu et al., 2015; Azameti et al., 2022; Qin et al., 2008; Ma
et al., 2017). Furthermore, although elevated CO3 is increasingly rec-
ognised as an important modulator of plant stress responses, few studies
in temperate cereals have examined its interactive effects with heat
stress (Vicente et al.,, 2019; Lin et al., 2016). These research gaps
emphasize the need for comprehensive transcriptomic studies that
address multiple stressors to enhance our understanding of the genetic
networks underlying stress tolerance in cereals.

At the molecular level, co-occurring drought, heat, and elevated COy
trigger early Ca®/ROS signatures and ABA-centred cross-talk that
converge on MAPK and SnRK2/0ST1 hubs to reshape transcription and
primary metabolism (Ravi et al., 2023). Exposure to multiple factors
commonly produces non-additive responses, rather than additive
single-factor effects (Zandalinas and Mittler, 2022). Heat activates an
HSFA1-HSP proteostasis program and wider TF networks (HSFs, NAC,
WRKY, ERF/bZIP), stabilizing proteins while reprioritizing growth (Kan
etal., 2023; Ohama et al., 2017). Stomatal and hydraulic control couple
upstream signals to gas exchange: ABA/SnRK2 activity tunes guard-cell
ion transport in real time, and aquaporins such as PIP2;1 facilitate HyO4
influx that amplifies stomatal closure (Zhang et al., 2020; Rodrigues
et al., 2017). Elevated CO, adds another regulatory layer by shifting
redox/hormone set points and improving water-use efficiency; in wheat,
elevated CO; can partly buffer heat injury to photosynthesis, yet in-
teractions with drought/heat remain context-dependent (Chavan et al.,
2019). These pathway-level insights motivate an integrative, multifac-
torial transcriptome-phenotype analysis in wheat.

In this study, we address critical knowledge gaps by examining
wheat responses to individual and combined stress conditions under
current and future CO2 concentrations. Specifically, we investigated the
effects of drought (D), elevated temperature (eT), and elevated CO- (eC),
as well as their combinations (eT+D, eC+D, eC+eT, and eC+eT+D).
Through an integrated approach that encompasses morphological,
physiological, and transcriptomic analyses, we aimed to elucidate: how
wheat orchestrates its morpho-physiological and molecular networks to
navigate complex, multifactorial stress environments; how drought and
elevated temperature — applied individually or in combination - affect
key morphological, physiological, and yield-related traits in wheat, and
to what extent elevated CO2 can mitigate these effects in various types of
interactions. Our findings may inform breeding programmes and agro-
nomic strategies, ensuring sustainable wheat production in the face of
rapidly changing global climates.
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Materials and methods
Plant materials and initial growth conditions

The winter bread wheat cultivar Alana (Triticum aestivum L. subsp.
aestivum, Accession No. 01C0106569) was obtained from the Research
Institute of Crop Production in Prague, Czech Republic. Seeds were
imbibed in Petri dishes lined with moistened cellulose paper, stratified
at 4 °C in the dark for 24 h, and then germinated in the dark at 25 °C for
three days. Following germination, seedlings were transplanted into
pots (11 x 11 x 25 cm) filled with a Klasmann TS2 substrate and sand
mixture (2:1, v/v) (Klasmann-Deilmann, Geeste, Germany). Plants were
grown in a FytoScope FS-SI 3400 growth chamber (PSI, Drasov, Czech
Republic) under an 11 h light/13 h dark photoperiod, with day/night
temperatures of 20 °C/16 °C, and 60 % relative air humidity (RH) for 10
days. Subsequently, the plants were vernalized for 8 weeks at 6 °C under
short-day conditions (8 h light/16 h dark, 85 % RH). After vernalization,
they were grown under long-day conditions (15 h light/9 h dark, 14 °C/
8 °C, 60 % RH, 200 pmol m~ s™!) until 85 days after germination when
stress treatments commenced (Fig. 1).

Experimental setup based on IPCC climate projections

Experiments were designed to simulate both current and projected
future climate conditions for Brno, Czech Republic (49.19° N, 16.60° E),
a region with a temperate continental climate. Climate data were
collected for two distinct periods: a recent baseline (1991-2020; here-
inafter referred to as control or Ctr) and a future projection (2080-2099;
hereinafter referred to as 2100), based on the Representative Concen-
tration Pathway 8.5 (RCP 8.5) scenario (https://tntcat.iiasa.ac.at/Rc
pDDb).

Current and projected diurnal temperature profiles, along with
monthly maximum (Tpax) and minimum (Tpi,) temperatures, were
obtained from the World Bank’s Climate Change Knowledge Portal
(https://climateknowledgeportal.worldbank.org/, accessed March
2020; Table S1). Control plants were grown under a temperature regime
that simulated natural diurnal variation, with the following monthly
day/night profiles: May — 20°/8 °C; June - 23 °C/12 °C; and July - 25
°C/13 °C (Table S1). Plants were maintained at 400 ppm CO, and 90 + 5
% soil water capacity (SWC).

To simulate future environmental conditions, seven distinct treat-
ments were applied: three single-factor treatments — drought (D),
elevated temperature (eT), and elevated CO, concentration (eC); three
two-factor combinations — eT+D, eC+D, and eC+eT; and one three-
factor combination — eC+eT+D. The elevated temperature (eT) regime
was based on projected average conditions for year 2100 and involved
increasing day/night temperatures to: May — 23 °C/12 °C; June — 28 °C/
16 °C; and July — 31 °C/19 °C (Table S1). Drought (D) was imposed by
reducing SWC to 25 + 5 %, simulating moderate drought conditions.
SWC was monitored gravimetrically three times per week and adjusted
as necessary to maintain consistent levels throughout the experiment.
Elevated CO5 (eC) was set at 700 ppm, reflecting atmospheric CO,
concentrations projected for the end of the century (Fig. 1A).

Photoperiod was adjusted to match the natural day lengths of May,
June and July; RH was held at 65 % during the light period and 90 % in
the dark. Light intensity was likewise tuned to the monthly profile,
peaking at 800 + 50 pmol m™ s'. Plants were monitored daily, and
environmental parameters were continuously recorded to ensure pre-
cision and consistency across all treatments. The experimental treat-
ments (drought, elevated temperature, and elevated CO3) commenced at
the onset of stem elongation (GS30) and continued until seed develop-
ment (GS70), both critical stages in wheat growth. After the treatments,
all plants were transferred back to control conditions (Fig. 1B).
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Fig. 1. Overview of treatment regimes applied to bread wheat (T. aestivum L.) under current (2020) and projected future (2100) temperate-continental climate
scenarios with elevated atmospheric CO5.

The experimental setup simulated the effects of water availability, temperature, and atmospheric CO, concentration and their combinations under environmental
conditions representative of Central Europe (Brno, Czech Republic). (A) Climate regimes. The left panel shows hourly temperature profiles under each treatment.
Control conditions reflected current climate averages, with daily temperature ranges of 8/20 °C (May), 12/23 °C (June), and 13/25 °C (July). In future-like
treatments, temperatures were increased to 12/23 °C (May), 16/28 °C (June), and 19/31 °C (July). Temperature varied gradually over 24 h to mimic natural
diurnal cycles and was maintained from May to July, aligning with critical wheat growth stages. The right panel illustrates soil water capacity (SWC) and atmospheric
CO,, concentrations used in each treatment. Control plants were maintained at 90 % SWC and 400 ppm CO,. In future scenarios, drought reduced SWC to 25 + 5 %,
while CO; concentration (eC) was elevated to 700 ppm. Treatments included drought (D) and elevated temperature (eT) as stressors, and elevated CO, concentration
(eC) as a potential stress-mitigating factor. These were applied individually, in all pairwise combinations (eT+D, eC+D, and eC+eT), and as a three-factor com-
bination (eC+eT+D). (B) Experimental setup. The timeline shows the growth conditions prior to and during the treatment period, aligned with key developmental
stages of winter wheat, based on the Zadoks growth scale (GS). Treatments were applied from stem elongation (GS30) through the completion of anthesis (GS69).

