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Abstract

Ephedra is a medicinal plant well known for its therapeutic properties, primarily attributed to its
bioactive compounds. Recent studies have highlighted its antifungal potential, particularly against
Aspergillus flavus, a phytopathogenic fungus responsible for aflatoxin production. However, studies on this
topic remain limited. The present study aimed to investigate the anatomical adaptations of Ephedra altissima
stems and to evaluate the antifungal activity of its flavonoid compounds. A detailed histological analysis was
performed, complemented by an in silico study, which confirmed the strong antifungal activity of these
compounds. These findings highlight the potential of Ephedra as a natural agent for managing fungal
pathogens in both agriculture and healthcare.

Introduction

Ephedra altissima, a medicinal plant native to North Africa and parts of Southern Europe, is
recognized for its traditional therapeutic uses and bioactive compounds, including ephedrine and
pseudoephedrine (Edrah et al. 2016). These alkaloids are widely used in treating respiratory
disorders and as stimulants in dietary supplements. The species grows in arid and semi-arid
environments, where it faces water scarcity and high temperatures, which may have driven
specific anatomical and physiological adaptations (Ickert-Bond and Renner 2016).

Despite its pharmacological importance, research on E. altissima remains limited. Few studies
have investigated its anatomical features, which are crucial for understanding how the plant
survives under extreme environmental conditions, or its potential as a source of natural antifungal
agents. In particular, Aspergillus flavus, a major producer of aflatoxins, poses a serious threat to
staple crops and human health, highlighting the need for eco-friendly antifungal strategies
(Abdelaziz et al. 2022).

The present study addresses this gap through a combined histological and in silico approach.
The anatomical analysis focuses on vascular and protective tissues to reveal adaptations to arid
conditions, while the in silico study evaluates the antifungal potential of flavonoid compounds
from E. altissima. This interdisciplinary approach aims to enhance both botanical understanding
and the development of natural antifungal agents with potential applications in agriculture and
healthcare. ~ Our previous experience in histology (Ghalem and Hassani 2019), provided the
methodological basis for accurate and reproducible anatomical and histometric analyses, which
were applied in the present study to investigate the structural features of E. altissima.
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Materials and Methods

This study integrated anatomical and computational approaches to evaluate the biological
potential of Ephedra altissima.

Stem samples of E. altissima were collected from the Tlemcen region (Algeria) between May
and June 2023 and identified at the University of Tlemcen. To investigate the plant’s anatomical
adaptations, both young and mature stems were examined. Manual crosssections were prepared,
stained with methylene blue and carmine alum to differentiate vascular tissues, and observed
under a light microscope equipped with a digital camera.

Histometric measurements were conducted manually using a histometer, allowing precise
quantification of vascular tissues and other anatomical structures.

To evaluate the antifungal potential of bioactive compounds from E. altissima, molecular
docking was performed using ephedrine, norephedrine, quercetin, and kaempferol as ligands.

The target protein, Aspergillus flavus dihydrofolate reductase (DHFR, PDB ID: 6DRS,
resolution 2.00 A), was prepared using Discovery Studio 2020 and AutoDock Tools. Ligand
structures were retrieved from PubChem and converted using Open Babel. Docking simulations
were performed with AutoDock Vina v0.8 to calculate binding affinities, and Discovery Studio
Biovia was used to analyze protein-ligand interactions.

Fig. 1. (A) Branches of Ephedra altissima mature berry-like fruits and overall reproductive morphology. (B) Close-up of
vegetative twigs displaying the photosynthetic cladodes and young developing buds.

Results and Discussion

Despite numerous studies on various Ephedra species, data on E. altissima remain limited,
particularly regarding its histology. Previous investigations by Thompson (1912), Gifford (1943),
and Ddorken (2012) have only briefly addressed its anatomical features. The present study aimed to
reveal the structure of vegetative organs of E. altissima, with findings illustrated in Figs 2-6.

Ephedra altissima produces two juvenile shoot types: a dominant primary shoot and a
smaller, short-lived secondary shoot, both sharing similar anatomical characteristics (Gifford
1943). The epidermis consists of quadrangular cells with thick walls and a thick cuticle, featuring
numerous sunken stomata within vertical ridges. Beneath these ridges, clusters of non-lignified
fibers overlay a spongy parenchyma layer. The cortex contains isolated or grouped lignified fibers,
while the pericycle has lignified fiber bundles adjacent to the phloem. The vascular system
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comprises 14-15 radially arranged xylem and phloem bundles surrounding a broad
parenchymatous central pith, some cells containing brown pigments. In larger stems, a central
hollow pith enhances flexibility and climbing ability (Mezogi et al. 2020).

