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The aim of this study is to identify the specific anatomical diagnostic features and structural adaptations of Convallaria majalis
in accordance with its ecological group, based on anatomical investigations of its vegetative organs. For the first time in the flora of
Azerbaijan, a comprehensive anatomical study has been conducted on C. majalis, providing fundamental information on its diag-
nostic characteristics and structural variability associated with its shade-loving (sciophytic) nature. These findings contribute signifi-
cantly to the fields of biodiversity, systematics, ecology, phytogeography, and applied botany. Vegetative organs of C. majalis were
collected and fixed for dehydration and subsequently subjected to anatomical, microscopic, histochemical, and biometric analyses.
Micropreparations prepared using modern digital optical microscopes allowed tissue- and cellular-level examination, structural
clarification, and acquisition of micrometric measurements. The presence of aerenchyma, a tissue associated with hypoxic regula-
tion, was identified in the vegetative organs of C. majalis. As an indicator of its sciophytic character, the localization of photosyn-
thetic compounds within the leaf mesophyll was observed. A significant scientific novelty in plant anatomy was the identification,
for the first time, of a structure belonging to the “endoaerenchymal stomatal-epidermal complex” located in the pith of the stem of
C. majalis. The theoretical and practical data obtained in this study enable the anatomical-level identification of the species by hig-
hlighting its specific features. The anatomical characteristics of C. majalis provide a basis for distinguishing it from closely related
taxonomic groups, serving as a biomarker for the clarification of species diversity within biosystems. The identified anatomical
traits reflect functional diversity within the biosystem, clearly demonstrating the role of C. majalis in ecosystem services. Addition-
ally, micrographic visualizations were conducted to determine which organs show higher localization of metabolic products. These
organs may be considered more effective sources of raw materials for phytotherapeutic applications in the pharmaceutical industry.

Keywords: unilateral endodermis thickening; polygonal xylem; lignification in phloem; idioblast; concentric type bundle; ani-

socytic morphological variations in mesoderm.

Introduction

Convallaria majalis L., a member of the family Asparagaceae
Juss., is distributed in shaded forested areas of the Republic of Azer-
baijan (Qurbanov, 2024). As a newly recognized ethnobotanical reso-
urce for local communities, C. majalis holds promise for use in land-
scape design and can be introduced into shaded environments, contri-
buting significantly to the enrichment of biodiversity. The plant’s ve-
getative reproduction is primarily facilitated by its underground, high-
ly branched rhizomes (Ryabchuk & Perekhodko, 2004; Kabus, 2015).

Through evolutionary processes under limited sunlight conditi-
ons, C. majalis has developed a small number of large leaves on its
stem, optimizing light capture to enhance photosynthetic efficiency
(Bessonova & Yakovleva-Nosar, 2014). The extensive and spreading
rhizome system also enables the plant to store energy, thereby increa-
sing its resilience against shade-induced stress. Anatomical traits and
structural adaptations of plants are considered one of the core areas of
modern botanical research, particularly for understanding their res-
ponses to ecological conditions (Saeidi Mehrvarz & Moharami, 2016;
Belaeva & Butenkova, 2018; Anurag et al., 2023; Rezanejad et al.,
2023). Multidisciplinary approaches that investigate plant adaptation
processes at anatomical, physiological, molecular, palynological,
morphological, and biotechnological levels are of particular importan-
ce for the scientific characterization of internal structures (Bulavin,
2015; Ulcay, 2022; Nyzhnyk et al., 2024; Schwartau et al., 2024).

The localization of phytochemical compounds within a plant may
vary. In many species, such compounds accumulate in specific organs
or tissues, often supported by specialized structures involved in syn-
thesis and storage at the anatomical level (Popova, 2017). In this re-
gard, C. majalis is noteworthy for its high accumulation of biochemi-
cal substances in all vegetative organs. Numerous studies have identi-
fied the presence of pharmacologically active compounds such as car-
denolide glycosides (e.g., convallatoxin and convallatoxol), convalla-

saponin A, cholestane, and steroidal glycosides (Matsuo et al., 2017;
Demir et al., 2022). Given that all representatives of the genus Con-
vallaria possess significant medicinal value, their anatomical structure
has attracted the attention of researchers from various countries (Harb
et al., 2016; Boubetra et al., 2022; Sarapan et al., 2023). The rich che-
mical composition of C. majalis enhances its pharmacological signifi-
cance, making it a valuable plant raw material in the treatment of car-
diovascular diseases, neurocirculatory dystonia, hysteria, and mild
forms of toxic goiter. It is also used in the production of choleretic and
spasmolytic pharmaceutical preparations. In both classical and mo-
dern medical approaches, the plant is recognized for its cardiotonic
specificity (Ibadullayeva, 2024). Due to its pharmacological potential,
anatomical investigation of C. majalis remains highly relevant and
scientifically significant. The anatomical findings from the present
study align with results from previous investigations conducted by the
author (Sardarova, 2024, 2025a, 2025b, 2025c; Sardarova & Ibadul-
layeva, 2025). Additionally, the study contributes to the broader sci-
entific effort aimed at elucidating structural adaptations of plants under
diverse environmental conditions (Bulavin, 2013; Makruf et al., 2024).

This research is of particular importance due to its application of
modern, high-resolution digital microscopy to study the anatomical
structure of C. majalis. Comparative analysis reveals that only a limi-
ted number of previous studies on this species have been conducted,
and those that exist are generally dated. A review of the literature con-
firms that most studies to date have focused on the taxonomy of
C. majalis and the chemical classification of its biologically active
constituents, with relatively little attention given to its anatomical
structure.

Materials and methods

Collection and laboratory processing of the material. The plant
material (Fig. 1) for this study was collected during the flowering
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phase from the Ganja region of the Republic of Azerbaijan. After
collection, the specimens were fixed using appropriate fixation tech-
niques as described by Huang & Yeung (2015) and Criswell et al.
(2025). Following fixation, the anatomical structure of the plant was
examined using modern microtechnical methods. The materials were
infiltrated with paraffin (BW Blended Waxes, Inc., USA), which also
served as a supporting medium during sectioning. Thin sections were
then prepared using a manual microtome, and subsequent anatomical
investigations were conducted. The thickness of the sections was
calibrated and monitored using the micrometric adjustment screw of
the modern manual microtome (Radical, RMT-5, India), allowing
precise measurements in the micrometer range (Fig. 2A). Section
thicknesses were consistently maintained within the range of 67 pm.
Following sectioning, histochemical methods were applied for diffe-
rential staining using specific reagents. The stains employed included
safranin O, fast green, Sudan III, toluidine blue, phloroglucinol-HCl,
and methylene blue (KimyaLab, Turkey). Staining was carried out in
a stepwise manner using a decolorization method to ensure selective
staining of tissue components. The use of sequential histological
staining techniques facilitated a more precise characterization of the
anatomical structural components of C. majalis. Safranin O, a cationic
dye, selectively stained structures containing anionic compounds,

partlcularly hgmﬁed tissues such as xylem sclerenchyrna and sclere-

id fibers, rendering them red (Pradhan Mitra & Loqué, 2014). In con-
trast, fast green is an anionic dye that preferentially stains cellulose-
rich walls of living cells, especially phloem elements (Da Silva et al.,
2020; Engin et al., 2024). Sudan III, an apolar dye, was used primarily
to detect lipids and other fat-containing structures (Bozdag et al.,
2016). Toluidine blue served as a test reagent for the visualization of
pectin and cellulose. Phloroglucinol-HCl was employed to detect
lignified tissues by staining them red. Methylene blue enhanced con-
trast in the sections, enabling clearer visualization of cellular structures
that were otherwise difficult to distinguish. This reagent is considered
essential for the detailed examination of plant tissue and cell structure.
Additionally, various chemical reagents — including xylene, carboxylic
acid, ethylene, formalin, and lime chloride (Mir Nauki, Russia) — were
used during sample processing. These substances facilitated dehydra-
tion and further clarification of the tissue sections, contributing to the
overall effectiveness of the anatomical analysis (Fig. 2B, 2C, 2D).
To prepare permanent slides from the stained sections, Canada balsam
(Inovating Science, USA) was used (Fig. 3B). A drop of balsam was
placed on the section mounted on a glass slide, which was then covered
with a cover slip. The prepared slides were placed in a special incubator
with a stable temperature of 20-25 °C to ensure complete drying of the
Canada balsam. Once the slides were fully cured, transverse sections
of the plant were subjected to detailed microscopic analysis.

Fig. 1. General view of species Convallana majalis and its collectlon site in the Ganja city area

Microscopic analysis. Microscopic analyses were carried out at
the Department of Biology, Azerbaijan State Agricultural University,
using advanced digital and versatile microscopes. Primarily, the “Carl
Zeiss Axio Imager A2” microscope (ZEISS, Germany), equipped
with LED illumination and specially designed objectives minimizing
optical aberrations, was employed for detailed anatomical investiga-
tions (Fig. 3). This model supports multiple illumination technologies —
including fluorescence, shadow, variable light, and phase contrast —
allowing a wide range of contrast-enhancing techniques. The micro-
scope’s interface features automatic focusing, which combines sharp
images captured at various focal depths into a fully focused composite
image. The “Tile Scan” function enables high-resolution composite
imaging of large sample areas. Additionally, the system automatically
adjusts magnification levels, facilitating real-time measurements and
integration of metric indicators into the images. Images and videos
obtained during analysis were saved in various formats and could be
exported to external devices via the interface. The microscope deliv-
ers high optical performance, and Zeiss AxioCam cameras are inte-
grated into the system. Using all these versatile features, it was possi-
ble to conduct a detailed examination of structural elements, obtain
micrometric measurements, carry out video documentation, and gen-
erate high-resolution microphotographs of vegetative organs from C.
majalis specimens.

In addition, the LCD Digital Microscope NLCD-307B (Wincom
Company Ltd., China) was also used for microscopic analysis
(Fig. 4A, 4B). This model is equipped with a digital system and an
LCD screen, allowing real-time observation of the sample directly on
the display. The device supports Android-based functionality and
software, enabling image and video capture. Data were stored on an
SD card or transferred to a computer via USB. Software such as "Mi-
croCapture" and "AMCap" was used for computer-based analysis.
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After calibration within the software, micrometric measurements were
performed using precision glass micrometers. This allowed high-ac-
curacy anatomical assessments of C. majalis. To achieve precise
identification of the organ structures, all objective magnifications (4x,
10x, 40x, 60x, 100x) were employed during the analysis. Additional-
ly, immersion oil (RMY, USA) was used with the 100x objective
(Fig. 3A), enhancing optical resolution and contrast in microscopic
images. The NLCD-307B model was primarily used during the prep-
aration phase to assess section quality and histological staining effi-
ciency prior to mounting the permanent slides, whereas final analyses,
imaging, and metric assessments were conducted using the Carl Zeiss
Axio Imager A2 microscope.

