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Abstract

Secretory cavities and canals are traditionally treated as distinct anatomical categories and widely employed as diagnostic
characters in taxonomic studies. However, their coexistence or the presence of intermediate forms in the same individual
or organ points to a more intricate developmental relationship. The mechanisms underlying their formation and structural
differentiation, particularly the boundaries between cavities and canals, remain insufficiently understood. In this study, we
selected Myrsine guianensis (Aubl.) Kuntze (Primulaceae) because it displays globose and elliptical cavities alongside
linear, canal-like secretory spaces. This condition raises a fundamental question: do these structures represent two discrete
types of secretory spaces, or are they transitional forms along a developmental continuum? To address this question, we
investigated the secretory spaces from a developmental point of view using light and transmission electron microscopy.
Secretory cavities originated from the fundamental meristem through a schizolysigenous process, giving rise to a lumen
lined by a uniseriate secretory epithelium and surrounded by one or two layers of sheath cells. Epithelial cells exhibited
ultrastructural features indicative of intense metabolic activity associated with oil-resin synthesis. Secretion involved
pronounced cell-wall remodeling, transient periplasmic spaces, and the replacement of senescent epithelial cells. A shift
from resin- and phenolic-rich secretion to predominantly oil-rich secretion coincided with epithelial senescence and the
recruitment of sheath cells, thereby sustaining secretory activity. The fusion of adjacent cavities, epithelial reorganization,
and progressive lumen expansion produced transitional forms between globose and elongated structures, supporting the
existence of a developmental cavity-canal continuum. This structural plasticity challenges the view of secretory spaces as
discrete anatomical entities and suggests that spatial constraints during morphogenesis contribute to their diversification.
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Introduction

Plant secretory structures exhibit remarkable morphologi-
cal and anatomical diversity and are widely employed as
taxonomic characters due to their consistent position within
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species ( Fahn 1979, 1988; Metcalfe and Chalk 1950).
Among internal secretory systems, canals and cavities are
glands formed by intercellular spaces lined with specialized
secretory cells (secretory epithelium) and commonly sur-
rounded by a sheath of non-secretory cells (Evert 2006).
Distinguishing between these two types of structures
remain challenging, mainly because of their structural simi-
larity, especially the presence of a lumen lined by a secre-
tory epithelium (Martinez-Quesada et al. 2025). Although
several criteria have been proposed to differentiate them
(e.g., Martinez-Quezada et al. 2025; Paiva et al. 2026;
Prado and Demarco 2018; Turner et al. 1998), the most
reliable approach is the combined analysis of transverse
and longitudinal sections, which enables a more accurate
understanding of their organization. Secretory cavities are
isodiametric, with a spherical to elliptical shape, whereas
secretory canals are elongated, tubular structures that may
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extend throughout the plant body (Evert 2006). This distinc-
tion, however, is not always straightforward. In some cases,
secretory spaces originate as discrete cavities separated by
epithelial cells and later undergo elongation through the
stretching and separation of intervening septa (Lersten and
Curtis 1989). As a result, mature structures may give the
misleading impression of a single, continuous canal, when
they represent a series of interconnected tubular cavities
(Lersten and Curtis 1989).

Canals are broadly distributed among angiosperms,
whereas cavities are more restricted, occurring in families
such as Apocynaceae, Asclepiadaceae, Asteraceae, Faba-
ceae, Malvaceae, Myrtaceae, Primulaceae, Rutaceae (Evert
2006; Metcalfe and Chalk 1950).

Within Primulaceae, the presence of secretory cavi-
ties has diagnostic value for distinguishing two subclades:
Primuloideae, comprising herbaceous species lacking
secretory cavities, and Myrsinoideae, which includes gen-
era characterized by their presence (Judd et al. 2009). In
Myrsinoideae, these cavities are of schizogenous origin and
secrete resinous material with a yellowish to orange color-
ation, predominantly composed of hydroxybenzoquinone
derivatives, whose composition varies among species (Met-
calfe and Chalk 1950; Otegui et al. 1998a, b).

The genus Myrsine L. comprises approximately 300 spe-
cies, of which 26 occur in Brazil (Freitas 2012). Popularly
known as “capororoca,” these plants are used in folk medi-
cine to treat diseases affecting both animals and humans
(Bueno et al. 2005). Species of this genus are notable for
their chemical diversity, with more than 130 identified com-
pounds, including essential oils, flavonoids, saponins, and
quinones, many of which exhibit antioxidant, anti-inflam-
matory, and antimicrobial activities (Costa et al. 2020;
Franga et al. 2011; Thoa and Son 2024). The leaves of Myr-
sine species display translucent, orange to blackish puncta-
tions when observed against the light (Freitas and Carrijo
2008), corresponding to secretory cavities and duct-like
structures located in the mesophyll and petiole (De Luna et
al. 2014; Luna et al. 2019).

