Protoplasma (2022) 259:187-201
https://doi.org/10.1007/500709-021-01651-z

ORIGINAL ARTICLE q

Check for
updates

The short but useful life of Prepusa montana Mart. (Gentianaceae Juss.)
leaf colleters—anatomical, micromorphological, and ultrastructural
aspects

Jailma Rodrigues Goncalves'® - Diego Ismael Rocha?® - Luana Silva dos Santos'® - Valdnéa Casagrande Dalvi'

Received: 28 December 2020 / Accepted: 20 April 2021 / Published online: 3 May 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract

Colleters are secretory structures involved in the protection of young and developing plant organs. Although the presence of
colleters in Gentianales is described as a synapomorphy, studies on the morphofunctionality of colleters and the mechanisms
underlying the synthesis and release of colleter secretion in Gentianaceae are scarce. Here, we described the ontogeny and
the morphological and functional aspects of colleters of Prepusa montana, revealed the nature of the key compounds pre-
sent in the secretion, and explored the cellular aspects of the synthesis and release of secretion and senescence of colleters.
Samples of the stem apical meristem with leaf primordium and young leaves; adult and senescent leaves were observed
using light and electron microscopy. The colleters, located in the axil of the leaf, have a protodermal origin and develop
asynchronously. They are digitiform, possessing a short peduncle and a secretory head containing homogeneous cells with
dense cytoplasm and abundant endoplasmic reticulum and Golgi bodies. The secretion, composed of polysaccharides and
proteins, is accumulated in schizogenous spaces and released through the separation of peripheral secretory cells and loos-
ening of the external periclinal wall. Presumably, senescence is caused by programmed cell death. The morphoanatomical
characterization of P. montana leaf colleters described here is the first record for the genus and the peculiar accumulation of
colleter secretion in schizogenous spaces expanding our knowledge on the diversity of these secretory structures. Our results
also provide insights into programmed cell death as an eminent topic related to secretory structures.
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Introduction exudate and the duration and intensity of secretory activity

differ across glands. In some cases, these structures undergo

Secretory structures are common in plants. They can be
internal or external and serve different functions in the
plant body due to their diverse structures, locations, and
exudate chemical compositions, in particular (Fahn 1979;
Roshchina and Roshchina 1993; Evert 2006). In most cases,
the glands develop early—before the complete development
of the organ in which they are located. The composition of
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senescence after the cessation of their activity, as observed
in colleters (Paiva 2009; Fernandes et al. 2016; Ribeiro et al.
2017).

Colleters (from the Greek colla) are multicellular struc-
tures that secrete a sticky substance (Thomas 1991). They
occur in different parts of the plant, such as stipules (Klein
et al. 2004; Pinheiro et al. 2019); at the base of the leaf blade
(Appezzato-da-Gléria and Estelita 2000; Silva et al. 2019),
leaf margin and/or in the leaf teeth (Fernandes et al. 2016;
Almeida and Paiva 2019; Rios et al. 2020), in the petiole,
bracts (Thomas and Dave 1989), in the sepals (Dalvi et al.
2020), and mainly in the vegetative and/or reproductive
shoot apexes (Thomas 1991; Costa et al. 2020).

Colleter secretions serve various functions such as lubri-
cating and protecting the developing meristems and organs
by preventing desiccation (Fahn 1979; Thomas 1991); facili-
tating bacterial symbiosis via leaf nodules in Rubiaceae
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plants (Lersten 1974a, b, 1975; Miller et al. 1983); activat-
ing defense against fungal, bacterial, and herbivore attacks
(Miguel et al. 2006; Ribeiro et al. 2017); and keeping the
petals together until anthesis (Mayer et al. 2013).

Chemically, the colleter secretions are composed of
mucilaginous and lipophilic substances or a mixture of both
(Fahn 1979; Thomas 1991). Proteins (Miguel et al. 2006;
Coelho et al. 2013; Dalvi et al. 2014), phenolics (Ribeiro
et al. 2017), terpenes (Cassola et al. 2019), and alkaloids
(Almeida and Paiva 2019) may also be present. In addition
to the chemical complexity, the secretion composition may
vary at different stages of development (Thomas and Dave
1989; Appezzato-da-Gléria and Estelita 2000; Klein et al.
2004), which warrants further research.

The mechanisms of secretion and colleter senescence
have been addressed, and dynamic involvement of the
cell wall in the release of secretion in the former and pro-
grammed cell death in the latter has been proposed (Miguel
et al. 2006, 2010, 2016, 2017). These two processes occur
simultaneously (Coelho et al. 2013; Miguel et al. 2016).
However, there is little literature on the autophagic pro-
cesses, which are essential for understanding the senescence
of colleters and the end of their secretory activity.

