Exploring Drought Tolerance Strategies in Ziziphora clinopodioides Lam.
through Morphological and Physiological Traits

ABSTRACT

Ziziphora clinopodioides is a perennial plant native to Iran that has gained significant attention due to its uses in food and
medicine. Given the complexity of yield trait heritability, understanding how this plant manages water deficit through its
morpho-physiological traits is essential. A split-plot experiment based on the randomized complete block design was employed
with three replicats in this research. The irrigation treatments included full irrigation (the control), transient drought stress
(irrigation cut-off at the flowering stage), and prolonged drought stress (irrigation cut-off at the vegetative growth stage).
Different ecotypes from various regions were cultivated and evaluated for morphological traits, pigment content, enzymatic
antioxidant activities, soluble carbohydrates, and proline accumulation across two harvests. The results indicated that drought
stress had a significant impact on both morphological and physiological traits. Under transient drought stress, the effects on
plant morphological traits were less compared to prolonged drought stress; however, there was a considerable reduction in
pigments and soluble protein levels, along with an increase in both enzymatic and non-enzymatic,antioxidant activities. In
contrast, during prolonged drought stress, pigment and soluble protein,levels increased, but the activitiesief enzymatic and non-
enzymatic antioxidants declined. Notable morphological and physiolagical differences between the,ecotypes in response to
drought stress were observed in both harvests. Overall, this study demonstrated that Z. clinepodioides adopts a tolerance
strategy under transient drought stress, whereas under prolonged drought stress, it maintains tolerance and utilizes avoidance
strategy, it’s exhibits phenotypic plasticity. These findings can be applied in"breeding and domestication programs for this
plant.
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Introduction

Ziziphora clinopodioides, a species belonging to the Lamiaceae family, is a native medicinal
plant of Iran, also found in Turkey, Tajikistan,"and China."t’s essential oil is rich in pulegone
and 1,8-cineole, with antioxidant and antimicrobialypreperties. These features make it useful in
food preservation, animal nutrition, and*pest management. The essential oil has been applied in
fish fillet preservation, poultry feed,"and ruminant'diets, enhancing both product quality and
shelf life.

Cultivation and domestication of Z. clinopodioides net only ensure a steady supply while
preserving biadiversity but also provide an opportunity to utilize superior genetic materials,
agricultural machipery, andiagronomicipractices to improve yield and quality. One of the major
challenges in cultivating thisyplant is managing irrigation, especially since most Iranian
agricultural land is in arid ‘or8emi-arid zones. Global climate models predict increased drought
frequency‘and intensity in‘the coming decades, making water management a crucial aspect of
sustainable agriculture: Drought stress particularly affects critical growth stages, such as
vegetative growth anthflowering, leading to significant reduction in yield and quality.

Due to the high.€nvironmental influence on yield-related traits and their complex and low
heritability, understanding the morphological and physiological responses of Z. clinopodioides
ecotypes tardrought stress is essential.

Materials and Methods

A field experiment was conducted at the Horticultural Science Research Station in
Mohammadshahr, Alborz Province, using a split-plot based on a randomized complete block
with three replicats. The main factor was the irrigation regime, which was applied as follows:
full irrigation (Control), irrigation continued until full flowering, irrigation ceased when the
first flowers appeared (transient drought stress), and irrigation was stopped at the stem
elongation stage (prolonged drought stress).



The sub-factor included five ecotypes of Z. clinopodioides collected from different regions:
Velian, Talegan, Galoogah, Kabodarahang, and Shazand. Soil moisture was measured
gravimetrically, and irrigation was applied based on soil properties and dripper flow to reach
field capacity. The parameters measured included morphological traits such as plant height,
number of nodes, branches, and flowers, as well as leaf and flower coordinates, and biomass
accumulation. Physiological traits assessed comprised pigments, antioxidant enzyme activity
(including catalase and superoxide dismutase), soluble sugars, and proline. Additionally,
biochemical assays were performed to evaluate antioxidant capacity using the DPPH assay, and
to determine lipid peroxidation levels through malondialdehyde (MDA) quantification.