After treatments, all plants were returned to control regime.

Measurement of plant morphological parameters

Morphological traits were assessed at the ripening stage (GS91) using
three replicates per treatment regime, each comprising six plants. An
exception was made for flag leaf length (FLL), which was measured
earlier, at the flowering stage (GS61). Plant height (PH) was measured
from the soil surface to the tip of the central spike. FLL was measured
from the base to the tip of the flag leaf on the main stem. Shoot biomass
(SBM) was obtained by cutting the shoots at the soil surface, oven-drying
them at 70 °C for 48 h and then weighing. The number of spikes per
plant (NoSP) was counted manually. Spike biomass (SPBM) was deter-
mined by separating the spikes, drying them under the same conditions
as SBM, and weighing. Spike length (SPL) was recorded from the base to
the tip of the central spike. Husk weight (HUWt) was measured after the
husks were separated from the grains and dried using the same pro-
cedure as for SBM.

Measurement of grain morphological parameters

Grains were collected at the seed dormancy stage. After harvest, the
threshed grains were stored at room temperature for one month prior to
analysis. All analyses were conducted using three biological replicates
per treatment regime, each consisting of grains collected from six plants.
The total number of grains per plant (NoG) was counted using the See-
dExtractor tool (Zhu et al., 2021). Thousand grain weight (TGW) was
calculated by weighing 150 randomly selected grains per plant, with
TGW determined as (total sample weight [g] / number of grains) x
1000. Grain dimensions, including area (AR), length (GL), width (GW),
and periphery (PER), were determined using the SeedExtractor tool (Zhu
et al., 2021) on approximately 150 grains per plant. Periphery was
defined as the external boundary length of each grain. Grain circularity
(CIR) was calculated as 4 x AR / PER?, and the width-to-length ratio
(GW/GL) was determined by dividing grain width by grain length.

Measurement of physiological parameters

Physiological traits, including transpiration rate (E), photosynthetic
rate (A), stomatal conductance (Gsw), and intrinsic water-use efficiency

(WUE), were measured at the flowering stage (GS61) using three rep-
licates per stress regime, each consisting of six plants. Measurements
were taken from the second and third fully expanded intact leaves of the
main tiller, 5-8 h after the beginning of the light period, using a Li-6400
portable photosynthesis system (LI-COR Biosciences, Lincoln, Nebraska,
USA). Intrinsic WUE was calculated as the ratio of A to E (WUE = A/E).

Stomata status assessment

Stomatal imprinting was conducted on three representative plants
for each treatment, with a minimum of 500 stomatal cells evaluated per
plant for each regime, following the method described in (He et al.,
2019). Briefly, Silagum-Light (DMG, Germany) was prepared by mixing
its base and catalyst in a 1:1 ratio and applied to the abaxial surface of
the leaf. Once the material hardened, the negative mold was carefully
removed. A thin layer of nail polish was then applied to this mold,
allowed to dry, and subsequently peeled off to create a positive imprint.
This imprint was transferred to a glass slide immersed in 50 % glycerol.
Images were captured using a light microscope (Olympus BX60)
equipped with a Promicra 3-3CP camera (Sony). The status was cat-
egorised as open, partially open, or closed.

RNA extraction, sequencing and data analysis

Leaf samples (3 cm from the mid-section of the third and fourth
leaves on the main tiller) were collected from three biological replicates
per treatment at GS61. Total RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen), including an on-column DNase I treatment. RNA
integrity (RIN > 6.0) was verified using a Bioanalyzer 2100 (Agilent).
Libraries were prepared (NEBNext Ultra RNA Library Prep Kit for Illu-
mina, poly-A enrichment) and sequenced on an Illumina NovaSeq 6000
(150 bp paired-end, Novogene Ltd, UK). Raw sequencing reads were
processed using Trim Galore v.0.4.1 to remove adaptor sequences and
low-quality bases. Cleaned reads were subsequently aligned to the
wheat reference genome (RefSeq v2.0, EnsemblPlants) using HISAT2
(Kim et al., 2019). The evaluation table of RNA sequence data quality is
provided in the Table S2. Differential gene expression analyses were
performed with DESeq2 (Love et al., 2014), considering genes with an



Z. Milec et al.

FDR-adjusted p-value < 0.05 as significantly differentially expressed.
Expression levels were reported in fragments per kilobase of transcript
per million mapped reads (FPKM). Multidimensional scaling (MDS) was
performed post-variance stabilization, with data visualisation (Volcano
and UpSet plots) conducted using R’s ggplot2 package. Gene ontology
(GO) enrichment analysis of biological processes and KEGG pathways
was carried out in ShinyGO 0.85 (http://bioinformatics.sdstate.
edu/go/) using a triad-collapsed list of differentially expressed genes
(DEGs), in which one representative gene was retained per homoeolo-
gous triad to avoid overcounting A/B/D copies. DEGs were defined by an
adjusted p-value < 0.01 and an absolute log2-fold change (log>FC) > 1.
Enrichment analysis applied an FDR cutoff of 0.05 and a minimum
pathway size of 10 genes, followed by the removal of redundant terms.
The list of triads was retrieved from Wang et al. (Wang et al., 2025).
Functional annotations of all genes were conducted using DAVID bio-
informatics resources (https://davidbioinformatics.nih.gov/tools.jsp)
(Sherman et al., 2022; Huang et al., 2009). Alluvial charts were created
using online tool RawGraphs 2.0 (https://www.rawgraphs.io/).

Relative contribution of A, B, and D subgenomes within expressed triads

To study triads expression, a total of 19,801 1:1:1 syntenic and non-
syntenic homoeologous triads (representing a total of 59,403 genes)
were analysed to quantify subgenome contributions (Ramirez-Gonzalez
et al., 2018). A triad was considered expressed when the sum of FPKM
across its three homoeologs exceeded 0.5 (FPKM, + FPKMp + FPKMp, >
0.5), which also retains triads in which only one homoeolog was
expressed and permits downstream classification of dominance
(Ramirez-Gonzalez et al., 2018). Using this criterion, 50,254 genes were
expressed (Dataset_S1). Within each treatment, expression values were
used as FPKM and triad-level normalisation was performed prior to
relative-contribution calculations. For each expressed triad, the relative
contribution of each homoeolog was computed as:

expressiony, = FPKM, /(FPKM, + FPKMj; + FPKMp),
expressiony = FPKMp /(FPKM, + FPKMj; + FPKMp),
expressionp = FPKMy, /(FPKM, + FPKM; + FPKM),)

where FPKM,, FPKMg and FPKMp, are the FPKM values for the A, B and
D homoeologs after within-treatment normalisation. These relative
contributions sum to 1 for each triad and were used for classification and
plotting. Triads were classified into balanced, dominant or suppressed
categories using thresholds adapted from (Ramirez-Gonzalez et al.,
2018). Ternary plots of normalised expression were generated using the
ggtern R package (Hamilton and Ferry, 2018)

