SCientiﬁc Reports https://doi.org/10.1038/s41598-025-33094-4
Article in Press

Drought tolerance mechanisms across (3 and (3-
(4 intermediate photosynthetic types revealed
by physiological and gene expression profiling

Received: 29 June 2025 Rabab H. M. Mohamed, Reem Badr, Amani Abdel-Latif & Ahmed Sorour
Accepted: 16 December 2025

Published online: 11 January 2026 We are providing an unedited version of this manuscript to give early access to its
findings. Before final publication, the manuscript will undergo further editing. Please
note there may be errors present which affect the content, and all legal disclaimers

Cite this article as: Mohamed R.H.M.,
Badr R., Abdel-Latif A. et al. Drought

tolerance mechanisms across C3 and apply.
C3-C4 intermediate photosynthetic If this paper is publishing under a Transparent Peer Review model then Peer
types revealed by physiological and Review reports will publish with the final article.

gene expression profiling. Sci Rep
(2025). https://doi.org/10.1038/
s41598-025-33094-4

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1038/s41598-025-33094-4
https://doi.org/10.1038/s41598-025-33094-4
https://doi.org/10.1038/s41598-025-33094-4
http://creativecommons.org/licenses/by/4.0

w N -

N O [O2 I 0

O 00

10

11
12

13
14
15

16
17
18
19
20
21
22
23
24
25
26
27
28
29

Drought Tolerance Mechanisms across C3 and C3-C4
Intermediate Photosynthetic Types Revealed by
Physiological and Gene Expression Profiling

Rabab H. M. Mohamed!, Reem Badr!, Amani Abdel-Latif!, and Ahmed A.
Sorour?!*

1 Department of Botany and Microbiology, Faculty of Science, Alexandria
University, Alexandria, Egypt.

*To whom correspondence should be addressed: Ahmed A. Sorour, email:
ahmed.sorour@alexu.edu.eg

Ahmed A. Sorour: ORCID: https://orcid.org/0000-0001-7515-7350

Reem Badr: ORCID: https://orcid.org/0000-0002-6146-7080
Amani Abdel-Latif: ORCID: https://orcid.org/0000-0002-5821-4752

Address: Department of Botany and Microbiology, Faculty of Science,
Alexandria University, Moharam Bek 21511, Alexandria, Egypt
Postal code: 21511


https://orcid.org/0000-0001-7515-7350
https://orcid.org/0000-0002-6146-7080
https://orcid.org/0000-0002-5821-4752

30
31

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

56
57
58
59
60
61

62
63

64

Abstract

Abiotic stress, particularly drought, significantly reduces crop yields and
threatens global agricultural sustainability. This study investigated drought
and recovery responses in four plant species with contrasting photosynthetic
types: Triticum aestivum (C3), Helianthus annuus (C3), Chenopodium
album (intermediate-C4), and Alternanthera brasiliana (C4-like). Drought
markedly reduced plant fresh biomass (up to 80% in H. annuus) and relative
water content, particularly in C. album. Oxidative damage intensified, with H.
annuus showing the greatest increase in hydrogen peroxide (258%) and C.
album exhibiting the highest malondialdehyde accumulation (284%).
Antioxidant enzymes were strongly activated; catalase activity increased
dramatically in C. album (837%) and H. annuus(630%). Proline levels
increased sharply, particularly in 7. aestivumand C. album, indicating
enhanced osmotic adjustment. Carotenoid content also rose significantly
in H. annuus (141%), suggesting photoprotective adaptation. Gene
expression analysis revealed upregulation of 7aP5CSin 7. aestivum,
correlating with proline accumulation, and CaHSP26 in C. album, potentially
stabilizing photosystem II. Principal component analysis identified catalase
activity, root-to-shoot ratio, hydrogen peroxide, and proline as major
contributors to drought response variance. These findings highlight species-
specific strategies for drought tolerance and recovery, with C3 species
showing strong enzymatic and osmotic adjustments, and intermediate-C4 and
C4-like species exhibiting greater tissue integrity and ROS balance. This
comparative framework provides valuable insights for developing drought-
resilient crops.

Keywords:

Drought stress, oxidative stress, antioxidant enzymes, osmolyte
accumulation, P5CS, sHSP26.
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1. Introduction

Abiotic stress remains the leading cause of crop failure, reducing average
yields of major crops by more than 50% and threatening global agricultural
sustainability. Among abiotic factors, drought is particularly detrimental,
affecting approximately 33% of the world’s agricultural land and significantly
limiting plant growth and productivity. Roughly one-third of the global land
area is categorized as arid or semi-arid, and projections suggest that by 2050,
over half of all agricultural land will be subject to drought stress[1]. The
impact of drought on plant performance is multifactorial, depending on the
developmental stage, genetic background, stress duration, and severity.

Drought stress impairs water uptake by decreasing water potential at the
root-soil interface, triggering physiological and molecular responses. One of
the primary responses is stomatal closure, which restricts transpiration and
gas exchange, leading to reduced stomatal conductance and
photosynthesis[2]. Concurrently, mesophyll tissue experiences turgor loss
and pigment degradation, resulting in reduced relative water content (RWC),
diminished chlorophyll levels, and overall biomass decline. Water deficit also
promotes the accumulation of reactive oxygen species (ROS), such as
hydrogen peroxide (H202), which compromise membrane integrity through
lipid peroxidation, increasing malondialdehyde (MDA) levels[3]. To mitigate
oxidative damage, plants activate a complex antioxidant defense system
composed of enzymatic components such as superoxide dismutase (SOD),
catalase (CAT), and peroxidases (POX), which detoxify ROS[4]. In addition,
compatible osmolytes such as proline soluble sugars, and soluble proteins
contribute to osmotic adjustment and maintenance of turgor[5]. These
osmoprotectants also include amino acids sugars, and tertiary amines, with
proline being the most commonly accumulated under stress[6]. However, its
quantitative contribution to osmotic adjustment remains debated[7]. Phenolic
compounds have also gained attention for their antioxidant roles, including
metal ion chelation, ROS scavenging, and modulation of oxidative enzymes.
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These metabolites exhibit redox activity, acting as hydrogen donors, reducing
agents, and singlet oxygen quenchers, thereby enhancing plant tolerance
under stress conditions[8].

