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Abstract

The effects of progressive drought stress were examined in four economically impor-
tant plant species belonging to the Lamiaceae family: catnip (Nepeta cataria L.), laven-
der (Lavandula angustifolia Mill.), holy basil (Ocimum tenuiflorum L.), and perilla mint
(Perilla frutescens (L.) Britton). Plants were grown in a controlled pot experiment under
three soil water capacity levels: 70% (control), 50% (moderate stress), and 30% (severe
stress), and the drought stress lasted for 30 days. The study evaluated a comprehen-
sive set of leaf micromorphological parameters, including the density and diameter of
glandular trichomes, stomatal density and size, and the thickness of the lamina, meso-
phyll, epidermis, cuticle, and parenchymal layers. In addition, essential oil (EO) content,
total flavonoid content (TFC), and elemental composition were analyzed. Drought re-
sponses were strongly species-specific. O. tenuiflorum, P. frutescens, and N. cataria showed
high sensitivity characterized by reduced biomass and thinning of leaf tissues. These
changes were accompanied by typical xeromorphic adaptations, such as increased stom-
atal and glandular trichome density, and reduced stomatal size. L. angustifolia exhibited
pronounced cuticle thickening, suggesting an effective structural mechanism to minimize
water loss. Secondary metabolism also responded differently among species. In some
cases, drought shifted metabolic allocation toward flavonoid accumulation at the expense
of essential oils, whereas in others, moderate stress promoted the co-accumulation of
both compounds. These patterns indicate distinct adaptive strategies linking anatomical
plasticity with metabolic regulation. Overall, moderate drought supported adaptive re-
sponses, while severe water limitation impaired growth and metabolic production. From
a practical perspective, maintaining moderate soil water availability appears critical to
optimize both plant performance and the accumulation of valuable secondary metabolites
in Lamiaceae species.
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1. Introduction
The mint family (Lamiaceae) is one of the largest angiosperm families, comprising

about 230–240 genera and over 7000 species worldwide. This makes it the sixth-largest
angiosperm family and the largest within the order Lamiales [1,2]. Plants belonging to this
family are widely used for the prevention and treatment of various human illnesses includ-
ing diabetes, hypertension, flatulence, pulmonary infections, headaches, fever, cough, colds,
urinary tract infections, gastric ulcers, epilepsy, bronchitis, asthma, and immunological
disorders [3,4]. Numerous studies have highlighted the diverse therapeutic potential of
different Lamiaceae genera, demonstrating antioxidant, antimicrobial, anti-inflammatory,
antidiabetic, and cardioprotective properties [3–8].

Glandular trichomes are important epidermal structures in Lamiaceae leaves and
play key ecological and physiological roles. They occur on both the adaxial and abaxial
leaf surfaces and contribute to functions ranging from pollinator attraction to herbivore
defence [9]. Morphologically, glandular trichomes are divided into two main types: capitate
and peltate trichomes [10]. Capitate trichomes consist of a stalk and a small secretory head
(10–30 µm in diameter) that mainly secretes polysaccharides along with a range of other
metabolites [11–13]. In contrast, peltate trichomes have a short unicellular stalk and a large,
multicellular secretory head (40–60 µm in diameter) [14–16]. These peltate glands represent
the principal sites of essential oil accumulation, and their size and density are closely
related to overall essential oil yield [17–19]. The development and activity of glandular
trichomes are highly dynamic and strongly influenced by environmental conditions and
seasonal changes [20–22].

Abiotic stresses, particularly drought, induce both anatomical and metabolic adapta-
tions in plants. Moderate water deficit can stimulate the biosynthesis of essential oils and
phenolic compounds as part of a protective antioxidant response, whereas severe drought
often suppresses plant growth and metabolic activity [23–28]. As a result, water scarcity
significantly alters biochemical profiles, often promoting the accumulation of bioactive com-
pounds such as flavonoids, an important group of secondary metabolites with protective
functions [29–31].

In addition to changes in trichome characteristics, plants adjust other microanatomical
features under drought conditions. These include modifications in stomatal traits, cuticle
thickness, and internal leaf structure, which collectively contribute to improved water-
use efficiency and stress tolerance [32–37]. Typically, drought leads to smaller stomata
and increased stomatal density, enabling more effective regulation of gas exchange and
transpiration [38–40]. Leaves may also develop thicker epidermal layers and a more
pronounced cuticle to reduce water loss [38,41].

Drought stress also affects nutrient uptake and ion homeostasis. Changes in the
accumulation of macro- and microelements can influence metabolic processes, as many of
these elements function as essential cofactors in secondary metabolite biosynthesis [42–49].

Despite the well-established relationship between environmental stress and secondary
metabolism, the coordinated interactions among trichome morphology, stomatal traits,
nutrient uptake, and metabolite accumulation under varying water availability remain
insufficiently understood across Lamiaceae species.

To address this gap, the present study focuses on four economically important species
with contrasting ecological origins and drought tolerance: Nepeta cataria L., Lavandula
angustifolia Mill., Ocimum tenuiflorum L., and Perilla frutescens (L.) Britton. These species
differ markedly in their adaptive strategies. Lavandula angustifolia Mill. (lavender), a
Mediterranean xerophyte is well adapted to arid conditions and characterized by a thick
cuticle and a predominance of peltate trichomes, which contribute to efficient water con-
servation and essential oil production [27,49,50]. In contrast, Perilla frutescens (L.) Britton
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(perilla mint), native to humid environments, is more sensitive to water deficit, although
drought can still influence its essential oil accumulation and trichome development [51,52].
Ocimum tenuiflorum L. (holy basil) exhibits intermediate drought tolerance and responds
to water stress with adjustments in both essential oil production and glandular trichome
density [24,25,33,53]. Nepeta cataria L. (catnip), a temperate species with relatively broad
ecological adaptability, shows moderate to high drought tolerance and maintains active
secondary metabolism under stress conditions [17,23,54,55].

Unlike previous studies that have examined these traits individually, this approach
allows a more integrated evaluation of anatomical, ionomic, and photochemical responses
across multiple species. By comparing these specific the study provides a framework
for understanding how contrasting ecological backgrounds influence the coordination of
structural and metabolic responses to drought stress. The objective of this study was to
investigate how different soil water capacity levels (70%, 50%, and 30% SWC) affect leaf mi-
croanatomy (size and density of glandular trichomes and stomata), elemental composition,
and secondary metabolite production in four selected Lamiaceae species (L. angustifolia,
P. frutescens, O. tenuiflorum, and N. cataria). Microanatomical traits were analyzed in all
four species, while elemental and physiological measurements were evaluated in three
species (L. angustifolia, O. tenuiflorum, and N. cataria) due to limited sample availability of
P. frutescens under severe drought conditions. The selected soil water capacity levels (70%,
50%, and 30% SWC) were chosen to represent well-watered conditions, moderate drought
stress, and severe drought stress, respectively, following commonly applied thresholds
in controlled drought experiments for medicinal and aromatic plants. We hypothesized
that: (i) moderate drought stress increases glandular trichome development and promotes
the accumulation of essential oils and flavonoids; (ii) severe drought stress limits both mi-
croanatomical development and biosynthetic activity; and (iii) these responses are species
specific, reflecting diverse drought tolerance strategies. By integrating micromorphological,
ionomic, and phytochemical traits, this study provides a comprehensive understanding of
drought adaptation in Lamiaceae species.

2. Materials and Methods
2.1. Plant Material and Experimental Design

A controlled pot experiment was conducted to evaluate drought responses in four
Lamiaceae species: holy basil (Ocimum tenuiflorum L.), perilla mint (Perilla frutescens (L.)
Britton), catnip (Nepeta cataria L.), and lavender (Lavandula angustifolia Mill.). Plants were ex-
posed to three soil water capacity (SWC) levels: 70% (well-watered control), 50% (moderate
drought stress), and 30% (severe drought stress).