Despite the ecological, evolutionary, and chemotaxo-
nomic significance of secretory cavities in Myrsinoideae
(Ogawa and Natori 1968; Otegui et al. 1998b), most studies
have focused primarily on their formation and early devel-
opmental stages. Integrative approaches that encompass
ontogenetic, structural, and functional perspectives, track-
ing secretory cavities from their origin to full maturity and
activity, remain scarce, highlighting a critical need for com-
prehensive developmental investigations.

In this context, we investigated Myrsine guianensis
(Aubl.) Kuntze, a shrub or small tree widely distributed
in forest and savanna vegetation types in Brazil (Freitas
2012), which exhibits both globose to elliptical cavities
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and elongated, canal-like secretory spaces containing dark
secretion (Freitas 2012; Freitas 2026; Freitas and Kinoshita
2015; Otegui 1998; Otegui and Maldonado 1998). This con-
dition raises a central question: do these structures represent
distinct categories or transitional forms within a develop-
mental continuum? To address this issue, we analyzed the
ontogeny and ultrastructure of the secretory spaces of this
species using light and transmission electron microscopy.

Materials and methods
Plant material and collection site

Samples were collected from at least three individuals
of M. guianensis growing in a fragment of cerrado sensu
stricto located in Botucatu municipality (22°53'25" S and
48°27'19" W), southeastern Brazil, between November
2023 and February 2025. This vegetation type represents
the typical savanna physiognomy of the Brazilian Cerrado,
characterized by low, sparse trees with twisted trunks and
thick bark, occurring on well-drained soils, with woody
cover ranging from 5 to 70% and a discontinuous shrub-her-
baceous layer. Cerrado soil is sandy, dystrophic, acidic, has
high levels of aluminum, and the vegetation is adapted to
xeric conditions (Gottsberger and Silberbauer-Gottsberger
2006). The average annual temperature is 21.34 °C, and the
average annual precipitation is 1,500 mm in the region, with
a well-defined dry season from May to September. Accord-
ing to the Koppen climate classification, the region’s cli-
mate has recently been classified as Aw, with hot, humid
summers and cold, dry winters (Franco et al. 2023).

In the study area, M. guianensis occurred as evergreen
shrubs 1.5-2.0 m tall. A voucher (36215) was deposited in
the BOTU Herbarium of the Institute of Biosciences of Bot-
ucatu (IBB), Sao Paulo State University (UNESP).

For microscopic analyses, samples of dormant apical
buds (including the shoot apex, leaf primordia, and undiffer-
entiated leaves) were collected, in addition to unexpanded
leaves (2—4 cm long) and fully expanded leaves (8-9 cm
long) produced at the beginning of the budding cycle. For
each developmental stage, three samples were collected
from five individuals. Immediately after collection, the
material was dissected, and fragments were fixed in appro-
priate media for anatomical, histochemical, and ultrastruc-
tural analyses.

Structural, histochemical and ultrastructural studies
For light microscopy (LM) analyses, samples were fixed

in Karnovsky’s solution (Karnovsky 1965) for 24 h, dehy-
drated through a graded ethanol series, and embedded in
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(2-hydroxyethyl) methacrylate historesin (Leica Microsys-
tems). Cross and longitudinal Sects. (4—6 um thick) were
obtained using a semi-automatic rotary microtome (Leica
RM2245), stained with 1% toluidine blue in 1% aqueous
solution (O’Brien et al. 1964), and mounted in synthetic
resin (Entellan, Merck).

Histochemical tests were performed on fresh material
sectioned at 10—12 pm using a hand microtome. The fol-
lowing reagents were applied: Sudan IV for total lipids
(Johansen 1940); Nadi reagent (a-naphthol and p-dimethyl-
phenylenediamine) for essential oils and oleoresins (David
and Carde 1964); ferric chloride for phenolic compounds
(Johansen 1940); ruthenium red for pectic substances (Jen-
sen 1962); and tannic acid followed by ferric chloride for
mucilage (Pizzolato and Lillie 1973). Control sections were
prepared according to the specifications of each histochemi-
cal assay. Observations and documentation were performed
using a light microscope (Leica DMR) equipped with a digi-
tal camera (Leica DFC 500).

For transmission electron microscopy (TEM), samples
were fixed overnight at 4 °C in 2% (v/v) glutaraldehyde and
4% (w/v) paraformaldehyde prepared in 50 mM sodium
phosphate buffer (pH 7.4). The material was post-fixed in
1% (w/v) osmium tetroxide in the same buffer for 2 h at
24 °C, dehydrated in a graded acetone series, and embedded
in Araldite resin (Araldite 502, Electron Microscopy Sci-
ences). Ultrathin sections (60—70 nm thick) were obtained
using an ultramicrotome (Leica Reichert Ultracut S), col-
lected on copper grids, and contrasted with 4% (w/v) uranyl
acetate (Watson 1958) and lead citrate for 15 min (Reynolds
1963). Sections were examined using a transmission elec-
tron microscope (Tecnai Spirit, FEI Company) operated at
80 kV.