Four plant species were selected for this study based on their contrasting
photosynthetic features, growth forms, and ecological strategies: Helianthus
annuus L. (sunflower), a C3 dicot of agricultural and bioenergy significance
with moderate drought tolerance[9]; Triticum aestivum (wheat), a globally
important C3 monocot staple crop[10]; Chenopodium album, a medicinally
and nutritionally valuable species considered a C3-C4 intermediate[11];
and Alternanthera brasiliana, a stress-resilient herbaceous dicot, with C4-like
traits reported within its genus[12,13]. Although a true C4 species was not
included, this selection captures key aspects of physiological diversity
relevant to carbon fixation efficiency, stomatal anatomy, and drought
adaptation strategies.

To investigate molecular responses associated with drought and recovery in
these species, we selected three stress-responsive genes as molecular
markers, guided by the species’ functional classification and physiological
plasticity. Two  genes—7aP5CS (from  wheat) and its putative
homolog HaP5CS (from  sunflower)—encode  Al-pyrroline-5-carboxylate
synthase, a bifunctional enzyme with glutamate kinase and y-glutamyl
phosphate reductase activity, which catalyzes a key step in the proline
biosynthesis pathway[14]. Proline functions as an osmoprotectant under
drought conditions, contributing to osmotic adjustment, membrane
stabilization, and detoxification of reactive oxygen species (ROS)[15].
Upregulation of P5CS has been strongly associated with increased proline
accumulation and enhanced drought tolerance in wheat[3,16], while
overexpression studies further confirm its functional relevance in stress
adaptation[16]. Transcriptomic evidence suggests that HaP5CS may play
similar roles in sunflower, particularly under water-deficit conditions[17]. In
contrast, CaHSP26 from Chenopodium album was selected to represent an
alternative molecular defense mechanism, reflecting the species'
evolutionary classification as a C3-C4 intermediate and its physiological
plasticity under abiotic stress. This gene encodes a small heat shock protein
(sHSP) localized in the thylakoid lumen of chloroplasts, where it protects
photosystem II (PSII) from stress-induced denaturation, facilitates protein
folding, and cooperates with antioxidant systems to mitigate ROS damage.
Its broad responsiveness to drought, heat, and oxidative stress underscores
its utility as a molecular marker for stress resilience in C. a/bum[18]. The
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choice to study CaHSP26instead of P5CS in this species reflects a deliberate
focus on capturing alternative, species-specific molecular strategies
underlying drought adaptation. Molecular analysis was not conducted
on Alternanthera brasiliana due to the lack of annotated gene sequences and
limited genomic data in public repositories such as GenBank, which posed
significant constraints on candidate gene identification and primer design.

Understanding how plants regulate antioxidant defenses and osmotic
balance, and how specific stress-responsive genes contribute to drought
tolerance and recovery, is key to identifying genotypes with improved
resilience. Therefore, this study aimed to: (i) assess the effects of drought and
subsequent re-watering on physiological, biochemical, and anatomical traits
in four species representing distinct stress strategies; (ii) evaluate oxidative
stress and antioxidant enzyme responses during the vegetative stage using
integrated physiological and biochemical measurements; and (iii) investigate
the expression of 7aP5CS, HaP5CS, and CaHSP26 as representative markers
of osmotic adjustment and protein stability mechanisms, thereby providing a
comparative framework for understanding drought tolerance and recovery in
plants with diverse photosynthetic and functional traits.

2. Results
2.1 Effects of Drought and Recovery on Growth Parameters

The effects of drought on fresh and dry weights of H. annuus, T. aestivum, C.
album, and A. brasiliana are shown in Figure 1. All species experienced
significant reductions in fresh weight under drought conditions. The most
pronounced decrease was observed in H. annuus (80.2%), while A. brasiliana
exhibited the least reduction (50.7%). The declines in 7. aestivum (59.3%)
and C. album (61.9%) were comparable. In terms of dry weight, drought
caused significant reductions in all species except 7. aestivum, where the
decrease was not statistically significant.

Re-watering improved both fresh and dry weights in all species. Notably, 7.
aestivum and A. brasiliana exceeded their control fresh weight values during
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recovery, with 7. aestivum reaching 5.20 g compared to 3.61 g under control
conditions. Their dry weights also surpassed control levels post-recovery.
Although the recovered fresh weights of H. annuus and C. album increased
relative to drought-stressed plants, they did not reach control values.

Root-to-shoot ratio (R/S) increased significantly under drought in all species,
with the greatest increase observed in H. annuus(109.1%). After re-
watering, R/S declined but remained higher than control levels in all species.
(Table S1) Relative water content (RWC) declined significantly in A.
brasiliana (37.2%), H. annuus (37.4%), and C. album (44.4%) under drought,
while the reduction in 7. aestivum (6%) was not statistically significant. Re-
watering restored RWC to near-control levels in all species (Figure 1).

2.2 Oxidative Stress Markers and Antioxidant Enzyme Activities

Drought stress induced oxidative damage, as evidenced by increased levels
of hydrogen peroxide (H20:2) and malondialdehyde (MDA) in most species
(Figure 2). H. annuusshowed the greatest increase in H20:2 (257.8%),
followed by 7. aestivum (153.7%) and C. album (37.2%). Interestingly, A.
brasiliana exhibited a notable decline in H202 under drought (to 0.927 ug/g
FW), with a further decrease upon recovery (0.635 ng/g FW), well below its
control level (1.92 ug/g FW).