Certified seeds of Nepeta cataria L. and Lavandula angustifolia Mill. were supplied
by Rédei Kertimag Zrt. (Réde, Hungary), whereas seeds of Ocimum tenuiflorum L. and
Perilla frutescens (L.) Britton were obtained from Rocalba S.A. (Linares, Spain) and Legutko
Invest Sp.J. (Jutrosin, Poland), respectively. Seeds were sown in seedling trays (39 cm ×
11 cm × 25 cm) in early April 2025. Seedlings were cultivated in a controlled-environment
growth chamber at the Department of Engineering and Agricultural Sciences, University of
Nyíregyháza, under a 16/8 h light/dark photoperiod at 25/19 ◦C (day/night), 60% relative
humidity, and a photosynthetic photon flux density (PPFD) of 300 µmol m−2 s−1.

Two-month-old seedlings were transplanted into pots with a diameter of 20 cm. Each
pot was filled with 5 kg of a mixture of sandy loam and peat moss (1:1, v/v). One plant per
pot was established, with 10 replicates per treatment for each species.

After transplanting, the pots were transferred to a greenhouse at the Research Institute
of Nyíregyháza, Institutes for Agricultural Research and Educational Farm, University
of Debrecen (Westsik Experimental Station, Nyíregyháza, Hungary). The experiment
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was arranged in a randomized block design. Pots were maintained under greenhouse
conditions to exclude natural precipitation. The average temperature inside the greenhouse
during the experimental period was 25.1 ◦C. Drought stress treatments were initiated four
weeks after transplanting and maintained for 30 days. No fertilizers or pesticides were
applied during the experiment.

2.2. Growing Medium and Soil Characteristics

The sandy loam used in the soil media mixture was sourced from the Demonstration
Garden of the University of Nyíregyháza (47.9737◦ N, 21.7089◦ E), located in Nyíregyháza,
Szabolcs-Szatmár-Bereg County, Hungary. The basic characteristics of the soil mixture
were as follows: pH(KCl): 7.11; total soluble salt < 0.02% (m/m); CaCO3 (m m−1%):
<0.1; humus (m m−1%): 3.09%; NO2-N—NO3-N: 38.29; SO4

2−: 298; P2O5: 274, K2O: 281,
Na: 36.1; Mg: 146.7; Cu: 2.05, Mn: 41.81, and Zn: 6.77 mg kg−1. Analyses were performed
in accordance with Hungarian Standard MSZ-08–0210:1977, MSZ-08–0206-2:1978, MSZ-08–
0458:1980, and Standard MSZ 20135:1999 [56–59].

Soil water capacity (SWC) levels were defined as percentages of field capacity (FC),
which was determined gravimetrically using a modified method according to Reynolds [60].
The substrate was saturated with water and allowed to drain freely for 24 h, after which the
weight corresponding to field capacity (WFC) was recorded. The oven-dry weight (WD)
was determined after drying at 105 ◦C to constant mass was achieved. Target pot weights
corresponding to 70%, 50%, and 30% SWC were calculated based on the difference between
WFC and WD using the following equation:

SWC(%) =
WC − WD

WFC − WD
× 100

where WC represents the actual pot weight at the time of measurement.
Three irrigation regimes were applied: 70% FC (well-watered control), 50% FC (mod-

erate drought stress), and 30% FC (severe drought stress). Soil moisture was monitored
daily by weighing each pot, and water was added as needed to maintain the predefined
SWC levels. Irrigation was performed daily at a fixed time (09:00 a.m.). Target weights
were adjusted weekly to account for increasing plant biomass.

The drought stress treatments were maintained for 30 days. At the end of the experi-
mental period, plant samples were harvested.

2.3. Micromorphological Analysis

Microanatomical investigations were conducted on all four species (N. cataria,
L. angustifolia, O. tenuiflorum, P. frutescens) to compare glandular trichome density and
leaf micromorphology; however, phytochemical analyses (essential oil and total flavonoid
content) were performed only for N. cataria, L. angustifolia, and O. tenuiflorum. In P. frutescens,
severe structural degradation and reduced biomass under drought conditions limited the
availability of suitable plant material for reliable phytochemical determination.

Leaf samples for microanatomical examinations were collected at the end of the
experimental period, coinciding with the flowering stage. Ten healthy, fully developed
leaves were harvested from the third internode, counted from the apex, of each plant.
The collected leaves were preserved in Strasburger–Flemming solution (a mixture of 96%
ethanol, 99.5% glycerol, and distilled water in a 1:1:1 v/v ratio [61]) until sectioning and
preparation of epidermal imprints.

Epidermal imprints were prepared from leaf samples following the methods of Hilu
and Randall [62], Gardner et al. [63], and Elagöz et al. [64]. Clear nail polish was applied
to both the adaxial and abaxial surfaces of the leaves. After drying, the resulting films
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were carefully peeled off and mounted on glass slides. The imprints were examined using
an Olympus BX51 light microscope (Olympus Corporation, Tokyo, Japan). The following
micromorphological parameters were evaluated on both adaxial and abaxial epidermal
imprints: stomatal length (µm), stomatal width (µm), and stomatal density (no. mm−2).

To examine glandular trichome characteristics, the method of García-Gutiérrez
et al. [65] was employed. Leaf segments from the middle part of the lamina were par-
tially digested in Franklin’s solution (a mixture of 35% hydrogen peroxide and glacial acetic
acid in a 1:1 v/v ratio) at room temperature for 24 h. After washing with distilled water, the
samples were cleared in a sodium hypochlorite solution (25–50% in water) to render the
epidermis transparent and subsequently stained with a 0.01% aqueous safranin solution
(Merck KGaA, Darmstadt, Germany). The following micromorphometric parameters were
evaluated on both adaxial and abaxial epidermal surfaces: density of capitate glandular
trichomes (no. mm−2), density of peltate glandular trichomes (no. mm−2), and diameter of
peltate glandular trichomes (µm) using an Olympus BX51 light microscope.

For further micromorphological analysis of the abaxial leaf surface, a Keyence WHX
EA-300 digital microscope (Keyence Corp. of America, Itasca, IL, USA) was used. Three
plants per treatment were selected for analysis. Ten leaf discs (5 mm in diameter) per plant
were excised from the central part of the leaf blade and fixed in Strasburger–Flemming
solution. Peltate glandular trichome density was determined by counting the number of
trichomes within a defined area (1 mm2). Three regions per sample were analyzed, with
ten replicates per plant, following the modified method of Radácsi et al. [66]. Additionally,
the diameter of peltate glandular trichomes was measured on ten randomly selected, intact
trichomes per sample [24].

Leaf cross-sections were prepared from the middle third of the lamina using razor
blades, following the method of Sass [67]. The sections were examined using an Olympus
BX51 light microscope (Olympus Corporation, Tokyo, Japan) and stained with a 0.01%
aqueous safranin solution (Merck KGaA, Darmstadt, Germany). The following micromor-
phometric parameters were measured: thickness of the lamina, mesophyll, adaxial and
abaxial epidermis, adaxial and abaxial cuticle, as well as palisade and spongy parenchyma
(all in µm). Digital images were captured using a VSI RZ302 3M CMOS camera (Beijing
BestScope Technology Co., Ltd., Beijing, China), and measurements were performed using
the VSI RZ302 software. Cross-sections and epidermal imprints were documented at total
magnifications of 40×, 100×, 200×, and 400× (corresponding to 4×, 10×, 20×, and 40×
objectives). All parameters were measured in 10 replicates per sample, and the values
were averaged.

