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Introduction

Sardarova, A. (2025). Anatomical diagnostic indicators of adaptation to ecological conditions in the vegetative and generative
organs of Peganum harmala (Nitrariaceae). Biosystems Diversity, 33(4), €2555. doi:10.15421/012555

One of the priority directions in modern botany is the experimental investigation of the ecological anatomy of plants. Rapidly
increasing anthropogenic pollution is among the main ecological issues threatening ecosystem stability and plant diversity on a
global scale. In this context, studying the adaptive mechanisms of species resistant to ecological pressures, including plants with
bioindicator potential such as Peganum harmala, holds particular significance. Such studies provide not only an assessment of
regional conditions but also a scientific basis for global phytobioindication, biodiversity conservation, and ecological restoration
strategies. Investigating the structural adaptations of flora elements in ecologically pristine and phytocontaminated environments
is crucial for evaluating ecosystem health. The present study is distinguished by a comprehensive approach analyzing structural
adaptations of plants under contemporary ecological risks, thereby integrating regional observations into the study of global envi-
ronmental challenges. Plant samples naturally occurring in the study areas were collected, fixed, and subjected to anatomical
sectioning. Transverse sections obtained using a microtome were treated with histochemical reagents and processed into perma-
nent preparations. Statistical analysis of micrometric parameters recorded during microscopic examination revealed significant
differences among the samples. Notably, in plants collected from the Aghdam Industrial Park, massive accumulation of yellow-
pigmented intracellular inclusions was microscopically confirmed in the palisade parenchyma of leaves, the prosenchymatous
tissue of the petiole, the palisade cell layer of the sepal, and the chlorenchyma of the stem and pedicel. Parenchymatic inclusions
were also observed. Idioblasts were recorded in both leaves and sepals of these samples. Statistical measurements indicated that
in the Aghdam specimens, the thickness of chloroplast-containing parenchyma layers in leaves, petioles, and sepals was greater,
whereas in the Zangilan specimens, the epidermal cell size and the thickness of their outer periclinal walls were higher across all
above-ground vegetative organs. In seeds from Zangilan, the aleurone layer was better developed, while in the Aghdam seeds, a
thicker endotesta and accumulation of non-specific intracellular inclusions were observed, demonstrating that structural variabil-
ity occurs under differing environmental conditions. Root samples from Aghdam showed more compact tissue organization,
particularly a thicker periderm and stronger sclerenchyma development. These findings highlight the plant’s high adaptive capac-
ity and visually confirm the localization of non-specific inclusions at the anatomical level. The accumulation of such inclusions in
medicinal plants exposed to phytocontamination may pose risks to their medicinal use. Given that P. harmala is widely employed
as a medicinal plant, investigating non-specific deposits within its internal structures under contaminated conditions provides essential
scientific evidence for assessing the ecological safety of medicinal plants and for selecting appropriate cultivation environments.

Keywords: isobilateral leaf; phytocontamination; prismatic styloid and raphide type crystals; intracellular inclusions; idio-
blast; anthropogenic dynamics of the ecosystem.

Chaachouay, 2025), occurs across various geographical regions and
has a wide natural distribution range in the arid and saline territories

In contemporary botanical research, the analysis of anatomical
structures of plant organs extends beyond the study of morphological
and anatomical traits of flora elements. It also plays a crucial role in
identifying cellular-level imprints of various ecological factors, inclu-
ding anthropogenic impacts, pollution, and stress conditions. Micro-
scopic analyses of plant tissues often reveal diverse intracellular and
intercellular deposits that are visually distinguishable but whose pre-
cise chemical composition has not yet been fully elucidated. Such
deposits are commonly characterized as endogenous or exogenous
intracellular and intercellular inclusions, and their formation may be
considered as potential biomarkers of plant responses to environmen-
tal conditions. The presence of these structures, on the one hand, pro-
vides insights into plant adaptation mechanisms, and on the other
hand, opens new opportunities for monitoring ecotoxicological pro-
cesses. These nonspecific local accumulations, documented at the
anatomical level, are likely associated with metabolic and physiologi-
cal alterations in plants. Therefore, future research into their origin at
phytochemical, biochemical, isotopic, and molecular levels is of par-
amount importance. Within the framework of modern ecological
anatomy, the study of such structures is relevant not only for funda-
mental botany but also for ecological risk assessment, bioremediation,
and environmental health monitoring. Peganum harmala L., a peren-
nial herbaceous plant of the family Nitrariaceae Lindl. (Benlarbi &

of the Republic of Azerbaijan (Qurbanov, 2024). Peganum harmala
is regarded as a pseudometallophyte since it can grow both in ecolog-
ically clean habitats and in ecotopes contaminated with heavy metals
(El Hasnaoui et al., 2023). Studies of plant species inhabiting areas
with heavy metals and other pollutants demonstrate that species with
a high adaptive capacity exhibit phytocontamination-related respons-
es at physiological and anatomical levels with pronounced intensity
(Ciamporové et al,, 2021; Collin et al., 2022; Han et al., 2022; Singh
et al., 2022; Muszynska et al., 2023), thereby ensuring biodiversity
persistence under such stressful conditions. In medicinally important
plant species, the study of such adaptation-related processes and the
consequent physiological, biochemical, and morphological changes is
particularly significant (Ahmad et al., 2021; Krzestowska et al., 2021;
Ait Elallem et al., 2022). Previous research has shown that stress
conditions may alter the efficiency of metabolite synthesis.

As a medicinal plant, P. harmala contains a rich array of second-
ary metabolites, including harman, harmaline, harmine, quinazoline,
alkaloids, and others (Doskaliyev et al., 2021; Li, 2024; Say, 2024).
Pharmacologically, the species is used in the treatment of cardiovas-
cular, nervous, respiratory, and endocrine disorders, and it also exhib-
its antimicrobial activity (Shahrajabian et al., 2021; Akhtar et al.,
2022; Zhu et al., 2022; Ibadullayeva, 2024). Several studies investi-
gating P. harmala in contaminated environments have focused on the
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impact of pollutants on assimilation processes, while also demonstra-
ting that the species possesses metabolic mechanisms that confer re-
sistance to oxidative stress induced by heavy metals (Mahdavian,
2022; Basahi, 2023).

The primary objective of our study was to perform a comparative
ecological-anatomical analysis of P. harmala specimens collected
from two distinct areas of the Karabakh region of Azerbaijan: an in-
dustrially polluted site and a relatively undisturbed natural site. This
comparison aimed to identify structural variations and to evaluate the
intensity of phytocontamination. A number of studies conducted by
foreign researchers have revealed physiological adaptation processes
and response mechanisms in other plant species under stress condi-
tions induced by various factors (Karim et al., 2024; Ullah et al,
2024; Yirmibes et al., 2024; Gao et al., 2025; Seven & Akinc, 2025).
In line with the author’s earlier works (Sardarova, 2024, 2025a,
2025b; Sardarova & Ibadullayeva, 2025), the present study provides
an alternative perspective by approaching the problem at the anatomi-
cal level. This enables the exploration of the adaptive potential of the
species, the occurrence of specific and nonspecific intracellular and
intercellular localizations, and the structural modifications arising in
the plant under varying environmental conditions.

In a globalized world, the intensification of anthropogenic pres-
sures significantly disrupts the structural and functional stability of
ecosystems. Factors such as urbanization, industrial emissions, and
the pollution of soil and water bodies lead to the emergence of unusu-
al morpho-anatomical alterations in plants. Among the most im-
portant indicators of such changes are intracellular and intercellular
deposits of unknown origin. The occurrence of these structures — vari-
ous intracellular and intercellular localizations whose precise origin
remains unclear — plays a pivotal role in plant physiological and met-
abolic responses. Their detection is only possible through high-
resolution anatomical studies, which today constitute one of the most
relevant and strategically important directions in the study of plant
adaptation mechanisms.

Considering the medicinal significance of P. harmala, the plant
investigated in this study, it should be emphasized that the analysis of
such inclusions in phytotherapeutically valuable species holds particu-
lar relevance. Deposits formed through bioaccumulation processes
may serve as critical indicators of both plant adaptation to ecological
stress factors and the synthesis and storage of secondary metabolites.
At the same time, these structures can function as biomarkers for mo-
nitoring heavy metals, toxic elements, and other contaminants under
ecotoxicological conditions. Thus, the anatomical investigation of in-
clusions of unknown origin provides new opportunities not only for
theoretical botany but also for applied disciplines such as ecological
anatomy, phytotoxicology, biomonitoring, and pharmacognosy. In an
era of increasing anthropogenic dynamics within ecosystems, such an
approach is essential for the conservation and sustainable use of me-
dicinal plants, as well as for assessing their metabolic potential under
stress conditions.