Expression patterns of DEGs common to single and combined stresses

Differentially expressed genes identified in single (e.g., eT, D) and
combined (e.g., eT+D) stress treatments were categorised into six
response modes — additive, synergistic, neutral, dominant, antagonistic,
and equalisation — based on their log,FC values and associated vari-
ability (+ standard deviation) (Shaar-Moshe et al., 2017). Briefly, in the
additive mode, the log>FC under combined stress approximates the sum
of the logyFCs from corresponding single stress treatments; in the syn-
ergistic mode, logoFC exceeds this sum. The neutral mode exhibits
similar logoFC across all stress conditions. Conversely, antagonistic re-
sponses display opposite logoFC in combined versus single stresses, and
equalisation occurs when the combined-stress log,FC resembles the sum
of single-stress logoFCs but with opposing effects. Finally, in the domi-
nant mode, the logoFC under single and combined stresses remains
similar. Transcripts that did not fit these categories were classified as not
assigned (NA).
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Identification of potential treatment-specific marker genes

Treatment-specific genes were identified based on FPKM values.
Genes were selected if they exhibited at least a 5-fold increase relative to
control and a 2-fold increase compared with all other treatments. If an
excessive number of genes met these criteria, the threshold for the dif-
ference from other treatments was raised to 5-fold.

Weighted gene co-expression network analysis (WGCNA)

Log,FC values of DEGs from all treatments were used for WGCNA in
R (Langfelder and Horvath, 2008). A soft-thresholding power (§3) was set
to 18 to meet the criteria for scale-free topology. Modules were defined
with a minimum size of 30 genes, a cut height of 0.15, and an adjacency
matrix dissimilarity threshold of 0.2. Module eigengenes were corre-
lated with morpho-physiological traits at a significance level of p < 0.05.
Modules with |r| > 0.8 or < —0.8 and an adjusted p-value < 0.01 were
subjected to further functional enrichment and trait association ana-
lyses. For gene prioritisation, within each selected module we computed
within-module connectivity (degree; number of connections to other
genes based on the adjacency/TOM) and designated the top 10 genes per
module as “top” genes.

Transcription factors enrichment analysis

Transcription factor (TF) enrichment analysis was performed using
the protein sequences of DEGs (log2FC > 1 or < —1, adjusted p-value <
0.01). These sequences were retrieved from EnsemblPlants BioMart
(https://plants.ensembl.org/biomart/martview/), while TF families
were identified using the PlantTFDB Prediction tool (https://planttfdb.
gao-lab.org/prediction.php).

Statistical analysis of non-RNA sequencing data

Non-RNA-seq data were analysed for normality, followed by one-
way or multi-way ANOVA with Tukey’s HSD post hoc test (p < 0.05)
using STATISTICA 13 (StatSoft).

Results
Morpho-physiological responses of wheat to single and combined factors

We measured a range of morphological and physiological parameters
to evaluate the impact of different treatments (D, eT, eC and their
combinations; Fig. 1A) on the phenotypic outcomes of wheat. These
traits were subsequently grouped using hierarchical clustering (Fig. 2).
The morphological traits analysed included plant height (PH), flag leaf
length (FLL), shoot biomass (SBM), number of spikes (NoSP), spike
biomass (SPBM), spike length (SPL), and husk weight (HUWt), as well as
grain morphology (Fig. 2A-E, Figs. S1, S2). All drought-containing
treatments — whether applied alone or in combination - clustered
together (Fig. 2F). Among all combinations, the eT+D treatment caused
the most pronounced negative effects, reducing PH by 18 %, FLL by 40
%, and SBM by 20 % relative to the control (Figs. S1). Drought alone
demonstrated similar but less severe trends. In contrast, eC and eC+eT
improved plant performance, increasing SBM by 8 % and 16 %,
respectively, and enhancing NoSP and SPBM by 18-42 %. Notably,
eC+eT caused a 6-fold increase in HUWt (Ctr = 0.6 g, eC+eT = 3.4 g).

Grain-related parameters included the number of grains per plant
(NoG), grain weight (GW), thousand-grain weight (TGW), grain area
(AR), grain length (GL), grain width (GW), grain circularity (CIR), grain
periphery (PER), and the grain width-to-length ratio (GW/GL) (Fig. 2D,
F and Figs. S2, S4). Under drought conditions, TGW and NoG decreased
by 12 % and 15 %, respectively. Notably, eT+D reduced TGW by 27 %
compared with the control but did not affect NoG. In contrast, eT and
eC+eT increased NoG by 34 % and 28 %, respectively, while slightly
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Fig. 2. Effects of individual and combined treatments on wheat performance.

(A, B) Representative images of wheat phenotypes at the flowering (A) and harvesting (B) stages under different treatment regimes. Scale bars, 30 cm. (C) Com-
parison of flag leaf morphology across treatments. Scale bar, 10 cm. (D) Representative images depicting grain width and length for each treatment. Scale bar, 10
mm. (E) Representative pictures of spikes collected from individual plants under each treatment. Scale bar, 10 cm. (F) Hierarchical clustering of plant morphology,
grain traits, and physiological parameters. Morphological parameters: plant height (PH), flag leaf length (FLL), shoot biomass (SBM), number of spikes per plant
(NoSP), spike biomass (SPBM), spike length (SPL), and husk weight (HUWt). Grain traits: number of grains per spike (NoG), thousand-grain weight (TGW), grain area
(AR), grain length (GL), grain width (GW), circularity (CIR), periphery (PER), and grain width-to-length ratio (GW/GL). Physiological parameters: transpiration rate
(E), photosynthesis rate (A), stomatal conductance (Gsw), and water-use efficiency (WUE). Source data are provided in Figs S1-S3. (G) Representative stomatal
phenotypes categorised as open, partially open, or closed. Scale bar, 10 um. (H) The percentages of open, partially open, and closed stomata represent mean values
from three plants, with >500 cells evaluated per plant. ANOVA was performed separately for each stomatal phenotype. Different letters indicate statistically sig-
nificant differences (P < 0.05, Tukey’s post hoc test). The asterisks denote partially open stomata that occurred at a very low proportion (< 0.01 %) and are not
visually represented.
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decreasing TGW. Elevated CO; had the strongest positive effect,
increasing NoG and TGW by 15 % and 11 %, respectively. Grain shape
parameters were most affected by drought, eC, and eT+D.
Transpiration rate (E), photosynthetic rate (A), stomatal conduc-
tance (Gsw), and water-use efficiency (WUE) exhibited a distinct clus-
tering pattern for drought-related treatments (D, eT+D, eC+D) (Fig. 2F
and Figs. S3, S4). All drought-containing combinations significantly
reduced E (by 63 % to 71 %) and Ggw (by 70 % to 80 %) compared to the
control. In contrast, elevated temperature alone increased E, A, and Gsw
by approximately 10 % to 30 %. Water-use efficiency (WUE) increased
markedly under elevated COy by 174 %. Moreover, the combined
elevated CO: and drought treatment (eC+D) led to an even more pro-
nounced enhancement in WUE, with an increase exceeding 320 %
(Fig. S3), suggesting a synergistic effect of these factors on water-use
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Fig. 3. Relative expression patterns of homoeologous triads across subgenomes.
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optimisation.

We also analysed stomatal aperture status, categorizing stomata as
open, partially open, or closed (Fig. 2G, H). Under control and single-
factor treatments, stomata tended to be either fully open or
completely closed. In control and eT conditions, 75 % of stomata were
open and 25 % closed, whereas drought reversed this pattern (25 %
open, 75 % closed). Under eC conditions, 45 % of stomata were open and
55 % closed. Importantly, all combined treatments resulted in a com-
parable proportion of partially open stomata, accounting for approxi-
mately 20 % across treatments. In the eT+D treatment, open stomata
were more prevalent (57 %), whereas closed stomata were more com-
mon in other combinations, reaching 55 % in eC+D, 70 % in eC+eT, and
72 % in eC+eT+D.