Results

Individuals of the M. guianensis retained leaves year-round,
with regrowth events that can extend over several months,
especially in spring and summer. The terminal branches
exhibited thick bark and leathery, bright green leaves with
alternating phyllotaxis. The dormant apical bud was pro-
tected by cataphylls, which were yellowish to brownish and
bear numerous brown spots (Fig. 1b). When the vegetative
apex resumed activity, the cataphylls separated (Fig. Ic)
but persisted on the branch. The cataphylls remaining have
reduced size, greenish-yellow color, blackened spots, and
coriaceous texture (Fig. 1d, e). Newly formed leaves were
erect, conduplicate, and partially overlapped the vegetative
apex (Fig. le—g). The vegetative branches produced in the
previous growing season exhibited short internodes, fis-
sured brown bark and dark green leaves with a glossy sheen

(Fig. la), while those formed during the current growing
season exhibit elongated internodes and a smooth surface,
bearing leaves with a membranous texture and distinctly
conduplicate margins (Fig. 1h).

Development, structure and histochemistry

The dormant apical bud of M. guianensis comprises the
shoot apical meristem, leaf primordia, and compact, undif-
ferentiated leaves surrounding the apex (Fig. 2a). The initia-
tion and early development of secretory cavities occurred
at the initial stages of stem and leaf organogenesis, while
these organs remain enclosed within the dormant bud and
protected by cataphylls (Fig. 1c). Within these immature
organs and tissues, secretory cavities at distinct develop-
mental stages were observed side by side (Fig. 2), reveal-
ing an asynchronous pattern of differentiation during early
organ development.

Leaf primordia displayed groups of meristematic cells
within the ground meristem, characterized by dense cyto-
plasm and prominent nuclei with conspicuous nucleoli.
These cells underwent successive divisions, giving rise
to small clusters of tightly packed initial cells (Fig. 2b).
Secretory cavities originated from these clusters, which
were established early within the ground meristem of the
leaf primordia (Fig. 2c). In the central region of these cel-
lular clusters, certain pyramidal cells displayed a conspicu-
ously large nucleus with a prominent nucleolus and locally
thickened cell walls (Fig. 2d). These wall thickenings were
followed by localized wall degradation, generating a min-
ute intercellular space at the center of the cluster (Fig. 2¢).
An increase of large cells with conspicuous nuclei was
observed (Fig. 2e), preceding progressive protoplast con-
densation and the release of cellular contents (lysogeny)
into the incipient lumen. The initial triangular intercellular
space (Fig. 2¢) gradually expanded, resulting from localized
cell wall separation (schizogeny), characterizing a schizo-
lysigenous mode of cavity formation. During the cavity
differentiation, the surrounding epithelial cells underwent
radial expansion and progressively delineated the secretory
cavity, contributing to the enlargement and structural defini-
tion of the lumen (Fig. 2g—j). Simultaneously, cells of the
ground meristem adjacent to the developing cavity divided
at the periclinal plane (Fig. 2f), giving rise to tangentially
elongated or ovoid derivative cells that encircled the cavity
(Fig. 2g-k).

The differentiated secretory cavity exhibited circular
(Fig. 2k), oval (Fig. 21, n), or elongated outlines (Fig. 2m) in
both transverse and longitudinal sections. Elongated struc-
tures were consistently observed in curved or revolute leaf
margins (Fig. 2m, n) and young stems (Fig. 20).
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Fig. 1 Shoot apex and leaf morphology of Myrsine guianensis. (a)
Vegetative stem from the previous growing season; brown fissured
bark; dark green, chartaceous, glossy leaves. (b) Dormant shoot apex
enclosed by cataphylls. (¢) Shoot apex at the onset of growing sea-
son; cataphylls separating. (d) Cataphylls at the base and surrounding

Within the same secretory epithelium, epithelial cells var-
ied in size, shape, and appearance during development. In
the undifferentiated cavities, they were larger, with rounded
to pyramidal profiles, with a spherical central nucleus and
protoplast with a heterogenous aspect, characterized by
increase in the cell volume and vacuolization (Fig. 2g—j),
whereas in mature cavities they were predominantly flat-
tened and filled with a dense, compact content (Fig. 2k, 1).
The tangential walls facing the lumen were convex at early
developmental stages (Fig. 2g-j) and appeared straight or
concave in mature cavities (Fig. 2k, 1).

At the mature stage (Fig. 21), cavities were structurally
characterized with a spherical lumen delimited by a uni-
seriate epithelium with very flat and thin-walled secretory
cells with signs of collapse. Ovoid and elongated secre-
tory spaces were observed on the leaf margin (Fig. 2m, n)
and young stem (Fig. 20). The mature cavities were fre-
quently surrounded by a sheath composed of one to two
layers of oval to tangentially elongated parenchyma cells
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young leaves. (e, f) Newly formed leaves erect, conduplicate, partially
overlapping vegetative apex. (g) Leaves removed to expose the shoot
apex (arrow) encircled by conduplicate leaves. (h) Young branch from
the current growing season; leaves membranous, margins distinctly
conduplicate. Symbols: ca.=cataphyll

(Fig. 2k). The sheath cells displayed dense cytoplasmic
contents (Fig. 2k, 1), histochemically identified as phenolic
compounds. Sheath cells, which were located just below a
senescent epithelial cell, often exhibited conspicuous nuclei
and underwent periclinal divisions (Fig. 21).

