
Abstract  
The study investigated prolonged drought stress effects on 

phytohormone and polyamine levels in cress (Lepidium sativum 
L.) leaves, elucidating plant responses to harsh environments. 
Phytohormones, 12-oxophytodienoic acid (OPDA), Jasmonic acid 
(JA), Jasmonyl-Isoleucine (JA-Ile), Abscisic acid (ABA), and sal-
icylic acid (SA) increased, especially ABA that rose consistently. 
Indole-3-acetic acid (IAA) responded akin to ABA and SA. 
Cytokinins such as zeatin (ZT) and isopentenyl adenine (iP) diver-
sified drought tolerance, ZT fell sharply, and iP remained stable. 
Gibberellic acid (GA3) declined, while brassinolide (BL) surged 
with prolonged drought. Polyamines reduced, indicating sensitiv-

ity to severe drought. Findings uncovered intricate regulatory 
mechanisms for plant acclimation to water scarcity. Interaction of 
OPDA, JA, JA-Ile, ABA, SA, IAA, ZT, iP, GA3, BL, and 
polyamines contributes to drought coping and physiological bal-
ance. Insights into cress leaf response and drought tolerance 
mechanisms contribute significantly to plant drought acclimation 
understanding. 

 
 

Introduction  
Plants experience both biotic and abiotic factors, and these 

elements can exert various influences on the growth, develop-
ment, and overall productivity of plants. The degree of deviation 
from optimal growth is contingent upon the category, intensity, 
duration, and amalgamation of exposure to abiotic stressors.1,2 
Drought stands as a prominent abiotic stress factor that exerts 
detrimental effects on agricultural output and yield.3 In arid and 
semiarid regions, drought is one of the most significant and wide-
spread stresses that plants experience.4 The multifaceted stress of 
drought typically alters plants’ physiological, biochemical, and 
molecular characteristics. Furthermore, it may have a detrimental 
impact on plant growth and yield. Typically, plants cope with 
drought stress by maintaining cell water homeostasis through 
physiological, biochemical, and molecular strategies. However, 
these mechanisms depend on the drought intensity and duration of 
exposure.5 During drought circumstances, plants can acclimate by 
modulations at different levels including morphological, metabol-
ic, and transcriptional changes.6 Increased accumulation of phyto-
hormones and polyamines and sophisticated crosstalk among 
them are some of the most striking metabolic indicators in plants 
under drought stress.7,8 In particular, under stress, phytohormone-
mediated accumulation of osmolytes and antioxidants increases. 
This accumulation, in turn, acts as a protective mechanism for the 
cell’s machinery, guarding it against a range of environmental 
stressors. In addition, the modulation of enzymes related to carbon 
and nitrogen metabolism plays a crucial role in governing physio-
logical fitness.5,9 Hence, abscisic acid (ABA) has been shown to 
trigger drought stress responses where ABA is a key signal mole-
cule that promotes root growth, elicits stomatal closure, and regu-
lates gene expression involved in water transport and osmotic 
adjustment.10 Cytokinin synthesis induced by drought expands 
plants’ tolerance to water deficit by improving root-to-shoot sig-
naling and enhancing photosynthetic efficiency under drought 
stress.11,12 Ethylene and jasmonic acid serve as essential signaling 
molecules in plants, orchestrating various aspects of growth, 
development, and defense responses against both biotic and abiot-
ic stresses.13 These plant hormones exhibit intricate crosstalk and 
synergy, enabling plants to finely regulate their responses to 
changing environmental conditions. 
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In addition, polyamines, such as putrescine, spermidine, and 
spermine, are organic compounds of small size that serve crucial 
functions in the control of plant growth, development, and their 
ability to withstand abiotic stresses like drought. Polyamines 
exhibit regulatory functions in terms of stomatal behavior, eleva-
tion of photosynthetic efficiency, and safeguarding cellular con-
stituents against oxidative harm when plants experience drought-
induced stress conditions.14,15 

Lepidium sativum, commonly known as garden cress, belongs 
to the Brassicaceae family. Garden cress has been utilized for var-
ious culinary and medicinal purposes due to its rich nutrient con-
tent and potential health benefits. The widespread distribution and 
adaptability of L. sativum make it an interesting subject for botan-
ical and agricultural studies.2 

This work aimed to unravel phytohormones and polyamine lev-
els that induce the activation of the acclimation response following 
drought stress. To understand the dynamic nature of acclimation, the 
study focused on the involvement of the possible signaling role of 
phytohormones, polyamines, and crosstalk between polyamines and 
phytohormones during drought stress of L. sativum leaves.  