MDA levels increased in all species under drought, reflecting enhanced lipid
peroxidation. The most substantial increase was seen in C. album (283.8%),
followed by H. annuus (150.4%), T. aestivum (67%), and A. brasiliana (2.2%).
It is important to note that all species established a low basal MDA level under
control conditions, with A. brasiliana exhibiting the lowest change,
demonstrating superior membrane protection under stress.

The activities of antioxidant enzymes catalase (CAT), superoxide dismutase
(SOD), and peroxidase (POX) were evaluated under drought (Figure 2). CAT
activity increased in all species under drought, with C. a/bum showing the
highest increase (837.3%), followed by H. annuus (629.6%), A. brasiliana
(260.9%), and 7. aestivum (147.7%). SOD activity also rose, most notably in
H. annuus (303.9%), followed by C. album (77.9%), A. brasiliana (26.5%), and
T. aestivum (16.0%). POX activity exhibited the most pronounced increase in
H. annuus (2371.9%), followed by 7. aestivum (62.9%), while C. album
(48.7%) and A. brasiliana (0.7%) showed minimal changes. Enzyme activities
generally declined after re-watering, approaching or exceeding control levels
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in most species; however, in 7. aestivum, activities returned to or dropped
slightly below control levels.

2.3 Osmolyte Accumulation and Total Phenolics

Soluble protein levels increased significantly in all species under drought,
followed by a decline upon recovery. C. album showed the highest increase
(90.4%). Proline content increased markedly in response to drought, with 7.
aestivum showing the highest elevation (1078.6%), followed by C.
album (1057.2%), A. brasiliana (889.4%), and H. annuus (863.9%). Although
proline levels decreased after re-watering, they remained higher than control
values. Soluble sugar content followed a similar trend to proteins and proline,
increasing under drought and decreasing during recovery, but not fully
returning to control levels (Figure 3).

Drought treatment led to increased phenolic accumulation in all species
(Figure 3), with the highest rise observed in A. brasiliana (97.3%), followed
by C. album (86.6%), 7. aestivum (72.6%), and H. annuus (70.5%). Under
control conditions, A. brasiliana exhibited the highest phenolic levels (9.52
ng/g FW), while 7. aestivum had the lowest (4.16 pg/g FW). Following re-
watering, phenolic levels declined in all species except 7. aestivum, where
values remained elevated compared to the control, suggesting a sustained
secondary metabolite response.

2.4 Photosynthetic Pigments

Drought induced species-specific alterations in chlorophyll and carotenoid
contents (Table S2). Total pigment levels increased significantly in A.
annuus (59.3%), driven by marked rises in chlorophyll a (41.6%), chlorophyll
b (70.7%), and carotenoids (141.1%), resulting in a reduced chlorophyll a/b
ratio. In contrast, pigment levels declined by 21-31% in 7. aestivum, C.
album, and A. brasiliana. Although 7. aestivum also exhibited a notable
increase in carotenoids (41.5%) under drought, pigment levels in all species
generally returned to control values upon recovery. An exception was A.
brasiliana, which showed a post-recovery increase in total pigments to 9.17
mg/g FW—approximately 46.5% higher than its drought level (6.26 mg/g FW)
and 12% above the control value (8.17 mg/g FW).

2.5 Leaf Anatomy: Stomata, Wax Deposition, Trichomes, and Stomatal
Morphometric Data

Under drought stress, notable changes were observed in leaf surface features
and stomatal morphology across species. Scanning electron microscopy
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revealed increased epicuticular wax deposition on C. albumand T.
aestivum leaves, while A. brasiliana maintained relatively smooth surfaces
(Figure 4). Drought also induced the development of prominent trichomes
and enhanced wax accumulation in 7. aestivum (Figure S1).

Drought stress induced significant changes in stomatal pore dimensions
across all four species, reflecting stomatal regulation under water deficit
(Table S3). In Triticum aestivum, SPL increased markedly under drought
(41.49 = 2.29um) compared to control (21.83+1.81pum), while SPW
decreased to zero, indicating complete stomatal closure. Partial reopening
was observed during recovery, with SPL. and SPW reaching 30.83 = 2.99 um
and 1.22 £ 0.05 pm, respectively. Helianthus annuus showed no significant
change in SPL between treatments, but SPW declined significantly under
drought (0.41 £ 0.04 uym) relative to control (3.23 £0.73 um), followed by
partial reopening during recovery (1.22 = 0.3 pm). In Chenopodium album,
drought reduced both SPL (11.08 £ 0.05 pm) and SPW (0 £ 0 pm) compared
to control, but both parameters increased significantly during recovery, with
SPL reaching 18.22+0.15um and SPW 3.4 # 0.04 um. Alternanthera
brasiliana exhibited increased SPL under drought (18.66 +0.05pum vs.
17.03 £0.06 pm in control) and the highest SPW during recovery
(6.94 £ 1.13 pm), indicating a strong recovery in stomatal opening capacity.
These patterns reveal species-specific stomatal adjustments to drought and
rehydration.

2.6 Gene Expression Patterns Under Drought

Relative expression levels of selected drought-related genes showed species-
specific responses (Figure 5). In 7. aestivum (C3), TaP5CS was upregulated
(~1.6-fold) under drought, indicating enhanced proline biosynthesis for
osmotic adjustment. In contrast, A. annuus (C3) showed a downregulation
(~0.73-fold) of HaP5CS, suggesting a distinct regulatory response in proline
metabolism. C. album (C3-C4 intermediate) exhibited a moderate induction
of CaHSP26 (~1.18-fold), implying a potential protective function of heat
shock proteins in response to drought-induced stress. These expression
profiles underscore divergent molecular mechanisms employed by the
studied species in coping with water deficit.

