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Abstract

The anatomy of the vegetative organs of Vanilla pompona subsp. grandiflora, an endemic species of the
humid forests of northeastern Peru and of great ecological and economic importance, is described
through histological sections and histochemical tests. The leaves showed homogeneous mesophyll
and epidermis with slightly depressed anomocytic and tetracytic stomata. The stems showed a
continuous ring of perivascular sclerenchyma and vascular bundles with sclerenchyma
reinforcement, while the roots showed uniseriate velamen, thickened exodermis, parenchymatic
cortex and a vascular cylinder with large-diameter xylem elements. Histochemical assays revealed
the presence of quinones in the leaf mesophyll, lipids in the shoot sclerenchyma, lignin in the xylem,
and starches in the root. These traits provide diagnostic characteristics for subspecies recognition and
constitute a basis for a comprehensive morphological characterization, complemented by
preliminary histochemical observations, which will provide input for future anatomical and
taxonomic studies of Amazonian floodplain plants.

Keywords: histochemistry; histology; plant anatomy; vegetative organs

1. Introduction

The Orchidaceae family has a pantropical distribution, also reaching temperate, boreal, and
subantarctic zones, although its greatest diversity is concentrated in the tropics [1]. It is one of the
two largest families of angiosperms, along with Asteraceae, and its modern classification recognizes
five subfamilies: Apostasioideae, Cypripedioideae, Vanilloideae, Orchidoideae, and Epidendroideae,
organized into 21 tribes [2]. With nearly 28,000 species worldwide, Peru has 212 genera and around
2,206 species, with an estimated 2,500 to 3,500 species [3,4].

The subfamily Vanilloideae comprises 15 genera and 180 species [5], predominantly found in
South America [6]. The most representative genus is Vanilla Mill., which is economically important
and consists of hemiepiphytic lianas with fleshy stems, adventitious roots, and showy flowers,
distributed in pantropical regions [7,8]. Mexico is the center of origin and domestication of Vanilla
planifolia [9], the world's best-known vanilla species, whose mature pods are highly prized and in
high demand on the international market [10] in both the perfume and food and gastronomy
industries [11]. Among its South American representatives, Vanilla pompona subsp. grandiflora (Lindl.)
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Soto Arenas, endemic to the permanently flooded forests of northeastern Peru, where it is part of
aguajal ecosystems and aguajal-renacal transition territories [8,12].

In Peru, documentation of the genus Vanilla has been limited. The earliest records date back to
the manuscripts of Ruiz & Pavén in the 18th century, followed by Humboldt's observations [13,14]
in Cajamarca. In the 20th century, Kraenzlin [15] described V. weberbaueriana based on specimens
from Junin, while Schlechter [16] and Schweinfurth [17] expanded the lists for the country. Recent
research has incorporated new records and species, with 17 taxa currently recognized in Peruvian
territory, several of them with restricted distribution [18-21]. In this regard, recent studies on Vanilla
in the San Martin region record attempts at vegetative propagation with contrasting results. It has
been reported that the type of substrate significantly influences the number and length of V. pompona
roots, as well as sprouting and shoot diameter, with leaf litter being the most favorable substrate,
thus providing patterns that suggest that vegetative behavior depends on the interaction between
substrate and time, and that limitations in propagation may be related to anatomical characteristics
not yet described [22].

Comparative anatomy provides useful diagnostic characters for differentiating morphologically
similar species [23]. Furthermore, in orchids, anatomy reflects adaptations to humid and epiphytic
environments, in which structures such as storage tissues, vascular system organization, and
epidermal morphology are associated with water tolerance, mechanical support, and photosynthetic
efficiency [24,25].

Anatomical studies on the genus Vanilla have been scarce and mainly focus on cultivated species
such as V. planifolia [25], while wild species remain largely unexplored, despite their ecological and
cultural relevance to local communities [26]. Thus, the lack of anatomical information represents an
obstacle both to understanding the biology of the species and to designing cultivation and
conservation strategies [27,28]. In this context, the histological study of V. pompona subsp. grandiflora
is particularly relevant, considering its restricted distribution, the pressure from deforestation, and
the growing interest in its productive value and in situ conservation [28].

This study describes the anatomy of the vegetative organs of V. pompona subsp. grandiflora in
wild populations of the Alto Mayo Valley (VAM), with the aim of providing diagnostic characteristics
to differentiate it from other related species and providing information on its degree of adaptation to
flood-prone environments.