For macroscopic sample observation, stereoscopic microscopes
were also employed (Fig. 4C, 4D). The Zeiss StemiS08 stereo micro-
scope (ZEISS, Germany) features apochromatic lenses that minimize
color aberration and provide distortion-free, high-clarity images. With
a magnification range of approximately 6.3—50x and a stereoscopic
viewing effect, this microscope enabled three-dimensional (3D) visu-
alization of specimens. The model includes LED illumination modu-
les from both above and below, ensuring full-field sample illuminati-
on. It is also equipped with Zeiss Axiocam digital cameras and inte-
grates with the ZEN imaging software for image capture, brightness
and contrast adjustments, manual focusing, calibration, and metric
measurement. Another stereomicroscope used in the macromorpho-
logical analysis was the Stereo YK-SMO067B2 model (Wincom
Company Ltd., China), a binocular version with manual control. This
device, with interchangeable lenses and oculars, provides a magnifi-
cation range of 6.7-45x. Using the unique stereoscopic optics of these
microscopes, high-resolution and detailed examination of the macros-
copic structures of C. majalis was performed, leveraging their broad
field of view and 3D visualization capabilities.
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Fig. 2. The hand microtome (4) used for obtaining sections from plant samples,
the process of preparing the sections (B, C), and the reagents (D) used

Fig. 3. Conducting an anatomical analysis using Axio imager A2 optical microscope model, utilizing immersion oil (4)
in this analysis, and employing Canada balsam (B) in the preparation of specimens

Fig. 4. Optical and stereoscopic microscopes used: 4, B — LCD Dijital Microskop NLCD-307B;
C — Steoroscope Zeiss Stemi508; D — Stereo YK-SM067B2

Fig. 5. Instruments used in the measurement process: 4 — stage
micrometer; B — eyepiece micrometer; C — digital micrometer

To verify the precision of micrometric data obtained through the
microscopes, both ocular and objective micrometers (Muhva, China)
were used during analysis (Fig. 5A, 5B). Initially, the ocular micro-
meter was calibrated against the objective micrometer, after which
measurements of observed structures were conducted using the cali-
brated scale. Additionally, a digital micrometer (Jiavarry, China)
(Fig. 5C) was employed to record the macroscopic dimensions of the
organs from which anatomical sections were made. The resulting
measurement data were appropriately labeled on the corresponding
photomicrographs (Jambor et al., 2021).

Preparation of herbarium specimens. The primary aim of this
study is to investigate the anatomical characteristics of C. majalis and
to identify its distinctive structural features. Documenting these ana-
tomical traits in herbarium specimens also serves the purpose of en-
hancing the macroscopic identification of the species. Herbarium
samples provide not only a systematic and in-depth representation of
the plant’s anatomy but also serve as essential reference material for
evaluating the species' potential in pharmacognosy and phytotherapy.

Regulatory Mechanisms in Biosystems, 2025, 16(3), e25140



Fig. 6. Preparation of herbarium

The preparation of herbarium specimens was carried out in accor-
dance with standard scientific methodologies to ensure their systemat-
ic and long-term preservation (Uma & Diizenli, 2012). The quality of
herbarium specimens is highly dependent on the stage of collection.
To ensure morphological completeness, specimens were collected
with all major vegetative and reproductive organs — root, stem, leaf,
flower, and fruit — intact. Based on phenological stages, C. majalis
specimens were collected during both the flowering and fruiting pha-
ses. To preserve the collected material with high quality, pressing and
drying processes were carefully regulated. During pressing, plant
materials were arranged between ventilated absorbent papers in spe-
cial herbarium presses. As C. majalis contains convallatoxin, a ther-
molabile compound, the drying process was conducted under a con-
trolled temperature regime (3040 °C). Air circulation was main-
tained according to regulatory standards to control humidity during
the drying stage. For chemical fixation of roots and rhizomes, ethanol
and formalin were applied.

After the completion of these steps, the dried plant specimens
were mounted on herbarium sheets, segmented as needed according
to specimen size, and labeled appropriately (Fig. 6). The labeling of
herbarium specimens followed the International Code of Botanical
Nomenclature format. Each label included the scientific name of the
species (in Latin with author citation), family and genus name (in
Latin), collection location (region and coordinates), date of collection,
name of collector, and herbarium code. Special attention was given to
the storage conditions and preservation of the prepared herbarium
materials. According to international standards, herbarium sheets
were stored at a temperature of 15-20 °C and relative humidity of 40—
50%. To protect against pests, fumigation was performed in accor-
dance with international phytosanitary protocols.

The herbarium specimens prepared in the framework of this
study are presented as standardized reference materials for the ana-
tomical investigation of C. majalis. These specimens can serve as
exemplary resources in scientific research and also act as visual teach-
ing tools in the fields of botany, ecology, and pharmacognosy. The
C. majalis herbarium samples have been incorporated into the herba-
rium collection of the Department of Biology named after Academi-
cian Valida Tutayuq at the Azerbaijan State Agricultural University.
These specimens are preserved as part of a systematized botanical
collection and are accessible for research, educational, and reference
purposes.

Statistical methods. In this study, 8 to 12 individual plants were
selected from C. majalis populations distributed in the Ganja region
of the Republic of Azerbaijan. From each plant, vegetative organs
were sampled for anatomical investigation. For each organ, 10 to 15
transverse sections were prepared and subjected to detailed anatomi-
cal analysis. During microscopic examination, various structural para-
meters were measured. All measurements were statistically analyzed
using the Jamovi software (version 2.6.26, University of Sydney,
Australia). Results were expressed as mean values accompanied by
standard deviation (SD) to ensure the reliability and reproducibility of
the data.
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Results

Leaf. For the first time, our anatomical investigations revealed an
atypical leaf structure in Convallaria majalis, characterized by a hete-
rogeneous parenchymatous organization. The identification of a mo-
dified palisade parenchyma located in the lateral zones of the leaf—
displaying an irregular dorsoventral pattern—constitutes a novel sci-
entific finding. This irregular dorsoventral leaf anatomy features a
complex tissue structure, in which laterally positioned palisade paren-
chyma cells coexist with centrally located isodiametric parenchyma
cells, reflecting a unique evolutionary anatomical adaptation. In trans-
verse section, the central vascular region of the leaf appears relatively
angular in shape (Fig. 7A, 7B). The inner portion of this region is
composed of large, isodiametric parenchyma cells. Small intercellular
spaces are present where the cell walls do not adjoin. Additionally, in
the expanded areas of the leaf adjacent to the central vein, some pa-
renchyma cells undergo lysigenous degeneration, resulting in the
formation of aerenchyma. However, the development of aerenchyma
is less pronounced in the tissues between the vascular bundles located
laterally (Fig. 7C, 7D). Within the parenchyma, a single centrally
located collateral vascular bundle is directed dorsally. Anatomical
observations indicate the presence of four lateral vascular bundles
within the mesophyll, two of which are smaller. The isodiametric
parenchyma cells extending from the central bundle toward the
adaxial epidermis are notably smaller than other isodiametric cells in
the region. On the ventral side, these cells undergo lignification in the
subepidermal layer, forming a group of mechanical elements that
provide support to the adaxial epidermis.

Due to the thinness of the mesophyll in the lateral vascular bundle
regions, the ventral mechanical tissues are in direct contact with the
bundles. The sclerenchymatous elements formed on the dorsal side of
the vascular bundles exhibit strong sclerification and lignification,
distinguishing them from other mechanical cells surrounding the
xylem or the lignified cells of the subepidermal region.

In the central vein region, the circular parenchyma cells surround-
ing the vascular tissue are more actively involved in photosynthesis
and metabolic exchange, providing a structure optimized for the sto-
rage and translocation of nutrients. A small group of sclerenchyma
cells is located beneath the adaxial epidermis, while collenchyma
cells are found beneath the abaxial epidermis (Fig. 7E, 7G). Com-
pared to the lateral bundles, sclerenchyma development in the central
vein region is weak, whereas the main parenchyma tissue is promi-
nently developed. While the central vascular bundles are freely em-
bedded within the parenchyma, the smaller lateral bundles in the
narrow leaf margins are supported by mechanical cells attached to
both the upper and lower epidermis. In C. majalis, lateral vascular
bundles are surrounded by sclerenchyma tissue from both adaxial and
abaxial surfaces, connecting directly to the epidermis. This anatomi-
cal configuration reflects a “sclerophilic trait” or “sclerenchymatiza-
tion” process, commonly observed in plants with large foliage. It pro-
vides mechanical support for leaf elevation and increases resilience
against environmental stresses.

Regulatory Mechanisms in Biosystems, 2025, 16(3), e25140



Flg 7. Convallaria ma]alzs (cross-section of the leaf (midrib)): 4 — general view; B, C, D- m1dr1b region; E — sclerenchyma tissue developed

in the subepidermal region of the adaxial epidermis; F'— collenchyma tissue developed in the dorsal corner of the midrib region; G — collateral
central bundle; H — stoma in the abaxial epidermis; / — cuticle on the abaxial epidermis; ps.m — photosynthetic material; pa — parenchyma;
ae — aerenchyma; sc — sclerenchyma; ad.e — adaxial epidermis; ab.e — abaxial epidermis; ¢/ — collenchyma; xy — xylem; ph — phloem;
sc — sclerenchyma; st — stoma; cu — cuticle; scale bar: 4-D — 500 pm; E—H — 50 um; /— 30 pm

The surrounding circular parenchyma cells in the central vein
zone facilitate water and mineral transport as well as organic sub-
stance exchange. The development of sclerenchyma in numerous
lateral veins enhances the mechanical strength of the leaf, increasing
resistance to hydraulic stress, moisture, and other abiotic factors
(Fig. 8E). Microscopic analyses revealed that a number of phloem
elements in both the central and lateral vascular systems of C. majalis
underwent lignification, which may be interpreted as a physio-anato-
mical adaptation mechanism. Additionally, anatomical investigations
showed that the vessel elements forming the xylem in the vascular
bundles embedded within the mesophyll exhibit a distinct structural
organization (Fig. 9). Microscopy revealed that in C. majalis, xylem
vessels in the leaf and across all vegetative organs are not circular in
shape but rather polygonal (e.g., quadrangular or polyangular). This
structural characteristic is considered to be of ecological and physio-
logical importance, particularly in optimizing water conduction and
enhancing mechanical support.

In the peripheral regions of the mesophyll, there are horizontally
aligned, 4-5 layered cells that morphologically resemble palisade
parenchyma but differ in function and orientation (Fig. 8A, 8B, 8F—
8H). This unusual anatomical trait in the leaf of C. majalis may be
associated with the lack of differentiation typically observed in the
isolateral leaf structure of monocotyledons. Although these cells re-
semble palisade parenchyma morphologically, their lateral orientation
does not form a classical palisade structure. These mesophyll cells are
rich in chloroplasts, indicating high photosynthetic activity. The com-
bination of a centrally located, isodiametric parenchyma-dominated
mesophyll and a palisade-like periphery forms a non-differentiated
(lateral) structure, which functionally facilitates even light distribution
and enhances adaptation to shaded environments. Additionally, chlo-
roplast-rich isodiametric parenchyma cells were observed at the edge
of the leaf lamina. The absence of a classical palisade arrangement
and the isodiametric morphology of these cells suggest a distinct
mesophyll structure in this region. Although this zone is photosyn-
thetically active, its structural features are more similar to the central
isodiametric parenchyma, morphologically differing from true pali-
sade tissue. These findings also indicate morpho-functional zonation
within the leaf mesophyll.