Taken together, the most severe negative impacts on plant growth,
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(A) Multidimensional scaling (MDS) of 24 transcriptomes, with each point representing a color-coded biological replicate by treatment. Clustering reflects high
similarity among replicates within each treatment. (B) Boxplots of gene expression levels (FPKM) for genes with non-zero expression. The box shows the interquartile
range (IQR), with the median (line) and mean (cross). Whiskers extend to 1.5 times the IQR. (C) Ternary plot (control shown; cultivar Alana) of relative contributions
(%) from A, B and D homoeologs in 1:1:1 triad. Each point is a triad; the centre (grey) indicates balanced A:B:D contribution; coloured sectors indicate dominance or
suppression toward particular subgenomes. Axes show percentage contribution. (D) Boxplots showing the relative homoeolog contribution ( %) for triads classified as
balanced, A dominant or A suppressed across control and stress conditions (A subgenome shown; B and D subgenomes in Supplementary Fig. S7). (E) Proportion of
triads classified as balanced, dominant or suppressed across control and treatments. Colours indicate categories as in (C).
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biomass, and grain yield occurred under the eT+D and drought-only
treatments. Conversely, elevated CO2 consistently enhanced spike and
grain traits, even under combined conditions.

Subgenome triad expression patterns in single and combined treatments

We next examined transcriptomic reprogramming under single and
combined treatments using RNA-seq analysis of leaves collected at the
flowering stage. Multidimensional scaling (MDS) revealed clear clus-
tering of biological replicates according to treatment (Fig. 3A). Samples
from the eC, eT+D, and eC+D treatments were markedly separated from
the control, indicating substantial transcriptional shifts, while the
drought-treated and eC+eT+D samples clustered more closely with
control samples. Gene expression levels (FPKM) were generally consis-
tent across treatments, with median expression ranging from 3.24
(eT+D) to 3.36 (control) (Fig. 3B, Dataset-S2. Notably, approximately
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40 % of expressed genes in each treatment exhibited very low (0-1
FPKM) expression levels (Fig. S5).

Wheat is an allohexaploid with three subgenomes AABBDD; to
quantify subgenome contributions we performed a ternary analysis of
1:1:1 homoeologous triads and classified triads as balanced (near-equal
A:B:D contribution), dominant (one homoeolog predominates) or sup-
pressed (one homoeolog is reduced) (Fig. 3C-D, Figs. S6-S9). Across
control and stress conditions ~54-57 % of triads were balanced, indi-
cating broadly conserved expression from the A, B and D subgenomes. A
minority of triads showed biased expression: A dominant ~ 7-8 % (A
suppressed ~ 4-5 %), B dominant =~ 10-12 % (B suppressed ~ 4-5 %),
and D dominant/suppressed each ~ 5 % (Fig. 3E, Fig. S7). These pro-
portions were broadly similar across treatments, with only modest,
treatment-dependent reallocations of homoeolog contribution (Fig. 3E).

In summary, treatment-specific transcriptomes coexist with largely
balanced 1:1:1 triads; minor, treatment-dependent homoeolog biases
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Fig. 4. Global transcriptomic profiles and pathway responses.

(A) Bar plots showing the total number () of differentially expressed genes (DEGs) assigned to the A, B and D subgenomes for each treatment. DEGs were called after
homoeolog-bias correction (see Methods). Data for subgenomes are provided in Supplementary Table S3. (B) Stacked-bar representation of the relative contribution
(%) of A, B and D DEGs for each treatment based on the counts in (A). (C) Alluvial diagrams linking treatment, direction of regulation (down-/upregulated) and
subgenome (A/B/D). Stream width is proportional to the number of DEGs flowing between categories. (D) Bubble plot of selected KEGG pathways enriched among
up- and down-regulated genes. Only DEGs retained after homoeolog-bias correction (logoFC > 1 or < —1, adjusted p -value < 0.01) were included.
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occur, but no genome-wide subgenome shift was detected.

Transcriptomic and pathway responses of wheat to single and combined
treatments

We analysed differentially expressed genes (DEGs) after correcting
for homoeolog bias (Fig.4A, Table S3). Among the single-factor treat-
ments, eC elicited the largest response (2067 up- and 2125 down-
regulated genes), followed by eT, which triggered 588 up- and 1598
down-regulated genes. In contrast, drought (D) induced a smaller tran-
scriptional response (389 up-, 281 downregulated genes Two-factor
combinations provoked substantially larger transcriptomic shifts:
eT+D (4776 up- and 4322 down-regulated genes) and eC+D (4371 up-
and 3057 down-regulated genes) showed the highest DEG counts,
whereas eC+-eT elicited 1920 up- and 2473 down-regulated genes. The
three-factor treatment (eC+eT+D) produced an intermediate response
(2745 up- and 2854 down-regulated genes). Across treatments, upre-
gulated DEGs were distributed approximately equally among the A, B
and D subgenomes (~ one-third each). A small deviation from this
pattern was observed for downregulated genes under drought, which
were skewed toward the A and B subgenomes (A: 37 %, B: 42 %, D: 21
%) (Fig. 4B).

To integrate gene- and triad-level behaviour, we constructed alluvial
diagrams (Fig. 4C). Up-regulated DEGs were broadly distributed across
triad classes (=~ 20 % in balanced ABD, A, B- and D-dominant, and bi-
homoeolog categories), whereas down-regulated DEGs showed a
larger share of biased triads (balanced ~ 10 %; other categories ~ 20-22
%). The largest flows into both balanced and biased categories derived
from combined-stress treatments (notably eT+D and eC+D).

KEGG pathway enrichment (homoeolog-corrected) revealed
treatment-specific signatures (Fig. 4D, Table S4). Elevated temperature
was associated primarily with protein processing in the endoplasmic
reticulum and chromatin-remodelling terms. Elevated CO. enriched
pathways related to secondary-metabolite and carotenoid biosynthesis.
Double stresses (eT+D, eC+D) showed broad enrichment across several
pathways — including secondary-metabolite biosynthesis, ER protein
processing, sugar metabolism and carotenoid biosynthesis — and eT+D
was uniquely enriched for photosynthetic antenna proteins. By contrast,
eC+eT and the triple treatment were dominated by ER protein-
processing enrichment. Across many conditions, glutathione meta-
bolism was recurrently downregulated and ABC transporter genes were
frequently repressed.

Overall, multi-factor treatments induced stronger and broader tran-
scriptional responses than single factors. Among single factors, elevated
CO4 had the most pronounced effect, whereas the eT+D and eC+D
combinations triggered the largest transcriptomic reprogramming
among two-factor treatments.