2.4. Biochemical Analyses

Relative water content (RWC) was determined using fully expanded young leaves
collected from three plants per treatment for each species. Leaves were harvested from
the fourth internode, counting from the shoot apex. The fresh mass (FM) was recorded
immediately after sampling. Subsequently, the leaves were rehydrated in distilled water
for 24 h to reach full turgor. After rehydration, surface moisture was gently removed with
tissue paper, and the turgid mass (TM) was measured. Finally, samples were oven-dried
at 35 ◦C for 72 h until constant weight was achieved, and the dry mass (DM). RWC was
calculated using the following equation [68,69]:

RWC =
FM − DM
TM − DM

× 100

For the determination of total flavonoid content (TFC), 10 g of dried leaves from
Nepeta cataria, Lavandula angustifolia, and Ocimum tenuiflorum were extracted with 200 mL
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of boiling distilled water for 30 min using a magnetic stirrer. The resulting primary extracts
were allowed to cool to room temperature, filtered, and stored at 4 ◦C until analysis.

Total flavonoid content was determined using the aluminum chloride colorimetric
method according to Kim et al. [70]. The reagent solution was prepared by dissolving
0.5 g of aluminum chloride (AlCl3, Sigma, London, UK) and 0.41 g of potassium acetate
(CH3COOK, Sigma, London, UK) in a mixture of 150 mL of distilled water and 75 mL
of methanol.

For the measurement, 0.5 mL of each plant extract was mixed with 4.5 mL of the
reagent solution. The mixture was filtered through a 0.45 µm membrane filter, and the
absorbance was measured at 415 nm using a PerkinElmer Lambda 35 spectrophotometer
(PerkinElmer, Inc., Waltham, MA, USA). All measurements were performed in triplicate.
Total flavonoid contents were calculated using a calibration curve prepared with rutin
(10–200 µg mL−1), and results were expressed as milligrams of rutin equivalents per gram
(mg RE g−1 DW).

2.5. Essential Oil Content Determination

To determine the essential oil (EO) content, five plants per treatment were harvested
and oven-dried at 30 ◦C until constant weight was achieved. The dried leaves and inflores-
cences were separated from the stems, ground into a fine powder, and passed through a
0.5 mm sieve. For each sample, 30 g of dried material was subjected to hydrodistillation for
2 h using a Clevenger-type apparatus (Sigma, London, UK) with 500 mL of distilled water.
The extraction was performed in triplicate. The EO content was calculated based on the
dry weight (DW) basis and expressed as mL 100 g−1 DW, following the guidelines of the
VII Hungarian Pharmacopoeia [71].

2.6. Element Content Determination

Elemental composition was determined for three species (Nepeta cataria, Lavandula
angustifolia, and Ocimum tenuiflorum). Due to the severe structural degradation and strongly
reduced biomass observed in Perilla frutescens under drought stress, sufficient plant
material for reliable elemental analysis was not available; therefore, this species was
excluded from the ionomic evaluation.

For elemental analysis, 1 g samples of shoot and leaves were collected and dried at
60 ◦C for 48 h. The dried material was subject to a digestion procedure before analysis.
Pre-digestion was initiated by adding concentrated H2O2 (Sigma, London, UK) to the
sample-containing flask and allowing it to react for 1 h. Subsequently, concentrated HNO3

(Sigma, London, UK) was added, and the mixture was heated at 60 ◦C for 15 min, followed
by further digestion at 120 ◦C for 45 min. After digestion, the solutions were allowed
to cool off and diluted with distilled water to a final volume of 50 cm3. The resulting
solutions were homogenized and filtered through MN 640 W filter paper (Macherey-Nagel,
Düren, Germany). Elemental concentrations in the filtrates were determined using an
inductively coupled plasma–optical emission spectrometer (ICP-OES; Spectro Genesis,
SPECTRO, Freital, Germany). Calibration was performed using a multi-element standard
solution containing all the measured elements (Loba Chemie Product code: I166N, Loba
Chemie PVT, Mumbai, India). All samples were prepared and analyzed in triplicate.

2.7. Statistical Analysis

The pot containing a single plant represented the experimental unit. For anatomical
measurements, multiple technical replicates were obtained from each biological replicate
(plant), while biochemical and elemental analyses were conducted using independent
biological replicates depending on the availability of plant material.
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Data normality was assessed using the Shapiro–Wilk test. As the datasets for essential
oil (EO) content, total flavonoid content (TFC), elemental composition, and micromorpho-
metric parameters were normally distributed, parametric tests were applied. To evaluate
the effects of plant species, drought-stress treatments, and their interaction on microanatom-
ical parameters and elemental composition, a two-way analysis of variance (ANOVA) was
performed. Differences among the three soil water capacity (SWC) treatment levels (70%,
50%, and 30%) within each species were analyzed using one-way ANOVA, followed by
Tukey’s HSD post hoc test for multiple comparisons (p < 0.05). Pearson’s correlation coeffi-
cients (r) were calculated to examine relationships among soil water capacity (SWC), EO
content, TFC, relative water content (RWC), dry weight (DW), elemental composition, and
the measured micromorphometric traits, including the size and density of peltate glandular
trichomes. Statistical analyses were primarily conducted using IBM SPSS Statistics 26
(IBM Corp., Armonk, NY, USA). Figure preparation and selected ANOVA analyses were
performed using GraphPad Prism 11.0.0 (GraphPad Software, Boston, MA, USA). In figures
and tables, different lowercase letters indicate statistically significant differences between
treatments within the same species according to Tukey’s HSD post hoc test (p < 0.05).

3. Results
3.1. Biomass, Relative Water Content, Essential Oil Yield, and Flavonoid Accumulation

Water supply significantly influenced the relative water content (RWC) and secondary
metabolite accumulation (essential oil and total flavonoid content) in all examined species
(Figure 1). RWC declined under drought conditions in all species, with the strongest
reduction observed under severe stress. This decrease was most pronounced in N. cataria
(19.7%), while O. tenuiflorum and L. angustifolia showed smaller but still significant reduction
(16.6% and 14.2, respectively) (Figure 1A).

Figure 1. Effect of different soil water capacities (SWC70, SWC50, and SWC30) on leaf relative water
content (%) (A), shoot dry mass (g plant−1) (B), essential oil content (mL 100 g−1 DM; %) (C), and
total flavonoid content (mg RE g−1 DM) (D) of Nepeta cataria (NC), Lavandula angustifolia (L), and
Ocimum tenuiflorum (OT). Data represent the mean ± SD (n = 3). Different lowercase letters indicate
significant differences between treatments within the same species according to Tukey’s HSD post
hoc test (p < 0.05).
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Biomass accumulation (Figure 1B) was also strongly affected by drought and differed
among species. N. cataria was the most sensitive, showing a 54.34% reduction in dry mass
under severe drought compared to the control. L. angustifolia also exhibited a decrease in
biomass, although less pronounced, whereas O. tenuiflorum maintained relatively stable
biomass across treatments.

Essential oil (EO) yield showed clear species-specific responses to water deficit
(Figure 1C). In N. cataria, EO content increased under moderate drought but declined
sharply under severe stress, falling by 45.8% relative to the control. L. angustifolia exhibited
maximum EO accumulation under moderate drought, whereas O. tenuiflorum showed
the highest EO content under severe drought, where it increased by 27% compared to
the control.

Total flavonoids (TFC) also displayed distinct patterns among species (Figure 1D).
In N. cataria, TFC decreased under moderate drought but increased under severe stress,
reaching values 50.9% higher than in the control. L. angustifolia showed peak flavonoid
accumulation under moderate drought, while O. tenuiflorum exhibited consistently elevated
TFC under both moderate and severe stress, with increases exceeding 120% relative to the
well-watered treatment.

3.2. Leaf Micromorphological Parameters and Glandular Trichome Density

Tukey’s post hoc analysis revealed significant species-specific anatomical responses to
decreasing soil water capacity (Table 1).

3.2.1. Leaf Structural Traits

Leaf blade and mesophyll thickness showed a consistent response to drought inten-
sity (Figures 2–5). Under moderate water deficit (50% SWC), these parameters generally
increased in N. cataria, L. angustifolis, and O. tenuiflorum. In contrast, severe drought (30%
SWC) reduced both traits to or below control levels. The strongest reductions were ob-
served in P. frutescens, where leaf blade and mesophyll thickness decreased by 16.8% and
22.1%, respectively.