Despite being a monocot, C. majalis does not exhibit a typical
isolateral leaf structure. Instead, its mesophyll displays a heteromor-
phological organization, with horizontally arranged palisade-like cells
in the peripheral zone and centrally located isodiametric parenchyma
cells surrounding the vascular bundles, extending from the adaxial to

the abaxial epidermis. Due to the observed morphological and func-
tional variation in the mesophyll, the leaf can be classified as a mod-
ified isolateral-type with a heteromorphological structure. This specia-
lized leaf organization is likely an adaptation to mesophytic, shaded
ecological conditions. C. majalis typically inhabits shaded and semi-
shaded mesophytic ecosystems. Accordingly, the mesophyll cells are
likely to accumulate photosynthetic compounds, which may represent
an adaptation strategy for shade tolerance. The accumulation of green
photosynthetic substances in the subepidermal layers, particularly
within the main parenchyma, represents an eco-anatomical adaptation
to the plant’s shaded habitat (Fig. 9). The ecological conditions in
which this sciophytic species develops support the formation of pho-
tosynthetically active tissues with a high chloroplast concentration.
These specific anatomical features, along with the localization of
metabolic products, may directly reflect the sciophytic nature of this
medicinally important species. As such, these traits are considered
fundamental components of C. majalis’ bioecological strategies and
contribute to its biodiversity significance. The adaxial and abaxial
epidermal cells covering the leaf are relatively smaller and more
compact in the central, expanded region composed of isodiametric
parenchyma. Toward the peripheral regions of the mesophyll, epi-
dermal cells become more oval and elongated along the periclinal
axis. Notably, the adaxial epidermal cells in this zone appear signifi-
cantly larger (Table 1). The epidermis is covered by a cuticle layer,
serving as a protective barrier against gas and liquid exchange.

The leaf of C. majalis was found to be amphistomatic, with sto-
mata present on both the adaxial and abaxial surfaces of the epider-
mis. Microscopic analysis revealed that the stomata are of the anomo-
cytic type, characterized by the absence of distinct subsidiary cells
surrounding the guard cells (Fig. 7H, 71, 9I). However, the cells
neighboring the stomata, although not structurally differentiated as
true subsidiary cells, were observed to be significantly larger than the
surrounding epidermal cells. The guard cells were positioned in de-
pressions between these larger epidermal cells, partially sunken into
their surface. In the lower corners of the central expanded region of
the leaf lamina, a small amount of collenchyma tissue consisting of
one or two layers of cells was observed in the subepidermal layer.
However, collenchyma tissue was absent in the lateral extremities of
the leaf. At these terminal regions, the adaxial and abaxial epidermal
layers were found to converge and connect through 5-7 tightly
packed epidermal cells whose inner walls were in direct contact with
each other.

Regulatory Mechanisms in Biosystems, 2025, 16(3), e25140



Fig. 8. Convallaria majalis (cross-section of the leaf (lateral bundles)): 4 — lateral bundles in the mesophyll; B, C — parts of mesophyll;
D — margin region; £ — lateral vascular bundle; F, G — structure of the mesophyll; / — horizontally oriented palisade cells, which are delimited
by isodiametric cells near the lateral bundle, / — adaxial stoma; J, K — margin region; L — chloroplast-containing parenchyma; xy — xylem;
ph — phloem; sc — sclerenchyma,; cu — cuticle; ad.e — adaxial epidermis; ab.e — abaxial epidermis; p.p — palisade parenchyma;
st— stomata; gc — guard cells; ssc — sub-stomatal cavity; cp — chloroplast; scale bar: 4—C — 500 pm; D/ — 50 pm; J~L — 30 um
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Fig. 9. Convallaria majalis (cross-section of the leaf): 4 — sclerenchyma tissue surrounding the xylem; B — polygonal xylem vessels;
C —lignification in phloem; D — sclerenchyma tissue surrounding the phloem; £ — aerenchyma in the midrib region; F'— intracellular
metabolites appearing green; G, H — partially differentiated cells in the mesophyll; er — ergastic substances; 5. — sieve tube;
¢.c —companion cell; ps.m — photosynthetic material; scale bar: A—D — 30 um; E~H — 200 um

Microscopic sections of the marginal region of the leaf lamina
(Fig. 8C, 8D, 8J-8L) revealed that the epidermal cells in this area are
oval-shaped, have thick cell walls, and are densely arranged. These
cells are covered by a prominent and well-developed cuticle layer,
which serves as a critical morpho-functional adaptation for reducing
water loss, especially in humid environments that may experience
transient periods of high evaporation. The pronounced thickness of
the cuticle and the compact nature of the thick-walled epidermal cells

6

suggest that C. majalis possesses effective water retention mechan-
isms, even under shaded conditions where temporary water deficit
may occur. Furthermore, this epidermal structure contributes to the
mechanical protection of the leaf surface, enhancing its resistance to
abiotic stress factors. The thick cuticle acts not only as a physical
barrier to desiccation but also as a protective layer against environ-
mental fluctuations, reinforcing the ecological adaptability of the
species in mesophytic, shaded habitats.

Regulatory Mechanisms in Biosystems, 2025, 16(3), e25140



Table 1
Quantitative characteristic of the leaf of Convallaria majalis (um)
Indicators Mean + SD
. . . abaxial epidermis 30.26+2.97
The height of the epidermis cells adaxial epidermis 35,64+ 343
The thickness of the cell outher walls  abaxial epidermis 3.18+0.16
. height 36.53+3.64
Palisad parenchyma cells width 5687483
Isolateral parenchyma cells 97.56+6.15
Aerenchyma 253.63+20.21
Central bundle 245.07 +8.57
Lateral bundle 127.64+7.29
Xylem vessel wall thickness 1.12+0.08

Petiole. A number of distinct structural features have been identi-
fied in the petiole of C. majalis. In the central part of the petiole, a
thickening is observed, forming a conical protrusion that extends
downward. Microscopic observations indicate that, in addition to
large-sized vascular bundles, relatively smaller bundles are also
present within the petiole (Fig. 10A—10F). A characteristic anatomical

feature of the C. majalis petiole is the well-developed structure of the
vascular bundles located at the terminal parts of its wings, as revealed
by detailed microscopic analysis (Fig. 10G—107).

Microscopic analyses revealed the accumulation of fine ergastic
and constitutive substances in the parenchyma of the petiole, as well
as in the cells of both the lower and upper epidermis. Thickening of
the inner and outer periclinal walls, and to a lesser extent, the anticlin-
al walls of the lower epidermal cells, was recorded. These cells ap-
peared somewhat columnar in shape. In contrast, the smaller, isodia-
metric upper epidermal cells exhibited only slight wall thickening
(Table 2). Notably, at the terminal portions of the petiole wings, the
cells of the upper epidermis resembled those of the lower epidermis
and showed evidence of wall thickening. A well-developed cuticular
layer was observed over both epidermal layers in these regions of the
petiole. Furthermore, collenchyma tissue developed in the subepi-
dermal zone where the upper and lower epidermal layers converge.
This mechanical tissue, characterized by uniformly thickened cell
walls, was also present in the central region of the petiole, particularly
in the subepidermal zone of the lower corners (Fig. 10K—100).

Fig. 10. Convallaria majalis (cross-section of the petiole): 4 — aerenchyma between the vascular bundles; B — stomata located in the
lower epidermis; C — chloroplast-containing cells in the lower subepidermal region; D — ergastic substrances in the lignified phloem;
E — sclerenchyma tissue surrounding the xylem; F'— polygonal xylem vessels; G — phloem elements; H — sclerenchyma tissue surrounding
the phloem,; er — ergastic substances; s.f — sieve tube; c.c — companion cell; gc — guard cells; ¢p — chloroplast; scale bar: 30 um

In the parenchyma tissue located between the vascular bundles,
aerenchyma was formed. Plastids were accumulated in the parenchy-
ma cells adjacent to the lower subepidermal region. These organelles
are known to play a significant role in regulating metabolic processes
in plants. Consequently, the intercellular spaces near metabolically ac-
tive cells were enlarged. Additionally, the presence of stomata in the
epidermal layer, which enhance the efficiency of aeration, was de-
tected during analysis. Microscopic observation of the stomatal appa-
ratus showed that the subsidiary cells were relatively larger in size
(Fig. 11A-11C).

Table 2
Quantitative characteristic of the petiole of Convallaria majalis (Lum)

Indicators Mean + SD

. . height 33.25+432

Upper epidermis cells width 33.87+6.77

. . height 37.63+834

Lower epidermis cells width 2150+ 5.80

Parenchyma cells 78.65+291
Aerenchyma 262.73+23.57
Large bundle 278.93 +25.86
Small bundle 106.29 +28.72

Below the fibrous-vessel vascular bundles in the petiole, groups
of sclerenchymatous elements surrounding the phloem tissue were
identified. These mechanical fibers exhibited significant thickening
and lignification of the cell walls. The mechanical elements were also
observed in three to four layers around the xylem vessels within the

vascular bundle. The lignified cells around the xylem were larger than
those around the phloem, although their secondary wall thickening
was less pronounced. The entire vascular system of the petiole was
composed of tightly arranged, polygonal xylem vessels, which may
be associated with structural adaptations contributing to its functional
efficiency. In C. majalis, the phloem tissue contained thick-walled,
lignified, and sclerified cells — features that may be attributed both to
adaptation to shaded environments and to genetic characteristics.
These features reflect the phloem’s adaptation to mechanical stress
and ecological stress factors in low-light conditions. The partial ligni-
fication of certain phloem elements, as a differentiated structural fea-
ture, is believed to facilitate the more regulated transport of sub-
stances. Moreover, the presence of granulated substances in the ligni-
fied phloem elements and in small parenchymal cells within the
vascular bundles was observed, likely representing an adaptive trait to
shaded environments (Fig. 1 1D-11H).

Sheath. The sheath of C. majalis is cylindrical in form and encir-
cles the stem. The terminal part of the petiole merges into the sheath,
and the initial development of the plant begins in this region. There-
fore, the anatomical structure of the sheath resembles that of the peti-
ole to some extent. However, in transverse section, the sheath differs
by forming a continuous ring (Fig. 12A—12D). As observed in the
petiole, the central vascular bundle runs along a region that expands
outward from the center of the sheath. In the conical area of this ex-
pansion, a small number of collenchyma cells were observed in the
subepidermal zone (Fig. 12E). Not only the walls of these collenchy-

Regulatory Mechanisms in Biosystems, 2025, 16(3), e25140



ma cells, but also the inner walls of adjacent epidermal cells exhibited
signs of secondary thickening. Examination of the vascular bundles
revealed the presence of both larger central bundles and smaller later-
al bundles. These collateral bundles contain thick-walled sclerenchy-
ma fibers near the outer surface of the sheath, grouped together. This
sclerenchymatous region surrounds the phloem and merges with its

lignified elements, similar to what is observed in the vascular tissues
of other vegetative organs. Toward the inner surface of the sheath,
polygonal xylem vessels are tightly packed together. These xylem
vessels are surrounded by a small number of relatively large, thin-
walled mechanical cells (Fig. 12G).