2.7 Principal Component Analysis of Integrated Drought and Recovery
Responses
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Principal Component Analysis (PCA) was conducted to explore multivariate
patterns among physiological, biochemical, anatomical, and gene expression
traits across species and treatments (Figure 6). The first two principal
components together explained 59.1% of the total variance, with PC1
accounting for 35.3% and PC2 for 23.8% (Figure S2).

PC1 primarily captured drought-induced variation, clearly separating
drought-stressed samples from controls and recovery treatments (Table S5).
Traits contributing most strongly to PC1 included catalase (CAT) activity
(10.6%), root-to-shoot ratio (9.4%), soluble proteins (9.0%), hydrogen
peroxide (7.9%), Chl a/b ratio (7.8%), proline (7.3%), and MDA (6.7%) (Table
S4). These highlight the central role of oxidative stress markers, osmolyte
accumulation, and biomass partitioning in shaping drought responses.
Additional contributors included fresh weight (6.5%), total phenolics (6.1%),
and soluble sugars (5.6%).

PC2 explained species-level variation and recovery dynamics. The traits with
the highest contributions to PC2 were carotenoids (16.0%), peroxidase (POX)
activity (12.1%), chlorophyll b (10.2%), and total pigments (10.6%) (Table
S4), suggesting a strong role for photosynthetic pigment
composition and antioxidant enzyme activity in differentiating species-
specific responses. Other contributors included dry weight
(9.8%), chlorophyll a (8.4%), fresh weight (6.4%), and superoxide dismutase
(SOD) activity (6.8%), reflecting variation in pigment retention, stress
recovery, and photoprotection.

Overall, the PCA identified oxidative stress mitigation, osmotic regulation,
and biomass allocation as the dominant axes of drought-induced variance
(PC1), while pigment dynamics and antioxidant enzyme activity contributed
more to species-specific recovery responses and photosynthetic adjustments
(PC2).

These multivariate patterns highlight the diverse physiological and

biochemical mechanisms underlying drought response and recovery across
species with distinct photosynthetic pathways.

3. Discussion
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Drought remains a major abiotic stress limiting plant productivity,
contributing to up to 70% of global crop yield losses[19]. Its severity and
frequency are expected to intensify under ongoing climate change,
exacerbating soil moisture deficits and threatening global food security[20].
In the present study, all four species exhibited marked reductions in total
plant fresh weight and relative water content (RWC) under drought stress
(Figure 1), indicative of impaired growth and disturbed plant-water relations.
Helianthus annuus experienced the most substantial decline in fresh weight,
while Alternanthera brasiliana showed the least reduction. Reductions
in Triticum aestivum and Chenopodium album were comparable. Although
dry weight decreased in most species, the reduction in 7. aestivum was not
statistically significant, suggesting a degree of structural resilience.
Similarly, RWC decreased notably in C. album, H. annuus, and A. brasiliana,
signaling considerable turgor loss and compromised water retention[21,22].
In contrast, 7. aestivum exhibited only a slight and statistically non-
significant decline in RWC, indicating better water conservation under stress.
Upon re-watering, fresh weight improved in all species, with 7. aestivum and
A. brasiliana exceeding control levels, suggesting efficient recovery
mechanisms and possible overcompensatory growth.

In response to water limitation, plants typically shift resource allocation
toward root development to enhance water foraging, which is reflected in an
increased root-to-shoot ratio (R/S)[23]. Drought elevated R/S in all species
(Table S1), most prominently in H. annuus, indicating adaptive plasticity in
biomass partitioning under stress. While R/S ratios declined post-
rehydration, they remained elevated above control values, indicating partial
retention of stress-induced architectural modifications, potentially due to
physiological priming[24,25].

A key manifestation of drought stress is oxidative damage, primarily driven
by excess reactive oxygen species (ROS) such as hydrogen peroxide (H203).
The resulting lipid peroxidation was evidenced by elevated malondialdehyde
(MDA) levels across all species (Figure 2). C. album showed the greatest MDA
accumulation, while A. brasiliana exhibited minimal MDA elevation and a
reduction in H20: levels, suggesting more effective ROS regulation and a
stronger antioxidative defense. These interspecific differences in oxidative
markers underscore the varying efficacy of ROS detoxification
strategies[26,27].

Plants mitigate oxidative damage through a hierarchical antioxidant enzyme
system in which superoxide dismutase (SOD) catalyzes the dismutation of
superoxide radicals into H202, which is subsequently detoxified by catalase
(CAT) and peroxidase (POX)[28]. Our results clearly point to distinct, species-
specific antioxidant strategies for managing drought-induced oxidative stress
across the C3-C4 intermediate types (Figure 2). Helianthus annuus (C3)
appears to rely heavily on a massive activation of POX (2371.9% increase)
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and SOD (303.9% increase) to rapidly detoxify ROS. In contrast,
Chenopodium album (C3-C4 intermediate) utilized an exceptional increase in
CAT activity (837.3% increase) as its primary line of defense against elevated
H20,. Meanwhile, Triticum aestivum (C3) relied on a moderate, coordinated
activation across all enzymes. Most notably, the C4-like species,
Alternanthera brasiliana, maintained relatively stable H20, and showed
minimal increases in MDA and POX activity, suggesting a fundamental
distinction in its ROS management, likely tied to its C4-like traits that
enhance water-use efficiency and suppress photorespiratory ROS generation.

Following rehydration, enzyme activities generally declined to or below
control levels, especially in 7riticum aestivum, although some remained
elevated in other species, possibly indicating stress memory or physiological
priming. [29-31]. It is important to note that this decline is the expected
physiological outcome. Since the substrate (H20;) is rapidly depleted post-
rehydration, the subsequent downregulation of CAT and POX activity signals
a successful metabolic re-establishment and a return toward homeostasis,
rather than a failure of the antioxidative system. The CAT response in C.
album is consistent with its proposed role as a key H20; scavenger in stress-
resilient species [32].