Epidermis

Fig. 2. Transverse sections of young stems of Ephedra altissima showing the organization of primary tissues, including
epidermis, parenchyma, phloem, xylem, pith, and lignified fibers at different magnifications (Gx10, Gx40, Gx60).

Stomata in E. altissima are tetracytic, composed of four epidermal cells including two guard
cells surrounding the pore (Barrera 2013). In mature stems, the epidermis is single layered and
highly cutinized, providing protection over the underlying parenchyma. Vascular bundles are
reinforced with lignified fibers, and xylem vessels are prominent, whereas resin ducts are absent.
Histometric analysis (Table 1 and Fig. 7) demonstrates that the anatomical structure of E.
altissima undergoes notable modifications as stems mature. A pronounced increase in xylem
thickness (2.3 to 6.7 um) reflects strengthened mechanical support and enhanced hydraulic
efficiency, while the pith expands slightly. Conversely, the marked reduction in parenchyma and
non-lignified fibers indicates a developmental shift toward greater tissue specialization for support
and conduction. The epidermis and phloem exhibit only minor changes, pointing to a relatively
stable functional role. Collectively, these trends underscore the adaptation of mature stems toward
a more rigid and efficient anatomical configuration typical of xerophytic species.
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Fig. 3. Longitudinal sections of the stem epidermis of Ephedra altissima showing the cuticle, epidermal cells, stomata, and
unlignified fibers at different magnifications. (Gx10, Gx60).
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Fig. 4. Cross section of a large young stem showing the hollow pith and the concentric arrangement of vascular tissues,
with well-defined xylem and phloem rings beneath the epidermis (EP) at different magnifications. (Gx10, Gx40).
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Fig. 5. Epidermal surface structure of Ephedra altissima, showing longitudinal rows of stomata and detailed views of the
stomatal complex including stomatal cells, ostiole, and surrounding epidermal cells.
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Fig. 6. Transverse sections of an old stem of Ephedra altissima, showing the central pith, well developed xylem and
phloem tissues, the epidermis, and the ring of pericyclic fibres characteristic of mature stems.

Table 1. Comparative average histometric measurements of young and mature stems of Ephedra altissima.

Tissus / Mean of Epidermis  Non-lignified  Parenchyma Pericyclic Phloem Xylem Pith
measurements (pm) fibers fibers

Young stems 1,2 34 6 24 14 2,3 45
Mature stems 1.4 1.6 2 1.6 1.6 6.7 52
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Fig. 7. Comparative bar chart illustrating the average histometric measurements of different tissue types in young and
mature stems of Ephedra altissima. The X-axis represents the anatomical categories (epidermis, non-lignified fibres,
parenchyma, pericyclic fibres, phloem, xylem and pith). The Y -axis indicates the mean histometric values expressed
in micrometres (um).
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Fig. 8. lllustration of the binding conformation of Kaempferol within the active site of dihydrofolate reductase, alongside
the 2D interaction map highlighting the key amino acid residues involved in ligand stabilization.
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Fig. 9. lllustration of the binding conformation of carbendazim within the active site of dihydrofolate reductase, alongside
the 2D interaction map highlighting the key amino-acid residues involved in ligand stabilization.

Molecular docking simulations (Table 2 and 3) evaluated interactions between bioactive
compounds from E. altissima (ephedrine, norephedrine, and kaempferol) and A. flavus
dihydrofolate reductase (DHFR, PDB ID: 6DRS). Kaempferol showed the strongest binding
affinity (-8.3 kcal/mol), forming multiple hydrogen bonds with residues THR66, GLY27, and
GLY158, along with hydrophobic and m-interactions. Ephedrine and norephedrine displayed
moderate affinities (6.5 and -6.1 kcal/mol), whereas reference antifungal agents carbendazim (-6.8
kcal/mol) and voriconazole (-6.0 kcal/mol) exhibited lower binding strengths than kaempferol.
These results indicate that kaempferol is a promising natural DHFR inhibitor, potentially
hindering fungal growth and reducing aflatoxin production.

The histological observations, including a thick cuticle, compact mesophyll with reduced
laltissima’s adaptations to arid environments, promoting water conservation and mechanical
resistance. Combined with in silico findings, this study demonstrates the plant’s potential as a
source of natural antifungal compounds, offering eco-friendly alternatives to synthetic fungicides
with reduced toxicity and lower risk of resistance.
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Overall, the integrated anatomical and molecular investigation underscores the importance of
E. altissima as both a medicinal plant and a promising source of bioactive molecules for
sustainable fungal disease management in agriculture and healthcare.
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