Fig. 11. Convallaria majalis (cross-section of the petiole): 4 — general view; B — petiole wing; C—F — parts of the petiole; G, H — central bundle;
1, J—lateral bundles; K, L — regions where collenchyma develops; M — lower peripheral part; N —upper peripheral part; O — thickening of the cell
walls in the epidermis; pa — parenchyma; i — chloroplast-containing parenchyma; ae — aerenchymaj; xy — xylem; ph — phloem,; sc — sclerenchyma,
cl - collenchyma; st — stomata; /.e — lower epidermis; u.e — upper epidermis; cu — cuticle; scale bar: 4—F — 500 pum; G-N — 50 pm; O — 30 um

The outer surface of the sheath is covered by epidermal cells that
are somewhat elongated anticlinally and arranged compactly in a co-
lumnar fashion. In addition, smaller and narrower cells are also pre-
sent among these epidermal cells. Beneath this outer epidermis, the
subepidermal zone is composed of parenchyma cells containing chlo-
roplasts. Accumulation of ergastic and constitutive substances was
also observed both in the parenchyma tissue and in the outer epider-
mal cells. Similar to the petiole, thickening of the periclinal cell walls
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and comparatively weaker thickening in the anticlinal walls was de-
tected in the outer epidermis under microscopic analysis. Stomata
were present in the outer epidermis; their subsidiary cells were larger
than the surrounding epidermal cells, enclosing the guard cells. Each
guard cell was somewhat sunken toward the interior of its associated
subsidiary cell and is rich in chloroplasts. Anatomical analysis re-
vealed that air chambers were formed beneath these stomata

(Fig. 12H, 12I).
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Fig. 12. Convallaria majalis (cross-section of the sheath surrounding the stem in the adult phase): 4, B — general view of the cylindrical sheath;
C, D — centrally located bundle region expanded towards the outside; £ — lateral bundles region; /' — inner side covered with thin-walled epider-
mal cells; G — collateral vascular bundle; H — outer side covered with epidermal cells having thickened walls; / — stoma; J — ergastic substances in
the epidermal cells located on the inner side and in the parenchyma cells of the subepiderma region; K — sclerenchyma tissue surrounding the
phloem; L — ergastic substances in the parenchyma cells at the boundary with sclerenchyma; M — idioblast-type parenchymatous secretory cell at
the boundary with sclerenchyma; N — ergastic substances in the parenchyma cells at the boundary with collenchyma; ae — aerenchyma; pa —
parenchyma; ¢/ — collenchyma; cu — cuticle; xy — xylem; ph — phloem; sc — sclerenchyma; st — stomata; ep — epidermis; ssc — sub-stomatal cavity;
gc — guard cells; er — ergastic substances; i.s — intercellular space; id — idiolast; scale bar: 4-D — 500 um; E~H — 50 pm; /-N — 30 pm

In the sheath of C. majalis, the inner epidermis exhibits distinct
cellular characteristics. The cells here are smaller and tend to be elon-
gated or oval in shape in the periclinal direction, rather than anticlinal,
unlike those in the outer epidermis (Table 3). These inner epidermal
cells are mostly uniform in size and shape, with no apparent wall
thickening, and contain relatively fewer ergastic and constitutive
substances. A small number of ergastic substances were also ob-
served in the parenchyma cells located in the subepidermal region of
the inner epidermis and near the vascular bundles (Fig. 12F, 12J—
12L). The thin-walled parenchyma cells are large and isodiametric in
shape. Microscopic observations showed the presence of numerous
intercellular spaces among these cells. Furthermore, separation of
these cells in the areas between vascular bundles led to the formation
of aerenchyma tissue characterized by large air cavities.

Microscopic observations revealed the formation of idioblastic
structures among the parenchyma cells located adjacent to the collen-
chyma tissue and in contact with the sclerenchyma of the vascular
bundles in the sheath region (Fig. 12M, 12N). In the microscopic
images, the presence of large, thin-walled cells containing a clear,

whitish liquid in their central region was noted in the sheath of
C. majalis. These cells are most likely idioblasts that store a specific
type of liquid substance.

Table 3
Quantitative characteristic of the sheath surrounding the stem
in the adult phase of Convallaria majalis (um)

Indicators Mean + SD

o height 2491+386

Upper epidermis cells width 33,644 458

. . height 4534+4.19

Lower epidermis cells width 33.55+5.70

The thickness of the epidermis cell outer upper epidermis 1.79+0.21

walls lower epidermis 4.15+0.72

Parenchyma cells 81.48+£9.92
Aerenchyma 453.47+36.87
Large bundle 24232 +28.96

Stem. Transverse sections of the investigated stem of C. majalis
reveal a smooth surface and a circular outline. The main body of the
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stem is composed predominantly of parenchyma cells with isodiamet-
ric morphology (Fig. 13A). The vascular bundles, which constitute
the conducting tissue, are located close to the epidermis. In regions
near the vascular bundles, where the parenchyma consists of relative-
ly larger cells, aerenchyma formation is evident (Fig. 13B; Table 4).
In addition to the intervascular aerenchyma, a slit-shaped air cavity is
also present in the central part of the stem. Unlike the intervascular
aerenchyma, this central cavity is internally lined by epidermal-like
cells. Around this cavity, the parenchyma cells appear to be more
regularly arranged and exhibit smaller dimensions (Fig. 13C-13E).
The presence of aerenchyma in the stem of C. majalis likely plays a
key role in regulating gas exchange within the plant tissues.

The stem is externally covered by an epidermal layer composed
of densely arranged, somewhat columnar cells. Microscopic analysis
indicates pronounced thickening of both the inner and outer periclinal
walls of these cells, which is interpreted as a structural adaptation
developed by the plant in response to environmental conditions
(Fig. 13F, 13G). The epidermal cells surrounding the central aeren-
chyma cavity are smaller, rounder, and possess thin walls. Stomatal
structures were detected in both epidermal layers during microscopic
examinations (Fig. 13N, 130). The vascular bundles of the stem are

of the bicollateral type and are surrounded by several layers of small,
lignified cells with thickened walls. In the peripheral region of each
bundle, sclerenchymatous fibers were observed enveloping the
phloem. These fibers are distinguished by strong secondary wall
thickening and lignification, setting them apart from other mechanical
elements around the bundle. Additionally, the phloem tissue adjacent
to the sclerenchyma exhibited partial lignification. As in other vegeta-
tive organs, the xylem elements within the vascular system of the
stem display an angular structural configuration (Fig. 13H).

Table 4
Quantitative characteristic of the stem of Convallaria majalis (Lm)

Indicators Mean + SD
The height of the outer epidermis cells 39.26+6.35
The thickness of the outer epidermis cells outer walls 5.79+041
The height of the inner epidermis cells 18.50+3.75
The thickness of the inner epidermis cells outer walls 1.95+£0.36
Cortex parenchyma cells 54.23+13.59
Pith parenchyma cells 51.78 +12.05
Aerenchyma 112.89+27.15
Intercellular space 13.64+837
Vascular bundle 214.32+20.04

Fig. 13. Convallaria majalis (cross-section of the stem): 4 — general view; B — a part of the stem; C — pith; D — internal aerenchymal cavity
in the pith; E — pith parenchyma; F, G — cortex regions; H — collateral vascular bundle; 7, J— ergastic substances in the cortical parenchyma;
K — ergastic substances in the xylem parenchyma; L — ergastic substances in the pith parenchyma; M — intercellular spaces in the pith parenchy-
ma; N — endoaerenchymal stomatal-epidermal complex; O — anomocytic stomata in the epidermis covering the cortex; ae — aerenchyma;
co — cortex; pi — pith; a.c — aerenchymal cavity; sz — stomata; ep — epidermis; xy — xylem; ph — phloem; sc — sclerenchyma; i.s — intercellular
space; er — ergastic substances; scale bar: 4—C — 500 pm; D—H — 50 pm; /-0 — 30 um
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Microscopic analysis of the stem of C. majalis revealed the ac-
cumulation of various types of ergastic and constitutive substances, as
well as acicular crystals identified as raphides within the parenchyma
cells. These accumulations were primarily concentrated in the cortical
parenchyma cells surrounding the vascular bundles, where 3—4 dis-
tinct forms could be visually distinguished based on their morphology
and size. Additionally, a limited number of medullary cells also exhi-
bited the presence of ergastic substances (Fig. 131-13L). In the sub-
epidermal region of the stem, the cortical parenchyma cells are ar-
ranged more compactly beneath the outer epidermis. Toward the
inner regions of the stem, these cells gradually increase in size and
begin to form intercellular spaces (Fig. 13M). Together with the ae-
renchymatous tissue, these intercellular spaces constitute structural
components that regulate the aeration processes within the internal
tissues.

Rhizome (adult phase). The rthizome of C. majalis exhibits a dis-
tinct anatomical structure, which, in transverse section, is seen to be
composed of a central cylinder and a cortex (Fig. 14A—14C). Micro-
scopic analysis revealed that the outer surface of the organ is covered
by an epidermis with a thick cuticle layer (Fig. 14L). Internally, be-
neath the epidermis, lies the cortex, within which the subepidermal
cells display secondary wall thickening and differentiate into collen-
chyma. This thickening is particularly prominent in the region where
collenchyma is in direct contact with the epidermis. In the examined
rhizomes, the accumulation of small amounts of ergastic and constitu-
tive substances was observed both in the epidermal cells and in sever-
al layers of cortical cells (Fig. 14D). The cortex is composed of me-
dium-sized, isodiametric parenchyma cells. Numerous intercellular
spaces are present between these cells, facilitating internal tissue aera-
tion (Fig. 14J). In proximity to the central cylinder, the cortical cells
abut the endodermis.

A

Fig. 14. Convallaria majalis (cross-section of the thizome in the adult phase): 4 — general view; B — central cylinder; C — a part of the rhizome;
D — cortex; E — semi-concentric bundles bordered by the mechanical ring; F'— amphivasal concentric bundle in the pith; G — pith parenchyma; H,
1— ergastic substances in the pith parenchyma; J — ergastic substances and intercellular spaces in the cortical parenchyma; K —endodermal cell
with unilateral thickened wall, supported by mechanical cells from the cortex side; L — thick cuticle on the surface of the epidermis; co — cortex;
pi —pith; xy — xylem; ph — phloem; me.r — mechanical ring; i.s — intercellular space; er — ergastic substances; sc — sclerenchyma; end — endoder-
mis; u.t — unilateral thickened wall; ¢/ — collenchyma; ep — epidermis; cu — cuticle; scale bar: 4—C — 500 pm; D—G — 50 pm; H-L — 30 um

In the rthizome of C. majalis, a high degree of sclerenchymatiza-
tion was detected in the boundary zone between the endodermal layer
and the adjacent sclerenchymatous ring. The cell walls affected by
this process constitute approximately half of the endodermal cells
(Fig. 14K). Functionally, the endodermis limits the apoplastic move-
ment of water and dissolved substances, thereby forcing them through
the cell membrane. This structural feature enables effective control of
osmotic pressure and leaf transpiration. The presence of this anatomi-
cal structure in the rhizome is considered a modification of endoder-
mal cells and holds phylogenetic significance within the field of plant
anatomy. Notably, for the first time in this study, unilateral thickening
of endodermal cells — interpreted as a form of synergistic interaction

between the exodermis and endodermis — was observed. This species-
specific feature represents a significant scientific and practical contri-
bution to anatomical research (Table 5). Overall, the study revealed a
dominance of lignification processes in various tissue groups of this
species, suggesting an epigenetic regulatory strategy related to struc-
tural adaptation.