The accumulation of inclusions of unidentified origin in plant or-
gans can initially be visualized and assessed through anatomical
methods, after which they may be subjected to complementary re-
search. Anatomical studies are regarded as the first key stage, laying
the foundation for further scientific contributions. This approach is
recognized as one of the most advanced and relevant scientific direc-
tions for elucidating plant responses to ecological stressors. The study
of such inclusions in flora elements — especially in medicinally im-
portant species — facilitates the interpretation of their adaptation
mechanisms while also contributing to the identification of bioaccu-
mulation processes, phytotoxins, or potential biomarkers. Therefore,
anatomical investigations of deposits establish a fundamental scien-
tific basis for assessing ecological plasticity, tolerance strategies, and
metabolic restructuring potential in plants under stress conditions.
Through ecological-anatomical methods, the visualization of critical
structural features of ecosystems under ecological pressure represents
amodem and strategically significant research direction in plant eco-
physiology and stress biology. In conclusion, in the current era of
heightened anthropogenic dynamics, the anatomical study of inclu-
sions of unknown origin in medicinal plants is of great importance not
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only for fundamental botany but also for applied areas such as sus-
tainable ecosystem management, medicinal plant conservation, and
biodiversity maintenance. Furthermore, this approach, by linking with
global scientific priorities such as climate change, biocontamination,
and bioremediation processes, offers innovative opportunities for
managing ecological risks.

The investigation of P. harmala’s ability to adapt to diverse eco-
logical conditions provides insights into its autoecological traits and
allows an evaluation of its structural adaptations to stress factors.
Although the species demonstrates normal development in terms of
morphological indicators, anatomical studies confirm that it has been
exposed to contamination. In specimens of P. harmala collected from
polluted environments, inclusions were observed as indicators of bio-
chemical and physiological changes resulting from phytocontaminati-
on. The study documented the formation of nonspecific intracellular
deposits, further confirming that the ecological-anatomical study of
plants represents one of the most pressing issues in modern experi-
mental botany. The findings emphasize that anatomical analyses ser-
ve as more sensitive biomarkers than morphological observations,
enabling precise assessment of plant ecological status. Consequently,
the results demonstrate the potential risks associated with the medici-
nal and nutritional use of plants collected from contaminated habitats,
highlighting the significance of anatomical research in ecological
safety and phytosanitary evaluation.

Finally, the structural comparison of ecotypes of this species pro-
vides valuable markers for predicting the responses of modern flora
elements to similar ecological conditions, thereby contributing to the
broader understanding of plant adaptation under anthropogenic stress.

Materials and methods

Collection and laboratory processing of material. Comparative
ecological and anatomical analyses of the medicinally valuable speci-
es P. harmala were conducted using specimens collected from two
sites in the Karabakh region of Azerbaijan: the industrially contami-
nated zone near Aghdam Industrial Park (Fig. 1a, 1c) and the ecologi-
cally clean area near Bartaz village, Zangilan district (Fig. 1b, 1d).
After collection, the plant materials were stabilized using appropriate
fixation methods (Chamberlain, 2020; Criswell et al., 2025) and sub-
sequently processed under laboratory conditions.

During laboratory preparation, paraffin (BW Blended Waxes,
Inc., USA) was used as a supporting medium during both tissue infil-
tration and sectioning. Sections were prepared using a modern hand
microtome (RADICAL, RMT-5, India), and the section thickness
was precisely calibrated and controlled via a micrometric adjustment
screw (Fig. 2). Tissue slices with a thickness of approximately 8 um
were obtained through micrometric regulation.

Following sectioning, histochemical methods were applied, and
differential staining was performed using specific reagents. A set of
selective stains, including Safranin O, Fast Green, Sudan IllI, Tolui-
dine Blue, Phloroglucinol-HCI, and Methylene Blue (KimyalLab,
Turkey), were utilized (Fig. 3). The staining process was conducted
stepwise using a decolorization technique to ensure the selective visu-
alization of tissue components (Peterson et al., 2008; Bozdag et al.,
2016; Da Silva et al., 2020; Engin et al., 2024). The sequential appli-
cation of various histological stains facilitated a more precise identifi-
cation of ecological-anatomical structural features in both P. harmala
ecotypes. Additionally, chemical reagents such as xylene, carboxylol,
ethylene, formalin, and chlorinated lime (Mir Nauki, Russia) were
employed to support tissue dehydration and enhance the clarity of
anatomical structures, thereby enabling more effective microscopic
observations. To prepare permanent microscope slides from the
stained sections, Canada balsam (Innovating Science, USA) was used
as a mounting medium (Fig. 3b). A drop of balsam was applied to the
section placed on a glass slide, followed by the placement of a co-
verslip. The prepared slides were then placed in a special incubator
device set at a constant temperature of 20-25 °C to allow the Canada
balsam to dry completely. Once the mounting medium had fully
cured, the permanent transverse sections were subjected to detailed
microscopic analysis.
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Fig. 1. The general view of Peganum harmala (L.) (a, b) and the areas where plant samples were collected:
¢— Aghdam Industrial Park area (contaminated area), d — Zangilan District, Bartaz Village (near the Araz River) (clean area)

&

!

Fig. 3. Some reagents used in the research work: a — immersion oil; b— Canada balsam

Microscopic analysis. Microscopic investigations were conduc-
ted using advanced digital and multifunctional microscopes available
at the Department of Biology, Azerbaijan State Agricultural Universi-
ty. Primarily, a Carl Zeiss Axio Imager A2 (ZEISS, Germany) micro-
scope was employed (Fig. 4), which is equipped with a high-perfor-
mance LED illumination system and specialized objectives designed
to minimize optical aberration. This model offers exceptional optical
performance, and Zeiss’s AxioCam digital camera system was inte-
grated into the microscope interface, ensuring advanced imaging

capabilities. Utilizing the full potential of the Axio Imager A2 system,
detailed structural analysis of P. harmala generative and vegetative
organ preparations was performed. This included micrometric measu-
rements, live video monitoring, and high-resolution digital micropho-
tography.

In addition, the NLCD-307B LCD Digital Microscope (Wincom
Company Ltd.,, China) was used during the course of the study
(Fig. 5a, 5b). This microscope features an integrated LCD display,
enabling real-time visual observation of the specimens directly on the
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screen. Through its advanced digital imaging capabilities, high-preci-
sion ecological-anatomical assessments of P. harmala were success-
fully conducted. For accurate anatomical identification, the full range
of objective magnifications (4%, 10x, 40x, 60x, and 100x) was uti-
lized. Observations at 100x magnification were enhanced using im-
mersion oil (RMY, USA), which significantly improved optical reso-
lution and contrast of microscopic images (Fig. 3a). The NLCD-307B
digital microscope was particularly useful during the early stages of
sectioning, for monitoring the quality of tissue cuts and the effective-
ness of histological staining before preparation of permanent slides.
Final analyses, acquisition of photomicrographs, and statistical meas-
urements were performed using the Carl Zeiss Axio Imager A2 sys-
tem.

For macroscopic examination of plant specimens, stereomicro-
scopes were also used, specifically the Zeiss Stemi508 (ZEISS, Ger-
many) and the Stereo YK-SM067B2 (Wincom Company Ltd., Chi-
na) (Fig. 5¢, 5d).

To ensure the precision of micrometric data obtained via auto-
mated measurements during microscopic analysis, eyepiece and stage
micrometers (Muhva, China) were employed (Fig. 6a, 6b). First, the
eyepiece micrometer was calibrated using the stage micrometer, after
which specimen dimensions were calculated based on the scale divi-
sions. Additionally, a digital macrometer (Jiavarry, China) was used
to record macroscopic dimensions of plant organs prior to sectioning
(Fig. 6¢). All measurement data were properly annotated and overlaid
on the corresponding photomicrographs (Jambor et al., 2021).