Unique, shared, and potential marker genes in single and combined
treatments

To differentiate between unique and shared transcriptional re-
sponses, we generated UpSet plots (Fig. 5A). Drought alone resulted in
only 131 unique DEGs, while eT and eC induced 387 and 707 unique
DEGs, representing 0.4 %, 1.1 %, and 2.1 % of the total DEGs, respec-
tively (Fig. 5B). In contrast, combined treatments produced substantially
more unique genes — for example, eT+D yielded 3321 unique DEGs (10
%) and eC+D 2066 (6.1 %) (Dataset_ S3). GO enrichment analysis of
biological processes for triad-collapsed DEGs revealed distinct,
treatment-specific patterns (Fig. 5C and Figs. S10, S11). Among the up-
regulated categories, response to heat was strongly enriched under
elevated temperature and in all combinations that included heat.
Chromatin remodelling was also enriched under eT, indicating activa-
tion of chromatin-based regulatory programs during thermal stress.
Chloroplast-related processes — chloroplast organization and photosyn-
thesis — were enriched under elevated CO2 and eC-containing
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combinations, consistent with stimulation of chloroplast/photochem-
ical functions. In contrast, down-regulated genes consistently showed
enrichment for cell communication, pointing to a general attenuation of
intercellular signalling across stresses. Transmembrane transport
appeared in both the up- and down-regulated categories depending on
treatment, indicating a reconfiguration of transport capacity (induction
of specific transporters accompanied by repression of others).

Several dozen genes exhibited distinct expression patterns under
specific treatments and may serve as potential treatment-specific marker
genes (Fig. 5D, genes mentioned in the text). Across the entire experi-
ment, we detected marker candidates in every treatment, ranging from
two upregulated genes in eT to 291 downregulated genes in eT+D. For
clarity, only the most significant representative gene for each treatment
is shown. The complete list of candidates is provided in Dataset_S4. For
instance, drought alone caused an 11-fold increase in the expression of
MITOGEN-ACTIVATED PROTEIN KINASE KINASE KINASE 17
(MAP3K17; TraesCS1B03G1045900) compared to the control, consistent
with the observed enrichment of the MAPK signalling cascade. Elevated
CO, triggered an 8-fold increase in AQUAPORIN PIP2-6 (PIP2-6;
TraesCS5D03G0192000) expression, potentially enhancing CO, diffu-
sion across cell membranes and photosynthetic efficiency (Xu et al.,
2019). Elevated temperature led to a five-fold upregulation of PROTEIN
ARGONAUTE 4A (AGO4A; TraesCS7A03G1266600), which may play a
role in regulating heat-activated transposable elements (Miloro et al.,
2024). The eT+D treatment induced a more than 2500-fold increase in
PM19L (TraesCS1B03G1045900), a plasma membrane protein gene
linked to transmembrane transport (Fig. 5D). Additionally, the CHLO-
ROPHYLL A-B BINDING PROTEIN OF LHCII gene
(TraesCS1D03G0506300) was upregulated 17-fold relative to control
plants (Dataset_S4), suggesting enhanced chlorophyll accumulation and
light-harvesting capacity (Pietrzykowska et al., 2014).

The combination of eC+eT caused a nearly 500-fold increase in
HEAT SHOCK PROTEIN 1 expression (16.9 kDa HSPI;
TraesCS3D03G0079600), aligning with heat-response GO biological
process (Fig. 5C), and likely contributing to thermotolerance by stabil-
ising protein structure and preventing heat-induced aggregation. Under
eC+D, PEROXIDASE 5-LIKE (PRX5; TraesCS4B03G0539200) expression
was upregulated 32-fold, indicating a key role in mitigating oxidative
stress by scavenging reactive oxygen species (ROS) and maintaining
cellular redox balance (Su et al., 2020). The three-factor treatment
(eC+eT+D) induced a 9-fold increase in GLUTATHIONE S-TRANS-
FERASE 1 expression (GSTF1; TraesCS2A03G0085500), likely enhancing
the plant’s antioxidant capacity through glutathione conjugation and
supporting abiotic stress resilience (Chen et al., 2012).

To test whether the subgenome carrying a putative marker also
dominates expression at its locus, we visualised A/B/D partitioning with
ternary plots (Fig. 5E and Fig. S12). For several loci, the designated
marker homoeolog was the major contributor — for example PM19L
(chromosome 5B), HSP1 (chromosome 3D) and GSTF1 (chromosome
2A) (Fig. 5E) — whose marker copies also showed the largest fractional
contribution within their gene triads. In other cases, a non-marker
homoeolog contributed more to total FPKM at that locus (e.g. PIP2-6
with A > D under eC; PRX5 with D > B under eC+D) (Fig. S12), yet these
copies did not satisfy our stringent definition of “treatment-specific
marker” (> 5-fold vs control and > 2-fold vs all other treatments, or > 5-
fold if an excess of candidates) across regimes and were therefore not
classified as markers. This distinction clarifies why the highest-
expressed homoeolog in the ternary plot is not always the one flagged
as a marker; marker status is based on cross-treatment selectivity,
whereas the ternary plot summarizes within-gene dosage among
homoeologs in the focal treatment. This observation was supported by
public RNA-seq data showing PRX5 homoeologs expression descending
in the pattern 4D > 5A > 4B (Borrill et al., 2016).

The candidate marker genes identified under specific treatments
underscore core pathways involved in environmental adaptation and
represent promising targets for breeding wheat with enhanced resilience
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Fig. 5. Unique and shared transcriptomic responses.

(A) UpSet plots displaying upregulated (top) and downregulated (bottom) differentially expressed genes (DEGs) across treatments. The x-axis shows the total number
of DEGs, while the y-axis indicates DEGs unique to single treatments (single dots) or shared across combined treatments (connected dots). (B) Bar chart showing the
percentage of unique and shared significant DEGs (log2FC > 1 or < 1, adjusted p-value < 0.01) for each condition, with the number of DEGs indicated in brackets. (C)
Matrix bubble plot showing the most enriched biological processes (BP) from Gene Ontology enrichment analysis (adjusted p < 0.01) across the unique (condition-
specific) genes identified in (B). (D) Examples of highly expressed genes specific to certain conditions. High-uniqueness genes were defined as those showing > 5-fold
higher expression relative to the control and > 2-fold higher expression compared to all other treatments. If an excessive number of genes met these criteria, the
threshold for the difference from other treatments was raised to 5-fold. Gene symbols and IDs (listed from top to bottom): MITOGEN-ACTIVATED PROTEIN KINASE
KINASE KINASE 17 (MAP3K17, TraesCS1B03G1045900), PROTEIN ARGONAUTE 4A (AGO4A, TraesCS7A03G1266600), PLASMA MEMBRANE PROTEIN 19 (PM19L,
TraesCS5B03G1369900), AQUAPORIN PIP2-6 (PIP2-6, TraesCS5D03G0192000), PEROXIDASE 5-LIKE (PRX5, TraesCS4B03G0539200), 16.9 kDa CLASS I HEAT
SHOCK PROTEIN 1 (16.9 kDa HSP1, TraesCS3D03G0079600), GLUTATHIONE S-TRANSFERASE 1 (GSTF1, TraesCS2A03G0085500). (E) Ternary plots presenting
relative contributions of A, B and D subgenomes to expression of selected genes from (D). Each point is a gene-treatment mean expressed as a fraction of the sum of
FPKM for its three homoeologs (A + B + D = 1). Missing homoeolog or undetected expression was treated as 0. Gridlines mark 20 % increments. Proximity to a vertex
indicates dominance of that subgenome. Remaining genes from (D) are shown in Supplementary Fig. S12.
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to future climate conditions.