On the inner side of the mechanical tissue, the presence of a peri-
cycle composed of one or several layers of tightly packed, small-sized
cells was observed. Positioned toward the pith above the pericycle are
semicentrally arranged vascular bundles, in which the xylem differen-
tiates centripetally from the phloem groups, which vary in number.
The presence of this type of vascular system in the rhizome of
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C. majalis is characteristic of monocotyledonous plants. Microscopic
observations confirm that the xylem does not form a complete ring
around the phloem, although a partially concentric arrangement is
visible. The xylem elements are densely packed and polygonal in
shape. On the inner side of these bundles lies the pith parenchyma,
within which three to four discrete vascular bundles are located.
These bundles, separated from the pericycle, exhibit an amphivasal
configuration, in which xylem completely surrounds the phloem
(Fig. 14E, 14F). In the cells of the pith parenchyma, the accumulation
of small amounts of ergastic substances, likely as a result of metabolic
activity, was also observed. The parenchyma cells in this region are
relatively isodiametric and exhibit small intercellular spaces between
them (Fig. 14G-14I).

Table 5
Quantitative characteristic of the rhizome of Convallaria majalis
in the adult phase (um)

Indicators Mean = SD
. . height  30.03 £3.98
Epidermis cells widnt  29.87+3.65
The thickness of the epidermis cell outer walls 746+ 1.02
The thickness of the cuticle 3.63+0.11
Cortex parenchyma cells 53.13+13.80
Unilateral thickening of the endodermis 13.87+1.28

Pip. In the transverse section of the pip formed on the rhizome,
the internal structure reveals the presence of a juvenile-phase rhizome,
an inner sheath surrounding it, and an outer sheath forming the exter-

A

nal boundary. The juvenile-phase rhizome is distinguished from the
adult-phase rhizome by its earlier developmental stage. Within the
central cylinder, both semi-concentric vascular bundles located in the
perimedullary region and fully developed, circular concentric bundles
surrounded by pith parenchyma are observed (Fig. 15A—15D). At the
boundary between the xylem of the bundles and the pith parenchyma,
small cells with darkly stained, thickened walls are visible in regions
directed toward the center of the cylinder. The endodermal layer
surrounding the central cylinder consists of cells with slightly thick-
ened inner walls. Immediately beneath the endodermis, one to two
layers of sclerenchymatous cells form a mechanical ring, followed
inwardly by the pericycle layer (Fig. 15E). Externally, the cylinder is
enclosed by elements of the primary cortex. Ergastic substances were
detected in both the cortical and pith parenchyma (Fig. 15F-H). The
epidermal layer enclosing the cortex consists of densely packed cells
with rounded or quadrangular shapes. These epidermal cells exhibit
moderately thickened outer periclinal walls and are covered by a
visibly distinct cuticle layer (Fig. 15I). Compared to the cuticle
formed on the surface of the adult-phase rhizome, the cuticle layer
here is considerably thinner. Furthermore, the thickening of the walls
in the subepidermal parenchyma cells of the juvenile thizome is less
pronounced. Due to its earlier stage of development, both the unila-
teral thickening of the endodermis and the degree of lignification in
the cells forming the sclerenchymatous ring are less advanced. Addi-
tionally, the number of semi-concentric and concentric vascular bun-
dles within the central cylinder is lower at this stage (Table 6).

By -

Fig. 15. Convallaria majalis (cross-section of the rhizome in the juvenile phase): 4 — general view; B — a part of the rhizome; C — central
cylinder; D — pith; £ — semi-concentric bundles bordered by the mechanical ring; F'— cortex; G — ergastic substances in the cortical parenchyma
cells near the central cylinder; H, 7 — ergastic substances in the cortical parenchyma and epidermis cells; co — cortex; pi — pith; xy — xylem;
ph—phloem; me.r — mechanical ring; er — ergastic substances; end — endodermis; 7.s — intercellular spaces; ep — epidermis; cu — cuticle;
c.b—amphivasal concentric bundle; scale bar: 4—C — 500 pm; D—F — 50 pm; G- —30 pm

Table 6
Quantitative characteristic of the rhizome
of Convallaria majalis in the juvenile phase (um)

Indicators Mean + SD

. . height  33.87+3.72
Epidermis cells widh 3414296
The thickness of the epidermis cell outer walls 4.84+0.52
The thickness of the cuticle 2.18+0.17
Parenchyma cells 49.84+7.15
Unilateral thickening of the endodermis 2.87+£045
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The juvenile-phase rhizome is surrounded by the inner sheath.
Along the ring-shaped wall of this sheath, small-sized vascular bun-
dles are located at approximately regular intervals (Fig. 16A, 16B).
These bundles are arranged such that the xylem tissue is oriented
toward the inner side of the sheath, while the phloem faces outward.
Surrounding the vascular bundles, a small number of sclerenchyma
cells with lignified walls are observed. These mechanical cells, situa-
ted around the phloem, are smaller in size and exhibit weaker secon-
dary wall thickening compared to the sclerenchymatous cells surroun-
ding the vascular bundles of the leaf, petiole, and stem. Aerenchyma
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tissue develops in the inter-bundle regions (Fig. 16E). The aerenchy-
ma is bordered on one side by the epidermal tissue and on the other
by parenchyma cells of the sheath. This epidermal layer lines the in-
ner surface of the sheath. In cases where the aerenchyma is disconti-
nuous, the epidermis is in direct contact with the adjacent parenchyma
cells (Fig. 16C, 16D). These parenchymal cells are large and are ar-
ranged along the subepidermal zone of the outer epidermis covering
the sheath. In certain regions where these cells are in contact with the
inner epidermis, narrow, elongated, and angular cells are observed
interspersed among them. The epidermal cells lining the inner and
outer surfaces of the inner sheath differ in size and morphology. On
the inner surface, the epidermal cells are narrow and elongated, with
thin walls. At the points where the cells meet, their junctions appear

somewhat folded in shape. A stoma is observed in this epidermal
layer of the inner sheath. Its guard cells are tightly integrated with the
surrounding epidermal cells. The cell walls on the adjacent sides of
the guard cells are thickened (Fig. 16F). On the outer surface of the
inner sheath, the epidermal cells are larger and more rounded in shape
(Table 7). A cuticle layer formed on the surface of this epidermis was
detected during microscopic examination. Ergastic or constitutive
substances were observed accumulated in some cells of this epider-
mal layer. Similar deposits were also detected in parenchyma cells
adjacent to the sclerenchyma surrounding the vascular bundles (Fig.
16G, 16H). In other tissues, these substances appeared only sporadi-
cally and in small amounts.

A

Fig. 16. Convallaria majalis (cross-section of the inner sheath surrounding the pip): 4 — general view; B —a part of the sheath; C, D — interbundle
regions; £ — bundle region; ' — stoma in the epidermis lining the inner side of the sheath; G — accumulated substrances in the epidermis cells
lining the outer side of the sheath; A — substances in the parenchyma cell adjacent to the vascular bundle; s¢ — stoma; xy — xylem; p/ — phloem;
sc — sclerenchyma; ae — aerenchyma; ep — epidermis; pa — parenchyma; gc — guard cells; er — ergastic substances; cu — cuticle;
scale bar: 4, B— 500 pm; C—E — 50 pm; F—H — 30 um

Table 7
Quantitative characteristic of the inner sheath
surrounding the pip of Convallaria majalis (um)

Indicators Mean + SD

. . height 15.80+2.15

Inner epidermis cells width 3039+ 407

. . height 27.96+341

Outer epidermis cells width 20.61 <295

The thickness of the epidermis inner epidermis 1.04+0.19

cell outher walls outer epidermis 225+0.32

Parenchyma cells 32.57+523
Bundle 114.42 +£20.39

In cross-section, the anatomical structure of the outer sheath,
which encloses the juvenile shoot from the outside, exhibits similar
characteristics (Fig. 17A, 17B). Here, parenchymal cells are more
abundant, mainly occurring in one or two layers located within the
subepidermal zone of the epidermis covering the organ's outer surfa-
ce, as well as surrounding the vascular bundles. In these regions, the
cells of the tissue are large and polymorphic in shape. Additionally,
narrow and elongated parenchymal cells are observed in areas adja-
cent to the inner epidermis lining the inner surface of the sheath
(Fig. 17C). Microscopic analysis revealed the presence of a small
amount of ergastic substances and raphide crystals in some of the
large parenchymal cells (Fig. 17G). Aerenchyma tissue develops in
the inter-bundle regions of the parenchyma. However, the number
and size of air cavities formed within the aerenchyma are relatively
lower in the outer sheath and generally appear as small-sized voids.
In the structure of the vascular bundles, groups of sclerenchyma fibers

encircling the phloem are observed. The phloem tissue elements are
few in number and lic adjacent to the xylem, oriented toward the
inner side of the sheath. The xylem tissue consists of a single row of
4-5 xylem vessels (Fig. 17D).

The epidermal cells lining the inner surface of the sheath are thin-
walled, relatively narrow, and elongated in shape. Microscopic analy-
sis revealed that in certain regions, these cells exhibit oval or some-
what rounded forms. In both the inner and outer sheaths of C. majalis,
the epidermal cells lining the inner surfaces are tightly packed, with
sinuous, interlocking contours that give the impression of being
layered “on top of each other” (Fig. 17E). This interdigitated cell
arrangement significantly minimizes intercellular spaces. C. majalis is
a shade-tolerant species, typically found in low-light and humid eco-
systems. Genetically adapted to develop in shaded environments, this
plant requires indirect light and consistent humidity for optimal
growth. The dense, undulating arrangement of epidermal cells, the
relatively thin cuticle layer, and the limited number of stomata are
anatomical features that reflect this ecological adaptation. The epi-
dermal cells covering the outer surface of the sheath are relatively
larger in size (Table 8). A slight thickening of their walls is observed,
particularly at the boundary with the underlying parenchyma. This
epidermal layer is also covered by a discernible cuticle. Stomata are
present within this epidermis, but the guard cells are smaller in size
compared to those found in the epidermis of the inner sheath. In addi-
tion, a small substomatal air chamber is clearly visible beneath the
guard cells in this layer (Fig. 17F). In both epidermal layers of the
outer sheath — and especially in the cells lining the outer surface —
accumulations of ergastic and constitutive substances have been ob-
served.
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Fig. 17. Convallaria majalis (cross-section of the outer sheath surrounding the pip): 4 — general view; B —a part of the sheath; C — interbundle
regions; D —bundle region; £ — the epidermis lining the inner side of the sheath; F'— stomata in the epidermis lining the outer side of the sheath;
G —araphide crystal in the parenchyma; ae — aerenchyma; ep — epidermis; st — stoma; xy — xylem; ph — phloem; sc — sclerenchyma;
pa — parenchyma; gc — guard cells; ssc — sub-stomatal cavity; er — ergastic substances; cu — cuticle; 7p —raphide crystal;
scale bar: 4, B—500 um; C, D — 50 um; £~G — 30 um

Table 8
Quantitative characteristic of the outer sheath surrounding
the pip of Convallaria majalis (Lum)

Indicators Mean + SD

Inner epidermis cells height 12932089
width 3326+1.42

. . height 3239+ 1.79

Outer epidermis cells width 2771+ 1.63

The thickness of the epidermis cell  inner epidermis 0.98+0.13

outher walls outer epidermis 233+0.26
Parenchyma cells 38.74+2.59
Bundle 11798 + 16.61

Root. In the cross-section of the root, a primary structure charac-
terized by a polyarch radial-type central cylinder — typical for many
monocotyledons — was observed (Fig. 18A). Due to the degradation
of the epiblema layer in the root of the plant, the exodermis functions
as a temporary protective tissue. From a theoretical standpoint, the
partial disintegration of the epiblema in C. majalis can be attributed to
its classification as a monocot species, which typically does not un-
dergo secondary thickening and thus retains a primary root structure.
However, given the perennial life cycle of the plant and its predomi-
nant propagation via rhizomes, the root structure remains in the soil
for multiple growing seasons, during which its functional load may
change.