Fig. 5. Optical and stereoscopic microscopes used: a, b— LCD Dijital Microskop NLCD-307B,
¢ — steoroscope Zeiss Stemi508, d — Stereo YK-SM067B2

Fig. 6. Instruments used in the measurement process: a — stage micrometer, b — eyepiece micrometer, ¢ — digital micrometer
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Fig. 7. Preparation of herbarium

Herbarium preparation. Herbarium specimens prepared from the
medicinally valuable species P. harmala serve not only as systematic
resources for in-depth ecological and anatomical investigations, but
also as key reference materials for evaluating the species' pharmacog-
nostic and phytotherapeutic potential (Fig. 7). Herbarium samples
were prepared from both P. harmala populations under investigation —
those collected from ecologically distinct regions — and subsequently
deposited into the herbarium collection of the Department of Biology
named after Academician Valida Tutayuq at Azerbaijan State Agri-
cultural University. These specimens are preserved as part of a sys-
tematically organized botanical collection and are available for scien-
tific research, educational purposes, and reference use.

Statistical methods. Quantitative data obtained from the generati-
ve and vegetative organs of both sites were expressed as mean + stan-
dard deviation (SD). The assumption of normal distribution was tes-
ted using the Shapiro-Wilk test, while homogeneity of variances was
assessed by Levene’s test. Since both assumptions were met,
ANOVA was performed using Fisher’s criterion. Statistical analyses
were conducted with the Jamovi software (version 2.6.26; University
of Sydney, Australia).

Table 1
Descriptive statistics (x + SD, n = 15) and results of ANOVA test

Results

Seed. Transverse section analysis revealed that the seed of
P. harmala is externally surrounded by a thick testa. The largest cells
of the testa are located in its outer exotesta layer. These cells function
in mechanical protection and prevention of water loss. Possessing thi-
ckened walls, they were identified as columnar osteosclereid cells.
Their basal ends are markedly thickened, thereby enhancing the me-
chanical strength of the seed. In samples from both studied sites, the
exotesta was externally covered by a thick cuticular layer.

The second prominent layer of the testa is the internal endotesta.
This layer performs functions of inner protection, water absorption,
and maintenance of seed viability. Micrometric measurements con-
firmed statistically significant differences in the height of endotesta
cells between the studied sites (Table 1). On average, endotesta cells
were taller in seeds collected from the industrially polluted environ-
ment of the Aghdam Industrial Park. Moreover, microscopic observa-
tions revealed the presence of intracellular inclusions within these
cells in the same polluted-area samples.

for measurements obtained from seed samples of Peganum harmala (L.) collected from the study areas

Indicators Mean + SD, um ANOVA (Fisher’s)
Aghdam (Aghdam Industrial Park area) Zangilan (Bartaz village area) F dfl  df2 p
Height of exotesta cells 165.63 +50.39 193.41+53.79 0912 1 28 3.6x10?
Thickness of the cuticle layer 11.20 +£2.58 14.65+2.16 5850 1 28 3.8x10%*
Diameter of mesotest acells 27.48 +8.53 20.78 £3.22 2760 1 28 1.2x10?
Height of endotesta cells 136.87 + 30.02 97.58 +9.27 23466 1 28 4.2 x 105%**
Diameter of endosperm cells 38.56 +5.20 31.24+5.62 6.776 1 28 2.1x10%*

Note: SD — standard deviation; normality was confirmed for all measurements based on the Shapiro-Wilk test (P > 0.05); homogeneity of variances was assessed
using Levene’s test; measurements met the homogeneity assumption (P > 0.05); significance level of the difference: * — P <0.05; ** — P <0.01; *** P < 0.001.

50 um

Fig. 8. Transverse sections of Peganum harmala (L.) seed samples from Aghdam (top row) and Zangilan (bottom row) (section thickness —
8 um): a, f— general view of the section, b, g —a part of the section, c, h — outer side of the testa, d, i — boundary between testa and endosperm,
e, j —endosperm layer; 1 —embryo cavity, 2 —endosperm, 3 —endotest, 4 — exotest, 5 — mesotest, 6 — thickened basal ends of osteosclereid cells,
7 —cuticle, 8 —aleurone layer, 9 — intracellular inclusion, 10 — ergastoplasm granules accumulated in endosperm cells
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The middle layer of the testa is represented by the mesotesta.
Its cells are relatively small, morphologically variable, and situated
between the exotesta and endotesta, serving as an additional protec-
tive layer.

At the boundary of the testa and endosperm lies the aleurone lay-
er (Fig. 8). This layer constitutes the outermost part of the endosperm
and functions as a storage tissue that becomes physiologically active
during germination. The aleurone layer is rich in proteins, lipids, and
enzymes. During germination, these reserves are degraded, providing
nutrients for the developing embryo. The proteins include enzymes
(e.g., proteases and lipases) that catalyze the hydrolysis of storage
compounds, thereby accelerating germination. In the arid and saline
soils where P. harmala grows, the aleurone layer contributes to the
long-term viability of seeds. Its thickness and high pigmentation en-
hance resistance against UV radiation and oxidative stress. Under
stress conditions, this layer also plays a role in the accumulation of an-
tioxidant compounds. Partial pigmentation of the aleurone layer provi-
des additional protection against microbial and fungal infections, while
simultaneously contributing to the mechanical durability of the seed.

From an ecological-anatomical perspective, seeds collected from
ecologically clean sites exhibited a distinctly thick and well-differen-
tiated aleurone layer. Protein bodies were more abundant and uni-
formly distributed, while pigmentation was at normal levels, thus en-
suring protection against solar radiation and microorganisms. Nutrient
reserves (proteins and lipids) were maintained at higher levels, resul-
ting in greater germination energy. In contrast, seeds collected from
contaminated habitats displayed a thinner, irregularly differentiated
aleurone layer. Protein body content was reduced, and vacuolization

was inconsistently observed. Microscopic analysis also showed wea-
ker pigmentation. Consequently, diminished nutrient reserves were
associated with reduced germination capacity and shortened seed via-
bility. In P. harmala, the aleurone layer ensures optimal storage and
protection under ecologically clean conditions; however, in contami-
nated sites, both the morphology and chemical composition of the
layer are altered, with declines in protein and lipid content negatively
affecting seed viability and adaptive potential.

Beneath the aleurone layer, the endosperm is composed of cells
densely packed with ergastoplasmic granules. These granules repre-
sent spherical storage inclusions containing primarily starch, proteins,
and lipids, thereby serving as the principal nutrient reserve for the
embryo during its development. The endosperm layer is thick and
surrounds the embryonic cavity. Overall, microscopic observations
demonstrated that across all seed layers, pigmentation was particular-
ly pronounced in the endosperm of samples collected from the Zangi-
lan site.

Sepal. Transverse section analysis of the sepal in P. harmala re-
vealed that specimens from the Aghdam site exhibit a more pronoun-
ced upward convexity compared to those from Zangilan. The vascu-
lar system of the sepal consists of a large central bundle located in the
middle, accompanied by several smaller lateral bundles arranged se-
quentially on either side. Mechanical elements were not detected
within these bundles. However, idioblasts were observed at the
boundary of the central bundle only in samples from the Aghdam site.
These idioblasts are assumed to function primarily in the storage of
water, metabolites, and nutrient reserves, as suggested by their trans-
parent vacuoles under microscopic observation (Fig. 9).
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Fig. 9. Transverse sections of Peganum harmala (L.) sepal samples from Aghdam (top row) and Zangilan (bottom row) (section thickness —

8 um): a, f— general view of the section, b, g — central vascular bundle, c, h — lateral vascular bundle, d, i — peripheral part of the sepal, e, j —
structural features of the epidermis and stomatal apparatus; 1 — parenchyma area around the bundles, 2 — idioblast cells, 3 — xylem, 4 — phloem,
5 — prismatic and steloid-type crystals at the boundary with palisade-type parenchyma, 6 — palisade-type parenchyma, 7 — intracellular inclusions,
8 — epidermis, 9 — accumulation of ergastic and constitutive substances in the epidermis, 10 — thickened outer periclinal wall of the epidermis,
11— cuticle layer, 12 —guard cells

Surrounding the vascular tissues is a parenchymatous zone com-
posed of isodiametric cells of varying sizes. In samples from Agh-
dam, these cells contained prismatic crystals and other irregularly sha-
ped inclusions. This parenchymatous zone is entirely enveloped by a
tissue layer consisting of chloroplast-rich cells. Being a modified leaf
organ, the sepal primarily functions as a protective structure for the
flower, with limited photosynthetic capacity. Nevertheless, in peren-
nial and drought-tolerant species, sepals may acquire enhanced pho-
tosynthetic activity due to a higher abundance of chloroplasts.