2. Materials and Methods

2.1. Study Area and Plant Material

Five adult wild individuals of Vanilla pompona subsp. grandiflora (Lindl.) Soto Arenas were
selected from the province and district of Moyobamba, San Martin department, Peru (05°54'17.9" S,
77°07'07.5" W).

Samples were collected, including aerial roots (approximately 60 mm), stems at the internode
level (approximately 140 mm), and leaves (approximately 170 mm). These were temporarily stored
in 70% ethanol at 15 °C until processing. Voucher specimens were deposited in the Herbarium San
Marcos (USM), Universidad Nacional Mayor de San Marcos, under collection numbers V040 (USM
347166) and V151 (USM 347167). Collections were conducted under authorization RD N*¢ D000022-
2024-MIDAGRI-SERFOR-DGGSPFFS-DGSPF.

2.2. Anatomical Study

Fresh material was hand-sectioned to obtain transverse cuts of stems and roots, and transverse
and surface cuts of leaves, mounted in water for preliminary observation. In fixed material,
transverse and surface sections were cleared with sodium hypochlorite (50%), bleached with chloral
hydrate (5%), and stained with toluidine blue (1%). Permanent and semi-permanent slides were
prepared in synthetic resin (temporal) or glycerin gelatin.
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Histochemical tests were applied on hand sections: sodium hydroxide 2.5% for diaphanization,
ethanol boiling at 96%, clearing with sodium hypochlorite (50%), bleaching with chloral hydrate, and
staining with toluidine blue, following venation pattern evaluation according to Hickey [40] and Ash
et al. [41]. For ultrastructural analysis and high-quality microphotographs, modified paraffin
embedding was used, samples were dehydrated in ascending ethanol concentrations (70%, 80%, 96%,
100% I-III), passed through ethanol-xylene (I-III) and xylene (I-II), and infiltrated in paraffin (I-III).
Tissues were embedded in paraffin blocks on a warm plate and sectioned with a Leica SM 2010R
rotary microtome. Sections were mounted on slides coated with Mayer’s albumin, deparaffinized,
and rehydrated through a descending ethanol series (100%-50%). Staining was carried out with
toluidine blue. Finally, samples were dehydrated, cleared in xylene (III-IV), and mounted in Entellan,
then air-dried before microscopic observation. [42].

For metabolite recognition in fresh sections, histochemical reagents were applied:
phloroglucinol in acidic medium (lignin), Sudan III (suberin), Lugol’s solution (starch), ferric chloride
1% (tannins), Dragendorff’s reagent (alkaloids), and sodium hydroxide 5% (quinones), following the
methods modified by Locke [43] and D’ Ambrogio de Argiieso [42].

Microphotographs were taken with a Leica ICC50 microscope and LAS EZ software; additional
measurements were made with Image] [44]. Panoramic images (40x and 100x) and detailed images
(400x) were captured in three fields per sample. Microscopic measurements were made in triplicate
per individual: leaf anatomy, surface view (3 fields, 10 measurements each) and transverse view (3
cuts, 10 measurements each); stem anatomy, transverse view (3 cuts, 10 measurements each); root
anatomy, transverse view (3 cuts, 10 measurements each).

The qualitative and quantitative parameters to be evaluated for the comparative anatomical
study of Vanilla pompona subsp. grandiflora (Lindl.) Soto Arenas were specific to each organ. The
criteria followed the method modified from Evans [45]and Ash et al. [41]:

Table 1. Qualitative and quantitative anatomical parameters of Vanilla pompona subsp. grandiflora evaluated in

this study.
Plant organ Parameters
Qualitative Quantitative
Leaf Type of mesophyll, presence or absence of Stomatal index and density,
trichomes or glands, presence or absence of mesophyll thickness, cuticle thickness.
crystals, stomatal types, stomatal position and
vascular bundle distribution.
Stem Type of epidermis, type of cuticle, presence or Cuticle thickness, epidermal
absence of trichomes, tissue organization, thickness, vessel diameter.
vascular bundle organization, and fiber
classification.
Root Type of xylem, presence of exodermis and Root diameter, periderm thickness (if
endodermis, sclerenchyma fiber bundles and present), xylem vessel diameter.
vascular bundle organization.
3. Results