Data were analyzed using SAS 9.4, and means were compared using LSD at 1% and 5%
significance.

Results and Discussion

Drought stress significantly influenced all traits, except inflorescence width, Prelonged stress
notably reduced biomass, leaf expansion, and plant height, while some ecotypes exhibited
adaptive responses, such as increased internode length and‘the more floral branches:

Under prolonged drought, plants showed a 36.2% reduction in‘leaf area (4?83 cm? in the control
to 3.08 cm?), likely as a water conservation mechanism. Ecotypes responded differently; Valian
increased internode length from 38.33 mm to 43.83 and secondary branches from 16.67 t0 19.43
under prolonged stress compared to control, while Shazand and Talegan showed 3.01-fold and
2.1-fold increases in floral branch number, respectively, passibly as a reproductive survival
strategy. N\

Morever, drought stress induced a decline in chlorop}fyll content, particularly under transient
stress. However, under prolonged drought conditions, some ecotypes, such as Valian and
Galoogah, exhibited 2.38-fold and 1.98-fold increases in total chlorophyll levels, respectively,
compared to transient drought, suggesting.a‘protective adaptation to oxidative stress.

In biochemical traits, Proline and soluble sugars accumulated under drought. Talegan showed
the largest increases, (4.41-fold and 5.79=fold under transient stress compared to control).
Antioxidant enzyme activitiei also rose under stress conditions, particularly in transient
drought. MDA content,.a marker of lipid peroxidation, increased significantly under drought
conditions, ‘indicating, cellular membrane damage, were highest in Galoogah (33.46 nmol/g
FW). N

Drought Telerance Strategies in Z. clinopodioides

The results ‘highlight the three primary drought tolerance strategies observed in Z.
clinopodioides: (1) Tolerance, through enhancing antioxidant activity and osmolyte
accumulation to mitigate oxidative damage; (2) Avoidance, by reducing leaf area and biomass
to minimize water loss; and (3) Escape, via increased reproductive effort under prolonged stress
conditions. Transient drought caused less damage compared to prolonged drought.

Ecotypic Variability in Response to Drought

Ecotypes showed significant differences. Although Galoogah exhibited the highest MDA
levels, indicating greater oxidative sensitivity, it also showed the highest antioxidant enzyme
activities. In contrast, osmoprotectant accumulated in Talegan and Velian ecotypes in water
deficit. Regarding morphological traits, Shazand and Talegan produced more floral branches.
Moreover, drought stress increased number of internodes and lateral branches in Galoogah and
Kaboudarahang ecotypes.

Impact of Harvest Timing (First vs. Second Cut)



MDA levels were significantly higher in the second cut, suggesting increased oxidative stress
over time. However, leaf length and width were greater in the second harvest, indicating
potential recovery and regrowth capacity. The second harvest also exhibited higher antioxidant
enzyme activity and soluble sugar content, demonstrating that plants can accumulate protective
compounds over successive growth cycles.

Conclusions and Recommendations

This study underscores the resilience of Z. clinopodioides adopts a tolerance strategy under
transient drought stress. While under prolonged stress, it integrates tolerance with avoidance
and escape mechanisms. Transient drought stress triggered antioxidant and osmoprotectant
responses with minimal impact on biomass, prolonged drought led to significant morphological
and physiological changes, including leaf size reduction and increased floral development.
Ecotypic differences highlight the genetic diversity of Z. clinopodioides, Which could be
leveraged for breeding drought-tolerant cultivars. Future research should focus‘onyroot related
traits, pigment-protein interactions, and irrigation scheduling to optimize\water use efficiency
for large-scale cultivation. Developing domestication strategies tailoredito specifi¢ ecotypes
can enhance the plant’s agronomic potential, ensuring sustainable production inarid and semi-
arid regions.
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