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31 Abstract

32 Abiotic stress, particularly drought, significantly reduces crop yields and 
33 threatens global agricultural sustainability. This study investigated drought 
34 and recovery responses in four plant species with contrasting photosynthetic 
35 types: Triticum aestivum (C3), Helianthus annuus (C3), Chenopodium 
36 album (intermediate-C4), and Alternanthera brasiliana (C4-like). Drought 
37 markedly reduced plant fresh biomass (up to 80% in H. annuus) and relative 
38 water content, particularly in C. album. Oxidative damage intensified, with H. 
39 annuus showing the greatest increase in hydrogen peroxide (258%) and C. 
40 album exhibiting the highest malondialdehyde accumulation (284%). 
41 Antioxidant enzymes were strongly activated; catalase activity increased 
42 dramatically in C. album (837%) and H. annuus (630%). Proline levels 
43 increased sharply, particularly in T. aestivum and C. album, indicating 
44 enhanced osmotic adjustment. Carotenoid content also rose significantly 
45 in H. annuus (141%), suggesting photoprotective adaptation. Gene 
46 expression analysis revealed upregulation of TaP5CS in T. aestivum, 
47 correlating with proline accumulation, and CaHSP26 in C. album, potentially 
48 stabilizing photosystem II. Principal component analysis identified catalase 
49 activity, root-to-shoot ratio, hydrogen peroxide, and proline as major 
50 contributors to drought response variance. These findings highlight species-
51 specific strategies for drought tolerance and recovery, with C3 species 
52 showing strong enzymatic and osmotic adjustments, and intermediate-C4 and 
53 C4-like species exhibiting greater tissue integrity and ROS balance. This 
54 comparative framework provides valuable insights for developing drought-
55 resilient crops.
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71 1. Introduction

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

81 Drought stress impairs water uptake by decreasing water potential at the 
82 root-soil interface, triggering physiological and molecular responses. One of 
83 the primary responses is stomatal closure, which restricts transpiration and 
84 gas exchange, leading to reduced stomatal conductance and 
85 photosynthesis[2]. Concurrently, mesophyll tissue experiences turgor loss 
86 and pigment degradation, resulting in reduced relative water content (RWC), 
87 diminished chlorophyll levels, and overall biomass decline. Water deficit also 
88 promotes the accumulation of reactive oxygen species (ROS), such as 
89 hydrogen peroxide (H₂O₂), which compromise membrane integrity through 
90 lipid peroxidation, increasing malondialdehyde (MDA) levels[3]. To mitigate 
91 oxidative damage, plants activate a complex antioxidant defense system 
92 composed of enzymatic components such as superoxide dismutase (SOD), 
93 catalase (CAT), and peroxidases (POX), which detoxify ROS[4]. In addition, 
94 compatible osmolytes such as proline soluble sugars, and soluble proteins 
95 contribute to osmotic adjustment and maintenance of turgor[5]. These 
96 osmoprotectants also include amino acids sugars, and tertiary amines, with 
97 proline being the most commonly accumulated under stress[6].  However, its 
98 quantitative contribution to osmotic adjustment remains debated[7]. Phenolic 
99 compounds have also gained attention for their antioxidant roles, including 

100 metal ion chelation, ROS scavenging, and modulation of oxidative enzymes. 
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101 These metabolites exhibit redox activity, acting as hydrogen donors, reducing 
102 agents, and singlet oxygen quenchers, thereby enhancing plant tolerance 
103 under stress conditions[8].