It is important to note that the observed general decline in CAT and POX
activity during the recovery stage, despite reduced H202 and MDA levels, is
the expected physiological outcome. Once the drought stress is alleviated and
ROS levels fall, the intense enzymatic scavenging required during active
stress is downregulated. This reduction in enzyme activity signals a
successful metabolic re-establishment and a return toward homeostasis,
rather than a failure of the antioxidative system.

Osmotic adjustment, via the accumulation of compatible solutes such as
proline, soluble proteins, and sugars (Figure 3), plays a pivotal role in drought
tolerance by preserving cell turgor, stabilizing macromolecules, and
scavenging ROS[15,33]. In our study, proline levels increased dramatically
under drought, particularly in 7. aestivum and C. album—consistent with its
reported drought resilience[22], followed by A. brasilianan and H. annuus.
Soluble protein content also increased significantly under drought, most
notably in C. album, reflecting enhanced metabolic activity and stress-related
protein synthesis. Soluble sugar levels followed a similar trend, increasing in
all species during drought and partially declining after rehydration. While
post-recovery values for proline and sugars remained numerically above
control in most cases, not all species showed statistically significant
differences, reflecting differential recovery dynamics and possibly a short-
term osmotic priming effect or delayed metabolic reversion[29].
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In parallel, total phenolic content—well-established ROS scavengers
contributing to stress tolerance[34]—increased under drought in all species.
The highest increase was observed in A. brasiliana, followed by C. album, T.
aestivum, and H. annuus. Among controls, A. brasiliana exhibited the highest
basal phenolic levels, while 7. aestivum had the lowest, suggesting inherent
differences in antioxidant capacity. After re-watering, phenolic content
declined in all species. In 7. aestivum, levels remained slightly higher than
the control, though not statistically significant, suggesting a transient
upregulation of phenolic metabolism during early recovery (Figure 3). This
pattern may reflect a short-lived stress memory or delayed downregulation
of secondary metabolism as plants transition back to homeostasis, consistent
with reports that phenolic responses can persist briefly during recovery as
part of stress priming or residual defense activation[29]. These coordinated
biochemical responses—including elevated osmolytes and phenolics—
underscore species-specific drought tolerance mechanisms and recovery
potential, with 7. aestivum and C. album exhibiting particularly robust
osmotic and antioxidative adjustments [35,36].

Photosynthetic pigment content, particularly chlorophyll and carotenoids, is
sensitive to drought stress and plays a vital role in plant adaptation. In our
study, chlorophyll levels decreased under drought in 7. aestivum, C. album,
and A. brasiliana, indicating impaired photosynthetic capacity. In contrast,
H. annuus showed a substantial increase in chlorophyll a and chlorophyll b,
leading to a net increase in total pigments and a reduced chlorophyll a/b
ratio, suggesting a potential shift toward enhanced light-harvesting under
stress. Carotenoids, which are known to contribute to photoprotection by
scavenging ROS and protecting photosystems from oxidative damage[37],
increased significantly in H. annuus and 7. aestivum during drought. These
changes highlight the role of pigment modulation in maintaining
photostability under oxidative stress conditions[38]. Following rehydration,
pigment levels in most species returned to near-control values. However, A.
brasiliana exhibited a notable increase in total pigments post-recovery,
representing a significant rise compared to its drought value and above its
control level. This enhanced pigment recovery may indicate a compensatory
mechanism or a delayed activation of pigment biosynthesis during recovery.

Leaf anatomical changes also contributed to drought responses. Stomatal
pore width (SPW) significantly declined in all species, with complete closure
observed in 7. aestivum and C. album, minimizing water loss[39,40].
Recovery of SPW occurred in C. album and A. brasiliana, while H. annuus
showed minimal reopening. Meanwhile, stomatal pore length (SPL) increased
under drought in 7. aestivum and A. brasiliana, possibly indicating structural
adaptation without aperture widening. These interspecific differences in
stomatal behavior highlight distinct strategies of water-use efficiency and



438
439
440
441

442

443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460

461
462
463
464
465
466
467
468
469
470
471
472
473
474
475

stress recovery[41-45]. Additional traits such as increased cuticular wax
deposition in 7. aestivum and C. a/bum, and enhanced trichome density in 7.
aestivum, H. annuus, and C. album, may further reduce water loss through
reflective and barrier functions[46,47].

At the molecular level, drought tolerance involves the regulation of stress-
responsive genes, including those encoding osmoprotectants and molecular
chaperones. Our data demonstrate species-specific expression of small heat
shock protein sHSP26 and proline biosynthesis gene P5CS. In 7. aestivum,
the upregulation of 7aP5CS coincided with elevated proline accumulation
and enhanced antioxidant enzyme activity, indicating a coordinated response
involving osmoprotection and reactive oxygen species (ROS) detoxification—
hallmarks of drought responses in Cs plants[48]. In contrast, HaP5CS was
downregulated in Helianthus annuus, suggesting a divergent drought
adaptation strategy that may rely on alternative osmolytes or signaling
pathways. This is consistent with recent findings in sunflower, where drought
stress induced the accumulation of soluble sugars and proteins, rather than
proline, indicating a shift in osmoprotectant profiles[17,49]. Additionally,
in Chenopodium album, the chloroplast-targeted CaHSP26 appears to
stabilize photosystem II components under drought-induced oxidative stress,
as evidenced by increased SOD activity and reduced ROS accumulation. This
supports its proposed role as a molecular chaperone that safeguards
photosynthetic efficiency under abiotic stress[50,51].