A similar trend was observed for palisade parenchyma thickness, which declined
under severe drought in all species, particularly in O. tenuiflorum (−31.2%) and P. frutescens
(−20.4%).

Cuticle thickness increased markedly under drought conditions, especially under
severe stress. This response was most pronounced in L. angustifolia, where adaxial cuticle
thickness increased by 170.34% compared to the control. Substantial increases were also
observed in N. cataria (up to 117.9%), while O. tenuiflorum showed more moderate changes.
In contrast, P. frutescens exhibited no significant change in adaxial cuticle thickness and a
decrease on the abaxial surface.

Epidermal thickness showed contrasting patterns among species. Under severe
drought, adaxial epidermal thickness decreased in N. cataria, L. angustifolia, and O. tenuiflo-
rum (by 31.6%, 19.7%, and 33.5%, respectively), whereas P. frutescens exhibited an increase
of approximately 45%. Changes in the abaxial epidermis were less pronounced, with
significant differences observed only in N. cataria.

3.2.2. Glandular Trichome Characteristics

Glandular trichome density was strongly affected by drought (Figures 2–5). In general,
both capitate and peltate trichomes increased under water deficit, particularly under
moderate stress. In P. frutescens and O. tenuiflorum, adaxial capitate trichome density
increased markedly, reaching approximately 2.6–2.9-fold higher values compared to the
control. However, in P. frutescens, severe drought caused reduced capitate trichome density
relative to moderate stress.

https://doi.org/10.3390/horticulturae12040470

https://doi.org/10.3390/horticulturae12040470


Horticulturae 2026, 12, 470 9 of 27

Table 1. Effects of three soil water capacity levels (SWC 70%, SWC 50%, and SWC 30%) on leaf
microanatomical characteristics of Nepeta cataria L., Lavandula angustifolia Mill., Ocimum tenuiflorum L.,
and Perilla frutescens (L.) Britton.

Parameter Treatment N. cataria L. angustifolia O. tenuiflorum P. frutescens

Lamina thickness
(µm)

SWC 70% 101.34 ± 3.342 ab 339.41 ± 18.45 b 279.89 ± 4.12 b 119.65 ± 18.37 a
SWC 50% 129.14 ± 46.43 a 363.89 ± 10.45 a 290.96 ± 6.15 a 117.57 ± 6.48 a
SWC 30% 96.24 ± 4.62 b 322.81 ± 13.60 c 279.98 ± 9.64 b 99.55 ± 3.78 b

Mesophyll
thickness (µm)

SWC 70% 70.79 ± 3.36 b 276.12 ± 3.56 b 241.59 ± 9.67 b 85.77 ± 10.03 b
SWC 50% 80.28 ± 1.75 a 295.17 ± 9.77 a 280.03 ± 21.08 a 111.83 ± 7.78 a
SWC 30% 62.19 ± 2.43 c 260.69 ± 6.61 c 238.96 ± 12.21 b 66.84 ± 1.48 c

Adaxial cuticle
(µm)

SWC 70% 1.45 ± 0.26 b 1.45 ± 0.18 c 1.52 ± 0.26 a 1.57 ± 0.23 b
SWC 50% 1.45 ± 0.26 b 2.8 ± 0.56 b 1.79 ± 0.60 a 1.85 ± 0.25 a
SWC 30% 3.16 ± 1.00 a 3.92 ± 1.10 a 1.90 ± 0.62 a 1.53 ± 0.08 b

Adaxial epidermis
(µm)

SWC 70% 18.23 ± 3.47 a 30.73 ± 2.59 a 26.66 ± 4.09 a 12.43 ± 1.94 b
SWC 50% 16.34 ± 3.14 ab 27.64 ± 2.59 ab 23.32 ± 7.41 ab 16.42 ± 4.61 ab
SWC 30% 12.47 ± 3.93 b 24.68 ± 2.49 b 17.85 ± 3.18 b 18.07 ± 3.14 a

Palisade
parenchyma (µm)

SWC 70% 30.77 ± 2.93 b 129.03 ± 7.37 a 128.14 ± 7.84 a 53.56 ± 5.74 a
SWC 50% 34.99 ± 3.54 a 130.13 ± 3.45 a 131.31 ± 17.60 a 50.65 ± 4.19 a
SWC 30% 32.41 ± 2.26 ab 102.72 ± 9.93 b 88.13 ± 6.83 b 29.41 ± 3.93 b

Spongy
parenchyma (µm)

SWC 70% 40.59 ± 3.75 b 116.32 ± 7.02 b 139.96 ± 7.97 a 46.78 ±6.47 b
SWC 50% 44.98 ± 3.11 a 143.47 ± 8.89 a 148.71 ± 8.64 a 53.55 ±3.49 a
SWC 30% 39.43 ± 3.41 b 113.39 ± 8.72 b 141.91 ± 7.81 a 40.17 ±3.57 c

Abaxial epidermis
(µm)

SWC 70% 11.06 ± 1.98 b 14.96 ± 3.31 a 16.12 ± 4.72 a 15.76 ± 3.23 a
SWC 50% 13.34 ± 1.54 a 14.26 ± 3.31 a 16.67 ± 4.42 a 14.24 ± 1.60 a
SWC 30% 9.05 ± 0.58 c 13.18 ± 2.72 a 16.97 ± 4.09 a 15.78 ± 1.94 a

Abaxial cuticle
(µm)

SWC 70% 1.09 ± 0.29716 b 2.25 ± 0.48 b 1.67 ± 0.34 b 1.66 ± 0.20 a
SWC 50% 1.51 ± 0.47958 b 2.32 ± 0.39 b 1.82 ± 0.59 ab 1.32 ± 0.14 b
SWC 30% 2.09 ± 0.65917 a 4.33 ± 0.73 a 2.33 ± 0.65 a 1.39 ± 0.10 b

AdCGT-D
(no. mm−2)

SWC 70% 99 ± 13.61 a 1.2 ± 0.44 a 15.8 ± 2.28 b 8.2 ± 2.68 b
SWC 50% 116 ± 13.46 a 1.4 ± 0.54 a 40.8 ± 11.09 a 23.4 ± 6.54 a
SWC 30% 123 ± 16.77 a 1.4 ± 0.54 a 44 ± 7.48 a 14 ± 2.64 b

AdPGT-D
(no. mm−2)

SWC 70% 1.2 ± 0.08 b 1.4 ± 0.54 c 0.8 ± 0.33 b 0
SWC 50% 2.3 ± 0.38 a 2.8 ± 0.84 b 2.72 ± 0.76 a 0
SWC 30% 1.4 ± 0.23 b 4.4 ± 0.89 a 2.8 ± 0.4 a 0

AdPGT-Dia (µm)
SWC 70% 58.41 ± 6.62 a 78.48 ± 6.96 a 63.53 ± 12.01 b n. a.
SWC 50% 46.17 ± 6.67 b 78.22 ± 5.38 a 72.03 ± 4.37 ab n. a.
SWC 30% 54.72 ± 6.99 a 82.82 ± 3.77 a 75.15 ± 7.18 a n. a.