Juxtaposition was observed between two undifferentiated
cavities (Fig. 3a) and between cavities at different devel-
opmental stages (Fig. 3b, c). In the initial stages, the jux-
taposed undifferentiated cavities remained separated by a
wall formed by two layers of epithelial cells (Fig. 3a), each
derived from the adjacent cavities, or the cavities were sepa-
rated by one layer of sheath cells (Fig. 3b). As development
progressed, these epithelial layers showed signals of pro-
gressive collapse and wall degeneration (Fig. 3d, e), cul-
minating in cavity fusion and the establishment of a single
secretory compartment (Fig. 3f-h). Such merged compart-
ments shared a sheath of cells (Fig. 3d, e). In the young
portions of the stem, the fusion of adjacent secretory cavi-
ties resulted in an extensive and interconnected secretory
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Fig.2 Ontogenesis of secretory cavities of M. guianensis. Cross (a—n)
and longitudinal (o) sections through the shoot apex protected with
cataphylls. (a) Compacted, young leaves enclosed by cataphylls.
Secretory cavities are present in unexpanded leaves. Central region
with leaf primordium. (b) Leaf primordia with large cells; conspicu-
ous nuclei and nucleoli. (¢) Small clusters (circle) of meristematic cells
embedded in leaf primordia. (d) Clustered pyramidal cells with locally
thickened walls (arrowheads). (e) Minute triangular intercellular space
(arrow) at cluster center. (f) Ground meristem with periclinal division

(markers), forming 1-2 sheath cell layers. (g—j) Progressive differen-
tiation of secretory cavity and sheath cells; increased cell volume and
vacuolization. (k-1) Mature stage. (k) Mature cavity with spherical
lumen; rectangular epithelial cells; sheath cells with dense content.
() Mature cavity with flattened, thin-walled secretory cells showing
collapse (arrows); sheath cells with periclinal division. (m—n) Ovoid
and elongated secretory spaces at leaf margin. (0) Secretory canals
in young stem. Symbols: lp=leaf primordium; sc=secretory cavity;
ep=epithelial cell; sh=sheath cell; lu=lumen
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Fig. 3 Fusion of secretory cavities of M. guianensis. Cross (a—e) and
longitudinal (f-g, i) sections of shoot apex are enclosed by cataphylls.
(a, d—e, h) Leaf; (b, ¢, f—g, i) Stem. (a) Juxtaposition of two undif-
ferentiated cavities. (b, ¢) Juxtaposition of cavities at distinct devel-
opmental stages; in (b), note sheath cells separating adjacent cavities.

system (Figs. 20 and 31i). The evidence of ruptured cell walls
and cellular debris in the lumen (Fig. 3g-1) suggests recently
fused cavities.

In fully expanded leaves (Fig. 4), mature secretory cavi-
ties were embedded within the mesophyll, in both palisade
and spongy parenchyma (Fig. 4a). Cavities occurred either
isolated (Fig. 4b) or in pairs (Fig. 4c), and exhibited iso-
diametric (Fig. 4b), ovoid (Fig. 4c) or elongated (Fig. 4d)
outlines.

Secretory cavities containing abundant secretion were
frequently observed in the mesophyll of still undifferenti-
ated leaves and in the young stem stained with toluidine
blue (Fig. 5a—d). The lumen content appeared as a yellow-
ish crystalline material (Fig. 5a—d), probably derived from
hydroxybenzoquinone. This material was associated with
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(d—f) Degeneration of epithelial cells separating adjacent cavities. (g—
i) Single secretory compartment formed by fusion of adjacent cavities;
canal-like secretory space; note cell debris within lumen. Symbols:
ep=epithelial cell; sh=sheath cell; lu=lumen

an opaque, bluish, granular secretion, both components
occurring concomitantly within the lumen. Some cells of
the secretory epithelium, and sheath had a distinct appear-
ance and shape (Fig. 5c, ¢), and were intensely stained green
with toluidine blue, indicating phenolic compounds.