Although the root retains its primary structure, age-related onto-
genetic changes may lead to the degeneration of the epiblema tissue,
resulting in the loss of its functional role. This process usually occurs
once root elongation ceases and absorptive activity declines. In this
context, although the root remains in its primary structural phase, the
epiblema no longer qualifies as a "young" tissue. Functionally, the
epiblema plays a role in water and mineral uptake primarily in the
young root zones; however, once the root matures and transitions to
functions such as anchorage or storage, the epiblema loses its func-
tional significance. As a result, the exodermis assumes the role of a
temporary protective layer (Fig. 18B, 18C). Thus, without transition-
ing to a true secondary structure, certain tissue layers undergo struc-
tural modifications — an occurrence particularly notable in perennial
rhizomatous species, which exhibit what can be described as a “long-
lived primary structure.”

Situated between the exodermis and the central cylinder is the
mesodermis, which constitutes the main body of the cortex. This
tissue comprises relatively large cells and is formed by polymorphic
parenchyma. The outermost six to seven layers of the mesodermis are
composed of large, irregularly shaped cells, while cells closer to the
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exodermis appear elongated, narrow, and angular in form. Directly
beneath the exodermis, two to three compact layers of small, isodia-
metric cells are present (Fig. 18F). The mesodermis is internally de-
limited by the endodermis, which separates it from the central cylind-
er. Cells of the endodermis show slight lignification on their inner and
lateral walls, particularly at points of contact with adjacent cells. This
lignification, associated with the accumulation of hydrophobic lignin,
allows the endodermal layer to act as a metabolic barrier, thereby
restricting the movement of water and dissolved substances between
the cortical parenchyma and the vascular tissues of the central cylind-
er. However, visual analysis revealed the presence of passage cells —
endodermal cells lacking lignifications — that facilitate selective trans-
port of substances (Fig. 18D).

Internal to the endodermis lies the pericycle, a meristematic tissue
composed of a single layer of small cells. The vascular system of the
root, of radial type, is located inward from the pericycle. The xylem
rays include protoxylem vessels situated adjacent to the pericycle and
metaxylem vessels located toward the center, embedded among me-
chanical tissue elements. Microscopic analyses revealed that the
number of metaxylem vessels ranges between 15 and 21, while pro-
toxylem vessels are more numerous (Table 9). The metaxylem ves-
sels, which are several times larger than protoxylem elements, are
arranged concentrically around the mechanical tissue that fills the
central part of the stele. Between the xylem rays, metaphloem regions
aligned with the pericycle are alternately positioned (Fig. 18E). Addi-
tionally, idioblastic cells were observed forming within the mesoder-
mis of the root (Fig. 18G-1).

Table 9
Quantitative characteristic of the root of Convallaria majalis (um)
Indicators Mean + SD

. height 4895+4.92
Exodermis cells widht 36,63+ 3.88
Cortex parenchyma cells 78.49+£46.77
Number of metaxylem vessels 18+3
Number of protoxyloem vessels 49+6

Discussion

Anatomical, microscopic, histochemical, and statistical analyses
of C. majalis revealed a set of specific anatomical traits reflecting its
sciophytic nature. In this context, relevant international studies were
also reviewed. For instance, Théroux-Rancourt et al. (2023) investi-
gated the anatomical and physiological differences in Vitis vinifera
leaves grown under varying light intensities.
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Fig. 18. Convallaria majalis (cross-section of the root): 4 — general view; B, C — parts of the cortex; D — central cylinder; £ — elements
of the central cylinder; F'— anisocytic morphological variations in the mesoderm; G — large mesoderm cells; A, /— idioblasts
in the mesoderm; msd — mesoderm; exd — exodermis; mxy — metaxylem; pxy — protoxylem; mph — metaphloem;
end — endodermis; id — idiolast; scale bar: 4 — 500 um; B—D — 50 pm; £~/ —30 pm

The plant material was cultivated under both shaded and full-light
conditions at the BOKU UFT facilities in Austria, and the leaves were
analyzed in terms of anatomical and physiological characteristics.
Using micro-CT imaging, 3D structural analyses were conducted to
assess leaf thickness, diffusion surface area, and other parameters.
Results indicated that leaves developed under high light were thicker,
had fewer stomata, and exhibited a smaller surface area of mesophyll
cells. Interestingly, the number of chloroplasts within these cells was
higher in plants grown under shaded conditions. Supporting these
findings, our analysis of the shade-adapted species C. majalis con-
firmed the accumulation of numerous chloroplasts in both the petiole
and lamina, including in isodiametric parenchymatic cells. This ob-
servation is consistent with the light-shade comparative outcomes of
the foreign study.

To assess shade tolerance in C. majalis, a prior study by Cormack
(1962) investigated morphological variability in the plant under mod-
erate and extreme shade conditions. The author noted that under deep
shade, leaves were poorly developed, smaller in size, and thinner.
Anatomical analysis showed limited development of mesophyll cells,
which was considered the cause of the observed morphological varia-
tion. From the perspective of ecological adaptation, these results pro-
vide a comparative basis for our anatomical findings within the flora
of Azerbaijan. In our study, the lack of differentiation into a typical

— along with the formation of heteromorphic parenchymatic cells in
the mesophyll, were interpreted as indicators of shade tolerance.

For the first time, the structural characteristics of the central vas-
cular region and intervascular parenchyma of the C. majalis leaf were
identified as eco-anatomical traits specific to shaded environments.
These traits represent an evolutionary novelty of considerable scientif-
ic interest. The parenchyma surrounding the central vein is composed
primarily of ordinary isodiametric round parenchyma cells of varying
sizes (Fig. 19A), extending from both abaxial and adaxial surfaces
toward the epidermis and encircling the vascular bundle. This struc-
ture supports the mechanical and physiological integrity of the vascu-
lar region. The compact and rounded morphology of the parenchyma
cells is a clear morpho-functional indicator of adaptation to low-light
conditions. This parenchymatic zone extends only to the area where
the first lateral (bundle) vein emerges. Beyond this point, the inter-
veinal parenchyma in the leaf blade shows a distinct morphology.
Toward the leaf periphery, lateral veins are sequentially arranged, and
the parenchyma between them consists of morphologically distinct
cells. In these regions, 4-5 layers of elongated, columnar cells are
observed. These cells are arranged horizontally, aligned parallel to
one another, and resemble “collapsed” palisade layers (Fig. 19B,
19C). Thus, a classical vertical palisade differentiation is absent; how-
ever, these horizontally arranged cells contain numerous chloroplasts.

Fig. 19. Chloroplast-containing parenchyma tissues of Convallaria majalis: A — idioblast-type cells in the subepidermal regions of the leaf
mesophyll, where photosynthetic material appears as dark green accumulations; B, C — partially differentiated chloroplast-containing
parenchyma cells in the mesophyll of the leaf; D — chloroplast-containing cells in the lower subepidermal region of the petiole;
ps.m — photosynthetic material, cp — chloroplast; scale bar: A—C —200 pum; D — 30 pm
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This unique anatomical configuration was documented in detail
for the first time in our study and constitutes a novel contribution to
anatomical science. The presence of such a modification in the leaf is
interpreted as an adaptation to shaded environments with limited
light, where maximizing the surface area of parenchymatic and pho-
tosynthetic structures is essential for regulating metabolic processes.
This anatomical characteristic reflects the adaptive potential of
C. majalis to shaded and humid ecological conditions. The specializa-
tion of parenchyma cells and morphological differentiation between
tissue zones can be considered critical adaptive traits, contributing to
photosynthetic efficiency, tissue elasticity, water balance regulation,
and structural stability of the leaf lamina. In the mesophyll of C. ma-
Jjalis leaves, the presence of isodiametric cells from the central vein
extending to the lateral vascular bundles, followed by morphological-
ly and functionally differentiated columnar cells, clearly indicates
zonal tissue organization and adaptive functional partitioning in re-
sponse to shaded, humid, and mesophytic ecological conditions.

In another study conducted on this species, Kucharczyk et al.
(2022) examined the anatomical effects of larval infestation by Cte-
nothrips distinctus on the leaves of C. majalis. Based on analyses of
healthy leaves, the authors reported that the mesophyll tissue of
C. majalis does not differentiate into distinct palisade and spongy
parenchyma. In line with this observation, our findings also indicate
that the mesophyll of C. majalis is not composed entirely of fully
differentiated cells. Unlike the classical bifacial leaf type, it exhibits a
weakly differentiated structure. Two major types of parenchyma cells
were observed: columnar and isodiametric. The cells located beneath
the adaxial and abaxial epidermis are laterally oriented, chloroplast-
rich, prosenchymatous parenchyma cells. These are arranged in 4-5
layers and form a horizontally aligned, “collapsed” palisade-like
structure occupying the periphery of the mesophyll. The isodiametric
parenchyma cells are more prevalent around the central vascular
bundle, and similar chloroplast-rich cells are found in a single layer
along the lateral vascular system. Due to the absence of a spongy
parenchyma layer, intercellular spaces are poorly developed. This
heterogeneous and weakly differentiated mesophyll structure is a
typical adaptation to shaded ecosystems. In low-light environments,
maintaining a highly organized, vertically aligned palisade structure is
energetically unfavorable. Instead, the broad distribution of chlorop-
lasts among heterogeneously arranged assimilatory parenchyma cells
allows the efficient capture and utilization of available light (Middle-
ton, 2001; Dorken & Lepetit, 2018; Chen et al., 2021). This trait sup-
ports the successful growth strategy of C. majalis in low-light habi-
tats. Some of the anatomical results reported by Kucharczyk et al.
were also confirmed in our study. For example, the amphistomatic
leaf structure and the presence of sclerenchyma tissue surrounding the
vascular bundles were consistent with our findings. However, based
on our microscopic observations, sclerenchymatization within the
vascular bundles appeared more intense in our specimens of C. maja-
lis.

The structural characteristics of sclerenchyma development along
the peripheral lateral vascular system of the C. majalis leaf lamina
were also determined. Microscopic analysis of leaves developed
under shaded conditions revealed that the lateral veins are arranged in
a regular and sequential manner along the periphery of the lamina.
Around each vascular bundle, well-developed sclerenchymatous

tissues were observed, exhibiting bifacial symmetry by extending
both adaxially and abaxially into direct contact with the upper and
lower epidermal layers. This vein—epidermis connection allows the
vascular system to act as a mechanical support framework throughout
the lamina. Strategically, such an arrangement plays a critical role in
regulating tissue tension at the leaf margins and maintaining the sta-
bility of internal vascular flow. The exclusive presence of these scle-
renchymatous structures in zones adjacent to the epidermis and on
both sides of the vascular bundles indicates the development of a
localized support system adapted to the plant's ecological conditions.
This confirms that in C. majalis, vascular bundles within the lamina
serve not only as conductive channels but also as mechanical support
elements. The regular and symmetrical arrangement of these struc-
tures suggests a genetically programmed mechanism shaped by envi-
ronmental adaptation.