Response-mode partitioning of shared DEGs under combined stress

Using the workflow described in (Shaar-Moshe et al., 2017), all
shared DEGs (Fig. S13) were categorised into one of five response modes
- additive, synergistic, neutral, dominant, or not assigned (NA).
Antagonistic and equalisation patterns were not detected (Fig. 6A-B,
Dataset_S5). In two-factor treatments, dominance or neutrality generally
prevailed, although the distribution varied depending on the specific
combination. For example, in eC+eT, approximately one-third of DEGs
followed a dominant pattern (= 32 %), while another ~ 29 % responded
additively; synergistic responses were rare (<1 %). In eC+D, additive
responses were more prominent (approximately 37 %), whereas domi-
nance and neutrality each accounted for =~ 25 % (Fig. 6B). The eT+D
treatment resulted in a more balanced profile: dominant (=~ 29 %),
neutral (= 27 %), and additive (=~ 23 %), with approximately 2 % of
DEGs showing synergistic behaviour. Adding a third factor substantially
altered this distribution. Under eC+eT+D treatment, dominance
remained the most frequent response (= 47 %), while additive responses
dropped to =~ 4 % and no synergistic behaviour was detected.

In summary, paired stresses elicit dominant, additive and neutral
responses in wheat, while addition of the third factor strengthens
dominance and diminishes additivity, with synergistic mode remaining
rare.

Co-expression network analysis reveals key gene modules regulating
morpho-physiological traits under combined environmental conditions

We performed weighted gene co-expression network analysis
(WGCNA) on RNA-seq data from both single and combined treatments
to identify co-regulated clusters. This analysis revealed 56 distinct
modules, each representing genes with highly correlated expression
profiles across treatments (Fig. 7A, Fig. S14).

To associate gene modules with morpho-physiological traits (Fig. 2),
we correlated module eigengenes with measured trait values. Several
modules showed strong correlations (Pearson’s |r| > 0.8, adjusted p <
0.01), suggesting potential regulatory links (Fig. 7B). For instance, plant
height (PH) was strongly associated with modules M53, M54, and M55
(Fig. 7B,C). Similarly, shoot biomass (SBM) was positively correlated
with modules M2, M43, and M54, which were upregulated under eC+eT
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but downregulated under eT-+D, suggesting treatment-specific regula-
tory mechanisms influencing growth. For thousand grain weight (TGW),
module M46 demonstrated the strongest correlation. Photosynthetic
rate (A) also correlated with modules M2, M43, and M54, which were
upregulated under eC and eC+eT but suppressed under eT+D - paral-
leling the observed reductions in PH, TGW, and A (Fig. 2F, Fig. 7C and
Figs. S1-S3).

To gain mechanistic insight, we inspected high-connectivity genes
within trait-associated modules (Fig. 7D, Fig S15). Modules M2 and M43
were both positively associated with SBM and photosynthetic rate (A)
(Dataset_S6). Module M2 includes genes upregulated by eC, eC+D and
eC+eT and is anchored by candidate hubs such as an ABC TRANS-
PORTER G FAMILY (ABCG, TraesCS5D03G0351500), an FAOI-like
ALCOHOL OXIDASE (FAO1, TraesCS1D03G0261600) and a PHOSPHA-
TIDYLINOSITOL-TRANSFER PROTEIN (PITP, TraesCS5D03G1174400)
(Fig. 7D). Module M43 is upregulated under eC, eC+eT and eC+eT+D
(and, for some genes, also by eT) and is enriched for stress-responsive
genes encoding HSP18.9 (TraesCS6B03G0192300) a LATE EMBRY-
OGENEIS ABUNDANT-2 protein (LEA-2, TraesCS2A03G1353100), a
JASMONATE-INDUCED OXYGENASE-like enzyme (JOX-2, TraesC-
S3A03G0599100) and the bHLH156 (TraesCS2D03G0517800) tran-
scription factor (Fig. 7D). These contrasting hub profiles suggest distinct
mechanisms: M2 hubs are consistent with enhanced transport and
metabolic activity under elevated CO3, whereas M43 hubs implicate
protein protection, hormone-linked signalling and transcriptional con-
trol in the CO5-responsive stress response.

Overall, these module-trait associations and their hub genes provide
candidate targets for functional validation and for breeding or
biotechnological strategies aimed at improving growth and photosyn-
thetic resilience under complex environmental stresses.

Combined treatments amplify transcription factor responses

Transcription factors (TFs) are proteins that regulate gene expression
during plant growth and defence responses. We identified significantly
altered TFs (logoFC > 1 or < —1, p < 0.01) across all treatments (Fig. 8
and Fig. S16). Combined treatments, particularly eC+D, eT+D, and
eC+eT+D, resulted in substantial enrichment of upregulated TF families
(Fig. 8A, Dataset_S7). Notable families included bHLH, bZIP, ERF, MYB,
MYB-related, NAC, WRKY, and HSF, all known to participate in stress
signalling and transcriptional control.

A B
TraesCS4D03G0400500 TraesCS4D03G0561600 TraesCS2D03G0512900 Gene response mode
eC+eT eC+D eT+D eC+eT+D
1009
1.6 25 5.0 %
2.0 4.0 80%
1.2
BN (“i 1.5 EN 3.0 60%
308 g g
1.0 2.0 40%
0.4
0.5 1.0
20%
0.0 0.0 an 0.0
b O E % & % 5 E, 0% —
[ 5} (q.}

neutral mode dominant mode

additive mode

B Additve [l Synergistic

Neutral Dominant NA

Fig. 6. Transcriptional response modes among shared and combination-specific DEGs.
(A) Response mode partitioning of shared DEGs among transcriptional patterns in two-factor and three-factor treatment combinations. Data underlying the plots are
provided in Supplementary Dataset S5. (B) Representative example genes illustrating response mode across double and triple stresses. Plots show normalized
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Fig. 7. Gene co-expression network analysis and its correlation with morpho-physiological traits.

(A) Module-trait correlation matrix. Heatmap displays both positive and negative correlation between modules identified using Weighted Gene Co-Expression
Network Analysis (WGCNA) and phenotypic traits, measured during experiments. M stands for module number. Plant morphology parameters (green): PH (plant
height), FLL (flag leaf length), SBM (shoot biomass), NoSP (number of spikes), SPBM (spike biomass), SPL (spike length), and HUWt (husk weight).Grain parameters
(blue): NoG (number of grains per spike), TGW (thousand-grain weight), AR (grain area), GL (grain length), GW (grain width), CIR (seed circularity), PER (grain
periphery), and GW/GL (grain width-to-length ratio). Physiological parameters (yellow): E (transpiration rate), A (photosynthesis rate), Gsy (stomatal conductance),
and WUE (water-use efficiency).(B) Modules with a gene significance (Pearson correlation coefficient) > 0.8/ < 0.8 with morpho-physiological traits. Feature de-
scriptions as in (A). (C) Selected gene modules with positive trait correlation (Pearson correlation coefficient > 0.8) showing eigengene expression under individual
treatments. (D) Representative top-ranked genes from selected WGCNA modules shown as heatmaps. For each module, rows are ordered top-to-bottom by intra-
modular connectivity. Remaining module genes are shown in Supplementary Fig. S15. Intramodular connectivity was calculated using WGCNA and top genes were
selected by highest intramodular degree.
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Fig. 8. Transcription factor enrichment.

(A) Matrix bubble plot illustrating the most enriched transcription factor (TF) families. (B) Heatmap displaying expression levels of bHLH family members that were
overrepresented under specific treatment conditions. (C) Bar chart showing the proportion of shared and condition-specific significant TFs for each treatment, with
the number of TFs indicated in brackets. (D) Examples of potentially novel regime-specific TFs. Conditions with unique expression are shaded in grey.