Anatomical analysis demonstrated that in the sepals of P. harma-
la, a fully differentiated palisade parenchyma, typical of classical leaf
laminae, was not observed. Instead, an elongated, chloroplast-contai-
ning, densely arranged palisade-like cell layer was recorded. This in-
dicates that sepals in P. harmala are not exclusively protective, but
also partially contribute to photosynthetic activity. Importantly, this

6

anatomical feature is reported here for the first time as an adaptive
trait in P. harmala and may be regarded as a diagnostic indicator of
the species’ ecological resilience across different habitats.

In Aghdam samples, additional non-specific intracellular deposits
were detected as yellow-orange droplets within palisade-like paren-
chyma cells. Furthermore, comparative analysis of sepals from both
sites revealed that the concentration of ergastic and constitutive sub-
stances in the epidermal cells was higher in plants growing under
contaminated conditions in the Aghdam Industrial Park. Epidermal
cells were covered by a distinctly visible cuticle layer, which appea-
red darker in samples from Zangilan. Micrometric measurements and
variation analysis further confirmed that the height of epidermal cells
and the thickness of their periclinal walls were statistically greater in
P. harmala specimens from the Zangilan site (Table 2).
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Table2
Descriptive statistics (X + SD, n = 15) and results of ANOVA test

for measurements obtained from sepal samples of Peganum harmala (L.) collected from the study areas

Mean £ SD, um ANOVA (Fisher’s)
Indicators Aghdam (Aghdam Zangilan dft R
Industrial Park area) (Bartaz village area) P
Height of epidermis cells 37.30+240 4097 £2.32 18.176 1 28 2.1 x 10%%**
Thickness of the outer periclinal walls of epidermis cells 13.69 +1.16 16.00 +1.67 19.206 1 28 1.5 x 104
Thickness of palisade-type parenchyma 154.07 £ 12.53 140.93 £18.42 5.213 1 28 3.0x10%*
Diameter of parenchyma cells around the bundles 42.32+2.64 40.49+2.19 4.237 1 28 4,0 % 102*
Diameter of xylem vessels 10.17 £1.06 9.02+1.20 7.768 1 28 9.4 x 10°%**

Pedicel. Transverse sections of the pedicel, which supports the
ripening fruits of P. harmala, were examined. Microscopic observa-
tions revealed that in specimens collected from the Aghdam region,
notable accumulation processes occurred in parenchymatic and epi-
dermal tissues, whereas in samples from the Zangilan region, pigmen-
tation was more intensive in the stele (Fig. 10).

The epidermis covering the pedicel is overlain by a thick cuticu-
lar layer. The external periclinal walls of epidermal cells exhibited
pronounced thickening, which was statistically confirmed to be more
pronounced in the Zangilan specimens. Immediately beneath the epi-
dermis, a subepidermal layer is present. This layer is characterized by
the deposition of ergastic and constitutional substances within its
cells. In the Aghdam specimens, these substances accumulated ac-
tively both in the subepidermal layer and in several epidermal cells.

Beneath the subepidermal layer lies the main portion of the cor-
tex, composed of chlorenchyma. Microscopic analysis revealed intra-
cellular inclusions within the chlorenchyma cells of the Aghdam pe-
dicel samples, which are considered to be non-specific for the species.
The remaining cortical region consists of isodiametric, chloroplast-
free parenchyma cells, located adjacent to the sclerenchymatous ring.
This ring completely encircles the stele. The stele exhibits a fascicular
structure, with five large vascular bundles and five smaller vascular
bundles situated between them, positioned slightly toward the cortex.

The central part of the stele is filled with pith parenchyma. In the
Aghdam samples, cells of the pith parenchyma contained raphide-ty-
pe, styloid-shaped, and other crystal forms. Overall, statistical analy-
ses confirmed that the diameters of both the pith parenchymaand cor-
tical parenchyma cells were larger in the Zangilan specimens (Table 3).

Fig. 10. Transverse sections of Peganum harmala (L.) pedicel samples from Aghdam (top row) and Zangilan (bottom row) (section thickness —

8 um): a, f— general view of the section, b, g —a part of the section, c, h — structure of vascular bundles, d, i — pith parenchyma, e, j — peripheral

part of the pedicel; 1 — pith, 2 — cortex, 3 —xylem, 4 — phloem, 5 — sclerenchyma, 6 — raphide-like and steloid crystals accumulated in pith cells,

7 —chlorenchyma, 8 — intracellular inclusion, 9 — accumulation of ergastic and constitutive substances in the epidermis and subepidermal layer,
10 —subepidermal layer, 11 —epidermis, 12 — thickened outer periclinal walls of epidermis cells, 13 — cuticle layer, 14 — guard cells

Table3
Descriptive statistics (x + SD, n = 15) and results of ANOVA test

for measurements obtained from pedicel samples of Peganum harmala (L.) collected from the study areas

Mean + SD, um ANOVA (Fisher’s)
Indicators Aghda_m (Aghdam Zan_gllan (Bartaz F df R D
Industrial Park area) village area)

Height of epidermis cells 46.41+4.79 51.69+7.19 5.615 1 28 24x107%*
Thickness of the outer periclinal walls of epidermis cells 14.28 +1.98 2048 £3.28 18.302 1 28 1.0 x 103**
Height of subepidermal cells 26.71+2.33 24.45 +2.46 6.668 1 28 15x102*
Thickness of cortex 214.26 +18.76 211.80 +27.49 0.081 1 28 7.7x10?
Diameter of cortical parenchyma cells 34.52 +3.48 40.75 +5.46 13.885 1 28 8.7 x 104***
Thickness of sclerenchyma tissue 62.36 +5.90 62.65+ 6.35 0.026 1 28 8.9x10?
Thickness of phloem 57.91+4.55 50.88 +11.70 4.705 1 28 3.8x10%*
Diameter of xylem vessels 1146 +1.72 1129+1.94 0.036 1 28 8.6 x10?
Diameter of pith parenchyma cells 45.85+3.89 52.62 + 6.04 13.288 1 28 1.0 x 10°3**
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Leaf. Anatomical examination of P. harmala leaf samples collec-
ted from the two different regions revealed a largely similar structural
organization. The leaves are of the isobilateral type. Along the central
portion of the lamina, a single large vascular bundle is positioned in
the midrib, accompanied by numerous smaller bundles distributed
laterally. The epidermal cells enclosing the leaf are relatively large,
with distinctly thickened outer periclinal walls. The epidermis is ex-
ternally covered by a clearly visible cuticular layer. Stomata are pre-
sent on both the adaxial and abaxial epidermis, indicating an amphis-
tomatic leaf type. The leaves exhibit a thickened structure characteris-
tic of xerophytic plants. Consistent with the species’ adaptation to na-
turally arid and saline habitats, the mesophyll of the isobilateral leaf is
dominated by palisade parenchyma (Sardarova, 2025c). A continuous
and relatively thick layer of palisade cells, composed of two or more
irregular rows of columnar cells, is located beneath the epidermis
throughout the lamina. Beneath the stomata, substomatal air cham-
bers are formed. A small amount of spongy parenchyma was also
observed on the abaxial side of the leaf.

Table 4
Descriptive statistics (x £ SD, n = 15) and results of ANOVA test

Statistical analyses demonstrated that the thickness of the palisade
parenchyma was greater in the samples from the Aghdam site com-
pared with those from Zangilan (Table 4). In these Aghdam speci-
mens, large idioblasts were recorded within the palisade layer. To-
ward the inner mesophyll, around the vascular bundles, a zone of rela-
tively isodiametric parenchyma cells occurs. Microscopic examinati-
on further revealed that, in cells adjacent to the palisade tissue — espe-
cially on the abaxial side — raphide-shaped calcium oxalate crystals
were localized in specimens from both regions.