In all vegetative organs of C. majalis, xylem elements exhibit tri-
hedral, tetrahedral, pentahedral, or hexahedral forms. This is asso-
ciated with their development under pressure from neighboring cells
during differentiation, contributing to increased mechanical resistance
(Fig. 20). Such specific features allow denser packing of xylem ele-
ments, enhancing resistance to hydrostatic pressure and optimizing
hydraulic conductivity. Moreover, this structural adaptation streng-
thens the plant’s ecological plasticity, enabling it to cope with diverse
environmental stress factors and contributing to its persistence within
biodiversity. The angular morphology of the xylem elements is con-
sidered a result of a specialized procambial ontogeny shaped by diffe-
rential pressure from surrounding cells, marking it as an evolutionary
trait in ecological anatomy. This xylem structure facilitates the accli-
matization and naturalization of the shade-tolerant C. majalis, and
plays a key role in regulating transpiration and water transport
(Ruzicka et al.,, 2015; Xu et al., 2023). This unique structure holds
both theoretical and practical significance for disciplines such as au-
toecology, plant physiology, anatomy, ecophysiology, eco-anatomy,
histology, cytology, plant biotechnology, plant microbiology, and
biodiversity. The formation of such species-specific features in the
vascular system of C. majalis represents an anatomical indicator con-
tributing to adaptive strategies, and its ecophysiological importance
can be substantiated within a scientific context.

In the vegetative organs of C. majalis, including the leaf, petiole,
stem, and sheath, partial lignification of phloem elements was ob-
served (Fig. 21). It is well known that this species is a shade-loving
plant, adapted to low-light environments. In flora representatives of
the sciophyte ecological group, the development of thick-walled
phloem elements tends to occur more consistently (Hardtke et al.,
2008; Rajput et al., 2022). In this ecological-anatomical study, the
presence of lignified phloem structures, which provide photoprotec-
tive and mechanical support functions, was identified for the first time
in these vegetative organs. In low-light environments, mechanical
stability and efficient water transport become more critical to main-
taining assimilation and metabolic activity. Thus, the formation of
lignified phloem elements under shaded conditions can be considered
an adaptive response to shade tolerance. Furthermore, in a plant cha-
racterized by a stiff petiole and thick, mechanically resistant leaf
blade, the development of such sclerified elements within the vascular
system may also be interpreted as a genetically programmed structur-
al adaptation (Weng et al., 2008; Voxeur et al., 2015).

Fig. 20. Polygonal-structured xylem vessels of the vascular system in different organs of Convallaria majalis:
A — leaf; B—petiole; C — sheath surrounding the stem in the adult phase; D — stem; £ — rhizome in the adult phase; scale bar: 30 pum

16

Regulatory Mechanisms in Biosystems, 2025, 16(3), e25140



Fig. 21. Lignification in phloem and sclerenchyma fibres surrounding this tissue: 4, B — leaf; C, D — petiole; E, F — sheath surrounding
the stem in the adult phase; G, H — stem; sc — sclerenchyma; s.7 — sieve tube; c.c — companion cell; scale bar — 30 um

In C. majalis, a mesophytic species adapted to shade, the pres-
ence of aerenchymatous cavities enclosed by epidermal and stomatal
structures within the pith of the stem (Fig. 22) is closely related to
ecophysiological adaptation mechanisms. Considering the low light
availability and continuous respiratory activity in such environments,
photosynthesis is reduced while respiration persists, potentially lead-
ing to internal oxygen deficiency. The formation of aerenchymatous
spaces in the pith facilitates the free movement of oxygen and carbon
dioxide between cells, helping to prevent anaerobic conditions. From
the standpoint of air permeability and internal ventilation, it is notable
that shaded environments tend to maintain higher humidity in both
soil and plant tissues. In such cases, aerenchyma and internal stomatal
structures function as a ventilation system, regulating the plant’s in-
ternal microclimate — a rare anatomical feature. Given the limited
energy resources under low-light conditions, the formation of simpli-
fied yet functionally efficient internal air systems facilitates resource
conservation. This represents an expression of structural ecophysio-
logical adaptation. The coordination of ventilation mechanisms with
the stem’s pith is an evolutionary adaptation in sciophytic plants like
C. majalis. In environments with high soil moisture and low aeration,
the presence of such internal air systems facilitates gas exchange
between internal and external tissues. The epidermis and stomatal
apparatus act as a conduit between these internal spaces and the ex-
ternal environment. The discovery of an epidermal-stomatal complex
within the aerenchyma constitutes a significant anatomical innova-
tion, introduced for the first time through our research. Microscopic

analysis of C. majalis stems revealed not only classical epidermal
stomata but also uniquely isolated stomatal complexes within the
internal aerenchymatous zone — an unprecedented finding in anatomi-
cal studies. The formation of internal stomata as structural and func-
tional adaptations reflects the ecological-anatomical evolution of
morpho-anatomical variation. Anatomical investigations in C. majalis
showed that various epidermal tissues — including the adaxial and
abaxial leaf epidermis, the petiole epidermis, the external and internal
epidermis of the stem, the sheathing structures, and both the inner and
outer sheaths enclosing the primary shoot — are all equipped with
stomatal complexes. However, the morphology, density, and localiza-
tion of stomata in these epidermal types vary significantly (Fig. 23).

The guard cells in the leaf epidermis are round, and their asso-
ciated subsidiary cells are somewhat elongated laterally and relatively
large. The cell walls of the subsidiary cells are angled and converge at
the guard cells, resulting in a semi-oval shape. In the adaxial leaf
epidermis, the subsidiary cells appear slightly narrower compared to
those in the abaxial surface. The stomatal complexes on the petiole
and the sheath surrounding the stem display a distinct morphology.
In these organs, the inner and outer cell walls of epidermal cells are
thickened, and the guard cells tend to assume a more oval shape.
Subsidiary cells are expanded in the anticlinal direction and are gen-
erally larger than ordinary epidermal cells. At the junction with the
sunken guard cells, the thickened walls of the subsidiary cells appear
sharply thinned.
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Fig. 22. Internal aerenchymal cavity in the stem, covered

P

by epidermis and stomatal apparatus: pi — pith; gc — guard cells;

ssc — sub-stomatal cavity; ep — epidermis; a.c — aerenchymal cavity; scale bar: 4 — 500 pm; B — 100 um; C, D — 50 pm; E, F'—40 pm
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Fig. 23. Anomocytic stomata in the epidermis of different organs of the Convallaria majalis: A — in the adaxial epidermis of the leaf;

B —in the abaxial epidermis of the leaf; C — in the lower epidermis of the petiole; D — in the outer epidermis of the sheath surrounding the stem
in the adult phase; £ — in the outer epidermis of the stem; F'— in the inner epidermis of the stem; G — in the epidermis lining the inner side
of the inner sheath surrounding the pip; A — in the epidermis lining the outer side of the outer sheath surrounding the pip; gc — guard cells;

ssc — sub-stomatal cavity; scale bar — 30 um

On the outer surface and within the internal aerenchyma of the
stem, guard cells share a similar structure, but the subsidiary cells
differ considerably. The outer epidermis of the stem consists of
rhythmically arranged columnar cell series. The subsidiary cells of
stomata positioned among these cells are narrow and elongated in the
anticlinal direction, and the guard cells appear to be completely em-
bedded within them. Conversely, the internal epidermis of the stem is
composed of irregular, quadrangular, mosaic-like cells without wall
thickening. Here, the stomatal complexes show asymmetrical subsid-

iary cells, with one being significantly larger. The guard cells are
embedded between the two and are nearly equal in size and volume to
the surrounding epidermal cells, although morphologically distinct.
These chloroplast-rich guard cells have thickened walls on their op-
posing faces, from which papilla-like protrusions extend toward the
internal and external epidermal surfaces. The internal stomatal appa-
ratus formed on the stem’s anisocytic or isodiametric epidermis
represents a structurally atypical and morphogenetically significant
localization.

Fig. 24. Intercellular spaces in the parenchyma tissue in different organs of Convallaria majalis (marked with the arrows): in the petiole (4);
in the sheath (B) surrounding the stem in the adult phase; in the cortical parenchyma (C) and pith parenchyma (D) of the stem;
in the cortical parenchyma (E) and pith parenchyma (F) of the rhizome in the adult phase; in the cortical parenchyma (G)
and pith parenchyma (H) of the thizome in the juvenile phase; in the mesoderm (7) of the root; scale bar — 30 pm

The stomatal complexes observed on the epidermis of the inner
sheath surrounding the developing shoot also display unique morpho-
logical features. Here, the guard cells are relatively large and round,
while the subsidiary cells are morphologically indistinct from other
epidermal cells. Because the subepidermal parenchyma is compact in
this region, air chambers like those observed in other organs are ab-
sent. On the outer surface of the external sheath, the subsidiary cells
are slightly larger than the surrounding epidermal cells, while the
guard cells are comparatively smaller and more slender in oval shape.
The morphology and localization of stomata in the stem of C. majalis
vary across different regions, forming a heteromorphic and atypically
localized stomatal system. The presence of an endoepidermal-stoma-
tal structure within the stem constitutes a novel scientific finding,
suggesting that this morphogenetically modified architecture is an
adaptive response to specific physiological needs such as microventi-
lation and internal gas regulation. Research also revealed that the
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vegetative organs of C. majalis, particularly the stem parenchyma,
exhibit characteristic intercellular spaces (Fig. 24). These large, exten-
sive cavities represent adaptive structures that enhance aeration and
regulate the transpiration regime. However, anatomical analysis of the
mesophyll structure indicated that intercellular spaces are less pro-
nounced, likely due to the spatial organization of heteromorphic pa-
renchyma cells. While gas exchange in most plant species predomi-
nantly occurs via the leaf, it appears that in C. majalis — where the leaf
exhibits weak isolateral differentiation — ventilation is supported by
the formation of large aerenchyma cavities in the stem, sheath, peti-
ole, and central leaf region. This integrated function among organs
represents a conservative adaptive strategy for life in shaded envi-
ronments.

An asymmetric thickening of the endodermis was observed in the
rhizome of C. majalis (Fig. 25A), a structural feature associated with
the regulation of selective filtration. This unilateral endodermal thick-
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ening represents an adaptive response linked to hydrotropic and gravi-
tropic stimuli. The species-specific endodermal architecture in the
rthizome of C. majalis facilitates compensatory functionality by en-
hancing symplastic transport of water and ions while enabling lateral
movement. Similar endodermal adaptations have been reported in
Asphodelus aestivus (Sawidis et al., 2005), Oryza sativa (Aybek,
2016), and other species; however, this structural trait is described
here for the first time in the medicinally important species C. majalis.

A comparative analysis of high-resolution photomicrographs of
the C. majalis thizome, captured using confocal laser scanning micro-
scopy and available through online resources, further confirmed the
presence of a cuticle layer. In particular, a micrograph published on
the Shutterstock platform by neuroscientist Alexandros A. Lavdas
(Shutterstock, 2019), working at the Eurac Research Center, displays
fluorescently stained cross-sections of the rhizome, revealing dis-
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tinctly luminescent tissue layers, including a prominently developed
cuticular layer overlying the epidermis. These observations corrobo-
rate the findings of our anatomical investigation.

The rhizome of C. majalis exhibits both root- and stem-like fea-
tures, although it is anatomically closer to the stem, as suggested by
its parenchyma-dominated central region (Yesil & Ozhatay, 2021).
Despite being stem-derived, the rhizome has evolved certain root-like
features in response to its subterranean habit. Our study revealed a
well-developed cuticle layer on the rhizome surface (Fig. 25B), con-
sistent with its taxonomic classification as a monocot. In monocotyle-
donous species, secondary growth is typically limited or absent; there-
fore, the epidermis and associated cuticle serve as the primary protec-
tive layers against external stress. The thick cuticle plays a critical role
in shielding the rhizome from abrasion caused by soil microorgan-
isms and mechanical impact.