Histochemical tests yielded positive reactions with
ferric chloride (Fig. 5f), Sudan IV (Fig. 5g, h), and Nadi
reagent (Fig. 51, j), indicating the presence of phenolic com-
pounds, lipids, and moisture of essential oils and oleoresins,
respectively. Epithelial cell walls reacted to ruthenium red
treatment (Fig. 5k), indicating the presence of acidic poly-
saccharides, mainly pectic substances.
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Fig.4 Mature secretory cavities in the expanded leaf of M. guianensis. (a) Secretory cavities distributed in mesophyll, within palisade and spongy
parenchyma. (b) Single globose cavity. (¢) Paired secretory cavities. (d) Linear cavity. Symbol: sc=secretory cavity

Fig. 5 Characterisation of secretions in secretory cavities of M. gui-
anensis. Cross sections stained with toluidine blue (a—e) and histo-
chemical tests (f-k). (a) Cavities containing secretions with distinct
aspects and colors. (b) Yellowish crystalline luminal content. (c—d)
Yellowish crystalline content associated with opaque, bluish, granular
secretion. (e) Secretory epithelial cells intensely green with toluidine

Ultrastructure and secretion dynamics

Under TEM, differentiating secretory cavities exhibited
large, pyramidal epithelial cells with a bulging surface fac-
ing the lumen (Fig. 6a). These cells were characterised by
conspicuous nuclei, a dense and abundant cytoplasm, and
a vacuolar system composed of vacuoles differing in shape
and number containing electron dense inclusions (Fig. 6b),
probably consisting of a mixture of resin and phenolic sub-
stances, as indicated by histochemical analyses. At this
developmental stage, numerous globular mitochondria with
well-developed cristae containing dark inclusions, prolifer-
ated endoplasmic reticulum frequently exhibiting dilated
tubules, and scattered vesicles with electron-dense contents
(Fig. 6¢) were commonly observed. In addition, cytoplas-
mic oil bodies and ovoid plastids filled with finely granular

blue, indicating phenolic compounds. (f) Positive ferric chloride reac-
tion; phenolic compounds in lumen. (g-h) Positive Sudan IV reaction;
neutral lipids in lumen of single (g) and paired (h) cavities. (i, j) Posi-
tive NADI reaction; terpenes (essential oils and oleoresins) as purple
deposits at lumen periphery (i) or filling lumen (j). (k) Positive ruthe-
nium red reaction; pectin in epithelial cell walls

stroma containing a network of thin membranous profiles
(Fig. 6d—e) were abundant.

As differentiation progressed, the lumen became progres-
sively expanded, and the epithelial cells, varying in size and
shape, exhibited ultrastructural heterogeneity. Cells with
features indicative of intense metabolic activity (Fig. 6)
occurred adjacent to others displaying ultrastructural char-
acteristics consistent with the final stages of the secretory
cycle (Fig. 7).

In metabolically active secretory cells, the most conspic-
uous features included a peripherally positioned, ellipsoidal
nucleus and a dense cytoplasm rich in organelles (Fig. 6g).
Oil bodies were predominantly concentrated at the distal
pole of the cell, whereas small vacuoles contained elec-
tron-dense inclusions resembling resin and phenolic mate-
rial (Fig. 6g). The smooth endoplasmic reticulum (SER)
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{ Fig. 6 Ultrastructure of the secretory cavities in M. guianensis. (a—e)
Differentiating stage; (f-1) Mature stage. (a) Epithelial cells with bulg-
ing surface; large nucleus; dense cytoplasm; vacuoles with electron-
dense content. (b) Numerous small vacuoles with heterogeneous mate-
rials; oil bodies at distal pole; nucleus and oil bodies in sheath cell.
(¢) Mitochondria with osmiophilic inclusions; ER tubules with dilated
ends; vesicles/prevacuoles with dense content. (d) Cytoplasmic oil
bodies; plastids with finely granular stroma and membranous network.
(e) Plastid detail. (f) Epithelial cells with variable architecture; secre-
tion in the lumen. (g) Bulky cell; peripheral nucleus; small vacuoles
with dark inclusions; dense cytoplasm at distal pole. (h) Mitochon-
dria and short SER profiles. (i) Plastid juxtaposed to plasmalemma;
periplastidial reticulum (marker). (j) Large plastid with stromule
(arrowhead). (k) Coalescent vacuoles with dark content; peripheral oil
bodies. (I) Oil accumulation in periplasmic space. Symbols: ep=epi-
thelial cell, sh=sheath cell; lu=lumen; nu=nucleus; va=vacuole;
mi=mitochondria; er=endoplasmic reticulum; ol=oil body; pl=plas-
tid; ser=smooth endoplasmic reticulum; cw=cell wall

occurred as short, scattered cisternae distributed throughout
the cytoplasm (Fig. 6h), while long SER profiles were fre-
quently observed in close association with plastids, forming
a periplastidial reticulum (Fig. 61). Juxtaposition between
plastids and plasmalemma was common (Fig. 61). In some
epithelial cells, plastids appeared enlarged and exhibited
thin tubular stromal extensions bounded by the envelope
membrane (Fig. 6j), corresponding to stromules. Vacuoles
displayed irregular and often complex configurations, con-
sistent with fusion events among adjacent compartments
(Fig. 6k). These vacuoles contained dark inclusions (resin/
phenolic material) and occasional oil bodies. A marked
increase in oil bodies was observed in the peripheral cyto-
plasm at the distal pole of the cells (Fig. 6k), as well as in
the periplasmic space of the cell walls facing the lumen
(Fig. 61). Oil droplets were seen traversing the cell wall and
ultimately reaching the cavity lumen (Fig. 61).