Previous studies have reported the absence of classical Kranz
anatomy in P. harmala, which performs Cs photosynthesis. However,
as a result of adaptation to arid environments, structural modifications
resembling Kranz-like organization were observed around the vascu-
lar system and within the mesophyll zone. Such Kranz-like cell arran-
gements, recorded for the first time under microscopic observations in
this study, were present in both populations and may be regarded as
an integral component of the water-saving mechanism (Voznesen-
skayaetal., 2017).

for measurements obtained from leaf samples of Peganum harmala (L.) collected from the study areas

Mean = SD (um) ANOVA (Fisher’s)
Indicators Aghda_m (Aghdam Zan_gllan (Bartaz F dft R D
Industrial Park area) village area)
The height of the adaxial epidermis cells 43.18+5.43 38.15+4.72 7.324 1 28 1.1x10%*
Thickness of the outher walls of the adaxial epidermis cells 7.60+0.73 7.16+042 3.996 1 28 5.5 x 10
The height of the palisade parenchyma tissue in the abaxial side 151.57+8.31 14340+ 8.48 7.096 1 28 12x10?%*
The height of the palisade parenchyma tissue in the adaxial side 194.44 +13.35 184.80+9.70 5.120 1 28 31x10?%*
The height of the central bundles 142.65 +6.35 139.52 +6.98 1.649 1 28 20x10t
Diameter of the xylem vessels 16.34+1.13 17.67 £1.57 7.036 1 28 13x10?%*

Leaves, being directly exposed to the atmosphere, serve as the
primary organs for the accumulation of airborne pollutants via aerati-
on (Sahoo, 2024). Comparative analysis of samples from the contam-
inated area of the Aghdam Industrial Park and the ecologically clean
area of Zangilan revealed the presence of non-specific inclusions
localized in the vascular tissues and palisade parenchyma of the Agh-
dam specimens. Moreover, generalized parenchymatic inclusions
were detected throughout all tissues. Microscopic analyses further
confirmed the accumulation of crystals in the epidermal cells of
leaves collected from Aghdam. In the same samples, the xylem ele-

ments of the vascular bundles exhibited significantly smaller diame-
ters compared with those of the Zangilan specimens.

During the investigation, heterogeneous surface deposits of diffe-
rent origins were also observed on the leaf surface of P. harmala, par-
ticularly over and around the stomatal apparatus (Fig. 11). Morpho-
logically, these deposits varied in size and shape and were identified
not as intracellular inclusions but as exogenous particles of dust, mi-
neral, or organic fragments. The presence of such deposits, functio-
ning as an additional layer on the leaf surface, may influence stomatal
activity and thus represents an ecologically relevant anatomical fea-
ture of considerable scientific importance.

50 pm

50 um

Fig. 11. Transverse sections of Peganum harmala (L.) leaf samples from Aghdam (top row) and Zangilan (bottom row) (section thickness —
9 um): a, f— general view of the section, b, g — marginal part of the leaf, ¢, h— central bundle, d, i — degree of accumulation of accumulants
in parenchymatous tissues, e, j — peripheral part of the leaf lamina; 1 — palisade parenchyma, 2 — parenchyma cells around the bundles,
3—idioblast, 4 —xylem, 5 — phloem, 6 — nonspecific inclusion localization inside the bundle, 7 — Kranz-like cells, 8 — localization of raphide-type
crystals at the boundary with palisade parenchyma, 9 — spongy parenchyma, 10 — intracellular inclusion, 11 — crystals in the epidermis,
12 —epidermis, 13 — cuticle layer, 14 — guard cells, 15 — non-homogeneous sediment, 16 — accumulations on the stomatal surface
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Petiole. In transverse section, the petiole samples collected from
the Aghdam site exhibited a relatively smooth upper surface, whereas
those from the Zangilan site showed a slightly concave structure.
The petiole is externally covered by an epidermis, beneath which lies
a layer of prosenchymatous cells. In both ecotypes, the epidermis is
overlain by a cuticular layer and bears stomata. Micrometric meas-
urements revealed that the thickening of the outer periclinal walls of
epidermal cells was less pronounced in the Aghdam samples (Ta-
ble 5). In the same samples, brownish parenchymatic inclusions were
recorded within the group of prosenchymatous cells. Furthermore,

Table5
Descriptive statistics (x £ SD, n = 15) and results of ANOVA test

numerous drop-shaped intracellular inclusions were detected inside
these cells under microscopic observation.

Towards the interior, the prosenchymatous zone transitions into a
parenchymatous region surrounding the vascular bundles, composed
mainly of isodiametric cells. The vascular bundles are relatively large
in the central part and gradually decrease in size laterally. In both po-
pulations, the vascular bundles were well developed, consisting of
abundant xylem elements, a distinct phloem region, and mechanical
tissues. The sclerenchyma, as the main mechanical tissue, was found to
be more prominently developed in the Zangilan specimens (Fig. 12).

for measurements obtained from petiole samples of Peganum harmala (L.) collected from the study areas

Indicators Mean + SD, um ANOVA (Fisher’s)
Aghdam (Aghdam Industrial Park area) Zangilan (Bartaz village area) F  dfl df2 p
Height of epidermis cells 40.75+4.20 44.74 +3.60 7832 1 28 9.1x10%**
Thickness of the outer periclinal walls of epidermis cells 853+2.17 16.25+4.72 17340 1 28 11x10%**
Thickness of prosenchyma-type cell group 164.92 +28.75 137.27 +15.01 10904 1 28 26x10°%**
Diameter of parenchyma cells around the bundles 63.70 £8.05 56.90 +7.25 5922 1 28 21x10?%*
Diameter of xylem vessels 1547 £2.75 15.01 +3.27 0073 1 28 79x10!
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Fig. 12. Transverse sections of Peganum harmala (L.) petiole samples from Aghdam (top row) and Zangilan (bottom row) (section thickness —
8 um): a, f— general view of the section, b, g — structure of large vascular bundles, c, h — characteristics of small vascular bundles, d, i —
peripheral part of the petiole, e, j — degree of accumulation of accumulants in parenchymatous tissues; 1 — parenchyma area around the bundles,
2 — parenchymatous inclusions, 3 —xylem, 4 — phloem, 5 — sclerenchyma, 6 — cuticle layer, 7 — stomata, 8 — epidermis, 9 — prosenchyma-type
cell group, 10 — prismatic, styloid, raphide-type and other forms of crystals, 11 — mass of ergastic substrances, 12 — intracellular inclusions

In petiole samples from the contaminated environment of Agh-
dam Industrial Park, small, dark-green parenchymatic inclusions were
observed both within the xylem and phloem tissues of the vascular
bundles and in the surrounding parenchymatous zones. Additionally,
the cells bordering the prosenchymatous layer exhibited the accumu-
lation of ergastic substances. This accumulation was more pronoun-
ced in the Zangilan samples, where the inclusions were represented
by styloidal, prismatic, and raphide-type calcium oxalate crystals.

Stem. In both study sites, the stem stele was well developed and
constituted the main part of the organ. Within the vascular system of

Table 6
Descriptive statistics (x + SD, n = 15) and results of ANOVA test

the stele, the activation of the interfascicular cambium was evident.
As a result, mechanical cells were formed, connecting the xylem tis-
sues of the bundles into a continuous ring. These cells were identified
as libriform fibers, providing mechanical support.

Through the exarch activity of the interfascicular cambium, new-
ly formed phloem tissues merged with the primary phloem of the
bundles, producing a complete phloem ring. Micrometric analysis
confirmed that the thickness of the phloem was statistically greater in
samples collected from the Aghdam site (Table 6).

for measurements obtained from stem samples of Peganum harmala (L.) collected from the study areas

Mean+ SD, um ANOVA (Fisher’s)
Indicators Aghdam (Aghdam Zangilan (Bartaz
Industrial Park area) village area) F df 2 P
Height of epidermis cells 3255+210 35.19+3.46 6.383 1 28 1.7 x102*
Thickness of the outer periclinal walls of epidermis cells 12.03+1.14 1344 +1.89 2.908 1 28 1.1x10?
Height of subepidermal cells 18.90 £3.30 1424 +1.44 10.338 1 28 7.4 x 10°%**
Cortex thickness 101.79 +7.84 113.28 +14.81 7.055 1 28 1.2x10%*
Diameter of cortical parenchyma cells 34.95+273 32.98+2.16 4812 1 28 3.6x10%*
Thickness of sclerenchyma tissue 57.84+12.34 58.24 +12.87 0.003 1 28 9.5x10?
Phloem thickness 67.97+9.30 57.66 +8.23 10.324 1 28 3.3 x10°%**
Diameter of xylem vessels 18.02+4.14 17.50 £2.54 0.091 1 28 7.6x10?
Diameter of pith parenchyma cells 92.80+11.05 81.82+10.46 7.816 1 28 9.2 x 10°3%**
9
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The phloem region was surrounded by a ring of sclerenchyma-
tous fibers, which in some places was interrupted by parenchymatic
cells. Externally, the sclerenchymatous ring bordered one to two la-
yers of isodiametric cortical parenchyma cells. In the Aghdam sam-
ples, dark intracellular inclusions were observed in some of these cor-
tical parenchyma cells, as well as in certain cells located on both sides
of the sclerenchyma ring and in the perimedullary zone of the pith.
Additionally, in the cortical chlorenchyma of the Aghdam stems,
orange-brown intracellular inclusions and large dark parenchymatic
deposits were recorded. In contrast, in the Zangilan specimens, a limi-
ted accumulation of calcium oxalate crystals was observed in the
cortical parenchyma cells.