3.1. Leaf Anatomy

The leaf of Vanilla pompona subsp. grandiflora is thick and broad. The adaxial epidermis (Figure
1A, 1E) consists of periclinal cells with a thickened outer wall, whereas the abaxial epidermis (Figure
1A, 1F) is composed of isodiametric or periclinal cells. Both leaf surfaces (Figure 1A, 1B) are covered
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by a cuticle with an average thickness of 4.50 + 0.37 um (Table 2). Rectangular crystals were observed
scattered throughout the mesophyll, as evidenced in micrographs at 1000x magnification (Figure 1C).
The mesophyll (Figure 1A) is homogeneous, consisting of compact, thin-walled cells, with an average
thickness of 1144.88 + 54.17 um (Table 2). The vascular bundles (Figure 1C, 1D) are accompanied on
the phloem side by sclerenchyma bands that reinforce mechanical support. The leaf is hypostomatic
and lacks trichomes, and the stomata, restricted to the abaxial epidermis, are superficial, anomocytic
and tetracytic (Figure 1F), slightly sunken below the surface, with a density of 4.5 + 0.85 stomata/mm?
and a stomatal index of 7.92 + 1.32% (Table 2).

-77.400 -77.200 -77.000
-

MOYOBAMBA

Tingana
Ecological
Reserve

——
-78.000 -76.000

Figure 1. Map of the collection site of Vanilla pompona subsp. grandiflora in Moyobamba, San Martin,
Peru.

Table 2. Quantitative parameters analyzed in the vegetative organs of Vanilla pompona subsp. grandiflora (Lindl.)

Soto Arenas.

Quantitative parameter Measurement
Mesophyll thickness (um) 1144.88 + 54.17
Stomatal density (stomata/mm?) 45 +0.85
Stomatal index (%) 7.92+1.32
Leaf cuticle thickness (um) 4.50+0.37
Stem epidermis thickness (um) 34.09 £5.92
Stem cuticle thickness (um) 526 £1.90
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Stem xylem vessel diameter (um) 35.52+4.27

Root diameter (um) 1482.55 +10.01

3.2. Stem Anatomy

In the stem of Vanilla pompona subsp. grandiflora, a primary structure is present, characterized by
a uniseriate epidermis (Figure 2A, B) measuring 34.09 + 5.92 um in thickness and a cuticle of 5.26 +
1.90 um (Table 2). A continuous ring of perivascular sclerenchyma, one to four cell layers thick,
provides mechanical support to the structure (Figure 2A, D). The vascular bundles are well defined
and surrounded by sclerenchyma fibers, reinforcing the anatomical identity of the tissue and its
adaptation to a climbing, epiphytic habit. The pith parenchyma occupies the central region of the
stem in cross-section (Figure 2C), while in the xylem, vessels with an average diameter of 35.52 +4.27
um (Table 2) are observed, along with tracheary elements in longitudinal section that display annular,
spiral, scalariform, and reticulate thickenings (Figure 2E, F). Notably, trichomes are absent on the
stem surface.

Figure 2. Vegetative features of Vanilla pompona subsp. grandiflora. From left to right: habit with aerial roots,

stem, and foliage leaves.

3.3. Root Anatomy

The root of Vanilla pompona subsp. grandiflora, with an average diameter of 1482.55 + 10.01 um
(Table 2), exhibits in cross-section a primary polyarch structure (Figure 3A), with a uniseriate
velamen whose anticlinal cells show thickenings on their inner and lateral walls. Beneath this layer
lies the exodermis, followed by a broad cortical parenchyma composed of isodiametric, thin-walled
cells, in which root hairs are absent. The vascular cylinder (Figure 3B) displays a radial arrangement,
with the phloem organized in narrow strands and the xylem formed by wide-diameter vascular
elements. In the central region, an abundant pith parenchyma is present, consisting of rounded, thin-
walled cells.
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Figure 3. Internal structure of the leaf of Vanilla pompona subsp. grandiflora. (A) Mesophyll with aquiferous
parenchyma. (B) Transverse section showing cuticle and epidermis in detail. (C) Crystals in the mesophyll (D)
Detail of vascular bundle. (E) Adaxial epidermis. (F) Abaxial epidermis. Abbreviations: abe, abaxial epidermis;
ade, adaxial epidermis; ap, aquiferous parenchyma; bs, bundle sheath; cu, cuticle; 1v, leaf vessels; me, mesophyll;
vb, vascular bundle; sta, anomocytic stoma; stt, tetracytic stoma. Scale bar: (A) 200 um; (B) 16 um; (C) 80 um;