Following the secretory process, the epithelial cell walls
became sinuous, loosened, and reduced in thickness, while
the protoplast underwent retraction (Fig. 7a). A prominent
periplasmic space developed along the inner periclinal wall
facing the lumen and became filled with fibrillar material
(Fig. 7b). The anticlinal walls became thinner, with a loose
and lamellar aspect (Fig. 7c). The peripheral cytoplasm was
dense and contained polyribosomes, profiles of rough endo-
plasmic reticulum (RER), mitochondria, small dictyosomes,
and abundant vesicles carrying electron-dense material
(Fig. 7d, e). Within the expanded periplasmic space formed
along the anticlinal walls as a result of protoplast retraction,
accumulations of floccular material and osmiophilic gran-
ules were observed (Fig. 7e).

At this developmental stage, the sheath cells subjacent to
the senescent epithelial cells exhibited a prominent nucleus
with heterochromatin, a reduced cytoplasm containing
scattered oil bodies, and a large central vacuole filled with
electron-dense fibrillar material (Fig. 7f). In other sheath
cells, in addition to a large vacuole containing dark fibrillar

inclusions, substantial oil accumulations were observed
within the periplasmic space along the tangential wall adja-
cent to the epithelial layer (Fig. 7g). In these cells, plastids
bearing starch grains (Fig. 7h) were the distinguishable
organelles.

Epithelial cells exhibiting signals of protoplast degen-
eration appeared to be compressed or entrapped by the sub-
jacent sheath cells (Fig. 7i). The sheath cells were bulky,
tangentially elongated or oval, and possessed thicker cell
walls. The protoplast was occupied by a prominent vacu-
ole containing electron-dense, heterogeneous material
with a granular aspect (presumably phenolic substances
histochemically identified) interspersed with oil bod-
ies of varying sizes. These sheath cells were incorpo-
rated in the secretory epithelium (Fig. 7j). Cellular debris
was observed adhering to the cell walls facing the lumen
(Fig. 7k). Oil bodies were accumulated at the distal pole of
the cells, closely appressed to the plasmalemma (Fig. 71),
and occurred within an expanded periplasmic space in the
same region (Fig. 7m). At this stage, the secretion lining the
lumen periphery appeared electron-opaque, homogeneous,
and predominantly lipidic.

Discussion

This study focused on the structural, developmental, and
cytological features of the secretory cavities of M. guianen-
sis. Although secretory cavities were initially characterized
as isolated cavities, the juxtaposition and subsequent fusion
of adjacent cavities were common in undifferentiated leaves
and stems, demonstrating the occurrence of transitional
forms along the organ axis. These intermediate configura-
tions indicated morphological continuity between discrete
cavities and elongated structures with a canal-like appear-
ance. Additionally, ultrastructural analyses provide evi-
dence for the integration of sheath cells into the secretory
epithelium and their contribution to secretion production.

Although several criteria have traditionally been
employed to distinguish secretory canals from cavities,
such as the mechanism of lumen formation (lysigenous or
schizogenous), overall shape, and longitudinal extension,
with canals typically described as elongated intercellular
spaces and cavities as more or less spherical or elliptical
structures (Evert 2006; Fahn 1979), these features are not
always definitive. Our developmental analyses demonstrate
that, in M. guianensis, the juxtaposition and subsequent
anastomosis of adjacent secretory cavities can generate
elongated intercellular spaces that closely resemble canal-
like structures.

Transitional forms of secretory spaces have been con-
sistently reported (Freitas 2026; Lersten and Curtis 1989),
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particularly in Leguminosae species (Palermo et al. 2017,  developmental pattern has been described in Solidago
2018), where spherical, ovoid, and elongated cavities may  canadensis (Asteraceae), in which foliar secretory cavi-
merge or coexist with canals, resulting in a broad spectrum  ties originate as discrete units separated only by epithelial
of morphologies within the same organ. A comparable  cells (Lersten and Curtis 1989). As development progresses,
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{ Fig. 7 Ultrastructure of the secretory cavities in M. guianensis. (a)
Secretory cell with thin, sinuous, loosened walls; retracted protoplast.
(b) Enlarged periplasmic space with fibrillar material. (¢) Thin, sinu-
ous anticlinal walls. (d-e) Peripheral cytoplasm along anticlinal walls.
(d) Dense cytoplasm; RER profiles; dictyosome; small oil bodies;
vacuole with dense content. (e) Polyribosomes; mitochondria; dictyo-
some; abundant vesicles with electron-dense material; expanded peri-
plasmic space due to protoplast retraction; loosened walls. (f) Sheath
parenchyma cell; prominent nucleus with heterochromatin; reduced
cytoplasm with scattered oil bodies; large central vacuole with elec-
tron-dense fibrillar content. (g) Sheath cell with oil accumulation in
periplasmic space along tangential wall adjacent to epithelium; secre-
tion in lumen. (h) Sheath cell with large vacuole containing dark het-
erogeneous material; chloroplasts with starch grains; thick tangential
wall. (i) A senescent epithelial cell entrapped by subjacent sheath
cells. (j) Sheath cells incorporated into secretory epithelium. (k) Cel-
lular debris adhered to the cell walls facing the lumen. (I) Oil bod-
ies appressed to sheath cell plasmalemma. (m) Expanded periplasmic
space filled with oil; electron-opaque, predominantly lipidic secretion
lining lumen periphery. Symbols: ep=epithelial cell; sh=sheath cell;
lu=lumen; nu=nucleus; va=vacuole; mi=mitochondria; er=endo-
plasmic reticulum; ol =oil body; pl=plastid; ser=smooth endoplasmic
reticulum; cw=cell wall; ps=periplasmic space; sg=starch grain