The stem cortex was underlain by a subepidermal cell layer,
which was externally covered by an epidermis. Micrometric measure-
ments showed that subepidermal cells were relatively larger in the
Aghdam samples, whereas epidermal cells were comparatively larger
in the Zangilan samples. In both populations, ergastic and constitu-
tional substances were accumulated in some epidermal and in many
subepidermal cells. The outer, and to some extent,the inner periclinal
walls of epidermal cells were thickened. The epidermis was covered

with a thick cuticle, which also extended as a thin layer along the
inner walls of guard cells and the substomatal cavities.

In both populations, crystals were recorded in the pith parenchy-
ma cells. In stems from the Aghdam site, these were mainly raphide-
shaped and small prismatic crystals. In some pith cells of these sam-
ples, porous-punctate structures were also detected under the micro-
scope (Fig. 13). Such cells represent one of the most remarkable
structural features of the P. harmala stem. Numerous small droplet-
like or granular inclusions were visible within the cell lumen. This
structure may have several explanations: these are large idioblast-type
parenchyma cells specialized for secretion and storage. It is well
known that the medicinal plant P. harmala contains idioblasts that
accumulate alkaloids, essential oils, and other metabolites. Under
light microscopy, these idioblasts appear as large, transparent cells
containing fine granules and droplets, which corresponds with the
present observations. In addition, in water-storing parenchyma cells
of P. harmala, which grows in arid and semi-arid habitats, water can
be accumulated as a reserve. In such cases, large parenchyma cells of
the stem may contain abundant droplet-like inclusions within their
vacuoles.

Fig. 13. Transverse sections of Peganum harmala (L.) stem samples from Aghdam (top row) and Zangilan (bottom row) (section thickness —
8 um): a, f— general view of the section, b, g —a part of the stele, ¢, h— cortex, d, i — structural features in the epidermis and stomatal apparatus,
e, j — level of accumulation in pith parenchyma cells; 1 — pith, 2 — xylem, 3 — phloem, 4 — sclerenchyma, 5 — cortical parenchyma cells,

6 — intracellular inclusions, 7 — chlorenchyma, 8 — parenchymatous inclusions, 9 — epidermis, 10 — thickened outer periclinal walls
of epidermis cells, 11 — cuticle, 12 — guard cells, 13 — sub-stomatal cavity, 14 — prismatic crystals, 15 — raphide-type crystals,

16 —idioblast (porous-dot structured), 17 — styloid crystals

The small punctate structures observed within these cells may al-
so represent the initial stages of crystal formation (e.g., calcium oxa-
late crystals) or vacuolar accumulations of secretory products. Thus,
these cells should not be regarded as ordinary parenchyma, but rather
as idioblast-type parenchyma cells with specialized storage or secreto-
ry functions. Such a structure can be ecologically explained by the
species’ drought resistance and pharmacobotanically by its produc-
tion of alkaloid-containing secretory metabolites. The idioblastic natu-
re of these cells allows certain functional assumptions; however, pre-
cise confirmation requires molecular analysis of their intracellular
compounds.

In the Zangilan samples, calcium oxalate crystals in the pith were
predominantly of the styloidal type, although a few raphide-shaped
crystals were also recorded.

Root. Transverse sections of roots collected from different sites
revealed structural variations. The central region of the root was oc-
cupied by xylem tissue, composed of xylem vessels interspersed with
libriform fibers. Statistical analysis indicated that the overall diameter
of xylem vessels was smaller in samples collected from the Aghdam
site. In these samples, secondary wall thickening of both xylem ves-
sels and libriform fibers was more pronounced. The xylem was divid-
ed by a thin parenchyma layer into a large central portion and smaller
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lateral portions. The xylem was surrounded by a multilayered cambi-
um. Microscopic analysis of roots from the Zangilan site showed that
the exarch activity of the cambium led to the formation of multiple
concentric layers of sclerenchyma and phloem toward the cortex
(Fig. 14). The phloem cells in these layers were relatively large.
In contrast, in Aghdam samples, sclerenchyma fibers formed a single
mechanical ring around the phloem, exhibiting more intensive lignifi-
cation and thicker cell walls.

Statistical measurements of cortical parenchyma indicated that
cells were larger in plants from the Zangilan site. Within these cells,
accumulations of ergastic substances were observed. In both site sam-
ples, these ergastic inclusions are likely to represent stored starch.
Druse crystals were also observed in the cortical parenchyma of roots
from the Zangilan site.

The cortex was externally covered by a periderm. Although the
periderm was thicker in the Aghdam samples, the individual periderm
cells were larger in the Zangilan samples (Table 7). Microscopic
observations revealed that roots from plants growing in the contami-
nated environment of Aghdam Industrial Park exhibited remnants of
tissues formed at an early stage on the outer side of the periderm.
These dead tissue remnants contained sclerenchyma fibers, cells with
accumulated ergastic substances, and parenchymatic inclusions.
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Table7
Descriptive statistics (x = SD, n = 15) and results of ANOVA test

for measurements obtained from root samples of Peganum harmala (L.) collected from the study areas

Indicators Mean + SD, um ANOVA (Fisher’s)
Aghdam (Aghdam Industrial Park area) Zangilan (Bartaz village area) F dfl  df2 P
The height of the periderm cells 16.63 £1.90 19.68 +2.86 11.869 1 28 1.8x10%**
Diameter of the cortex parenchyma cells 31.98 +6.66 43.05+6.08 22.648 1 28 53x105%*
Diameter of the xylem vessels 53.84+7.62 70.68 +12.98 18.781 1 28 17x10%%*

Fig. 14. Transverse sections of Peganum harmala (L.) root samples from Aghdam (top row) and Zangilan (bottom row) (section thickness —
8 um): a, f— general view of the section, b, g — structure of the xylem, ¢, h — cambium and phloem area, d, i — development level of sclerenchyma
tissue, e, j — cortex and protective tissues; 1 — xylem vessel, 2 — libriform fibers, 3 —cambium, 4 — phloem, 5 — ergastic substances, 6 — scleren-
chyma, 7 — cortical parenchyma, 8 — periderm, 9 — supernumerary periderm, 10 — parenchymatous inclusions, 11 — druse crystals

Discussion

The anatomical alterations observed in the leaf tissues of the me-
dicinally valuable species P. harmala as a result of phytocontamina-
tion represent a clear indicator of the stress induced by ecological
pollution factors in the ecosystem. The presence of dark inclusions
scattered across the leaf lamina indicates local intra- and intercellular
accumulation of substances, particularly those associated with heavy
metals. The abundance of small, dark yellow droplet-like inclusions
within the palisade parenchyma cells may be interpreted as evidence
of disrupted intracellular metabolic processes and the activation of
detoxification-related defense mechanisms (Nouha et al., 2024).
Granular structures and crystal inclusions (e.g., oxalate crystals or
proteinaceous complexes) recorded in epidermal cells are associated
with the accumulation of phytochemical components, which can be
regarded as an adaptive response of the plant to xenobiotic substances
(Tutiinct Konyar et al., 2014). One of the most striking consequences
of ecological stress is reflected in the stomatal apparatus. The com-
plete occlusion of the stomatal pore by undefined deposits, along with
the separation of the guard cells, may lead to impairment of stomatal
function, thereby severely restricting gas exchange and transpiration.
These findings demonstrate that the examined P. harmala specimens
are highly exposed to phytocontamination.