(D-F) 40 pm.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Internal structure of the stem of Vanilla pompona subsp. grandiflora. (A) Cortex. (B) Epidermis and
cuticle. (C) Pith parenchyma. (D) Vascular bundle. (E) Tracheids. (F) Vessels. Abbreviations: sf, sclerenchyma
fibers; c, cortex; cu, cuticle; ep, epidermis; pa, parenchyma; ph, phloem; scl, sclerenchyma; vb, vascular bundle;
xf, xylary fibers. Scale bar: (A) 200 um; (B, D) 40 um; (C, E, F) 80 um.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Internal structure of the root of Vanilla pompona subsp. grandiflora. (A) Transverse root section. (B)
Vascular bundle. Abbreviations: co, cortical parenchyma; ex, exodermis; ph, phloem; p, pith parenchyma; xy,
xylem; ve, velamen. Scale bar: (A) 200 um; (B) 80 pum.

3.4. Histochemistry

Histochemical tests on the vegetative organs of Vanilla pompona subsp. grandiflora revealed the
presence of different metabolite groups. In the leaf (A), a positive reaction to quinones with 5%
sodium hydroxide was observed mainly in the mesophyll. In the stem (B), lipid detection using
Sudan III showed positive staining in the sclerenchyma bands. In the root (C), the floroglucinol test
confirmed lignin deposition in the xylem elements. Finally, in the root (D), Lugol’s iodine test
revealed the presence of starch grains in the pith.

Figure 6. Histochemistry of the vegetative organs of Vanilla pompona subsp. grandiflora. (A) quinones in
mesophyll, (B) lipids in stem sclerenchyma, (C) lignin in root xylem, (D) starch in root pith. Abbreviations: me,
mesophyll; ph, phloem; p, pith parenchyma; scl, sclerenchyma; xy, xylem. Scale bar: (A-C) 40 pm; (D) 80 um.
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4. Discussion

The anatomy of the vegetative organs observed in Vanilla pompona subsp. grandiflora is consistent
with that documented for the genus, while also providing precise metrics that enrich its ecofunctional
interpretation [29].

In the leaf, the mesophyll is homogeneous and compact (1144.88 + 54.17 pm) and the
arrangement of collateral bundles with predominantly phloematic sclerenchymatic reinforcement is
consistent with that described for homogeneous laminae with sclerenchymatic inclusions and sheaths
in Vanilla [23]. The occurrence of rectangular crystals throughout the mesophyll is consistent with
prior reports for the genus [26] and may serve as an additional anatomical feature useful for
comparative and taxonomic purposes. In addition to their taxonomic significance, calcium oxalate
crystals have been suggested to play diverse physiological roles in plants, such as regulating tissue
calcium and ionic balance, providing structural support, protecting against herbivory, and
contributing to the detoxification of heavy metals; they may also influence light capture and reflection
[30].The epidermis with thickened periclinal cells on the adaxial side and isodiametric cells on the
abaxial side is consistent with the epidermal variability of the group, in line with what has been
described for V. planifolia, where epidermal morphology and stomatal diversity have shown
phylogenetic relevance [24]. Although Raffi et al. [23] report tetracytic predominance with the
presence of anisocytic and anomocytic complexes, in this subspecies the tetracytic and anomocytic
condition stands out, in slight depression and superficial, with a density of 4.5 + 0.85 stomata/mm?
and an index of 7.92 + 1.32%, within the range of variation of the genus. The thickness of the cuticle
(4.50 £ 0.37 pm) adds a value that is poorly documented for the subspecies and useful for future
comparisons [23], showing similarities with what has been described in leaves of species of the
Orchidaceae family such as Cattleya caulescens and C. endsfeldzii, which also have thickened cuticles
with suprastomatal chambers and uniseriate epidermis [31], as well as with what has been reported
in Epidendrum radicans, where a 3-4 um cuticle, uniseriate epidermis, and paracytic stomata on the
adaxial surface are observed [32]. The tetracytic-anomocytic predominance and low stomatal index
suggest optimization of gas exchange under high humidity conditions, while the cuticle thickness
(4.5 pm) offers a diagnostic character to differentiate this subspecies from other taxa of the pompona
complex. Along these lines, the results of Barreda-Castillo et al. [33] provide complementary
evidence, showing that V. pompona and its hybrids with V. planifolia exhibit a differential response to
induced water stress, with a lower reduction in stomatal conductance, leaf area, and water content
compared to V. planifolia. These responses are consistent with the anatomy documented here,
particularly with sparse stomata, thickened cuticle, and compact mesophyll, which promote efficient
water use in humid environments while also offering resilience under conditions of water variation.