cavity elongation, together with the stretching and separa-
tion of intervening septa, produces the misleading appear-
ance of a single continuous canal rather than a series of
interconnected tubular cavities (Lersten and Curtis 1989).
This developmental trajectory closely parallels the pat-
tern observed in M. guianensis, in which initially discrete
cavities undergo progressive juxtaposition and anastomosis,
forming elongated intercellular spaces. These findings indi-
cate that canal-like structures may arise secondarily from
pre-existing cavities, thereby blurring the classical distinc-
tion between canals and cavities based solely on mature
morphology. Consequently, our results highlight that a
developmental perspective, integrating the analysis of both
transverse and longitudinal sections throughout develop-
ment provides the most reliable basis for the accurate inter-
pretation of secretory cavities and canals.

The occurrence of transitional forms between secretory
cavities and canals in M. guianensis provides compelling
evidence that these structures do not represent discrete cate-
gories but rather a morphological continuum shaped during
morphogenesis. We interpreted this structural gradation as a
plastic response to spatial constraints (e.g., mechanical pres-
sure, space limitation) operating during morphogenesis. The
availability of space and physical constraints play a funda-
mental role in shaping plant cells and organs, and this issue
has emerged as an important perspective in developmental
botany (Prusinkiewicz and Barbier de Reuille 2010; Ronse
De Craene 2018). Experimental evidence indicates that,
alongside genetic regulation, modifications in the physical
environment of the shoot apical meristem can alter onto-
genetic trajectories and, consequently, the morphospace of
plant organs (Prusinkiewicz and Barbier de Reuille 2010).
Within this framework, the presence of intermediate forms

between cavities and canals in M. guianensis can be under-
stood as the developmental outcome of spatial displace-
ments and mechanical constraints acting in concert with
genetic factors. Together, these complementary perspec-
tives provide a more integrated explanation for the struc-
tural diversity and plasticity observed in secretory cavities.

The developmental analyses demonstrated that the
secretory cavities derive from fundamental meristem cells
and exhibit features characteristic of both lysigenous and
schizogenous pathways, supporting their classification as
schizolysigenous glands, a pattern reported in different spe-
cies and even among organs of the same species (Rodrigues
and Machado 2009). In agreement with observations on the
early onset of secretory activity (Machado et al. 2017), the
cavities of M. guianensis were active in secretion at the leaf
primordium stage, with development extending throughout
leaf differentiation.

The ultrastructural organization of the secretory epithe-
lial cells in M. guianensis was consistent with that described
for cytological processes involved in the synthesis, trans-
port, and compartmentalization of lipophilic secretions
(Carvalho et al. 2023, 2025; Cheng et al. 2025; Costa and
Demarco 2024; Paiva et al. 2026; Rodrigues and Machado
2009; Sadala-Castilho et al. 2016; Sa-Haiad et al. 2015;
Tolke et al. 2021). The plastids features observed in M.
guianensis appear to play an active role in fatty acid syn-
thesis, generating acyl chains that may be exported and
subsequently modified by lipid-synthesising enzymes in the
endoplasmic reticulum (Nawrath et al. 2013). The presence
of stromules, observed as fine tubular extensions of plas-
tids, suggests intensified interactions between plastids and
organelles that may facilitate the exchange of substrates and
metabolites required for key biosynthetic pathways (Han-
son and Conklin 2020). Similar plastidial projections have
been reported in the chloroplasts of extrafloral nectaries,
where their close spatial association with the nucleus, mito-
chondria, endoplasmic reticulum, and plasma membrane
supports a role in inter-organelle communication during
the secretory process (Machado et al. 2018). Additionally,
stromules have been implicated in plant immune responses
and nutrient sensing (Gray et al. 2001; Grzyb 2025; Han-
son and Conklin 2020). The close association between SER
and plastids suggests a highly integrated metabolic network
in secretory cells. These coordinated interactions between
organelles likely enhance the efficiency of terpene synthesis
(such as essential oils and oleorein), transport, and accu-
mulation (Bergman et al. 2024). This underscores the func-
tional specialization of the secretory cavities as active sites
for metabolic compartmentalization, intracellular transport,
and the production of distinct classes of secondary metabo-
lites. Moreover, the accumulation of lipophilic secretion in
the cytoplasm and the periplasmic space of the secretory
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epithelial cells provides additional evidence of eccrine
secretion (Fahn 1979).