In the adaxial mesophyll of P. harmala leaves grown under phy-
tocontamination, abnormally enlarged parenchymatic cells were ob-
served between the columnar parenchyma cells. One hypertrophied
cell, with a width nearly equal to four columnar cells, exerted mecha-
nical pressure on the overlying epidermal layer, resulting in pronoun-
ced thinning and deformation. The emergence of such structures can
be linked to cytotoxic stress induced by heavy metals, and these cells
may have formed as a result of stress-induced idioblast differentiation.
According to recent studies, these types of cells can function as local-
ized detoxification sites by sequestering excess metal ions and metab-
olites, thereby mitigating widespread tissue damage. The sporadic
formation and large size of these cells are likely associated with dis-

turbances in cell division and differentiation processes, triggered by
oxidative signaling and hormonal imbalance under stress conditions.
These observations are consistent with anatomical plasticity and adap-
tive cellular reorganization mechanisms in plants subjected to envi-
ronmental pollution. Consequently, the anatomical changes detected
in P. harmala highlight its ecological significance as a bioindicator
and phytoremediator species. The inclusions and crystal structures
identified can serve as valuable microscopic markers for monitoring
pollution.

For the first time, a Kranz-like isobilateral xeromorphic structure
was identified in the leaves of P. harmala. In specimens collected
from both unpolluted and phytocontaminated environments, large pa-
renchymatic cells were found surrounding the vascular bundles.
Although the circular organization of these cells around the bundles
morphologically resembles Kranz anatomy, no evidence of functional
activity related to the Ca photosynthetic pathway was confirmed in
this study. Only the visual-anatomical features of these tissues were
analyzed as the focus of this investigation. It may be assumed that
such structures serve functions such as minimizing water loss, enhan-
cing the efficiency of transport, and facilitating adaptation to stress,
and thus represent an important anatomical adaptation conferring resi-
lience to arid and polluted habitats. While the bundle sheath structure
morphologically resembles Kranz anatomy, additional physiological
and biochemical analyses are recommended to confirm its functional
classification and its relation to a specific Kranz type. The presence of
well-developed palisade parenchyma on both adaxial and abaxial sur-
faces, poorly developed spongy tissue, and radially arranged Kranz-
like cells around the vascular system suggests the possibility of an in-
termediate C3—Ca photosynthetic type. Furthermore, thickened epider-
mis, high cell density, and variability in the stomatal apparatus reflect
xerophytic strategies that enhance ecological resilience in arid and
saline habitats. These anatomical features not only support adaptation
to abiotic stress but may also enhance the biosynthetic potential for
bioactive compounds. The findings highlight the physiological and
anatomical plasticity of P. harmala and emphasize the necessity of
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further investigation of this species as a novel eco-anatomical model.
The conducted investigations revealed that in P. harmala, a medici-
nally significant species, root tissues of individuals growing in eco-
logically contaminated habitats exhibited substantial anatomical mod-
ifications. In particular, the denser arrangement and reduced size of
xylem elements within the central cylinder can be interpreted as an
adaptive defensive response (Glavac et al., 2017; Khan et al., 2023).
These alterations were accompanied by intensified lignification and
sclerification in xylem vessels and libriform fibers, which may serve
to partially restrict the translocation of heavy metals and other con-
taminants into the transpiration system. The partitioning of the xylem
into large central and smaller lateral regions by parenchymatous
bands, along with the localization of inclusions within these areas, in-
dicates a strategy of isolating potentially harmful substances in defi-
ned compartments.

The weak development of the cambium and incomplete formati-
on of the sclerenchyma—phloem complex further suggest that long-
term stress exerts an inhibitory effect on meristematic activity.
The dense and irregular structure of phloem cells may reflect impai-
red metabolic exchange (Hlihor et al., 2022). Small groups of scleren-
chyma fibers distributed around the phloem can be regarded as an
adaptive mechanism aimed at maintaining structural support. Enhan-
ced sclerification and secondary thickening of sclerenchymatous fiber
walls highlight the influence of ecological stressors — particularly
heavy metals — on lignification and cell wall modification processes.
Such responses simultaneously strengthen the mechanical stability of
the root system, thereby enhancing its resistance under stress condi-
tions.

In the cortex, the reduced cell size and accumulation of a larger
amount of ergastic inclusions demonstrate intensified detoxification
and storage processes. The development of a thick, multi-layered pe-
riderm represents one of the key structural barriers against ecological
stress, providing both mechanical and chemical protection. The per-
sistence of residual tissues, sclerenchyma fibers, and inclusion-rich
cells within the periderm indicates that newly formed protective lay-
ers originate from the phloem—cortex boundary at later developmental
stages.

Peripheral alterations in the roots of plants collected from pollu-
ted habitats further support this adaptive interpretation. Degraded
epidermal layers gave rise to protective tissues functioning as a me-
chanical barrier between the plant and its environment. In these sam-
ples, supernumerary periderm formation was detected above the pri-
mary periderm. Parenchymatous cells beneath this layer exhibited
protoplasmic coagulation and reduced intercellular spaces, pointing to
tissue compaction in response to stress. The presence of dark pig-
ments within these cells can be linked to the sequestration of heavy
metals and other contaminants (Asgari Lajayer et al., 2017). Such fea-
tures are indicative of morpho-anatomical adaptation, reflecting the
plant’s capacity to filter and accumulate toxic substances.

The coexistence of sclerenchyma cells with starch-rich parenchy-
ma in this peripheral zone suggests the emergence of a composite
adaptive tissue under contaminated conditions. This dual structural-
functional system not only restricts diffusion of toxicants but also
ensures energy supply during prolonged stress periods.

Overall, the findings demonstrate that P. harmala has evolved a
suite of structural and physiological defense mechanisms against eco-
logical contamination. These responses, including lignification, com-
partmentalization of inclusions, and periderm thickening, represent
specialized adaptations that enable the plant to withstand heavy metal
exposure. Consequently, P. harmala may be regarded as a promising
model species for ecological monitoring.

Microscopic analyses of the generative organs of P. harmala re-
vealed that in seed samples collected from both sites, endosperm cells
were rich in storage compounds, confirming their role as an energy
reservoir essential for normal seed development and germination.
In the sample collected from the Aghdam industrial park, the intense
localization of non-specific inclusions in endotestal cells may reflect
anatomical alterations associated with soil and air contamination in
this area. In contrast, the reddish coloration of tissues in the Zangilan
sample can be attributed to the abundance of anthocyanins and other
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phenolic compounds, representing an adaptive response to environ-
mental stressors. In the sepal organ, the presence of idioblasts sur-
rounding the central vascular bundle in the Aghdam sample suggests
secretory activity or the accumulation of defensive metabolites (alka-
loids, crystalline calcium oxalate, phenolics). Dark deposits and pris-
matic crystals observed in the epidermis and at the boundary of the
palisade parenchyma indicate the activation of specialized detoxifica-
tion mechanisms against heavy metals and other toxic components in
contaminated habitats.

In the pedicel of the Aghdam sample, dark-colored deposits accu-
mulated in epidermal and subepidermal cells may be interpreted as
metabolic products associated with the accumulation of secondary
metabolites (polyphenols, flavonoids) and heavy metal complexes
under stress conditions (Yadav et al., 2021). The presence of needle-
shaped and rod-shaped crystals in the pith further supports this inter-
pretation. By contrast, in the Zangilan sample, the more intense stain-
ing of the cuticle, sclerenchyma, xylem, and pith cell walls indicates
more active lignification and thickening processes, which may en-
hance mechanical strength and resistance to water stress.

In the petiole of the Aghdam sample, dark deposits and large cry-
stalline precipitates detected in vascular and palisade parenchyma can
be regarded as forms of ecotoxin (heavy metals, salts) storage.
The accumulation of dark deposits in the epidermis likewise indicates
an increase in secondary metabolites, particularly phenols and tan-
nins, associated with contamination. In the Zangilan samples, how-
ever, the predominance of prismatic, styloid, amorphous, and espe-
cially raphide-type crystals, together with the more active sclerenchy-
ma, reflects structural adaptations to mechanical and hydric stresses in
the environment. In the stem of the Aghdam sample, the occurrence
of large dark spots in the chlorenchyma is most likely linked to the
accumulation of anthocyan pigments or heavy metal-phenol com-
plexes. The greater abundance of dark deposits in epidermal and sub-
epidermal cells indicates intensified defense responses under contami-
nation, or unknown intracellular accumulations in phytocontaminated
tissues. In the pith of the Aghdam sample, the abundance of needle-
shaped, prismatic, and irregularly shaped crystals, along with “punc-
tate-structured” cells, demonstrates the plant’s ability to form special-
ized structural adaptations to the polluted environment. In contrast,
the predominance of rod-shaped crystals in the Zangilan sample con-
firms the prevalence of adaptive crystallization processes.