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

115 To investigate molecular responses associated with drought and recovery in 
116 these species, we selected three stress-responsive genes as molecular 
117 markers, guided by the species’ functional classification and physiological 
118 plasticity. Two genes—TaP5CS (from wheat) and its putative 
119 homolog HaP5CS (from sunflower)—encode Δ¹-pyrroline-5-carboxylate 
120 synthase, a bifunctional enzyme with glutamate kinase and γ-glutamyl 
121 phosphate reductase activity, which catalyzes a key step in the proline 
122 biosynthesis pathway[14]. Proline functions as an osmoprotectant under 
123 drought conditions, contributing to osmotic adjustment, membrane 
124 stabilization, and detoxification of reactive oxygen species (ROS)[15]. 
125 Upregulation of P5CS has been strongly associated with increased proline 
126 accumulation and enhanced drought tolerance in wheat[3,16], while 
127 overexpression studies further confirm its functional relevance in stress 
128 adaptation[16]. Transcriptomic evidence suggests that HaP5CS may play 
129 similar roles in sunflower, particularly under water-deficit conditions[17]. In 
130 contrast, CaHSP26 from Chenopodium album was selected to represent an 
131 alternative molecular defense mechanism, reflecting the species' 
132 evolutionary classification as a C3–C4 intermediate and its physiological 
133 plasticity under abiotic stress. This gene encodes a small heat shock protein 
134 (sHSP) localized in the thylakoid lumen of chloroplasts, where it protects 
135 photosystem II (PSII) from stress-induced denaturation, facilitates protein 
136 folding, and cooperates with antioxidant systems to mitigate ROS damage. 
137 Its broad responsiveness to drought, heat, and oxidative stress underscores 
138 its utility as a molecular marker for stress resilience in C. album[18]. The 
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139 choice to study CaHSP26 instead of P5CS in this species reflects a deliberate 
140 focus on capturing alternative, species-specific molecular strategies 
141 underlying drought adaptation. Molecular analysis was not conducted 
142 on Alternanthera brasiliana due to the lack of annotated gene sequences and 
143 limited genomic data in public repositories such as GenBank, which posed 
144 significant constraints on candidate gene identification and primer design.

145 Understanding how plants regulate antioxidant defenses and osmotic 
146 balance, and how specific stress-responsive genes contribute to drought 
147 tolerance and recovery, is key to identifying genotypes with improved 
148 resilience. Therefore, this study aimed to: (i) assess the effects of drought and 
149 subsequent re-watering on physiological, biochemical, and anatomical traits 
150 in four species representing distinct stress strategies; (ii) evaluate oxidative 
151 stress and antioxidant enzyme responses during the vegetative stage using 
152 integrated physiological and biochemical measurements; and (iii) investigate 
153 the expression of TaP5CS, HaP5CS, and CaHSP26 as representative markers 
154 of osmotic adjustment and protein stability mechanisms, thereby providing a 
155 comparative framework for understanding drought tolerance and recovery in 
156 plants with diverse photosynthetic and functional traits.

157

158

159

160 2. Results 

161 2.1 Effects of Drought and Recovery on Growth Parameters

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

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

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

183

184 2.2 Oxidative Stress Markers and Antioxidant Enzyme Activities

185 Drought stress induced oxidative damage, as evidenced by increased levels 
186 of hydrogen peroxide (H₂O₂) and malondialdehyde (MDA) in most species 
187 (Figure 2). H. annuus showed the greatest increase in H₂O₂ (257.8%), 
188 followed by T. aestivum (153.7%) and C. album (37.2%). Interestingly, A. 
189 brasiliana exhibited a notable decline in H₂O₂ under drought (to 0.927 µg/g 
190 FW), with a further decrease upon recovery (0.635 µg/g FW), well below its 
191 control level (1.92 µg/g FW).

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

198 The activities of antioxidant enzymes catalase (CAT), superoxide dismutase 
199 (SOD), and peroxidase (POX) were evaluated under drought (Figure 2). CAT 
200 activity increased in all species under drought, with C. album showing the 
201 highest increase (837.3%), followed by H. annuus (629.6%), A. brasiliana 
202 (260.9%), and T. aestivum (147.7%). SOD activity also rose, most notably in 
203 H. annuus (303.9%), followed by C. album (77.9%), A. brasiliana (26.5%), and 
204 T. aestivum (16.0%). POX activity exhibited the most pronounced increase in 
205 H. annuus (2371.9%), followed by T. aestivum (62.9%), while C. album 
206 (48.7%) and A. brasiliana (0.7%) showed minimal changes. Enzyme activities 
207 generally declined after re-watering, approaching or exceeding control levels 
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208 in most species; however, in T. aestivum, activities returned to or dropped 
209 slightly below control levels.

210 2.3 Osmolyte Accumulation and Total Phenolics 

211 Soluble protein levels increased significantly in all species under drought, 
212 followed by a decline upon recovery. C. album showed the highest increase 
213 (90.4%). Proline content increased markedly in response to drought, with T. 
214 aestivum showing the highest elevation (1078.6%), followed by C. 
215 album (1057.2%), A. brasiliana (889.4%), and H. annuus (863.9%). Although 
216 proline levels decreased after re-watering, they remained higher than control 
217 values. Soluble sugar content followed a similar trend to proteins and proline, 
218 increasing under drought and decreasing during recovery, but not fully 
219 returning to control levels (Figure 3).