 
 

Materials and Methods  
Plant specimens and cultivation conditions 

Cress seeds that had undergone germination were cultivated in 
a controlled environment, featuring 55-60% humidity, and 14 h of 
light exposure with an intensity of 150 µmol photons m–2s–1 at 
20°C. Additionally, they were subjected to darkness at 21°C for 10 
h. They were potted in a substrate mix of peat moss, perlite, and 
vermiculite (2:1:1 ratio). After 6 weeks, plant seedlings were 
exposed to varying durations of drought stress, while others 
remained in controlled conditions. The analyses and assays were 
meticulously performed on plant leaves, ensuring a robust and reli-
able dataset. Triplicate testing was carried out for each of the three 
independent biological samples. Plant samples were analyzed to 
study phytohormone and polyamine fluctuations in response to 
drought duration. 

 
Drought application 

Drought stress was imposed on plants grown under controlled 
conditions. Initially, plants were irrigated with tap water three 
times a week for six weeks. Subsequently, plants experienced 
varying water deficit periods (3, 6, or 9 days) by withholding 
water. In contrast, control plants were consistently irrigated three 
times a week for 3, 6, or 9 days. Following each drought exposure, 
leaf samples were collected from the plants in a growth chamber 
and stored at -80°C for further analysis.1  

 
Phytohormones and polyamines analysis 

To analyze phytohormones 12-oxophytodienoic acid (OPDA), 
Jasmonic acid (JA), Jasmonyl-Isoleucine (JA-Ile), Abscisic acid 
(ABA), salicylic acid (SA), Indole-3-acetic acid (IAA), zeatin 
(ZT), Gibberellic acid (GA3), Brassinolide (BL), and isopentenyl 
adenine (iP), and polyamines (Putrescine, Cadaverine, Agmatine, 
Spermine, Spermidine), 50 mg of leaves tissue underwent extrac-
tion. The extraction solution was a mixture of methanol (86%) and 
acetonitrile (10%). After homogenization and vortexing for 3 min-
utes, the sample was centrifuged at 4000 rpm for 2 minutes. The 
resulting supernatant was evaporated using N-gas, and the residue 
was dissolved in 500 µL of HPLC mobile phase.  

HPLC separation utilized solvents A (90% acetic acid-water) and 
B (10% methanol) in a gradient isocratic method. The gradient 
included 100% B for 20 minutes, followed by 100% B for 15 min-
utes, and re-equilibration. An Agilent Zorbax Eclipse XDB-C18 col-
umn 4.6 x125 mm with a particle size of 5μm was employed at a tem-
perature of 35°C, and the sample injection volume was set at 10 μL.  

The eluent underwent analysis using a Shimadzu LC-MS 8030 
with an electrospray ion mass spectrometer (ESI-MS) in positive 
ion mode. The mass range scanned was 50 to 1200 m/z, with an 
ESI voltage of 125V and SKIMMER set to 65V. High-purity nitro-
gen (99.999%) was the drying gas at a flow rate of 200 μL min-1. 
The fragment nebulizer was at 45 psi, and the capillary tempera-
ture was 350°C. Additionally, a 0.1% formic acid solution served 
as a blank.16  

The identification and quantification of phytohormones and 
polyamines were determined by comparing the retention time of 
the prepared standard phytohormones and polyamine solutions 
with the retention time from the collected data for the samples after 
each run.  

 
Statistical analysis 

The study results were expressed as the mean±standard devi-
ation (SD) (n=3) of three independent biological samples. 
Subsequently, a two-way analysis of variance (ANOVA) was 
executed, followed by a Tukey post hoc test to pinpoint signifi-
cant differences among means. This analysis compared the 
means of various durations of drought stress with their respective 
controls. Notably, distinct letters were employed in the results to 
indicate statistical significance, adhering to a significance level 
of P ≤ 0.05. 