During the secretory process, cell wall modifications indi-
cated its active involvement in secretion release. The wall
facing the lumen becomes thinner and partially detached,
whereas the anticlinal walls remain thicker but exhibit a
loose arrangement of cellulose microfibrils. This configura-
tion results in small gaps in which the secretion accumu-
lates prior discharge into the lumen. Cell wall disintegration
and the formation of these gaps during resin secretion are
closely associated with the activity of lytic enzymes, such
as acid phosphatase, involved in wall degradation (Carv-
alho et al. 2023, 2025). This interpretation is supported by
the presence of polyribosomes, RER profiles, dictyosomes,
and vesicles in the peripheral cytoplasm along the anticli-
nal walls of the epithelial cells. Structural wall remodeling,
characterized by decreasing wall thickness, microfibril loos-
ening, and periplasmic space formation, together with the
pressure generated by secretion accumulation in the peri-
plasmic space, likely facilitates the trans-wall flow of secre-
tion products (Paiva 2016). In addition, the generation of
oligosaccharide fragments from degraded wall polysaccha-
rides may enhance plant defense responses against microor-
ganisms (Braga and Dietrich 1987).

Notably, sheath cells adjacent to the degenerating epithe-
lial cells displayed conspicuous nuclei and underwent peri-
clinal divisions, indicating sustained meristematic activity
and suggesting that cavity development involves continued
peripheral cell recruitment during organ growth. The occur-
rence of a sheath of cells with meristematic characteristics
surrounding secretory canals has been reported in resin
glands of several species (Carmello et al. 1995; Lacchia
and Carmello-Guerreiro 2009; Machado et al. 2017; Paiva
and Machado 2006; Palermo et al. 2017, 2018; Rodrigues
et al. 2011a, b; Tolke et al. 2021). TEM analyses demon-
strated the replacement of senescent epithelial cells by
cells derived from the underlying sheath, accompanied by
changes in the ultrastructural appearance of the secretion.
The secretion shifted from an electron-dense profile, associ-
ated with resin and phenolic compounds, to a predominantly
electron-lucent profile, characteristic of oil. This evidence
supports the hypothesis that the meristematic sheath plays a
key role in the continuous renewal of the secretory epithe-
lium (Rodrigues et al. 2011a), thereby maintaining secretory
activity throughout organ development and conferring pro-
longed functional longevity of these glands.

The coordinated subcellular organization observed in the
epithelial cells, particularly the interactions among plastids,
endoplasmic reticulum, and mitochondria, as well as cell
wall modifications, supports the intense metabolic fluxes
required for the synthesis, modification, accumulation, and
release of specialized metabolites. Acting synergistically,
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the identified compounds, mainly terpenes (fundamental
components of plant resins) may contribute to the deterrence
of herbivores and microbial pathogens, while also enhanc-
ing photoprotection by mitigating ultraviolet-induced dam-
age (Abbas et al. 2017; Costa et al. 2020; Harborne 1997,
Huo et al. 2013). Terpenoids are among the most diverse and
ecologically significant plant secondary metabolites, acting
as key defenses against herbivores and pathogens and medi-
ating multiple chemo-ecological interactions. Therefore, the
accumulation of diverse classes of substances such as phe-
nolic substances, lipids, oleoresins, and essential oils within
secretory structures suggests a conserved metabolic strategy
that has been associated with chemical defense (Huo et al.
2013). The synthesis, accumulation, and release of these
compounds are tightly associated with specialized secretory
structures, whose regulation in response to environmental
cues underpins both plant fitness and the biotechnological
value of terpenoids (Cheng et al. 2025).

In a broader context, this study provides a structural and
developmental basis for understanding the production of
bioactive metabolites with ecological, pharmacological and
taxonomic significance in Primulaceae.

Conclusion

This study contributes to the understanding of the diversity
of secretory cavities morphotypes side by side that extend
beyond the globose and linear secretory structures previ-
ously reported (Freitas 2026). These findings challenge the
traditional interpretation of these structures as discrete cat-
egories and instead support the concept of a developmen-
tal continuum shaped by structural plasticity in response to
spatial constraints.

In M. guianensis, secretory cavities operate as dynamic
and integrated structures coordinating organelle activity,
cell wall remodeling, and cellular turnover. The coexis-
tence of distinct metabolites within these secretory struc-
tures, together with their early differentiation and sustained
activity throughout organ maturation, reinforces the inter-
pretation of these structures as multifunctional defensive
compartments.
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