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

228 2.4 Photosynthetic Pigments

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

240 2.5 Leaf Anatomy: Stomata, Wax Deposition, Trichomes, and Stomatal 
241 Morphometric Data

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

248 Drought stress induced significant changes in stomatal pore dimensions 
249 across all four species, reflecting stomatal regulation under water deficit 
250 (Table S3). In Triticum aestivum, SPL increased markedly under drought 
251 (41.49 ± 2.29 µm) compared to control (21.83 ± 1.81 µm), while SPW 
252 decreased to zero, indicating complete stomatal closure. Partial reopening 
253 was observed during recovery, with SPL and SPW reaching 30.83 ± 2.99 µm 
254 and 1.22 ± 0.05 µm, respectively. Helianthus annuus showed no significant 
255 change in SPL between treatments, but SPW declined significantly under 
256 drought (0.41 ± 0.04 µm) relative to control (3.23 ± 0.73 µm), followed by 
257 partial reopening during recovery (1.22 ± 0.3 µm). In Chenopodium album, 
258 drought reduced both SPL (11.08 ± 0.05 µm) and SPW (0 ± 0 µm) compared 
259 to control, but both parameters increased significantly during recovery, with 
260 SPL reaching 18.22 ± 0.15 µm and SPW 3.4 ± 0.04 µm. Alternanthera 
261 brasiliana exhibited increased SPL under drought (18.66 ± 0.05 µm vs. 
262 17.03 ± 0.06 µm in control) and the highest SPW during recovery 
263 (6.94 ± 1.13 µm), indicating a strong recovery in stomatal opening capacity. 
264 These patterns reveal species-specific stomatal adjustments to drought and 
265 rehydration.

266 2.6 Gene Expression Patterns Under Drought

267 Relative expression levels of selected drought-related genes showed species-
268 specific responses (Figure 5). In T. aestivum (C3), TaP5CS was upregulated 
269 (~1.6-fold) under drought, indicating enhanced proline biosynthesis for 
270 osmotic adjustment. In contrast, H. annuus (C3) showed a downregulation 
271 (~0.73-fold) of HaP5CS, suggesting a distinct regulatory response in proline 
272 metabolism. C. album (C3-C4 intermediate) exhibited a moderate induction 
273 of CaHSP26 (~1.18-fold), implying a potential protective function of heat 
274 shock proteins in response to drought-induced stress. These expression 
275 profiles underscore divergent molecular mechanisms employed by the 
276 studied species in coping with water deficit.

277 2.7 Principal Component Analysis of Integrated Drought and Recovery 
278 Responses
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279 Principal Component Analysis (PCA) was conducted to explore multivariate 
280 patterns among physiological, biochemical, anatomical, and gene expression 
281 traits across species and treatments (Figure 6). The first two principal 
282 components together explained 59.1% of the total variance, with PC1 
283 accounting for 35.3% and PC2 for 23.8% (Figure S2).

284 PC1 primarily captured drought-induced variation, clearly separating 
285 drought-stressed samples from controls and recovery treatments (Table S5). 
286 Traits contributing most strongly to PC1 included catalase (CAT) activity 
287 (10.6%), root-to-shoot ratio (9.4%), soluble proteins (9.0%), hydrogen 
288 peroxide (7.9%), Chl a/b ratio (7.8%), proline (7.3%), and MDA (6.7%) (Table 
289 S4). These highlight the central role of oxidative stress markers, osmolyte 
290 accumulation, and biomass partitioning in shaping drought responses. 
291 Additional contributors included fresh weight (6.5%), total phenolics (6.1%), 
292 and soluble sugars (5.6%).

293 PC2 explained species-level variation and recovery dynamics. The traits with 
294 the highest contributions to PC2 were carotenoids (16.0%), peroxidase (POX) 
295 activity (12.1%), chlorophyll b (10.2%), and total pigments (10.6%) (Table 
296 S4), suggesting a strong role for photosynthetic pigment 
297 composition and antioxidant enzyme activity in differentiating species-
298 specific responses. Other contributors included dry weight 
299 (9.8%), chlorophyll a (8.4%), fresh weight (6.4%), and superoxide dismutase 
300 (SOD) activity (6.8%), reflecting variation in pigment retention, stress 
301 recovery, and photoprotection.

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

307 These multivariate patterns highlight the diverse physiological and 
308 biochemical mechanisms underlying drought response and recovery across 
309 species with distinct photosynthetic pathways.