In the stem, the continuous ring of perivascular sclerenchyma (1-4 layers), the well-defined
bundles with fascicular sheaths, and the glabrescence support a functional interpretation of
mechanical support and resistance in a climbing and/or epiphytic habit, consistent with classic
descriptions of peripheral reinforcement and water storage in Vanilla [23,26]. The xylem architecture
(vessels of 35.52 + 4.27 um) with annular, spiral, and reticulate thickenings, as well as areolate and
scalariform pores, suggests efficient conduction with mechanical flexibility in young organs [23,26].
In turn, these characteristics find parallels in pseudobulbs and rhizomes of other orchids, such as
Cattleya and Oncidium, where collateral bundles appear surrounded by fibers and associated with
reserve cells [31,34], and in Epidendrum radicans, whose stems show a uniseriate epidermis, a 2-6 um
cuticle, and collateral bundles covered by sclerenchymatic reinforcement [32]. The thicknesses of the
epidermis (34.09 + 5.92 um) and cuticle (5.26 + 1.90 um) provide functional metrics for exploring
tolerance to desiccation and insolation, aspects that are rarely quantified. The coexistence of
peripheral sclerenchymatic reinforcement and medium-diameter vessels reflects mechanical support
and hydraulic efficiency in a climbing-epiphytic habit, providing metrics that could be used as
differential criteria compared to related species.

At the root, the combination of a uniseriate velamen, exodermis with thickened walls, thin-
walled parenchymatic cortex, abundant pith, and a vascular cylinder with collateral bundles and
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large-diameter xylem elements matches the aerial root model of the genus [26,35]. More recent
observations show that in V. phaeantha the structure varies between free aerial roots, roots attached
to the phorophyte, and buried roots, with differences in cell wall epitopes reflecting adaptive
plasticity [36], and in V. pompona, the sequence of adhesion stages has been documented with
variations in velamen development, the presence of raphides, and the abundance of root hairs
depending on the attachment substrate [37].

In the histochemical results, the positive reaction to quinones in the leaf mesophyll supports the
presence of phenolic compounds with defensive and oxidative functions, consistent with the
inclusions reported for the genus [23]. The lipid signal in cauline sclerenchyma bands suggests
cutinized and suberized impregnations associated with waterproofing and mechanical reinforcement
in epiphytes [26]. In roots, positive phloroglucinol confirms xylem lignification, while marked
staining for starch emphasizes the reserve role of the cortex and pith in epiphytic environments with
high water variability [35,38], similar to that observed in Saoncella et al. [34], where lignification in
the exodermis and the presence of crystals and flavonoids in the cortex of epiphytic roots are
reported. In line with these observations, recent studies show that Vanilla pompona has a different
chemical profile from V. planifolia, characterized by the presence of benzyl alcohol, ethyl phenyl
alcohol, and benzaldehyde in the early stages of refining, along with a lower relative content of
vanillin [39]. This chemical differentiation is consistent with the abundance of starchy reserves and
phenolic compounds detected in the vegetative organs of V. pompona subsp. grandiflora, suggesting
that anatomical specialization in storage and defense structures is also reflected in its diversity of
secondary metabolites. Thus, the anatomical features and chemical profiles reported coincide in
highlighting the subspecies' ability to respond to conditions of high humidity and environmental
variability, while providing differential criteria compared to V. planifolia.

5. Conclusions

The anatomy of Vanilla pompona subsp. grandiflora reveals adaptations to high humidity and a
hemiepiphytic climbing habit. These adaptations are evident in support and reserve structures,
including cauline sclerenchyma, root velamen, and abundant starch in the roots. Notably, among the
quantitative traits not previously analyzed in the genus Vanilla are cuticular thickness (4.5 um), low
stomatal index (7.9%), and large root diameter (1.48 mm). These traits strengthen the interpretation
and provide comparative characteristics with Neotropical congeners. These results expand upon
anatomical information, now complemented by a basic histochemical assessment, and go beyond
what had previously been reported from cultivated materials. They also offer diagnostic criteria for
taxonomic delimitation of the group. Together, these results highlight the importance of integrating
anatomical knowledge into biodiversity research, as they contribute baseline data for in situ
conservation, sustainable management, and the preservation of genetic resources of Amazonian
orchids.
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