PCA provided a robust multivariate perspective on species-specific
physiological, biochemical, and anatomical responses to drought and
recovery. The first two components captured 59.1% of the total variance, with
PC1 (35.3%) reflecting general treatment-induced responses (drought vs.
control/recovery) and PC2 (23.8%) distinguishing species-level variation and
recovery strategies. The high contribution of oxidative stress markers (CAT
activity, H202, MDA) and osmotic regulators (proline, soluble proteins) to PC1
(Table S4) strongly supports and integrates the univariate findings,
confirming the centrality of these classical mechanisms in drought defense.
[15,52]. Conversely, PC2 was driven by photoprotective traits such as
carotenoids and POX activity (Table S4), validating the divergence of species-
specific strategies during stress and recovery. These PC2-driving variables
clearly separate the C3 species from the C3-C4 intermediate/C4-like species
(Table S5), thus demonstrating that photosynthetic/functional type strongly
dictates the recovery trajectory. This pattern is consistent with prior reports
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emphasizing the importance of pigment regulation and ROS detoxification in
stress tolerance[37,38].

In summary, the PCA revealed that drought tolerance and recovery are
underpinned by coordinated shifts in oxidative stress defense, osmolyte
accumulation, pigment metabolism, and anatomical plasticity. These
multivariate insights not only confirm the univariate trends observed in
physiological markers but also provide a systems-level perspective on how
plants with distinct photosynthetic pathways diverge in their adaptive
strategies.

Despite these robust, coordinated findings across the physiological,
biochemical, and anatomical levels, there are inherent limitations to this
comparative study. The molecular analysis was intentionally focused on three
core pathway markers (P5CS and HSP) to capture key mechanisms (osmotic
adjustment and protein stability) but does not delineate the full complexity of
species-specific regulatory networks. Furthermore, due to technical
constraints involving the stability of reference genes across diverse species
and multiple treatments, gene expression analysis was limited to the drought-
stressed stage, excluding the recovery phase. Future research endeavors
should employ deep sequencing techniques, such as RNA-Seq, to capture the
full transcriptome of drought-responsive genes, including LFEA (Late
Embryogenesis Abundant proteins) and other critical gene families. This will
provide a comprehensive map of the diverse molecular strategies employed
by these contrasting photosynthetic types and fully detail the mechanisms of
recovery and stress memory:.

Collectively, our results highlight that plant responses to drought and
subsequent recovery involve species-specific coordination of physiological,
biochemical, anatomical, and molecular traits. C3 species such as 7.
aestivum and H. annuus showed strong activation of enzymatic antioxidant
systems and osmotic adjustment but differed in their recovery efficiency. In
contrast, the intermediate-C4 C. album and C4-like A.
brasiliana demonstrated greater maintenance of tissue integrity and ROS
balance, supporting the idea that photosynthetic type and associated
anatomical traits influence stress resilience. The persistence of specific
physiological, biochemical, and photoprotective responses during
recovery—including elevated proline, phenolics, antioxidant enzymes, and
pigment content—particularly in 7. aestivum, C. album, and A. brasiliana,
may reflect a form of transient stress memory or priming that enhances
resilience to subsequent drought episodes[29]. Understanding these
multifaceted and dynamic responses deepens our knowledge of plant
adaptation to water deficits and provides a valuable framework for selecting
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or engineering drought-resilient crops in the context of global climate
change.

4. Methods
4.1 Experimental Design and Sampling

Seeds of Triticum aestivum (wheat), Helianthus annuus (sunflower), and
Chenopodium album were obtained from the Agricultural Research Center,
Ministry of Agriculture, Giza, Egypt. These seeds are commercially available
and distributed for research and agricultural use. Alternanthera brasiliana was
propagated via softwood cuttings from plants maintained in the greenhouse
and botanical collection of the Department of Botany, Faculty of Science,
Alexandria University. No wild specimens were collected, and no permits were
required. All plant materials were used in accordance with institutional and
national guidelines. Uniform seeds were selected based on size, shape, and
viability, then surface-sterilized with 0.1% Hg Cl2 for 1 minute, rinsed
thoroughly with sterile distilled water, and germinated on moist filter paper in
Petri dishes at 28°C in the dark for 3 days. Seedlings exhibiting similar
morphology and well-developed roots were transplanted into 2-L pots
containing sandy loam soil. All plants were grown under natural sunlight with
temperatures of 25-30°C during the day and 15-20°C at night. Irrigation was
applied every two days.

Drought stress was induced in 30-day-old plants by withholding water for
seven days, followed by a seven-day recovery period with regular watering.
The successful induction and maintenance of severe drought stress was
physiologically confirmed by measuring the Relative Water Content (RWC) at
the end of the 7-day period. Pots (three biological replicates per treatment)
were arranged in the botanical garden of the Faculty of Science, Alexandria
University. Fully expanded upper mature leaves were sampled from three
plants per species for analysis. Whole plants were washed with sterile
distilled water and gently blotted dry. Fresh weight (FW) was measured
immediately, and dry weight (DW) was determined after drying samples in a
hot-air oven at 70°C until a constant weight was achieved.

4.2 Relative Water Content (RWC)
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RWC was determined following the Clarke and Mccaig method [53]. Fresh
leaf samples were weighed (FW), soaked in deionized water for 24 hours at
4°C to obtain the turgid weight (TW), and subsequently dried at 80°C to a
constant weight (DW). RWC was calculated as:
RWC (%) = [(FW - DW) / (TW - DW)] x 100

4.3 Oxidative Stress Markers and Antioxidant Enzyme Activities

Malondialdehyde (MDA) content, a marker of lipid peroxidation, was
determined by mixing 0.5 ml of plant extract with 1 ml of 20% trichloroacetic
acid (TCA) containing 0.5% thiobarbituric acid (TBA)[54]. Samples were
incubated at 100°C for 30 minutes, cooled on ice, and centrifuged at 10,000
g for 10 minutes. Absorbance was measured at 532 and 600 nm, and MDA
concentration was calculated using an extinction coefficient of 155
mM~-tcm~!. H202 content was measured according to the method of Velikova
et al.[55].