310

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

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

339 A key manifestation of drought stress is oxidative damage, primarily driven 
340 by excess reactive oxygen species (ROS) such as hydrogen peroxide (H₂O₂). 
341 The resulting lipid peroxidation was evidenced by elevated malondialdehyde 
342 (MDA) levels across all species (Figure 2). C. album showed the greatest MDA 
343 accumulation, while A. brasiliana exhibited minimal MDA elevation and a 
344 reduction in H₂O₂ levels, suggesting more effective ROS regulation and a 
345 stronger antioxidative defense. These interspecific differences in oxidative 
346 markers underscore the varying efficacy of ROS detoxification 
347 strategies[26,27].

348 Plants mitigate oxidative damage through a hierarchical antioxidant enzyme 
349 system in which superoxide dismutase (SOD) catalyzes the dismutation of 
350 superoxide radicals into H₂O₂, which is subsequently detoxified by catalase 
351 (CAT) and peroxidase (POX)[28]. Our results clearly point to distinct, species-
352 specific antioxidant strategies for managing drought-induced oxidative stress 
353 across the C3-C4 intermediate types (Figure 2). Helianthus annuus (C3) 
354 appears to rely heavily on a massive activation of POX (2371.9% increase) 
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355 and SOD (303.9% increase) to rapidly detoxify ROS. In contrast, 
356 Chenopodium album (C3-C4 intermediate) utilized an exceptional increase in 
357 CAT activity (837.3% increase) as its primary line of defense against elevated 
358 H₂O2. Meanwhile, Triticum aestivum (C3) relied on a moderate, coordinated 
359 activation across all enzymes. Most notably, the C4-like species, 
360 Alternanthera brasiliana, maintained relatively stable H₂O2 and showed 
361 minimal increases in MDA and POX activity, suggesting a fundamental 
362 distinction in its ROS management, likely tied to its C4-like traits that 
363 enhance water-use efficiency and suppress photorespiratory ROS generation.

364 Following rehydration, enzyme activities generally declined to or below 
365 control levels, especially in Triticum aestivum, although some remained 
366 elevated in other species, possibly indicating stress memory or physiological 
367 priming. [29–31]. It is important to note that this decline is the expected 
368 physiological outcome. Since the substrate (H₂O2) is rapidly depleted post-
369 rehydration, the subsequent downregulation of CAT and POX activity signals 
370 a successful metabolic re-establishment and a return toward homeostasis, 
371 rather than a failure of the antioxidative system. The CAT response in C. 
372 album is consistent with its proposed role as a key H₂O2 scavenger in stress-
373 resilient species [32].

374 It is important to note that the observed general decline in CAT and POX 
375 activity during the recovery stage, despite reduced H₂O₂ and MDA levels, is 
376 the expected physiological outcome. Once the drought stress is alleviated and 
377 ROS levels fall, the intense enzymatic scavenging required during active 
378 stress is downregulated. This reduction in enzyme activity signals a 
379 successful metabolic re-establishment and a return toward homeostasis, 
380 rather than a failure of the antioxidative system.

381 Osmotic adjustment, via the accumulation of compatible solutes such as 
382 proline, soluble proteins, and sugars (Figure 3), plays a pivotal role in drought 
383 tolerance by preserving cell turgor, stabilizing macromolecules, and 
384 scavenging ROS[15,33]. In our study, proline levels increased dramatically 
385 under drought, particularly in T. aestivum and C. album—consistent with its 
386 reported drought resilience[22], followed by A. brasilianan and H. annuus. 
387 Soluble protein content also increased significantly under drought, most 
388 notably in C. album, reflecting enhanced metabolic activity and stress-related 
389 protein synthesis. Soluble sugar levels followed a similar trend, increasing in 
390 all species during drought and partially declining after rehydration. While 
391 post-recovery values for proline and sugars remained numerically above 
392 control in most cases, not all species showed statistically significant 
393 differences, reflecting differential recovery dynamics and possibly a short-
394 term osmotic priming effect or delayed metabolic reversion[29].

395
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396 In parallel, total phenolic content—well-established ROS scavengers 
397 contributing to stress tolerance[34]—increased under drought in all species. 
398 The highest increase was observed in A. brasiliana, followed by C. album, T. 
399 aestivum, and H. annuus. Among controls, A. brasiliana exhibited the highest 
400 basal phenolic levels, while T. aestivum had the lowest, suggesting inherent 
401 differences in antioxidant capacity. After re-watering, phenolic content 
402 declined in all species. In T. aestivum, levels remained slightly higher than 
403 the control, though not statistically significant, suggesting a transient 
404 upregulation of phenolic metabolism during early recovery (Figure 3). This 
405 pattern may reflect a short-lived stress memory or delayed downregulation 
406 of secondary metabolism as plants transition back to homeostasis, consistent 
407 with reports that phenolic responses can persist briefly during recovery as 
408 part of stress priming or residual defense activation[29]. These coordinated 
409 biochemical responses—including elevated osmolytes and phenolics—
410 underscore species-specific drought tolerance mechanisms and recovery 
411 potential, with T. aestivum and C. album exhibiting particularly robust 
412 osmotic and antioxidative adjustments [35,36].