AbCGT-D
(no. mm−2)

SWC 70% 120 ± 16 a 2.2 ± 0.44 a 75.2 ± 26.14 a 6.2 ± 2.86 b
SWC 50% 60 ± 27.32 b 2.4 ± 0.54 a 44 ± 9.38 b 20.4 ± 3.84 a
SWC 30% 60 ± 20.13 b 2.6 ± 0.54 a 44.8 ± 3.34 b 18.6 ± 2.07 a

AbPGT-D
(no. mm−2)

SWC 70% 3.84 ± 1.43 b 7.82 ± 1.06 a 2.83 ± 0.33 a 0.39 ± 0.21 a
SWC 50% 9.32 ± 0.71 a 5.91 ± 1.07 a 3.6 ± 0.57 a 0.94 ± 0.31 a
SWC 30% 3.25 ± 0.75 b 8.18 ± 1.01 a 3.54 ± 0.46 a 0.44 ± 0.29 a

AbPGT-Dia (µm)
SWC 70% 71.94 ± 0.86 a 86.82 ± 0.74 a 87.89 ± 3.69 a 70.82 ± 1.86 a
SWC 50% 62.91 ± 1.92 b 81.75 ± 2.41 b 80.82 ± 3.06 a 70.82 ± 1.19 a
SWC 30% 70.08 ± 2.82 a 86.34 ± 1.27 a 83.04 ± 1.23 a 72.84 ± 0.05 a

Data represent the mean of ten replicates ± SD. Different lowercase letters within a column for a given parameter
indicate statistically significant differences between water treatments at p < 0.05 (ANOVA followed by Tukey’s
HSD post hoc test). n.a.: not applicable (due to the absence of peltate trichomes); AdCGT-D: number of capi-
tate glandular trichomes (no. mm−2) in adaxial epidermis; AdPGT-D: number of peltate glandular trichomes
(no. mm−2) in adaxial epidermis; AdPGT-Dia: diameter of peltate glandular trichomes (µm) on adaxial epidermis;
AbCGT-D: number of capitate glandular trichomes (no. mm−2) in abaxial epidermis; AbPGT-D: number of peltate
glandular trichomes (no. mm−2) in abaxial epidermis; AbPGT-Dia: diameter of peltate glandular trichomes (µm)
in abaxial epidermis.
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Figure 2. Effects of three soil water capacity levels (SWC70, SWC50, and SWC30) on leaf mi-
croanatomical characteristics of Nepeta cataria L. (A–C) Transverse sections of leaf laminae showing
leaf mesophyll (20×); scale bars: 10, 20 µm. (D–F) Peltate glandular trichomes with multicellular
secretory head (40×); scale bars: 10 µm. (G) Capitate glandular trichome with unicellular head
and unicellular stalk (40×); scale bars: 20 µm. (H,I) Capitate glandular trichomes with bicellular
head and unicellular stalk (40×); scale bars: 10 µm. (J–L) Peltate glandular trichomes on abaxial
epidermis layer (40×); scale bars: 20 µm. (M–O) Capitate glandular trichomes with visible oil droplet
on adaxial epidermis layer (40×); scale bars: 20 µm. abe: abaxial epidermis; ade: adaxial epidermis;
c: capitate glandular trichomes; p: peltate glandular trichomes; pp: palisade parenchyma; sp: spongy
parenchyma; t: non-glandular trichomes; mv: main vein.
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Figure 3. Effects of three different soil water capacity levels (SWC70, SWC50, and SWC30) on leaf
microanatomical characteristics of Lavandula angustifolia Mill. (A–C) Transverse sections of leaf
laminae showing leaf mesophyll (20×); scale bars: 10, 20 µm. (D–F) Capitate glandular trichomes
with unicellular head and unicellular stalk (40×); scale bars: 20 µm. (G–I) Capitate glandular
trichomes with bicellular head and unicellular stalk (20×); scale bars: 10, 20 µm. (J–L) Peltate
glandular trichomes showing round multicellular secretory head and short unicellular stalk (40×);
scale bars: 10, 20 µm. (M) Peltate glandular trichomes (40×); scale bars: 20 µm. (N) Peltate glandular
trichomes and non-glandular trichomes in the abaxial epidermis layer (20×); scale bars: 10 µm.
(O) Peltate glandular trichomes (40×); scale bars: 20 µm. abe: abaxial epidermis; ade: adaxial
epidermis; as: air space; c: capitate glandular trichomes; p: peltate glandular trichomes; pp: palisade
parenchyma; sp: spongy parenchyma; st: stomata; t: non-glandular trichomes.
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Figure 4. Effects of three soil water capacity levels (SWC70, SWC50, and SWC30) on leaf microanatom-
ical characteristics of Ocimum tenuiflorum L. (A–C) Transverse sections of leaf laminae showing leaf
mesophyll (10×); scale bars: 10, 20 µm. (D–G) Peltate glandular trichomes showing round multicel-
lular secretory head and short unicellular stalk (40×); scale bars: 10, 20 µm. (H,I) Capitate glandular
trichomes with bicellular head and unicellular stalk (40×); scale bars: 10 µm. (J–L) Peltate glandular
trichomes on the abaxial epidermis (20×); scale bars: 20 µm. (M–O) Peltate glandular trichomes
(40×); scale bars: 20 µm. abe: abaxial epidermis; ade: adaxial epidermis; bc: basal epidermal
cells; c: capitate glandular trichomes; od: oil drops; p: peltate glandular trichomes; pp: palisade
parenchyma; sp: spongy parenchyma; st: stomata.
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Figure 5. Effects of three soil water capacity levels (SWC70, SWC50, and SWC30) on leaf microanatom-
ical characteristics of Perilla frutescens (L.) Britton. (A–C) Transverse sections of leaf laminae showing
leaf mesophyll (20×); scale bars: 20 µm. (D–F) Capitate glandular trichomes with bicellular head and
unicellular stalk (40×); scale bars: 20 µm. (G–I) Adaxial epidermis layer with low stomata density
(20×); scale bars: 20 µm. (J–L) Abaxial epidermis layer with high stomata density (20×); scale bars:
20 µm. (M) Peltate glandular trichomes with multicellular secretory head (20×); scale bars: 20 µm.
(N) Peltate glandular trichomes with multicellular secretory head (40×); scale bars: 20 µm. (O) Peltate
glandular trichomes with multicellular secretory head (20×); scale bars: 20 µm. abe: abaxial epider-
mis; ade: adaxial epidermis; bc: basal epidermal cells; c: capitate glandular trichomes; od: oil drops;
p: peltate glandular trichomes; pp: palisade parenchyma; sp: spongy parenchyma; st: stomata.

https://doi.org/10.3390/horticulturae12040470

https://doi.org/10.3390/horticulturae12040470


Horticulturae 2026, 12, 470 14 of 27

Adaxial peltate trichome density increased under moderate drought across most
species. Under severe stress, responses diverged: in N. cataria, density returned to control
levels, whereas in O. tenuiflorum and L. angustifolia, it continued to increase, with the latter
showing an increase of over 200% compared to the control.

In N. cataria, the density of abaxial peltate glandular trichomes significantly increased
under moderate stress (50% SWC), rising from 3.84 to 9.32 trichomes mm−2. However,
under severe drought stress (30% SWC), this density declined to values similar to the
control. In the other species, no significant differences were observed in abaxial peltate
trichome density across treatments. The diameter of peltate trichomes showed an opposite
trend, decreasing under moderate stress, particularly on both leaf surfaces N. cataria, and
increasing under severe drought (Figure 6).

 

Figure 6. Effects of three soil water capacity levels (SWC70, SWC50, and SWC30) on the density
of peltate glandular trichomes on the abaxial epidermis. (A–C) Nepeta cataria L. (D–F) Lavandula
angustifolia Mill. (G–I) Ocimum tenuiflorum L. (J–L) Perilla frutescens (L.) Britton. Red asterisks
indicate the peltate glandular trichomes. Images were captured using a Keyence VHX EA-300 digital
microscope (Lens: ZS200, 200× magnification).
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3.2.3. Stomatal Traits

Water deficit induced clear changes in stomatal morphology (Figure 7). Stomatal size
generally decreased under drought, while stomatal density increased on both leaf surfaces.

Figure 7. Effects of three soil water capacity levels SWC70 (control), SWC50 (moderate stress),
and SWC30 (severe stress) on stomatal morphology and density across the adaxial and abaxial leaf
surfaces. Bar charts represent stomatal length (A,B), stomatal width (C,D), and stomatal density (E,F)
on the adaxial (left column) and abaxial (right column) surfaces. NC: Nepeta cataria; L: Lavandula
angustifolia; OT: Ocimum tenuiflorum; PF: Perilla frutescens. Data represents the mean ± SD (n = 10).
Different lowercase letters indicate significant differences between treatments within the same species
according to Tukey’s HSD post hoc test (p < 0.05).