Most treatments exhibited downregulated TF families; however,
drought alone induced minimal downregulation, underscoring differ-
ential regulatory responses between single and combined treatments.
Comparative analysis revealed significant overlap of upregulated TFs
across different treatments (Fig. 8B, C), reflecting similar patterns
observed for protein-coding genes (Fig. 5B). However, a subset of TFs
was uniquely responsive to specific combinations: 154 (14 %) in eT+D,
141 (13 %) in eC+D, and 65 (6 %) in eC+eT+D. For example, ERF,
WRKY, MIKC_MADS, and HSF were specific to eC+D; ERF, bZIP, and
NAC to eT+D; and NAC dominated the uniquely responsive TFs under
eC+eT+D (Figs. S17, S18, Dataset_S7).

Several TFs also exhibited markedly higher expression under
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particular combinations of growth conditions (Fig. 8D). For instance,
MYB (TraesCS7D03G0301200) was exclusively found in eT+D, MIKC -
MADS (TraesCS6A03G0484300) in eC+D, while WRKY (TraesC-
S6A03G0451000) and Dof (TraesCS1D03G0451700) were most strongly
induced under eC+eT+D. In contrast, several TFs were consistently
downregulated across all treatments (Fig. 8D), for example MIKC_MADS
(TraesCS6D03G0492600), the latter being an orthologue of Arabidopsis
thaliana AGAMOUS-LIKE 16, a TF associated with developmental
processes.

Altogether, these results underscore the crucial roles of major TF
families - including bHLH, bZIP, ERF, WRKY, NAC, and HSF - in
orchestrating multifactorial stress responses. The identification of
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uniquely expressed TFs offers valuable insights into treatment-specific
regulatory networks and points to potential targets for enhancing crop
resilience.

Discussion

Our results split into two complementary themes: structural features
of the wheat genome and the biological strategies wheat used to cope
with single and combined stresses.

Genome structure and transcriptional strategies underlying single- and
combined-stress responses

Bread wheat is an allohexaploid with three subgenomes (A, B and D).
In cultivar Alana, most 1:1:1 homoeologous triads remained balanced
(~ 54-57 %) across control and stress conditions (RNA collected from
leaves sampled at flowering), whereas a higher balanced fraction (~ 70
%) has been reported for flag leaves in Chinese Spring cultivar
(Ramirez-Gonzalez et al., 2018). This difference likely reflects cultivar,
tissue or developmental effects (true leaf vs flag leaf) rather than a
fundamental inconsistency. A minority of triads showed A-, B- or
D-biased expression; these biased triads represent a more plastic subset
that can be selectively recruited by stress without provoking
genome-wide reprogramming. Notably, stress can convert previously
stable (tissue-specific) triads into dynamic, biased ones, indicating that
homoeolog partitioning is itself responsive to environmental cues
(Ramirez-Gonzalez et al., 2018). Several condition-specific marker
genes identified here are subgenome-specific, confirming that biologi-
cally important responses can be resolved at the homoeolog level.
Mechanisms that could underlie such targeted recruitment include
cis-regulatory  variation, differential promoter responsiveness,
trans-acting factors and epigenetic modulation (Concia et al., 2020).

A further key finding concerns how shared DEGs respond to single
versus combined stresses. Using the additive/synergistic/neutral/
dominant classification, two-factor combinations showed broadly
similar frequencies of dominant, additive and neutral responses (each =
20-30 %, treatment-dependent), whereas genuine synergy was rare (< 2
%). In contrast, the three-factor treatment (eC+eT+D) exhibited mark-
edly higher dominance (47 %) and a sharp decline in additive responses
(4 %), with no detectable synergy. Thus, roughly one in six shared DEGs
under triple stress exhibited supra-additive expression that could not be
predicted from single-stress responses. These results suggest that, with
two concurrent factors, wheat generally either activates one prevailing
transcriptional programme (dominance) or maintains largely indepen-
dent regulation of each stress (neutrality). We interpret this shift as
evidence that higher-order stress combinations engage additional layers
of cross-talk — among ABA/JA/SA/ethylene signalling, and MAPK
pathways - that are not fully activated under single or paired stresses.
Under such conditions, a third factor can remove pathway antagonism
or promote cooperative action of transcription factors and co-regulators,
resulting in transcript levels that exceed additive expectations. This
interpretation is consistent with reports that stress combinations
generate unique, non-additive transcriptomes and that emergent (often
synergistic) responses become more likely as the number of concurrent
stresses increases (Zandalinas and Mittler, 2022; Atkinson and Urwin,
2012; Suzuki et al., 2014).

Combined elevated temperature and drought severely reduce wheat
performance

Our results demonstrate that the simultaneous exposure to eT+D had
the most detrimental effects on wheat growth and yield among all
treatments. Key agronomic traits, such as plant height (PH), flag leaf
length (FLL), shoot biomass (SBM), and thousand-grain weight (TGW),
exhibited substantial declines compared to the control. Notably, the 40
% decline in FLL indicates a loss of photosynthetically active surface
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area, likely contributing to impaired grain filling and the observed 27 %
decrease in TGW. These morphological changes are consistent with
earlier reports indicating that the effects of combined heat and drought
strongly reduce biomass accumulation and yield components in cereals
(Khaliq et al., 2008; Mahmood et al., 1991).

At the physiological level, transpiration decreased by 65 %, consis-
tent with a drought-induced water conservation strategy (Pfliiger et al.,
2024). Interestingly, while the proportion of fully open and fully closed
stomata remained similar, a substantial increase in partially open sto-
mata suggests a physiological compromise between opposing demands:
facilitating evaporative cooling under high temperatures and mini-
mizing water loss during drought (Merilo et al., 2014).

At the molecular level, eT+D triggered the highest number of DEGs
among all treatments, indicating extensive transcriptomic reprogram-
ming and activation of stress-response pathways. Gene ontology
enrichment analysis of unique DEGs revealed the upregulation of genes
related to photosynthesis, transmembrane transport, and abiotic stress
response, suggesting metabolic adjustments to support cellular homeo-
stasis. Among these, PM19L, coding for a plasma membrane protein
involved in ABA (abscisic acid) signalling, was upregulated by more
than 2500-fold. Such robust induction suggests a key role in enhancing
drought and heat tolerance by modulating ABA-mediated responses
(Meng et al., 2022; Rerksiri et al., 2013). In parallel, a 17-fold increase in
CHLOROPHYLL A-B BINDING PROTEIN OF LHCII indicates an adaptive
mechanism to maintain photosynthetic efficiency under stress. LHCII
proteins form the core of the light-harvesting complex, capturing and
transferring excitation energy to photosystems I and II. Under stress
conditions such as heat and drought, their reversible phosphorylation
enables dynamic redistribution of energy between photosystems, while
structural roles in granal membrane adhesion and involvement in pho-
toprotective processes — such as energy-dependent quenching — help
prevent photodamage and maintain redox balance (Xu et al., 2012;
Wang et al., 2023; Yang et al., 2000).

Transcription factor (TF) analysis revealed a strong upregulation of
MYB family genes, which are known to regulate stomatal responses
through ABA-dependent pathways (Jung et al., 2008; Cominelli et al.,
2005). The co-induction between OsPM19L and MYB TFs suggests a
coordinated regulatory mechanism linking ABA signalling with stomatal
control and water-use efficiency (Yao et al., 2018). However, despite
these physiological and molecular adjustments, yield losses under eT+D
remained severe, underscoring the insufficient stress responses and
highlighting the need for breeding strategies aimed at enhancing ther-
motolerance and drought resilience in wheat (Reynolds et al., 2021;
Xiong et al., 2024).