 
 

Results  
Leaf phytohormones content  

Throughout a prolonged 9-day period of drought stress expo-
sure, cress leaves experienced significant alterations in the content 
of various phytohormones, highlighting the dynamic response to 
these conditions. Notably, the content of OPDA in the leaves dis-
played a remarkable threefold increase after 9-day drought stress 
compared to the control (Figure 1A). Similarly, the level of JA 
exhibited a significant rise during drought stress exposure, with 
respective fold increases of 1.4, 1.5, and 3.5 after 3, 6, and 9 days 
of exposure (Figure 1B). Correspondingly, the levels of JA-Ile in 
the leaves showed a significant increase during exposure to 
drought stress. After 3, 6, and 9 days of exposure, the content of 
JA-Ile in the leaves increased by approximately 2.3-fold, 1.9-fold, 
and 1.8-fold, respectively (Figure 1C). Similarly, the impact of 
drought stress on the content of ABA in the leaves was observed 
after 3, 6, and 9 days of exposure. The levels of ABA were meas-
ured to be 1.6, 1.6, and 1.8, respectively, compared to the control 
(Figure 1D).  

During periods of drought stress, the leaves exhibited a sub-
stantial increase in the presence of SA. Notably, this augmentation 
in SA content was pronounced, with fold enhancements of 1.8, 2.8, 
and 2.7 after 3, 6, and 9 days of exposure to the drought conditions, 
respectively (Figure 1E). The fluctuation of IAA content in the 
leaves underwent dynamic changes during the period of drought 
exposure, exhibiting fold increments of 1.7-fold after 3 days, 2.2-
fold after 6 days, and 2.3-fold after 9 days of exposure, respective-
ly, when compared to the control conditions (Figure 1F). 
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Figure 1. Levels of phytohormone contents in L. sativum under drought stress, as measured by LC-MS/MS. A- OPDA, B- JA, C- JA-Ile, 
D- ABA, E- SA, F- IAA, G- ZT, H- GA3, I- BL, and J- iP were estimated in various drought stress time points (black histograms 3, 6 and 
9 days) in comparison to the control phytohormones contents (white histograms). Data showing replicate means±SD. Significant differ-
ences are indicated by different letters (Tukey’s test; P≤0.05).
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In contrast, during drought stress, the levels of zeatin demonstrated 
a significant reduction in comparison to control conditions. This 
reduction was particularly pronounced, with the zeatin content 
reaching 0.6, 0.7, and 0.4-fold of the original levels of 3 days, 6 
days, or 9 days of exposure to the stress, respectively (Figure 1G). 

The study also aimed to examine the impact of drought over-
time on the leaf content of GA3, a plant hormone. It was observed 
that the GA3 leaf content underwent significant changes during 
drought stress. Specifically, compared to the control (Figure 1H), 
over 3 days, the GA3 content increased by 3.4-fold, which further 
increased to 2.4-fold after 6 days and 0.9-fold after 9 days. 

Moreover, the BL phytohormone showed a notable increase in 
leaf content during drought stress. Following 3, 6, and 9 days of 
exposure, the BL content increased by 2.3-, 3.5-, and 2.8-fold, 

respectively (Figure 1I). Additionally, the IP cress leaf content 
demonstrated fold increases of 2.4, 3.2, and 1.9 after 3, 6, and 9 days 
of exposure, respectively, compared to the control (Figure 1J).  

Leaf polyamines content  
Drought stress significantly reduced the levels of all 

polyamines in leaves in comparison with those of controls (Figure 
2). The adverse effect on leaves’ polyamine content varied with 
drought duration exposure. Specifically, the content of putrescine 
in leaves showed a slight reduction, reaching 0.9-fold of the con-
trol levels across all durations of drought exposure (Figure 2A). 
Cadaverine content in leaves decreased to 0.9-fold after 3 days of 
drought exposure, remaining constant after that (Figure 2B). 

[Journal of Biological Research 2023; 96:11706]
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Figure 2. Levels of polyamine contents in L. sativum leaves under drought stress as quantified by LC-MS/MS. A- Putrescine. B- 
Cadaverine. C- Agmatine. D- Spermine. E- Spermidine were estimated in various drought stress time points (black histograms 3, 6, and 
9 days) in comparison to the control polyamine contents (white histograms). Data showing replicate means±SD. Significant differences 
are indicated by different letters (Tukey’s test; P≤0.05).
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Agmatine content decreased progressively: 0.8-fold at 3 days, 0.9-
fold at 6 days, and 0.3-fold at 9 days (Figure 2C). Spermidine con-
tent decreased: 0.6-fold (3 days), 0.6-fold (6 days), and 0.5-fold (9 
days) (Figure 2D). Spermine content reduced: 0.6-fold (3 days) 
and 0.4-fold (6 days) compared to controls (Figure 2E). 