A reduction in stomatal length was observed on both the adaxial and abaxial epider-
mises in all investigated species, with more pronounced decreases on the adaxial surface
(Figure 7A,B). In N. cataria, moderate drought reduced adaxial stomatal length by 12.5%,
with a smaller reduction on the abaxial surface (4.3%). Under severe drought, stomatal
length decreased further on both surfaces.

A similar pattern was observed in L. angustifolia, where severe drought caused sub-
stantial reductions in stomatal length on both leaf surfaces (up to 33.4% adaxially). In
O. tenuiflorum, reductions were more moderate, and no significant changes were detected
on the abaxial surface (Figure 7B).

Stomatal width showed a more variable, species-dependent response (Figure 7C,D).
L. angustifolia exhibited a clear reduction on both surfaces, whereas N. cataria showed an
asymmetric pattern, with a slight decrease on the adaxial side and an increase on the abaxial
surface under severe drought.
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Stomatal density increased consistently with increasing drought intensity on both the
adaxial (Figure 7E) and abaxial (Figure 7F) surfaces. This trend was most pronounced in
N. cataria and L. angustifolia, where density increased significantly under both moderate
and severe stress. In O. tenuiflorum, increases were more evident on the adaxial surface,
while P. frutescens showed a more moderate response, with a significant increase observed
only under severe drought.

3.3. Macro- and Microelement Concentrations

Drought stress significantly affected nutrient uptake and ion homeostasis in the inves-
tigated species. Tissue concentrations of several macro- and microelements were analyzed,
and post hoc comparisons were performed for elements showing significant treatments
effects and Species x Treatment interactions. The Tukey analysis (Table 2) focuses on Na,
Ca, Mg, Ba, Li, S, Co, and Mn, revealing distinct, species-specific responses to water deficit.

Table 2. Concentrations of selected elements (mg kg−1 dry weight) in three Lamiaceae species (Nepeta
cataria L., Lavandula angustifolia Mill., and Ocimum tenuiflorum L.) under three soil water capacity
levels (SWC).

Element (mg/kg) Treatment Nepeta cataria Lavandula angustifolia Ocimum tenuiflorum

Co
SWC 70% 0.27 ± 0.05 a 0.32 ± 0.04 a 0.47 ± 0.43 a
SWC 50% 0.26 ± 0.03 a 0.27 ± 0.09 a 0.32 ± 0.02 a
SWC 30% 0.15 ± 0.04 b 0.29 ± 0.03 a 0.32 ± 0.02 a

Na
SWC 70% 104.6 ± 8.02 a 1284 ± 72.5 a 82.2 ± 30.1 a
SWC 50% 74.6 ± 10.7 b 297.4 ± 9.5 b 73.9 ± 10.7 a
SWC 30% 87 ± 6.7 ab 259.9 ± 8.8 b 68.5 ± 18.2 a

Ca
SWC 70% 17,770 ± 422 a 15,660 ± 937 a 20,416 ± 3709 a
SWC 50% 14,250 ± 262 c 11,666 ± 148 b 17,046 ± 731 ab
SWC 30% 16,203 ± 395 b 12,860 ± 409 b 14,370 ± 606 b

Mg
SWC 70% 4903 ± 325 a 5594 ± 142 a 5020 ± 597 a
SWC 50% 4587 ± 253 a 5163 ± 942 a 4498 ± 668 a
SWC 30% 4566 ± 247 a 4538 ± 179 a 4840 ± 54 a

Mn
SWC 70% 27.56 ± 0.9 c 20.83 ± 1.14 a 24.7 ± 10.13 a
SWC 50% 67.1 ± 2 a 11.3 ± 0.62 b 16 ± 0.17 a
SWC 30% 33.93 ± 2.1 b 12.97 ± 1.152 b 17.73 ± 1 a

Ba
SWC 70% 15.58 ± 0.68 a 35.04 ± 1.87 a 9.87 ± 4.22 a
SWC 50% 7.43 ± 0.16 c 26.05 ± 0.58 b 7.29 ± 0.17 a
SWC 30% 10.88 ± 0.6 b 27.16 ± 0.81 b 5.96 ± 0.03 a

Li
SWC 70% 0.15 ± 0.02 b 0.86 ± 0.05 a 0.45 ± 0.23 a
SWC 50% 0.18 ± 0 a 0.43 ± 0.04 b 0.36 ± 0.02 a
SWC 30% 0.17 ± 0.01 ab 0.56 ± 0.03 a 0.25 ± 0.01 a

S
SWC 70% 3058 ± 132 a 6647 ± 443 a 3368 ± 1247 a
SWC 50% 3249 ± 67 a 4765 ± 303 b 2502 ± 76 a
SWC 30% 3302 ± 203 a 4577 ± 60 b 2421 ± 171.47 a

B
SWC 70% 49.5 ± 2.55 a 37.63 ± 2.6 a 47.83 ± 18.89 a
SWC 50% 30.73 ± 0.42 b 30.93 ± 2 b 32.66 ± 0.66 a
SWC 30% 34.03 ± 2.61 b 29.56 ± 1.76 b 32.06 ± 1.05 a

Zn
SWC 70% 33.56 ± 1.98 a 67.03 ± 7.57 a 52.26 ± 20.58 a
SWC 50% 28.03 ± 2.22 a 46.56 ± 1.28 b 38.43 ± 2.54 a
SWC 30% 27.23 ± 6.21 a 41.73 ± 3.19 b 36.7 ± 2.25 a

Mo
SWC 70% 2.85 ± 0.09 a 5.8 ± 0.64 a 4.20 ± 1.67 a
SWC 50% 1.73 ± 0.06 c 3.79 ± 0.14 b 2.92 ± 0.05 a
SWC 30% 2.56 ± 0.02 b 3.59 ± 0.04 b 2.37 ± 0.09 a

Data are presented as means of three replicates ± SD. Statistical analyses were performed using ANOVA followed
by Tukey’s HSD post hoc test for elements where two-way ANOVA indicated a significant main effect or
interaction. Means within a column followed by the same letter are not significantly different at p < 0.05.
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Overall, the magnitude and direction of elemental changes varied among species.
Nepeta cataria showed the most variable response, with pronounced fluctuations across
treatments. For example, Mn concentration increased under moderate drought and declined
under severe stress, although it remained above control levels. Several other elements (e.g.,
Ca, Ba, Mo, and B) showed a decrease under moderate stress followed by an increase under
severe drought.

In contrast, Ocimum tenuiflorum maintained relatively stable elemental composition
across treatments. Most elements showed no significant changes even under severe drought,
with the exception of Ca, which decreased significantly at 30% SWC.

Lavandula angustifolia exhibited a consistent decline in the concentration of most
elements under water deficit. Both moderate and severe drought reduced the levels
of several elements (including Na, Ca, Mn, Ba, Li, S, B, Zn, and Mo), while Mg and
Co remained relatively stable. Sodium showed the most pronounced decrease, reaching
approximately one-quarter of the control level.

3.4. Correlations Among Micromorphological, Physiological, Phytochemical, and Elemental Traits

Pearson correlation analyses were performed separately for each species to examine
relationships among physiological parameters, leaf micromorphology, elemental compo-
sition, and secondary metabolites. Results are presented as species-specific heatmaps
(Figures S1–S3), while full correlation matrices are provided in the Supplementary
Materials (Tables S1–S3).

Overall, correlation patterns differed markedly among species. Some relationships,
particularly among elemental concentrations, were conserved, whereas associations be-
tween anatomical traits and secondary metabolism were more species-specific.

Across species, relative water content (RWC) showed strong associations with both
growth and stomatal characteristics. In Nepeta cataria, RWC was positively related to
biomass and negatively associated with stomatal density and size, indicating consistent
links between water status and leaf structural traits. Similar relationships were observed
in Lavandula angustifolia where RWC was negatively correlated with cuticle thickness and
stomatal density, while showing positive associations with stomatal size.