Fresh leaf tissues (0.5 g) were homogenized in ice-cold extraction buffer (50
mM phosphate buffer, pH 7.0, containing 1% polyvinylpyrrolidone), and the
homogenate was centrifuged at 12,000 g for 15 minutes at 4°C. The
supernatant was used for enzyme assays as described by Esfandiari et al.
[56]. Catalase (CAT) activity was measured following Aebi method [57] by
monitoring the decomposition of hydrogen peroxide (H202) at 240 nm. One
unit of CAT activity was defined as the amount of enzyme that decomposes 1
pmol of H202 per minute. Peroxidase (POX) activity was determined
according to the method of Shannon et al.[58], based on the oxidation of
guaiacol in the presence of H202. The increase in absorbance at 470 nm due
to tetraguaiacol formation was recorded, and enzyme activity was expressed
in units per gram fresh mass. Superoxide dismutase (SOD) activity was
estimated following the method of Beauchamp and Fridovich[59] which
measures the enzyme's ability to inhibit the photochemical reduction of nitro
blue tetrazolium (NBT). One unit of SOD activity was defined as the amount
of enzyme required to cause 50% inhibition of NBT reduction at 560 nm.

4.4 Determination of Soluble Proteins, Free Proline, Total Soluble
Sugars, and Total Phenolics

Soluble protein content was estimated according to the method of
Rausch[60], which is based on the Coomassie Brilliant Blue G-250 dye-
binding technique. Fresh leaf tissues (0.5 g) were homogenized in extraction
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buffer, and the protein concentration was determined by measuring the
absorbance at 595 nm. Bovine serum albumin (BSA) was used as the standard
for the calibration curve, and results were expressed as mg g—! fresh mass.

Free proline content was determined using the acid ninhydrin-based
colorimetric method of Bates et al.[61]. Briefly, 0.5 g of fresh tissue was
homogenized in 3% (w/v) sulfosalicylic acid. After centrifugation, the
supernatant was mixed with acid ninhydrin reagent and glacial acetic acid,
then heated at 100°C for 1 hour. The reaction mixture was extracted with
toluene, and the absorbance of the toluene phase was measured at 520 nm.
The concentration of proline was calculated from a standard curve and
expressed as pmol g—! fresh mass.

Total soluble sugars were quantified using the phenol-sulfuric acid method
described by Dubois et al.[62]. A known volume of the ethanol extract from
homogenized plant tissues was reacted with 5% phenol and concentrated
sulfuric acid. The reaction mixture was incubated at room temperature, and
absorbance was recorded at 490 nm. Glucose was used to generate a
standard curve, and results were expressed as mg g-! fresh mass.

Total phenolic content was estimated using a modified Folin-Ciocalteu
method of Singleton and Rossi [63]. Twenty microliters of plant extract were
mixed with 1.58 ml distilled water and 100 pl Folin-Ciocalteu reagent. After
30 seconds to 8 minutes, 300 pl of 20% Na2C0Os was added. Samples were
incubated at 40°C for 20 minutes, and absorbance was measured at 750 nm.
Results were expressed as pg gallic acid equivalents (GAE) per g fresh
weight.

4.5 Photosynthetic Pigments

Leaf tissues were ground in a chilled mortar with 80% acetone. The
homogenate was centrifuged, and the supernatant was stored at —20°C until
spectrophotometric measurements. Chlorophyll a, chlorophyll b, and total
carotenoids were quantified at wavelengths of 662, 645, and 470 nm,
respectively, using the equations of Lichtenthaler and Wellburn[64].

4.6 Scanning Electron Microscopy (SEM)

Leaf samples from control, drought-stressed, and recovered plants were fixed
in 4% formaldehyde and 1% glutaraldehyde (4F1G) in phosphate buffer (pH
7.2) at 4°C for 3 hours. Post-fixation was carried out in 2% osmium tetroxide
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(OsOs4) at 4°C for 2 hours. Samples were washed, dehydrated in a graded
ethanol series, dried using the critical point method, mounted on aluminum
stubs with carbon paste, and gold-coated (400 A thickness). Observations
were made using a JEOL JSM-5300 SEM operated at 15-20 kV[65].

4.7 RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR
(qRT-PCR)

Total RNA was extracted from plant tissues using Biozol reagent (Bioer
Technology, Japan) following the manufacturer’s protocol. RNA
concentration and purity were determined by measuring absorbance at 260
nm and 280 nm with a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, USA). Samples with an A260/A280 ratio between 1.8 and 2.0 were
used for further analysis. One microgram of RNA was reverse transcribed
into cDNA using the Viva cDNA synthesis kit (Vivantis, Singapore) according
to the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR)
reactions were performed using RealMOD™ Green W 2x qPCR mix (Catalog
#25350, Intron Biotechnology, USA) in a final volume of 20 pl, which included
1 pl of cDNA template and 2 ul of primer mix (forward and reverse primers).
Thermal cycling was conducted on a StepOnePlus™ Real-Time PCR System
(Thermo Fisher Scientific, USA) with the following program: initial
denaturation at 95°C for 10 minutes; 40 cycles of denaturation at 95°C for 20
seconds, annealing at 60°C for 15 seconds, elongation at 72°C for 60 seconds;
followed by a final extension at 72°C for 5 minutes[66].

Relative gene expression levels were calculated using the 2~ —AACt method
by normalizing the Ct values of target genes to the geometric mean of the
reference genes.

Target gene expression was normalized against two internal reference genes:
elongation factor 1-alpha (£F7a) and 18S ribosomal RNA.

For Triticum aestivum, EFla  primers were: forward 5'-
GGTTAAGATGATTCCCACCAAGCC-3 and reverse 5'-
GACAACACCAACAGCAACAGTCTG-3'. For Helianthus annuus, EF1a primers
were: forward 5-TGCCCAAGAAGTTGCTGGTG-3° and reverse 5'-
ACGTGCCCAGGTGAGTCGAT-3". The EFI1a primers for Chenopodium album
were: forward 5-CCGAGCGTGAACGTGGTAT-3° and reverse 5'-
TAGTACTTGGTGGTTTCGAATTTCC-3'. 18S rRNA primers were: forward 5'-
TCCTGAGTAACGACGAGACC-3 and reverse 5-
CACGATGAAATTTCCCCAAGAT-3". The 18S rRNA primer set was applied
universally due to the high conservation of the ribosomal gene across
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monocots, dicots, and C3-C4 intermediates, serving as a stable, fixed baseline
for the geometric mean calculation across all comparative species.