Elevated CO, enhances wheat growth, yield, and physiological efficiency

In contrast to the detrimental effects of eT+D, elevated CO5 (eC)
alone had a positive effect on wheat growth and productivity (Vanaja
et al., 2024; van der Kooi et al., 2016). Under CO»-enriched conditions,
plants produced significantly more SBM, spikes, and grains per plant,
along with higher TGW, despite a modest 3 % reduction in PH. This
slight reduction may reflect a shift in assimilate allocation from vertical
stem elongation toward the development of photosynthetically active
tissues and reproductive organs. In addition to these aboveground im-
provements, elevated CO, has also been widely associated with
enhanced root system development (Bach and Gojon, 2023), which may
contribute to improved water and nutrient acquisition under both
optimal and stress conditions.

At the physiological level, eC substantially improved WUE by 174 %.
This increase reflects a 22 % rise in net photosynthetic rate combined
with reduced stomatal conductance by 64 %, which directly lowered
transpirational water loss. Similar patterns have been observed in free-
air CO5 enrichment (FACE) studies (O’Leary et al., 2015; Ainsworth and
Long, 2005; Cao et al., 2022), where elevated CO, enhanced both yield
and WUE, an effect commonly referred to as CO; fertilisation.
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Transcriptomic data further support these physiological observa-
tions. We detected significant upregulation of AQUAPORIN PIP2-6, a
gene encoding a membrane channel protein involved in regulating water
transport. Increased AQUAPORIN PIP2-6 expression may enhance hy-
draulic conductivity, facilitate efficient water transport and contribute
to ABA-triggered stomatal closure (Grondin et al.,, 2015), thereby
improving WUE observed under elevated CO5 conditions. The upregu-
lation of aquaporins has been associated with adjusted stomatal move-
ments and enhanced WUE in various species, even under eC conditions
(Sade et al., 2010; Avila et al., 2020; Zhang et al., 2020; Maurel et al.,
2016).

Together, these morphological, physiological, and molecular
changes suggest that eC reprograms wheat metabolism to optimise
carbon assimilation and WUE (Cao et al., 2022; Padhan et al., 2020). The
integration of increased photosynthetic activity with improved resource
allocation results in significant yield gains, which may partially
compensate for the negative effects of future climate-induced stressors
on global crop production (Long et al., 2006). However, the extent to
which elevated COy can mitigate the negative impacts of additional
stressors such as heat and drought remains a critical question —
addressed in the following section.

Elevated COg partially mitigates damage from elevated temperature and
drought

Given its beneficial effects, we next assessed whether elevated CO,
could alleviate the negative impacts of combined drought and heat.
Under drought conditions, eC significantly improved WUE by 116 %,
driven by a 28 % reduction in transpiration and a 52 % increase in
photosynthetic rate. This suggests that elevated CO, can partially
counteract the limited water availability caused by drought (Zinta et al.,
2014; Wang et al., 2022). The mitigation effects were even more pro-
nounced under the three-factor treatment (eC+eT+D), where key
morphological and physiological traits — including plant height, thou-
sand grain weight, and photosynthetic rate — showed significant
improvement compared to the eT+D combination. This improvement
may be attributed to the ability of eC to reduce oxidative stress and
maintain metabolic function under compound stressors (Abo Gamar
et al., 2019; Zhou et al., 2020).

Transcriptomic analysis supports this hypothesis. In the eC+D and
eC+eT+D treatments, we observed significant upregulation of PEROX-
IDASE 5-LIKE, which encodes an enzyme involved in ROS scavenging,
particularly the reduction of hydrogen peroxide (Hy05) (Laxa et al.,
2019). Drought and heat often trigger excessive ROS accumulation, and
eC may help maintain redox homeostasis by activating specific peroxi-
dase isoforms required for ROS detoxification under these stress condi-
tions (AbdElgawad et al., 2023). Under eT+D, GO enrichment analysis
further identified pathway associated with photosynthesis-antenna
proteins, correlating with significant upregulation of LCHB (Wang
et al., 2017).

In addition, we observed enrichment of pathways related to protein
processing in the endoplasmic reticulum (ER), highlighting its role in
thermotolerance through the unfolded protein response (UPR). This
pathway encompasses key components of the UPR, a mechanism that
restores ER homeostasis by enhancing the protein-folding capacity and
facilitating the degradation of misfolded proteins under heat-induced
stress (Park and Park, 2019; Pastor-Cantizano et al., 2020). Notably,
these ER-related pathways were enriched in all treatments (single or
combined) containing eT or D, indicating that ER-based stress responses
may represent a common adaptive strategy across different combined
stress scenarios (Howell, 2013).

The three-factor treatment also upregulated GLUTATHIONE S-
TRANSFERASE 1 (GSTF1), an enzyme that plays a significant role in
responses to abiotic stress (Kumar et al., 2018; Foyer and Noctor, 2005).
GSTF1 may contribute, by conjugating glutathione, to detoxifying
harmful oxidative compounds, thereby supporting cellular protection
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against oxidative stress associated with ROS (Gao et al., 2022). Beyond
detoxification, GSTs also contribute to plant growth, development, and
secondary metabolism (Lin et al., 2025). Additionally, GO-terms
enrichment analysis identified pathways involved in plant abiotic
stress responses, such as sugar metabolism. Acting as both energy
sources and signalling molecules, increased soluble sugar concentrations
may protect plants from stress-induced damage (Zinta et al., 2018).
Among other mechanisms, sugars can act as osmoprotectants, helping
plants maintain cell hydration during dehydration caused by drought or
other abiotic stressors (Padhan et al., 2020).

We also observed the significant enrichment of TF families such as
bHLH, bZIP, and WRKY under combined treatments, reflecting their
central functions in regulating downstream protective mechanisms (Qin
et al., 2008; Ye et al., 2021; Yu et al., 2023; Agarwal et al., 2019;
Chander et al., 2018). For example, WRKY TFs are involved in signalling
pathways mediated by stress-related phytohormones such as ABA and
SA (salicylic acid) (Li et al., 2020), and also participate in developmental
processes including plant senescence (Wang et al., 2023). These findings
are consistent with the emerging view that specific TF networks
modulate plant responses to the complexity of combined stressors, and
represent promising targets for enhancing crop resilience through
breeding or genetic engineering approaches (Zandalinas et al., 2018).

It is important to recognise that plant responses to abiotic stressors
involve complex and highly integrated gene networks and pathways.
Consequently, it is unlikely that a single "silver bullet" gene could pro-
vide broad-spectrum stress tolerance on its own (Palmgren and Shabala,
2024). Instead, improving resilience will require coordinated manipu-
lation of multiple regulatory nodes across key pathways.

Limitations and future perspectives

This study provides new insights into wheat adaptation under
climate-relevant conditions, but several limitations should be noted.
First, we examined a single genotype; different cultivars may display
distinct morpho-physiological and transcriptomic responses to com-
bined environmental factors. Future work should include multi-
genotype comparisons to capture variation in stress resilience. Second,
growth-chamber conditions do not fully reflect field complexity, where
soil heterogeneity, microbiomes and fluctuating weather also shape re-
sponses. Third, transcriptomics alone cannot resolve post-
transcriptional regulation or metabolic reprogramming; integrating
proteomic and metabolomic data would provide a more complete view.

From a translational perspective, biased homoeologs and
subgenome-specific marker genes emerging from our analyses are
promising candidates for functional validation, marker development
and homoeolog-aware editing. At the same time, the substantial
balanced component advises caution: interventions targeting a single
homoeolog may be buffered by the remaining copies. Prioritising biased
triads for validation, testing for dosage effects and redundancy, and
combining multi-omics with field trials will help refine targets and
support the development of climate-smart cultivars with stable perfor-
mance under future environments.
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