Strong relationships between leaf structure and secondary metabolism were observed,
although their direction varied among species. In N. cataria, essential oil (EO) content was
positively associated with spongy parenchyma thickness, while total flavonoid content
(TFC) showed an opposite pattern. In L. angustifolia, both EO and TFC were positively
related to mesophyll and parenchyma thickness.

In O. tenuiflorum, flavonoid accumulation was strongly associated with multi-
ple anatomical traits, including stomatal density and glandular trichome density, as
well as trichome size. In contrast, EO content showed a negative relationship with
mesophyll thickness.

The relationship between EO and TFC differed among species. In N. cataria, a strong
negative association was observed between the two metabolites, whereas in L. angustifolia,
EO and TFC were positively correlated.

Elemental concentrations were generally strong and consistent across species. In
N. cataria, strong positive relationships were observed among Ca, Sr, and Ba, as well as
between B and Ba. Similar patterns were detected in O. tenuiflorum, where several elements
(e.g., Ba-Sr, K-Mn, and B with S, K, and P) showed very strong positive associations.

Despite some common trends, each species exhibited a distinct correlation network.
N. cataria was characterized by strong interactions among water status, stomatal traits, and
secondary metabolism. L. angustifolia showed a pronounced association between structural
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traits and metabolite accumulation, whereas O. tenuiflorum displayed a network dominated
by relationships between flavonoids and anatomical parameters.

4. Discussion
Global climate change is increasing the frequency and intensity of drought events,

making water deficit one of the most critical abiotic stressors limiting plant productivity
and secondary metabolism. However, drought does not simply suppress plant growth;
it induces a complex cascade of adaptive responses operating across multiple levels of
biological organizations, from gene expression to tissue structure [72]. The present re-
sults demonstrate that examined Lamiaceae species (Nepeta cataria, Lavandula angustifolia,
Ocimum tenuiflorum, and Perilla frutescens) to not respond uniformly to water deficit, but
instead exhibit distinct, species-specific strategies involving coordinated anatomical and
biochemical adjustments [73]. A key initiating factor in these responses is the decline in
plant water status, as reflected by reduced relative water content (RWC), which directly
affects cellular turgor. Reduced turgor pressure limits cell expansion and triggers structural
modifications of the leaf, including cuticle thickening and changes in stomatal and trichome
density, all of which contribute to improved water retention under stress conditions. These
anatomical adjustments are closely linked to changes in secondary metabolism. Modifi-
cations in glandular trichome density and structure influence the synthesis and storage
capacity of essential oils, while shifts in cellular metabolism under stress promote the accu-
mulation of protective compounds such as flavonoids. In parallel, reduced transpiration
affects nutrient transport and rhizosphere interactions, leading to altered macro- and mi-
croelement uptake and a reorganization of ion homeostasis under drought conditions such
as essential oils and flavonoids. In parallel, reduced transpiration alters the rhizosphere.

4.1. Micromorphological Reconfiguration as the Primary Driver of Drought Adaptation

The initial phase of drought adaptation involves structural reorganization of leaf
tissues to limit water loss and maintain physiological functions [38,41]. Leaf anatomical
traits play a central role in this process, as they directly influence water balance, gas
exchange, and secondary metabolism. In the present study, the relationship between
relative water content (RWC) and micromorphological traits highlights that the investigated
species employ distinct structural strategies to cope with water deficit, consistent with
previous findings in Lamiaceae species [74–76].

In Nepeta cataria, drought response is primarily associated with changes on stomatal
density, representing a rapid and flexible drought-avoidance mechanisms. The negative
relationship between RWC and stomatal density suggests that reduced water availability
limits epidermal cell expansion during leaf development, resulting in smaller cells and
higher stomatal density per unit area [77]. This structural adjustment likely enhances the
capacity for rapid stomatal regulations, allowing more efficient control of transpiration
under fluctuating water availability [78–80].

In contrast, Lavandula angustifolia exhibited pronounced modifications in epidermal
and cuticular structures, indicating a strategy focused on minimizing non-stomatal water
loss. The substantial increase in cuticle thickness under drought conditions reflects a
well-documented xeromorphic adaptation that strengthens the barrier against cuticular
transpiration [81,82]. In parallel, the observed reduction in stomatal dimensions under
water deficit suggests a shift toward smaller, more responsive stomata, which are generally
associated with improved control of gas exchange under stress conditions [83,84].

Ocimum tenuiflorum, a more mesophytic species, exhibited a different tissue-level
strategy [85]. Lower RWC was associated with an apparent thickening of the upper
epidermis and palisade parenchyma. Although seemingly counterintuitive, such thickening
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is a well-documented feature of drought-induced xeromorphy [86]. Under optimal water
supply, high turgor promotes cell elongation and leaf expansion, resulting in relatively
thinner tissues. In contrast, water deficit restricts cell expansion, leading to smaller, more
densely packed cells and a more compact structure [77,87]. This anatomical adjustment
likely reduces specific leaf area and decreases the transpirational surface.

In Perilla frutescens, severe drought led to a contrasting response, characterized by a
reduction in mesophyll and leaf thickness, indicating structural destabilization under stress.
Similar patterns have been reported in drought-sensitive species, where rapid declines in
water status lead to tissue shrinkage and impaired leaf integrity [76,88]. The concurrent
increase in epidermal thickness, despite the absence of pronounced cuticular develop-
ment, may represent a compensatory adjustment that contributes to partial protection of
internal tissue.

Although this study was conducted under controlled conditions and included a
limited number of species, the observed patterns suggest that drought adaptation in
Lamiaceae involves multiple structural strategies, ranging from stomatal regulation to
cuticular reinforcement and tissue compaction.

4.2. The Anatomical Basis of Secondary Metabolism: Trade-Offs and Compartmentalization

Beyond structural modifications, drought-induced water deficit alters internal bio-
chemical processes, particularly the allocation of resources toward secondary metabolism [89].
Members of the Lamiaceae family are widely recognized for their high essential oil (EO)
and total flavonoid content (TFC), both of which contribute to plant tolerance to biotic and
abiotic stresses [90–92]. In agreement with previous studies [93–96], the present results indi-
cate that the coordination between secondary metabolic biosynthesis and their histological
localization follow distinct, species-specific adaptive strategies [97].

Due to severe structural degradation, P. frutescens exhibited limited metabolic activity,
restricting detailed phytochemical evaluation. In contrast, N. cataria, L. angustifolia, and
O. tenuiflorum provided sufficient data to explore the relationships between anatomical
traits and phytochemical responses.

In N. cataria, drought stress was associated with reduced EO accumulation and in-
creased TFC, consistent with previous findings [17,23,98,99]. The strong negative corre-
lation between these metabolites suggests a trade-off in carbon allocation, where stress
conditions favor flavonoid biosynthesis over terpenoid production. This shift is consis-
tent with carbon partitioning theories [100,101], which propose that limited resources
are redistributed between competing metabolic pathways. The association between
spongy paranchyma thickness and metabolite levels further indicates that anatomical
organization may influence this balance, with more developed internal tissue supporting
terpenoid accumulation.

In Lavandula angustifolia, EO and TFC both peaked under moderate drought stress, in
agreement with earlier studies [49,102–105]. Their coordinated increase is consistent with a
hermetic response, in which moderate stress enhances secondary metabolite production
without causing severe cellular damage. This pattern may reflect the activation of com-
plementary defense mechanisms. In lavender, essential oils are thought to contribute to
thermoregulation and herbivore deterrence, whereas flavonoids provide antioxidant pro-
tection [95,106–109]. The positive association between leaf lamina thickness and both EO
and TFC further supports a link between anatomical development and metabolic capacity.
In contrast, the negative relationship between mesophyll thickness and EO content sug-
gests that metabolite accumulation may be more closely related to epidermal and cuticular
tissues than to internal mesophyll structure.
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O. tenuiflorum exhibits a distinct strategy characterized by strong spatial coordination
between anatomical structures and metabolite accumulation. This pattern is consistent with
the observations of Farouk and Omar [104], who reported drought-induced physiological
and ultrastructural modifications associated with oxidative defense in sweet basil. While
some studies reported reduced essential oil production under drought [110], our findings
consistent with Mulugeta et al. [25] and Kalamartzis et al. [111] indicate increased EO and
TFC under water deficit.