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

430 Leaf anatomical changes also contributed to drought responses. Stomatal 
431 pore width (SPW) significantly declined in all species, with complete closure 
432 observed in T. aestivum and C. album, minimizing water loss[39,40]. 
433 Recovery of SPW occurred in C. album and A. brasiliana, while H. annuus 
434 showed minimal reopening. Meanwhile, stomatal pore length (SPL) increased 
435 under drought in T. aestivum and A. brasiliana, possibly indicating structural 
436 adaptation without aperture widening. These interspecific differences in 
437 stomatal behavior highlight distinct strategies of water-use efficiency and 
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438 stress recovery[41–45]. Additional traits such as increased cuticular wax 
439 deposition in T. aestivum and C. album, and enhanced trichome density in T. 
440 aestivum, H. annuus, and C. album, may further reduce water loss through 
441 reflective and barrier functions[46,47].

442

443 At the molecular level, drought tolerance involves the regulation of stress-
444 responsive genes, including those encoding osmoprotectants and molecular 
445 chaperones. Our data demonstrate species-specific expression of small heat 
446 shock protein sHSP26 and proline biosynthesis gene P5CS. In T. aestivum, 
447 the upregulation of TaP5CS coincided with elevated proline accumulation 
448 and enhanced antioxidant enzyme activity, indicating a coordinated response 
449 involving osmoprotection and reactive oxygen species (ROS) detoxification—
450 hallmarks of drought responses in C₃ plants[48]. In contrast, HaP5CS was 
451 downregulated in Helianthus annuus, suggesting a divergent drought 
452 adaptation strategy that may rely on alternative osmolytes or signaling 
453 pathways. This is consistent with recent findings in sunflower, where drought 
454 stress induced the accumulation of soluble sugars and proteins, rather than 
455 proline, indicating a shift in osmoprotectant profiles[17,49]. Additionally, 
456 in Chenopodium album, the chloroplast-targeted CaHSP26 appears to 
457 stabilize photosystem II components under drought-induced oxidative stress, 
458 as evidenced by increased SOD activity and reduced ROS accumulation. This 
459 supports its proposed role as a molecular chaperone that safeguards 
460 photosynthetic efficiency under abiotic stress[50,51].

461 PCA provided a robust multivariate perspective on species-specific 
462 physiological, biochemical, and anatomical responses to drought and 
463 recovery. The first two components captured 59.1% of the total variance, with 
464 PC1 (35.3%) reflecting general treatment-induced responses (drought vs. 
465 control/recovery) and PC2 (23.8%) distinguishing species-level variation and 
466 recovery strategies. The high contribution of oxidative stress markers (CAT 
467 activity, H₂O₂, MDA) and osmotic regulators (proline, soluble proteins) to PC1 
468 (Table S4) strongly supports and integrates the univariate findings, 
469 confirming the centrality of these classical mechanisms in drought defense. 
470 [15,52]. Conversely, PC2 was driven by photoprotective traits such as 
471 carotenoids and POX activity (Table S4), validating the divergence of species-
472 specific strategies during stress and recovery. These PC2-driving variables 
473 clearly separate the C3 species from the C3–C4 intermediate/C4-like species 
474 (Table S5), thus demonstrating that photosynthetic/functional type strongly 
475 dictates the recovery trajectory. This pattern is consistent with prior reports 
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476 emphasizing the importance of pigment regulation and ROS detoxification in 
477 stress tolerance[37,38].