Overall, the findings suggest that in the Aghdam industrial park
samples, contamination stress is associated with the proliferation of
idioblasts, the formation of dark deposits and large crystalline inclu-
sions, and the accumulation of dark pigments in chlorenchyma. In the
Zangilan samples of P. harmala, however, the diversity of prismatic,
raphide, and amorphous crystals, together with active lignification of
sclerenchyma and cell walls, is particularly notable. These contrasts
highlight the site-specific ecological impacts on plant anatomy and
their diagnostic value in ecological anatomy. Importantly, the study
also revealed the occurrence of unknown inclusions in diverse locali-
zation forms (intracellular, intercellular, and parenchymatic) across
both vegetative and generative organs. Their non-specific distribution
suggests that they can be visualized primarily at the anatomical level
and require classical histological techniques for accurate detection.

The more intensive occurrence of such inclusions in samples
from contaminated ecosystems suggests their possible interpretation
as an ecotoxicological response mechanism to anthropogenic stress
factors. These accumulations may play a role in detoxification by
neutralizing or sequestering heavy metals, toxins, or stress-induced
metabolites under ecological pressure (Asiminicesei et al., 2024). This
is considered one of the key indicators of plant resilience and adaptive
capacity. From a pharmacobotanical perspective, these findings are of
particular relevance, since the presence of such structures in medicinal
plant raw material may directly influence the content, quality, and
toxicological safety of bioactive compounds. Thus, integrating ana-
tomical observations with phytochemical and toxicological analyses
is essential for updating pharmacopoeial standards. Ultimately, the
study demonstrates that the visualization of unknown inclusions re-
presents not only a contemporary direction in ecological anatomy but
also provides a valuable tool for assessing plant adaptation potential
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under anthropogenic stress, monitoring ecosystem health, and evalu-
ating the quality of medicinal plant resources.

Koyuncu et al. (2008), in their study of leaf anatomy, reported
that the leaf epidermis is covered by a cuticle. This observation is con-
sistent with our findings. However, our analysis further revealed that
in P. harmala individuals growing in the Aghdam Industrial Park
area, the cuticular layer was relatively thickened. Foreign authors
have also noted that the leaves of P. harmala are amphistomatic,
which was confirmed in our study for both ecotypes examined.

Seilkhan et al. (2019), in their investigation of the vegetative or-
gans of P. harmala, demonstrated the formation of a thick periderm
in the root. Our study similarly showed pronounced peridermal deve-
lopment in roots of plants from the Aghdam ecosystem. Moreover, in
these roots, we identified a parenchyma layer external to the peri-
derm, containing sclerenchyma elements and ergastic substances.
While previous authors indicated that the root cortex is composed of a
ring-shaped sclerenchyma and parenchyma, our findings only partial-
ly agree. Specifically, in Aghdam plants, sclerenchyma fibers form a
ring within the cortex, whereas in roots of plants from Zangilan, the
cortex exhibits a layered arrangement of phloem-sclerenchyma struc-
tures. Earlier reports also mentioned the presence of a uniseriate cam-
bium between xylem and phloem; however, our observations re-
vealed that in both ecotypes, the cambium is multiseriate.

El Hasnaoui et al. (2023) conducted a hydroponic experiment to
examine the response of P. harmala plants collected from polluted
and unpolluted sites to lead and zinc stress. For 15 days, plants were
exposed to metal salts, resulting in a reduction of aboveground bio-
mass. Root damage under metal stress was more pronounced in plants
originating from clean habitats. The authors reported that photosyn-
thetic activity did not significantly differ under stress, suggesting that
chlorophyll synthesis is not impaired by metal exposure. They also
emphasized that proline and antioxidants were synthesized at higher
levels under stress, with plants from clean habitats showing stronger
metabolic responses. The study concluded that plants from polluted
habitats were more resistant to metal stress, while metal accumulation
was stronger in plants from unpolluted habitats.

This interpretation is highly relevant and timely. The higher ac-
cumulation observed in clean-habitat plants may be explained by their
ongoing acclimatization to new environmental conditions, rendering
them more sensitive to stress. In contrast, in our study, P. harmala
samples collected from both the ecologically polluted Aghdam Indus-
trial Park and the ecologically clean Zangilan ecosystem were already
fully naturalized to their environments. Consequently, their metabolic
processes and the accumulation of non-specific inclusions were main-
tained as adaptive traits.

Conclusion

This study, for the first time, carried out a comparative visual ana-
lysis of unidentified intracellular and intercellular deposits, as well as
diagnostic anatomical structures at both the cellular and tissue levels,
in the vegetative and generative organs of P. harmala collected from
both contaminated and ecologically clean sites. The results demon-
strate that these structures represent reliable indicators of morpho-
anatomical adaptations to diverse ecological conditions. Thus, the
study contributes novel data to the fundamental field of plant anato-
my, while simultaneously advancing contemporary research direc-
tions in ecological anatomy.

Specific anatomical structures — such as cell size and shape, com-
pact parenchymatic organization in assimilatory tissues, stomatal lo-
calization patterns, and the distribution of inclusions — were recorded
for the first time as ecosystem-specific markers in both vegetative and
generative organs from contrasting environments. These observations
not only reflect the morpho-anatomical adaptation strategies of the
species but also hold practical and scientific significance, particularly
for the evaluation of medicinal plant raw material quality, biomonito-
ring applications, and the development of ecological-anatomical indi-
ces. Consequently, this investigation is considered a primary and
innovative source of information for both plant anatomy and ecologi-
cal anatomy as emerging scientific disciplines.

In seeds of P. harmala collected from contaminated sites, the in-
clusions observed are most likely exogenous intracellular deposits.
These intracellular inclusions clearly reflect the influence of environ-
mental factors as anatomical-botanical indicators. Microscopic anal-
yses revealed tissue-level accumulations of deposits with no defined
chemical composition, which within the framework of modem bota-
ny and plant anatomy may be classified as endogenic and exogenic
intracellular inclusions. Further research is required to clarify their
origin. To elucidate the provenance and mechanisms of these inclusi-
ons detected in the internal tissues of P. harmala collected from con-
taminated habitats, ecological-toxicological, phytochemical, isotopic,
biochemical, physiological, and molecular investigations are recom-
mended.

In the abaxial parenchyma of P. harmala leaves under phytocon-
taminated conditions, stress-induced idioblasts with hypertrophied
cells were observed, indicating adaptive defense mechanisms such as
localized detoxification and anatomical plasticity. The presence of an
isobilateral xeromorphic structure with Kranz-like features, along
with intracellular inclusions, confirms the high ecological adaptability
of the species to arid and polluted environments. This, in tumn, en-
hances the value of P. harmala as a bioindicator and a sustainable
pharmacological plant resource. In root tissues, periderm thickening,
sclerenchymatization, lignification, and the occurrence of unidentified
inclusions were interpreted as adaptive structural modifications.
For the first time, abnormal periderm thickening and the persistence
of early tissue remnants — interpreted as ecological press differentia-
tion in the plant kingdom — were documented as novel findings.
The development of modified sclerenchymatic and starch-bearing
parenchyma cells in the outer periderm layers indicates dual adapta-
tion strategies, ensuring both mechanical support and energy storage.

The detection of non-specific intracellular inclusions in contami-
nated P. harmala samples, together with associated anatomical modi-
fications at the tissue level, highlights the necessity of conducting
phytochemical research to assess their pharmacological quality under
polluted environmental conditions. Overall, this study provides the
first evidence that P. harmala, a medicinally valuable species, res-
ponds to environmental contamination with structural adaptations,
reinforcing its potential as both a bioindicator and a candidate phy-
toremediator. Considering current international research priorities,
including anthropogenic ecosystem dynamics and global climate
change, the ecological-anatomical data presented here may serve as
valuable biological markers within multidisciplinary resource plat-
forms.
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