 
 

Discussion  
The results obtained from the study on the alterations in phyto-

hormones and polyamines levels in cress leaves during prolonged 
drought stress have significant implications for understanding the 
plant’s response to adverse environmental conditions. Firstly, the 
changes in phytohormone levels during drought stress highlight the 
dynamic response of cress leaves. The content of OPDA displayed a 
remarkable increase after 9 days of drought stress. This finding 
aligns with earlier research demonstrating the role of OPDA in plant 
responses to drought stress.17 Furthermore, OPDA translocates from 
the chloroplast to the peroxisome where it undergoes reduction to 
form JA. This translocation and reduction process has been estab-
lished as a key step in JA biosynthesis.18 Additionally, OPDA func-
tions as a signaling molecule, influencing gene expression independ-
ently or in conjunction with the canonical JA signaling framework.19 
The results of the study propose that under drought conditions, there 
is a potential augmentation in the movement of OPDA and/or an 
induction of subsequent peroxisomal stages in the biosynthesis of 
JA. The support of this suggests that the leaf content of both OPDA 
and JA is raised in a time-dependent manner to drought stress 
(Figure 1A and B). This indicates that OPDA is responsive to 
drought stress and its concentration increases significantly over time 
of drought exposure and that JA contributes to the cress leaves 
response to water scarcity and its concentration increases as the 
stress duration extends. OPDA and JA late rising following drought 
exposure can stimulate stomatal closure to improve drought resist-
ance.17 Moreover, JA plays a pivotal role in plant responses to 
drought stress; when plants experience water scarcity, JA activates 
several defense mechanisms to safeguard themselves. These 
processes include the expression of stress-related genes, accumulat-
ing specific metabolites, fostering the synthesis of osmoprotectants 
and antioxidants,20,21 orchestration of plant water balance through 
coordinating processes such as root water uptake, transpiration reg-
ulation, and water loss mitigation.21,22 

The interplay between JA and other phytohormones, particu-
larly ABA (Figure 1D), is essential for coordinating the complex 
plant responses to drought stress.23,24 The JA signaling pathways 
play a crucial role in mitigating the impact of drought stress and 
enhancing plants’ ability to tolerate drought conditions. These 
pathways achieve this by promoting the production of organic 
osmoprotectants, which help maintain of cellular water balance, 
and by increasing the activity of antioxidant enzymes that counter-
act oxidative stress caused by drought.20,21 The modulation of 
these pathways provides insights into potential strategies for 
improving crop resilience against drought-induced challenges. 

OPDA, JA, and JA-IIe act as signaling molecules to stress.25 
JA-Ile the active form of JA, is a jasmonate conjugate. It acts as a 
critical regulator in the jasmonate signaling pathway.26 JA-Ile 
plays a pivotal role in regulating the expression of genes specifi-
cally associated with JA-Ile signaling.27 It serves as a mobile sig-
nal and can be transported from leaves to the roots to coordinate 
plant growth.28 This work results showed that under drought stress 
conditions, in cress leaf tissues, during progressive drought stress, 
there is an early increase in JA-Ile levels (Figure 1C). Notably, this 
increase in JA-Ile levels occurs concurrently with low levels of 

ABA presence (Figure 1D). The basal level and magnitude change 
under drought stress of OPDA, JA, and JA-Ile indicate that the pro-
duction of JA from OPDA is not the limiting factor for JA-Ile syn-
thesis.29 Drought stress influences the levels of OPDA, JA, and 
JA-Ile, suggesting their involvement in plant responses to abiotic 
stresses.30 Early JA-Ile accumulation of drought-stressed plants 
may affect both the aperture and density of stomata, which togeth-
er can affect transpirational water loss and modulate plant scaveng-
ing of elevating H2O2 content as previously mentioned.31 

During periods of drought stress, plants detect the water short-
age and respond by synthesizing ABA.10 Our study indicates that 
the levels of endogenous ABA increase early on and continue to 
rise as the drought stress progresses (Figure 1D). ABA acts as a 
signaling molecule that helps plants perceive drought stress and 
initiate appropriate responses to cope with limited water availabil-
ity. Consequently, ABA regulates various adaptive strategies in 
plants, including the closure of stomata, modulation of the root 
system, activation of gene expression at the transcriptional and 
post-transcriptional levels, and modulation of signal transduction 
pathways.14  