"

ig. 25. Speciﬁé structures of

Convallaria maalis: A — endodermal cell with unilateral thickened wl, supported by mechcal cells

from the cortex side in the rhizome in the adult phase; B — thick cuticle on the surface of the epidermis of the rhizome in the adult phase;
C — anisocytic morphological variation (a, b, ¢) of mesodermal cells in the root; sc — sclerenchyma; end — endodermis;
u.t— unilateral thickened wall; ep — epidermis; cu — cuticle; scale bar: 4, B— 30 um; C— 50 um

Functionally and anatomically, this feature is interpreted as an
adaptive response to the short-lived nature of the rhizome. In C. maja-
lis, the rhizome serves as a storage organ for nutrient reserves and
supports seasonal growth strategies. The species is naturally adapted
to shaded ecosystems characterized by relatively stable microcli-
mates, and its rhizomes tend to be shallowly positioned in the soil.
This facilitates its role as an energy reservoir during the growing
season, enhances vegetative propagation, and enables rapid spread
across the soil surface. However, its near-surface location also expos-
es the rhizome to fluctuating humidity, elevated temperatures, and
ultraviolet radiation. Therefore, the species-specific development of a
robust cuticle layer on epidermal cells likely functions to reduce water
loss and enhance mechanical protection. Environmental stressors
such as changes in soil moisture and microclimate conditions may
further induce cuticle thickening as a protective adaptation (Yeats &
Rose, 2013; Arya et al.,, 2021). The correlation between rhizome
epigeicity and cuticular development can thus be interpreted as a clear
case of adaptive anatomical modification.

Microscopic examination also revealed thickening of the inner
epidermal wall in the rhizome, leading to the formation of collen-
chyma, which may be associated with the rhizome’s proximity to the
soil surface and exposure to environmental stress. Additionally, 2-3
subepidermal layers of collenchyma cells were observed. These col-
lenchymatous layers appear to rest upon a developing exodermis,
suggesting a defensive role in structural reinforcement. In this context,
the inner epidermal collenchyma may regulate water balance as part
of an adaptive mechanism. Given its shallow position, the rhizome is
more vulnerable to mechanical stress and fluctuating moisture levels,
and the observed inner wall thickening may serve as a defense re-
sponse. Exodermal layers, characterized by suberized or lignified cell
walls in many underground organs, were also identified in our ana-
tomical analysis of the C. majalis thizome. In the root, the disintegra-
tion of the epiblema and the temporary function of the exodermis as a
protective tissue were observed. This structural transition is not asso-
ciated with the onset of secondary development but is instead attri-
buted to ontogenetic aging and functional adaptation. Considering the
perennial nature of the species, the gradual loss of absorptive function
in the root and the shift toward anchorage and storage functions rend-
er the epiblema physiologically unnecessary. Hence, the exodermis
temporarily assumes its protective role.

The root of C. majalis exhibits a primary anatomical organiza-
tion. Below the exodermis, a heterogeneous population of mesoder-
mal cells was identified through microscopic analysis. Variation in
cell size and shape delineates a hypodermal parenchymatous zone,
comprising very large and very small isodiametric cells, as well as
large, elongated cells with tapering ends (Fig. 25C). In shade-adapted
plants such as C. majalis, this differentiation of parenchymal tissue
represents a characteristic structural adaptation. The mesodermal cells
displayed anisocytic morphological variation, marked by hypertro-
phied forms and ecological plasticity in cell size — features considered
specific to the species. Additionally, small, elongated prosenchyma-
tous cells were present in the mesodermal region, containing non-
granular, light-colored, fluid-filled materials. Based on their cytologi-
cal and morphological features, these cells were identified as secreto-
ry idioblasts or secondary metabolite storage cells (Crozier et al.,
2006; Liu et al., 2023). These idioblasts are hypothesized to store
biologically active compounds such as alkaloids, glycosides, and
other phenolic metabolites, highlighting the pharmacological relev-
ance of this tissue and its potential for further investigation. Similar
idioblasts were also found near the sclerenchyma bundles of the stem
sheath and at the interface with collenchyma (Fig. 26). The identifica-
tion of such parenchymatous localizations for the first time in C. ma-
Jjalis represents a species-specific anatomical marker and provides
novel insight into its systematic and functional characteristics as a
pharmaco-anatomical trait.

Microscopic examinations of cross-sections of plant organs re-
vealed the accumulation of ergastic and constitutional substances
within various tissues. Investigations concerning their biochemical
foundations have been documented across several scientific archives.
For instance, Demir et al. (2022) studied a number of biochemical
processes occurring in Convallaria majalis, isolating biologically
active compounds of medicinal importance and evaluating their po-
tential applications in both industry and biochemical systems. The
plant specimens were collected during the flowering phase (April-
May) from the Agyakha district in the Mugla region of Turkey. The
authors identified the presence of volatile organic compounds such as
citronellol, geraniol, and benzyl alcohol in the flowers. Additionally,
the protease enzyme was purified and isolated, and it was suggested
that these aromatic compounds could serve as active ingredients in
various applications.
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Fig. 26. Idioblast-type parenchymatous secretory cell (marked with the arrows): at the boundary with sclerenchyma (4)
and collenchyma (B) of the sheath surrounding the stem in the adult phase; in the mesoderm (C, D) of the root; scale bar — 30 pm

Matsuo et al. (2017) also examined the biochemical composition
of C. majalis, focusing on the anticancer properties of purified organic
substances. Plant samples were supplied by Richters Co., Ltd. Their
study identified the presence of steroidal glycosides, which have been
confirmed in previous research to possess potent anticancer effects.
While prior studies have elucidated the biochemical composition of
bioactive constituents in C. majalis, they have not addressed their
tissue-specific localization or detailed distribution at a microscopic
level. This gap limits our understanding of which plant organs are
most efficient as raw material sources for therapeutic use and the
functional role of these metabolites. In our study, we visualized the
accumulation of bioactive compounds within tissues (e.g., parenchy-
ma, vascular elements), enabling us to trace their biosynthetic and

accumulation dynamics. For example, in C. majalis leaves, photosyn-
thetic substances were observed within idioblast cells of the paren-
chymal tissue. This correlates with chloroplast localization and intra-
cellular metabolic adaptation. Such structural features reflect the
plant's adaptation to shade tolerance and may serve critical functions
such as temporary storage of photosynthetic products and regulation
of carbon metabolism. At the cytological level, these processes influ-
ence pigment balance depending on light conditions, representing a
complex interaction between the plant’s morphophysiological traits
and its ecologically variable environment (Bertoft, 2017; Apriyanto
etal., 2022). This adaptation mechanism is especially critical under
ecological stress, such as low light intensity in shaded habitats.

Fig. 27. Raphide crystals in different organs of Convallaria majalis (marked with the arrows): in the parenchyma (4)
of the outer sheath surrounding the pip; in the cortical parenchyma (B) of the stem; in the endodermis cell (C)
and cortical parenchyma (D) of the rhizome in the juvenile phase; scale bar — 30 pum
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Fig. 28. Ergastic and constitutional substances in different organs of Convallaria majalis (marked with the arrows): in the parenchyma cells
at the boundary with xylem (4) and sclerenchyma (B, C) of the leaf; in the parenchyma cells at the boundary with xylem (D, E) of the petiole;
in the parenchyma cells at the boundary with sclerenchyma (F) and collenchyma (G) of the sheath surrounding the stem in the adult phase;
in the pith (H) and cortical parenchyma (J) of the stem; in the pith parenchyma cells adjacent to the xylem (/, K) and in the cortical parenchyma
(L) of the rhizome in the adult phase; in the cortical parenchyma (/) of the rhizome in the juvenile phase; in the epidermis cells (V) lining the
outer side of the inner sheath surrounding the pip; in the parenchyma cell (O) adjacent to the sclerenchyma of the inner sheath surrounding the
pip; scale bar — 30 um

Microscopic observations of C. majalis further revealed the accu-
mulation of granular bodies — likely proteinaceous or starch-based —
within the phloem, adjacent parenchymatic cells, and occasionally
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libriform cells. These reserve substances were predominantly concen-
trated within the phloem tissues. Oxalate crystals were observed in the
primary parenchymal cells of the stem, suggesting the plant's capacity
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to adapt to low-light environments through physiological stress res-
ponses. Raphide crystals — composed mainly of calcium oxalate —
were identified in the cortical parenchyma of the stem, in the rhizome
during its juvenile phase (in parenchymal and endodermal cells), and
in the sheaths covering the primary seedling (Fig. 27). The formation
of these crystals is associated with calcium ion regulation and, in
shade-tolerant mesophytes such as C. majalis, may support ionic
balance. Raphides may also contribute to water regulation and intra-
cellular osmotic balance (Salam et al., 2023; Dixon & Dickinson,
2024). Given that the cortex predominantly consists of parenchymal
cells, raphide formation is likely to influence the metabolic activity of
these cells. Localized accumulations of ergastic substances (i.e., reser-
ve compounds) in the vegetative organs of C. majalis were documen-
ted (Fig. 28), indicating a metabolic adaptation mechanism. These ac-
cumulations may represent an adaptive structural feature that supports
metabolism and energy storage under shaded conditions (Korniyevs-
kyi & Korniyevska, 2017). To further characterize the chemical na-
ture of these compounds, chromatographic analyses by pharmaceuti-
cal experts are recommended.

The findings of this study contribute to a broader understanding
of structural-physiological functionality that may occur under limited
light regimes in similar environmental contexts, not only at the species
level but also among populations of other taxa (Shafiq et al., 2020).

Conclusions

As a result of the present study, a comprehensive eco-anatomical
identification was conducted for the first time on the vegetative or-
gans of the sciophyte species C. majalis. The leaf mesophyll did not
differentiate into a fully isolateral structure but displayed dorsoventral
characteristics along with zonal parenchymatic modifications, which
are interpreted as indicative of adaptation to shaded environments.
In the stem parenchyma, the presence of an endo-aerenchymal sto-
matal structural complex was identified, representing a novel contri-
bution to the field of botany at the international level. Lignified cell
walls were observed in the phloem region, and hypertrophied hetero-
morphic cells were recorded in the mesoderm. As a result, anisocytic
morphological variations were documented within the sub-exodermal
histological complex, as confirmed by photomicrography. Parenchy-
ma tissues were also identified in the stem. In the root, ontogenetic
degeneration of the epiblema tissue led to the compensatory protec-
tive function of the exodermis, while unilateral wall thickening in
endodermal cells was considered a diagnostic feature. The accumula-
tion of photosynthetic products in the perivacuolar zones, the localiza-
tion of ergastic substances in the phloem and parenchyma tissues, the
arrangement of sclerenchyma around the vascular system, and the
sequential alignment of conductive bundles in lateral regions were all
associated with functional zonation. Furthermore, trihedral-hexahed-
ral and polygonal variations of the vascular system were evaluated as
indicators of tissue differentiation and structural modification. Inter-
cellular spaces were recorded in vegetative organs, particularly in the
stem. The findings of this study bear fundamental and applied signi-
ficance in various fields including biodiversity, pharmacopoeia, au-
toecology, plant physiology, and molecular botany (metabolomics,
marker identification), among others.
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