Solereder (1908) described colleters as finger-like struc-
tures with elongated axial cells and a palisade epidermis,
which is the standard form observed in Rubiaceae. By
observing colleters in Rubiaceae, Lersten (1974a, 1974b)
proposed a classification based on their morphoanatomical
characteristics including “standard type,” “reduced stand-
ard,” “intermediate,” “dendroid,” and “brush-like” types.
Over time, other types have been described, such as “fili-
form” (Robbrecht 1983) and “winged” (Robbrecht 1987),
among others. Standard type colleters are comprised of a
secretory palisade epidermis covering a non-secretory cen-
tral axis, which may or may not be vascularized with xylem
and phloem (Lersten 1974a, b) being the most common
type of colleter reported in the literature. However, given
the increasing records of the occurrence of these structures
in different families of angiosperms, including monocots
(Leitdo and Cortelazzo 2008; Mayer et al. 2011; Cardoso-
Gustavson et al. 2014; Ballego-Campos and Paiva 2018),
gymnosperms (Sacher 1954, 1955), and ferns (Oliveira et al.
2017), the morphoanatomical types and functional aspects
of the colleters do not conform to the existing classification.
Some authors even consider function as fundamental aspect
for defining a secretory structure as a colleter (Mayer et al.
2011).

In view of the diversity of colleters, especially regard-
ing the distribution, function, and morphoanatomy within
the taxa, the colleters are relevant in taxonomic interpreta-
tions (Simdes et al. 2006; Sheue et al. 2013). The occurrence
of colleters in Gentianales, for example, is described as a
synapomorphy (Struwe and Albert 2002; Judd et al. 2009).
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Even so, there are few studies on the morphofunctionality
of these secretory structures in Gentianaceae (Nemomissa
1997; Renobales et al. 2001; Delgado et al. 2011; Dalvi et al.
2013, 2014, 2020; Guimaraes et al. 2013; Zanotti 2018).

Recent field observations have demonstrated the potential
occurrence of colleters in Prepusa montana Mart. (Gentian-
aceae: Helieae), which is the first described species of this
genus (von Martius 1827) and is the only species Prepusa
spp. that reaches the size of a shrub or small tree (Fig. 1a).
This species still differs from the others species of the genus
by the calyx and corolla of greenish-yellow, yellowish-green,
or cream (Fig. 1b and c). It is endemic to the state of Bahia,
Brazil and shows a restricted distribution in the campos rup-
estres (Fig. 1d) and Cerrado, occurring on rocky outcrops
(Struwe and Albert 2002; Cali6 et al. 2008; Cali6 2009).

To this end, the objectives of the present study were (i) to
describe the structure of colleters in P. montana at different
stages of leaf development; (ii) to investigate the chemi-
cal nature of the major components of the colleter exudate
based on histochemical analyses; and (iii) to elucidate the
cellular aspects of the synthesis and release of exudates and
senescence of colleters.

Material and methods
Collection and sampling

Samples of the stem apical meristem with leaf primordia
and young leaves (i) and the base of adult (ii) and senescent
(iii) leaves were collected from three P. montana individuals
(Fig. 1). The samples were collected from a campo rupes-
tre in Chapada Diamantina, Mucugé, Bahia, Brazil (13° 00’
35.2" S, 41°22'34.7" W) (Fig. 1d). The environment at the
study site is characterized by a predominance of herbaceous
and shrub vegetation growing on rocks, strong winds, and
marked climatic variations. The fertile material was pressed
and deposited in the Herbarium of Rio Verde (IFRV), Rio
Verde, Goias, Brazil (IFRV numbers 1042, 1043, and 1187).
The collected samples were visualized under a stereomi-
croscope (Stemi DV4, Carl Zeiss™, Germany) to confirm
the presence of colleters and to observe their morphological
characteristics.

Light microscopy

The samples were fixed in FAA (formalin, acetic acid, and
70% ethanol 1:1:18 by volume) for approximately 48 h and
preserved in 70% ethanol (Johansen 1940) for structural
characterization. Subsequently, the samples were dehydrated
in an increasing ethanol series, subjected to pre-infiltration,
and embedded in methacrylate resin (Historesin Leica, Leica
Microsystems, Heidelberger, Germany). Transverse and
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Fig. 1 Morphological details of
Prepusa montana. a Sub-shrub
vegetation. b,c Details of the
flowers. d Sample collection
sites: campos rupestres at the
Cemitério Bizantino, Chapada
Diamantina, Bahia, Brazil

longitudinal sections (thickness, 5 um) were obtained using
a rotary microtome (1508R; Logen Scientific) with low-pro-
file disposable steel blades (Leica 819, Leica Biosystems,
Buffalo Grove, Illinois, USA). The sections on glass slides
were stained with toluidine blue (pH 4.6) (O’Brien et al.
1964) and mounted in synthetic resin (Permount; Fisher
Scientific, NJ, USA).