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

485 Despite these robust, coordinated findings across the physiological, 
486 biochemical, and anatomical levels, there are inherent limitations to this 
487 comparative study. The molecular analysis was intentionally focused on three 
488 core pathway markers (P5CS and HSP) to capture key mechanisms (osmotic 
489 adjustment and protein stability) but does not delineate the full complexity of 
490 species-specific regulatory networks. Furthermore, due to technical 
491 constraints involving the stability of reference genes across diverse species 
492 and multiple treatments, gene expression analysis was limited to the drought-
493 stressed stage, excluding the recovery phase. Future research endeavors 
494 should employ deep sequencing techniques, such as RNA-Seq, to capture the 
495 full transcriptome of drought-responsive genes, including LEA (Late 
496 Embryogenesis Abundant proteins) and other critical gene families. This will 
497 provide a comprehensive map of the diverse molecular strategies employed 
498 by these contrasting photosynthetic types and fully detail the mechanisms of 
499 recovery and stress memory.
500

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

519

520 4. Methods

521 4.1 Experimental Design and Sampling

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

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

549

550 4.2 Relative Water Content (RWC)

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

551 RWC was determined following the Clarke and Mccaig method  [53]. Fresh 
552 leaf samples were weighed (FW), soaked in deionized water for 24 hours at 
553 4°C to obtain the turgid weight (TW), and subsequently dried at 80°C to a 
554 constant weight (DW). RWC was calculated as:
555 RWC (%) = [(FW – DW) / (TW – DW)] × 100

556 4.3 Oxidative Stress Markers and Antioxidant Enzyme Activities

557 Malondialdehyde (MDA) content, a marker of lipid peroxidation, was 
558 determined by mixing 0.5 ml of plant extract with 1 ml of 20% trichloroacetic 
559 acid (TCA) containing 0.5% thiobarbituric acid (TBA)[54]. Samples were 
560 incubated at 100°C for 30 minutes, cooled on ice, and centrifuged at 10,000 
561 g for 10 minutes. Absorbance was measured at 532 and 600 nm, and MDA 
562 concentration was calculated using an extinction coefficient of 155 
563 mM⁻¹cm⁻¹. H₂O₂ content was measured according to the method of Velikova 
564 et al.[55].

565 Fresh leaf tissues (0.5 g) were homogenized in ice-cold extraction buffer (50 
566 mM phosphate buffer, pH 7.0, containing 1% polyvinylpyrrolidone), and the 
567 homogenate was centrifuged at 12,000 g for 15 minutes at 4°C. The 
568 supernatant was used for enzyme assays as described by Esfandiari et al.  
569 [56]. Catalase (CAT) activity was measured following Aebi method [57] by 
570 monitoring the decomposition of hydrogen peroxide (H₂O₂) at 240 nm. One 
571 unit of CAT activity was defined as the amount of enzyme that decomposes 1 
572 µmol of H₂O₂ per minute. Peroxidase (POX) activity was determined 
573 according to the method of Shannon et al.[58],  based on the oxidation of 
574 guaiacol in the presence of H₂O₂. The increase in absorbance at 470 nm due 
575 to tetraguaiacol formation was recorded, and enzyme activity was expressed 
576 in units per gram fresh mass. Superoxide dismutase (SOD) activity was 
577 estimated following the method of Beauchamp and Fridovich[59] which 
578 measures the enzyme's ability to inhibit the photochemical reduction of nitro 
579 blue tetrazolium (NBT). One unit of SOD activity was defined as the amount 
580 of enzyme required to cause 50% inhibition of NBT reduction at 560 nm.

581 4.4 Determination of Soluble Proteins, Free Proline, Total Soluble 
582 Sugars, and Total Phenolics

583 Soluble protein content was estimated according to the method of 
584 Rausch[60], which is based on the Coomassie Brilliant Blue G-250 dye-
585 binding technique. Fresh leaf tissues (0.5 g) were homogenized in extraction 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

586 buffer, and the protein concentration was determined by measuring the 
587 absorbance at 595 nm. Bovine serum albumin (BSA) was used as the standard 
588 for the calibration curve, and results were expressed as mg g⁻¹ fresh mass.

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

597 Total soluble sugars were quantified using the phenol-sulfuric acid method 
598 described by Dubois et al.[62]. A known volume of the ethanol extract from 
599 homogenized plant tissues was reacted with 5% phenol and concentrated 
600 sulfuric acid. The reaction mixture was incubated at room temperature, and 
601 absorbance was recorded at 490 nm. Glucose was used to generate a 
602 standard curve, and results were expressed as mg g⁻¹ fresh mass.

603 Total phenolic content was estimated using a modified Folin–Ciocalteu 
604 method of Singleton and Rossi [63]. Twenty microliters of plant extract were 
605 mixed with 1.58 ml distilled water and 100 µl Folin–Ciocalteu reagent. After 
606 30 seconds to 8 minutes, 300 µl of 20% Na₂CO₃ was added. Samples were 
607 incubated at 40°C for 20 minutes, and absorbance was measured at 750 nm. 
608 Results were expressed as µg gallic acid equivalents (GAE) per g fresh 
609 weight.