SA plays a vital role in plant defense mechanisms and their 
ability to cope with various stresses, such as drought. It functions 
as a signaling molecule and is involved in regulating plant growth, 
development, and stress responses.32 When plants are exposed to 
drought stress, SA levels in their leaves increase. This response is 
characterized by an early rise in endogenous SA levels, which con-
tinue to increase as the drought stress progresses (Figure 1E). SA 
may contribute to plant adaptation to drought stress through sever-
al processes. Firstly, it can induce stomatal closure, reducing water 
loss through transpiration. Additionally, SA enhances plants’ 
antioxidant defense system, which helps mitigate oxidative dam-
age caused by drought stress.6 It also influences the expression of 
stress-responsive genes, including those involved in drought toler-
ance, and stimulates the accumulation of compatible solutes.33 
Furthermore, SA interacts with other plant hormones to facilitate 
plant drought tolerance.32,34 

IAA exhibited similar changes in response to drought stress, 
similar to the hormones ABA and SA (Figure 1F). This finding sug-
gests that IAA, like ABA and SA, is responsive to drought stress.35  

Cytokinins have a diverse and multifaceted role in enhancing 
drought tolerance in plant leaves by regulating various physiological 
and molecular processes. 11 They contribute to maintaining cell tur-
gor, improving water-use efficiency, and facilitating osmotic adjust-
ments. Additionally, cytokinins influence the expression of genes 
involved in drought responses. Moreover, cytokinins also exhibit 
crosstalk with other phytohormones, forming a coordinated network 
that aids in plant stress tolerance.36 ZT and iP are recognized as the 
primary active isoprenoid cytokinins. When cress leaves are subject-
ed to drought stress, the content of ZT declines rapidly, especially 
with prolonged treatment. Conversely, the content of iP increases 
early and remains relatively stable with long-term exposure. These 
findings emphasize the distinct roles of ZT and iP in drought toler-
ance, which have been observed previously.37 This can be explained 
by the significant role of IP in delaying leaf senescence. iP upregu-
lates photosynthetic and translation machinery while downregulat-
ing catabolic processes commonly associated with senescence and 
cell death. However, a sudden decrease in ZT at the onset of stress 
might contribute to stomata closure.37 

Contrarily, GA3 displayed similar responses to drought stress 
as JA-Ile (Figure 1H), but with a more pronounced effect as the 
duration of drought stress exposure increased. The findings of this 
study suggested that drought stress reduced the levels of GA3 in 
cress leaves and this accelerated stomatal closure which was also 
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detected previously in wheat and tomato leaves by promoting 
ABA-induced stomatal closure at the early stages of sensed 
drought severity.38 

Under early drought stress exposure, the levels of biologically 
active BL, the active form of brassinosteroids, demonstrated a sig-
nificant increase and continued to rise with prolonged stress dura-
tion. This response is mediated through a network involving the pro-
duction of SA and ABA (Figure 1 D, E, and I), indicating that BL 
may regulate physiological reactions to drought stress conditions. 
Research suggests that BL plays a critical role in alleviating drought 
stress by modulating the content of ABA, which confers protection 
through regulating stomatal conductance in synergy with SA, there-
by minimizing water loss. These mechanisms contribute to main-
taining plant water balance and enhancing drought tolerance.10,14 

The research focused on investigating the impact of drought 
stress on the levels of endogenous polyamines in cress leaves. It 
was found that drought stress has a negative effect on the levels of 
polyamines in cress leaves. The extent of reduction varied depend-
ing on the specific polyamine and the duration of exposure to 
drought conditions. The study suggests that the decline in 
polyamines indicates the sensitivity of the polyamine biosynthetic 
pathway to prolonged and severe drought stress.39 This finding 
highlights the importance of endogenous polyamine accumulation 
as a mechanism for plants to cope with water scarcity and enhance 
their tolerance to drought conditions.8 Furthermore, there is a con-
nection between polyamine metabolism and ABA. ABA acts as an 
upstream signal for the induction of polyamine catabolism and reg-
ulates gene expression involved in polyamine production and 
catabolism in response to drought stress.14,40 This relationship aids 
in the regulation of stomatal closure and promotes the biosynthesis 
of osmoprotectants as a response to drought stress. 

 
 

Conclusions 
The study demonstrates that alterations in phytohormones and 

polyamines levels occur in cress leaves during prolonged drought 
stress. These changes reflect the dynamic response of the plant and 
hold significant implications for understanding the plant’s acclima-
tion to adverse environmental conditions. The interplay between dif-
ferent phytohormones, such as JA, ABA, SA, IAA, and cytokinins, 
plays a crucial role in coordinating the plant’s response to drought 
stress and enhancing its drought tolerance. The findings of this study 
contribute to our comprehension of the complex regulatory mecha-
nisms involved in plant acclimation to water scarcity. 
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