Specific primers for the target genes were: CaHSP26 (Chenopodium album):
forward 5-ATGGCAAGCAAGGGTATTACATGCAG-3, reverse 5'-
GGTGACAATGAGTCGATCAATCCAA-3'. TaP5CS (Triticum aestivum): forward
5-ACAGAGATAAAGTAGCAGAGAC-3, reverse 5-AGACCTTCAACACCCACAG-
3. HaP5CS (Helianthus annuus): forward 5-TGGTGGAGGACTTATCGGACT-
3’, reverse 5-TCCGAGGTAGCCAGTGTAGT-3'. The primers for HaP5CS were
adopted from a previously published study of Chen et al.[67], as no annotated
H. annuus P5CS nucleotide sequence. Relative gene expression levels were
calculated using the 2™ —AACt method by normalizing the Ct values of target
genes to the geometric mean of the reference genes[68]. This robust
normalization strategy, utilizing the geometric mean of the EF/a and 18S
rRNA Ct values, serves as the necessary internal validation practice for
comparative gene expression across treatments and diverse species.

4.8 Statistical Analysis

All experiments were performed using a completely randomized design with
three biological replicates per treatment, except for gene expression analysis
where two biological replicates were used. Data are presented as mean
values *+ standard deviation (SD). Statistical analyses were conducted using
R software (version 4.3.1) within RStudio (version 2025.05.0 Build 496).
Two-way analysis of variance (ANOVA) was conducted to evaluate the effects
of drought, species, and their interaction. When significant differences were
detected (P < 0.05), multiple comparisons of means were performed using
Tukey’s Honest Significant Difference (HSD) post hoc test.

Principal Component Analysis (PCA) was conducted to explore multivariate
patterns across physiological, biochemical, and anatomical traits. Gene
expression data were excluded from the PCA to prevent bias due to limited
replication. Only numeric variables with complete data were included. Biplots
were used to visualize the clustering of treatments and species, and trait
loadings were examined to interpret the contributions of variables to each
principal component.
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10. Figure legends

Figure 1. Effects of drought and recovery on biomass and water status
in four plant species. Fresh weight (FW), dry weight (DW), and relative
water content (RWC) were assessed in 7riticum aestivum, Helianthus
annuus, Chenopodium album, and Alternanthera brasiliana (n = 3) under
control, drought, and recovery treatments. (A, B) FW and DW are shown as
bar graphs representing mean *+ SD. (C) RWC is shown as boxplots; boxes
represent the interquartile range (25th-75th percentile), the line inside each
box indicates the median, and whiskers represent the 5th and 95th
percentiles. Statistical significance was determined by two-way ANOVA
followed by Tukey’s post hoc test (P < 0.05). Different letters denote
significant differences between treatments within each species.

Figure 2. Oxidative stress markers and antioxidant enzyme activities
in four plant species under drought and recovery conditions. (A)
Hydrogen peroxide (H202) content, (B) malondialdehyde (MDA) content, (C)
catalase (CAT) activity, (D) superoxide dismutase (SOD) activity, and (E)
peroxidase (POX) activity in leaves of Triticum aestivum, Helianthus annuus,
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Chenopodium album, and Alternanthera brasiliana. Bars represent means (*
SD, n = 3). Different letters above bars indicate significant differences
between means (P < 0.05) according to Tukey’s post hoc test following two-
way ANOVA.

Figure 3. Osmolyte and total phenolic accumulation in four plant
species under drought stress and recovery. (A) Soluble sugars content,
(B) soluble proteins content, (C) proline content, and (D) total phenolics
content in 7riticum aestivum, Helianthus annuus, Chenopodium album, and
Alternanthera brasiliana. Bars represent means (= SD, n = 3). Different
letters above bars indicate significant differences between means (P < 0.05)
according to Tukey’s post hoc test following two-way ANOVA.

Figure 4. Scanning electron microscopy (SEM) analysis of adaxial leaf
epidermis in four plant species under control, drought, and recovery
conditions. Representative SEM micrographs show stomatal and epidermal
surface features of Triticum aestivum (a-c), Helianthus annuus (d-
f), Chenopodium album (g-i), and Alternanthera brasiliana (j-1) under
control, drought, and recovery treatments, respectively. Drought stress
visibly altered stomatal aperture, wax deposition, and epidermal integrity in
all species. Magnifications and scale bars are indicated on each panel.

Figure 5. Relative transcript levels of stress-responsive genes in three
plant species under control and drought treatments. Transcript levels
of 7TaP5CS, HaP5CS, and CaHSP26 were quantified by qRT-PCR in 7riticum
aestivum, Helianthus annuus, and Chenopodium album, respectively. Bars
represent means * SD (n = 2). Note: Molecular analysis was limited to the
drought treatment stage due to technical constraints in primer stability
across the recovery phase, focusing on genes activated during the immediate
stress response."

Figure 6. Principal Component Analysis (PCA) of physiological,
biochemical, and anatomical traits in four plant species under
drought and recovery. The biplot displays individual observations grouped
by Plant Species (color and shape) and Treatment (ellipses), based on the first
two principal components. These components explain 35.3% (PC1) and 23.8%
(PC2) of the total variance, respectively. Vectors (arrows) representing the
variable loadings are included, illustrating the contribution of each measured
physiological, biochemical, and anatomical trait to the overall variance
structure. The biplot visually links sample clusters to their underlying
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