610 4.5 Photosynthetic Pigments

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

616 4.6 Scanning Electron Microscopy (SEM)

617 Leaf samples from control, drought-stressed, and recovered plants were fixed 
618 in 4% formaldehyde and 1% glutaraldehyde (4F1G) in phosphate buffer (pH 
619 7.2) at 4°C for 3 hours. Post-fixation was carried out in 2% osmium tetroxide 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

620 (OsO₄) at 4°C for 2 hours. Samples were washed, dehydrated in a graded 
621 ethanol series, dried using the critical point method, mounted on aluminum 
622 stubs with carbon paste, and gold-coated (400 Å thickness). Observations 
623 were made using a JEOL JSM-5300 SEM operated at 15–20 kV[65].

624 4.7 RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR 
625 (qRT-PCR)

626 Total RNA was extracted from plant tissues using Biozol reagent (Bioer 
627 Technology, Japan) following the manufacturer’s protocol. RNA 
628 concentration and purity were determined by measuring absorbance at 260 
629 nm and 280 nm with a NanoDrop 2000 spectrophotometer (Thermo Fisher 
630 Scientific, USA). Samples with an A260/A280 ratio between 1.8 and 2.0 were 
631 used for further analysis. One microgram of RNA was reverse transcribed 
632 into cDNA using the Viva cDNA synthesis kit (Vivantis, Singapore) according 
633 to the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) 
634 reactions were performed using RealMOD™ Green W 2× qPCR mix (Catalog 
635 #25350, Intron Biotechnology, USA) in a final volume of 20 µl, which included 
636 1 µl of cDNA template and 2 µl of primer mix (forward and reverse primers). 
637 Thermal cycling was conducted on a StepOnePlus™ Real-Time PCR System 
638 (Thermo Fisher Scientific, USA) with the following program: initial 
639 denaturation at 95°C for 10 minutes; 40 cycles of denaturation at 95°C for 20 
640 seconds, annealing at 60°C for 15 seconds, elongation at 72°C for 60 seconds; 
641 followed by a final extension at 72°C for 5 minutes[66].

642
643 Relative gene expression levels were calculated using the 2^−ΔΔCt method 
644 by normalizing the Ct values of target genes to the geometric mean of the 
645 reference genes. 
646
647 Target gene expression was normalized against two internal reference genes: 
648 elongation factor 1-alpha (EF1α) and 18S ribosomal RNA.
649 For Triticum aestivum, EF1α primers were: forward 5′-
650 GGTTAAGATGATTCCCACCAAGCC-3′ and reverse 5′-
651 GACAACACCAACAGCAACAGTCTG-3′. For Helianthus annuus, EF1α primers 
652 were: forward 5′-TGCCCAAGAAGTTGCTGGTG-3′ and reverse 5′-
653 ACGTGCCCAGGTGAGTCGAT-3′. The EF1α primers for Chenopodium album 
654 were: forward 5′-CCGAGCGTGAACGTGGTAT-3′ and reverse 5′-
655 TAGTACTTGGTGGTTTCGAATTTCC-3′. 18S rRNA primers were: forward 5′-
656 TCCTGAGTAACGACGAGACC-3′ and reverse 5′-
657 CACGATGAAATTTCCCCAAGAT-3′. The 18S rRNA primer set was applied 
658 universally due to the high conservation of the ribosomal gene across 
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659 monocots, dicots, and C3-C4 intermediates, serving as a stable, fixed baseline 
660 for the geometric mean calculation across all comparative species.
661 Specific primers for the target genes were: CaHSP26 (Chenopodium album): 
662 forward 5′-ATGGCAAGCAAGGGTATTACATGCAG-3′, reverse 5′-
663 GGTGACAATGAGTCGATCAATCCAA-3′. TaP5CS (Triticum aestivum): forward 
664 5′-ACAGAGATAAAGTAGCAGAGAC-3′, reverse 5′-AGACCTTCAACACCCACAG-
665 3′. HaP5CS (Helianthus annuus): forward 5′-TGGTGGAGGACTTATCGGACT-
666 3′, reverse 5′-TCCGAGGTAGCCAGTGTAGT-3′. The primers for HaP5CS were 
667 adopted from a previously published study of Chen et al.[67], as no annotated 
668 H. annuus P5CS nucleotide sequence. Relative gene expression levels were 
669 calculated using the 2^−ΔΔCt method by normalizing the Ct values of target 
670 genes to the geometric mean of the reference genes[68]. This robust 
671 normalization strategy, utilizing the geometric mean of the EF1α and 18S 
672 rRNA Ct values, serves as the necessary internal validation practice for 
673 comparative gene expression across treatments and diverse species.
674