The strong association between flavonoid accumulation and palisade parenchyma
suggests functional localization of these compounds in light-exposed tissues, where they
act as UV filters and antioxidants [29,112]. In addition, the increased density of glandular
trichomes under drought conditions likely contributes both to enhanced metabolite produc-
tion and to physical protection through reduced transpiration and increased reflectance.

Overall, these results highlight that leaf anatomical organization plays a key role in
regulating the balance between secondary metabolic pathways under drought stress. How-
ever, given that this study was conducted under controlled conditions, these relationships
should be interpreted with caution when extrapolating to field environments.

4.3. Trichome Dynamics: The Intersection of Physical Shielding and Chemical Factories

The density and morphology of glandular trichomes (both peltate and capitate) repre-
sent a key anatomical link between physical drought adaptation and secondary metabolism
in the Lamiaceae family. While trichome morphology shows considerable interspecific
variability [113,114], these epidermal structures also show pronounced phenotypic plas-
ticity in response to abiotic stressors [115]. In the present study, progressive water deficit
generally resulted in an increase in glandular trichome density across the studied species,
in agreement with previous reports. For example, Mulugeta et al. [24] observed a similar
increase in glandular hair density under severe drought in other Ocimum species, a trend
further supported by Li et al. [116].

An increased trichome density likely serves a dual function under drought conditions.
Physically, a denser trichome layer can enhance boundary layer resistance, thereby reducing
transpiration and reflecting excess solar radiation, which helps protect underlying tissues
from photoinhibition and thermal stress. Chemically, peltate trichomes act as the primary
sites of essential oil biosynthesis and storage [24], linking structural changes directly to
secondary metabolite production. It should be noted that part of the observed increase in
trichome density may result from a “concentration effect” caused by reduced leaf expansion
under water deficit, leading to a higher number of trichomes per unit area. In addition,
variation in trichome size appears to be associated with phytochemical responses. In
Ocimum tenuiflorum, the strong association between TFC and both the density and diameter
of peltate trichomes suggests that these structures actively contribute to the production of
protective metabolites.

In contrast, the reduction in peltate trichome density observed on Nepeta cataria under
severe drought coincided with decreased essential oil accumulation. This pattern may indi-
cate that, under severe stress, the structural and metabolic capacity for terpene biosynthesis
is limited, potentially resulting in a shift toward alternative defense strategies that require
lower metabolic investment.

4.4. Ionomic Profiles: Geochemical Constraints and Luxury Consumption

Drought-induced anatomical and transpirational changes inevitably influence the
root-to-shoot transport of mineral elements. The present results indicate that macro- and
microelement uptake is governed by both general physicochemical principles and species-
specific physiological regulation [27].
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Across all investigated species, strong positive associations were observed among
the alkaline earth metals (Ca, Sr, and Ba), reflecting their similar chemical properties. Due
to limited selectivity in root cation transport systems, these elements are often taken up
simultaneously, with Sr and Ba entering plant tissue via pathways similar to those of
calcium, including apoplastic transport [117,118].

Species-specific differences were most pronounced for microelements. In N. cataria,
an antagonistic relationship between manganese and molybdenum suggests competitive
interactions in uptake or internal transport. In L. angustifolia, coordinated variation among
sulfur, molybdenum, and zinc indicates a potential linkage between nutrient metabolism
and detoxication processes [118,119].

The ionomic profile of Ocimum tenuiflorum was particularly notable, showing strong
positive association among several elements (B, S, K, P, Mn, and Zn). This pattern is consis-
tent with the phenomenon of “luxury consumption,” commonly observed in fast-growing
species, where elevated transpirational flux promotes nutrient uptake beyond immediate
metabolic demand [100,120]. The close relationship between boron and potassium is espe-
cially relevant, as boron plays a role in membrane stability and may influence K-dependent
transport processes and stomatal regulation.

Overall, these results indicate that drought responses in Lamiaceae species involve
coordinated adjustments in ion uptake and distribution, closely linked to anatomical and
physiological changes. However, given the controlled experimental conditions, these
patterns should be interpreted cautiously when extrapolating to field environments.

4.5. Agronomic Implications

The observed micromorphological, phytochemical, and ionomic interactions indicate
that water management in medicinal and aromatic plant cultivation should be species-
specific rather than uniform. To optimize the production of target compounds, irrigation
strategies must consider the distinct stress thresholds and anatomical constraints of each
species. Moderate water deficit may function as an effective agronomic tool by induc-
ing hormetic responses and enhancing essential oil production in Lavandula angustifolia.
In contrast, severe drought in Nepeta cataria leads to reduced terpene biosynthesis due
to anatomical limitations and carbon allocation trade-offs between metabolic pathways.
Therefore, understanding species-specific structural–metabolic relationships is essential for
optimizing both yield and quality of secondary metabolites under increasingly variable
climatic conditions [24,25,33].

These findings suggest that maintaining approximately 50% soil water capacity
may represent an optimal compromise between plant growth and secondary metabo-
lite production in several Lamiaceae species. These findings emphasize the importance
of species-specific irrigation strategies and highlight the potential of controlled deficit
irrigation as a tool to optimize both plant resilience and the accumulation of high-value
bioactive compounds.

5. Conclusions
This study indicates that drought adaptation in the Lamiaceae family is not a uniform

physiological process but rather a highly species-specific cascade of micromorphologi-
cal, ionomic, and biochemical adjustments. By integrating leaf microanatomy with sec-
ondary metabolite profiling, our results revealed that leaf structural traits strongly influence
metabolic responses under water deficit.

Three distinct adaptive response strategies were identified. (i) Lavandula angustifolia
Mill. exhibits a structural, synergist strategy, relying on substantial cuticular thickening
and reduced stomatal size to limit water loss. It displays a hormetic response to moderate
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drought, with a simultaneous increase in essential oil (EO) and total flavonoid content
(TFC), forming a dual chemical defense system. (ii) Nepeta cataria L. follows a dynamic
avoidance strategy, utilizing rapid adjustments in stomatal density to regulate transpiration.
Under severe stress, it exhibits a pronounced carbon-allocation trade-off, reducing terpene
(EO) production in favor of flavonoid synthesis to maintain cellular protection. (iii) Ocimum
tenuiflorum L. employs a xeromorphic compartmentalization strategy, characterized by
tissue compaction and relatively stable ionomic homeostasis. In this species, flavonoid accu-
mulation appears to be associated with the dense upper palisade parenchyma, contributing
to enhanced photoprotection. In contrast, Perilla frutescens displays a stress-sensitive struc-
tural response, characterized by reduced mesophyll thickness and stomatal size, combined
with increased stomatal and capitate glandular trichome densities. Together with the
thickening of the adaxial epidermis, these changes reflect xeromorphic acclimation aimed
at minimizing transpirational water loss and protecting internal tissues.

Although this study examined only four species, the identified response patterns likely
represent broader adaptive strategies within the Lamiaceae family.

From an agronomic perspective, these results indicate that precision agriculture and
irrigation management in Lamiaceae species cultivation cannot rely on generalized pro-
tocols. To optimize the yield and quality of bioactive compounds, cultivation practices
must be tailored to the specific stress thresholds of each species. For instance, moderate
irrigation may enhance EO production in Lavandula angustifolia, whereas similar conditions
may suppress terpene biosynthesis in Nepeta cataria due to metabolic trade-offs.

Future research should focus on the molecular and transcriptomic mechanisms regulat-
ing these micromorphological-metabolic interactions. Understanding these processes will
be essential for breeding climate-resilient cultivars capable of maintaining high secondary
metabolite production under increasingly arid global climate.
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