675 4.8 Statistical Analysis

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

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

692

693
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941 10. Figure legends
942 Figure 1.  Effects of drought and recovery on biomass and water status 
943 in four plant species. Fresh weight (FW), dry weight (DW), and relative 
944 water content (RWC) were assessed in Triticum aestivum, Helianthus 
945 annuus, Chenopodium album, and Alternanthera brasiliana (n = 3) under 
946 control, drought, and recovery treatments. (A, B) FW and DW are shown as 
947 bar graphs representing mean ± SD. (C) RWC is shown as boxplots; boxes 
948 represent the interquartile range (25th–75th percentile), the line inside each 
949 box indicates the median, and whiskers represent the 5th and 95th 
950 percentiles. Statistical significance was determined by two-way ANOVA 
951 followed by Tukey’s post hoc test (P < 0.05). Different letters denote 
952 significant differences between treatments within each species.
953
954 Figure 2. Oxidative stress markers and antioxidant enzyme activities 
955 in four plant species under drought and recovery conditions. (A) 
956 Hydrogen peroxide (H₂O₂) content, (B) malondialdehyde (MDA) content, (C) 
957 catalase (CAT) activity, (D) superoxide dismutase (SOD) activity, and (E) 
958 peroxidase (POX) activity in leaves of Triticum aestivum, Helianthus annuus, 
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959 Chenopodium album, and Alternanthera brasiliana. Bars represent means (± 
960 SD, n = 3). Different letters above bars indicate significant differences 
961 between means (P < 0.05) according to Tukey’s post hoc test following two-
962 way ANOVA.

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

970
971 Figure 4. Scanning electron microscopy (SEM) analysis of adaxial leaf 
972 epidermis in four plant species under control, drought, and recovery 
973 conditions. Representative SEM micrographs show stomatal and epidermal 
974 surface features of Triticum aestivum (a–c), Helianthus annuus (d–
975 f), Chenopodium album (g–i), and Alternanthera brasiliana (j–l) under 
976 control, drought, and recovery treatments, respectively. Drought stress 
977 visibly altered stomatal aperture, wax deposition, and epidermal integrity in 
978 all species. Magnifications and scale bars are indicated on each panel.
979
980 Figure 5. Relative transcript levels of stress-responsive genes in three 
981 plant species under control and drought treatments. Transcript levels 
982 of TaP5CS, HaP5CS, and CaHSP26 were quantified by qRT-PCR in Triticum 
983 aestivum, Helianthus annuus, and Chenopodium album, respectively. Bars 
984 represent means ± SD (n = 2). Note: Molecular analysis was limited to the 
985 drought treatment stage due to technical constraints in primer stability 
986 across the recovery phase, focusing on genes activated during the immediate 
987 stress response."

988 Figure 6. Principal Component Analysis (PCA) of physiological, 
989 biochemical, and anatomical traits in four plant species under 
990 drought and recovery. The biplot displays individual observations grouped 
991 by Plant Species (color and shape) and Treatment (ellipses), based on the first 
992 two principal components. These components explain 35.3% (PC1) and 23.8% 
993 (PC2) of the total variance, respectively. Vectors (arrows) representing the 
994 variable loadings are included, illustrating the contribution of each measured 
995 physiological, biochemical, and anatomical trait to the overall variance 
996 structure. The biplot visually links sample clusters to their underlying 
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997 adaptive drivers, illustrating treatment effects and species-specific 
998 differences in multivariate trait patterns related to drought and recovery 
999 responses.
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1015 Figure 1.  Effects of drought and recovery on biomass and 
1016 water status in four plant species.
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1019 Figure 2. Oxidative stress markers and antioxidant enzyme activities 
1020 in four plant species under drought and recovery conditions.
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1022 Figure 3. Osmolyte and total phenolic accumulation in four plant 
1023 species under drought stress and recovery.
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1029 Figure 4. Scanning electron microscopy (SEM) analysis of adaxial 
1030 leaf epidermis in four plant species under control, drought, and 
1031 recovery conditions.
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1039 Figure 5. Relative transcript levels of stress-responsive genes in 
1040 three plant species under control and drought treatments.
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1049
1050 Figure 6. Principal Component Analysis (PCA) of physiological, 
1051 biochemical, and anatomical traits in four plant species under drought and 
1052 recovery.
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