Histochemistry

Different fixatives were used for histochemical tests: FAA
(formalin, acetic acid, and 50% ethanol; 1:1:18 by volume)
(Johansen 1940) for polysaccharides, proteins, and water-
soluble phenolics; neutral-buffered formaldehyde solution
(phosphate buffer:formalin, 9:1 v/v) (Lillie 1965) for lipids
and lipid-soluble phenolics; and formalin—ferrous sulfate
solution (9:1 v/v) (Johansen 1940) for general phenolics.
The samples were dehydrated in an increasing ethanol
series, embedded in methacrylate resin (Historesin Leica,
Leica Microsystems, Heidelberger, Germany), and sec-
tioned (thickness, 5 um) using a rotary microtome (1508R;
Logen Scientific). The transverse and longitudinal sections
were treated with periodic acid—Schiff (PAS) stain to detect

total polysaccharides (McManus 1948); Lugol’s solution
(Johansen 1940) to detect starch; potassium dichromate
(Gabe 1968) to detect phenols; Ponceau Xylidine (O’Brien
and McCully 1981) to detect total proteins; ruthenium red
(Johansen 1940) to detect pectin/mucilage; and Sudan III to
detect total lipids (Pearse 1985). The respective controls and
samples not subjected to the reagent (blank) were observed
under a light microscope.

Electron microscopy

For scanning electron microscopy (SEM), samples were
fixed in FAA (formalin, acetic acid, and 50% ethanol; 1:1:18
by volume) for approximately 48 h, dehydrated in an increas-
ing ethanol series (80%, 90%, and 100%), and critical point-
dried with CO, (Autosamdri®-815; Series A, MD, USA).
The samples were placed onto stubs using double-sided tape,
sputter-coated with gold (25 nm) (Desk V, Denton Vacuum,
NJ, USA), and observed under a scanning electron micro-
scope (JSM 6610; Jeol, Tokyo, Japan). For transmission
electron microscopy (TEM), the material was fixed in Kar-
novsky solution (Karnovsky 1965) for 48 h, post-fixed in 1%
osmium tetroxide (0.1 M phosphate buffer, pH 7.2) for 2 h,

@ Springer



J.R. Gongalves et al.

a Springer




The short but useful life of Prepusa montana Mart. (Gentianaceae Juss.) leaf colleters... 191

«Fig. 2 Distribution and characterization of Prepusa montana foliar
colleters. a. Stereomicroscopic. b,c,e Cross sections stained with
toluidine blue. d Scanning electron microscopy (SEM). a Colleters
at the base of the leaf blade (arrows). b Colleters distributed around
the shoot apical meristem (AM), at the base of the leaf primordium
(LP) and young leaves. ¢ Asynchronous development of colleters
through the following three phases: (1) undifferentiated, (2) mature-
active, and (3) senescent colleters. d Digitiform colleters (arrows)
with secretion (*) around the leaf primordium (LP). e Homogeneous
cells of the secretory head and peduncle. Bars: a=5 mm; b=500 pm;
c and e=100 pm, d=200 pm

dehydrated in an increasing acetone series, and embedded
in EPON. Ultrathin Sects. (70 nm) were contrasted with 2%
uranyl acetate and 0.2% lead citrate (Reynolds 1963) and
observed under a transmission electron microscope (JEM
2100; Jeol, Tokyo, Japan) equipped with an energy-disper-
sive detector (at 80 kV).

To understand the dynamics of the external periclinal cell
wall during secretion releases, we have used the different
layers of it followed the classification proposed by Miguel
et al. (2016).

Results
Distribution, morphoanatomy, and ontogeny

P. montana colleters were located at the base of the leaf
blade (Fig. 2a). Several colleters were present at the early
stages of leaf development. In the shoot apex, in leaf pri-
mordium and young leaves, they surrounded the shoot apical
meristem (Fig. 2b).

Colleters developed asynchronously (Fig. 2¢ and d), and
three distinct development stages could be observed: undif-
ferentiated or pre-secreting colleters (phase 1), mature-active
colleters (phase 2), and senescent colleters, whose secretory
activity had ceased (phase 3) (Fig. 2c). The mature-active
colleters are digitiform (Fig. 2d and e), possessing a secret-
ing apical head and a short non-secreting peduncle (Fig. 2e).
These colleters, together with senescent ones, predominated
the adult leaves.

P. montana colleters have a protodermal origin. At the
early stages of development, the volume of two or more
protodermal cells increased (Fig. 3a). Elongation and anti-
clinal division formed a bulge (Fig. 3b), and periclinal divi-
sions formed a globular structure (Fig. 3¢). These divisions
continued in different planes resulting in the growth of the
structure body, comprising round cells, without significant
differentiation (Fig. 3d). Subsequently, the internal or central
cells were elongated, while the cells lining the structure,
called peripheral cells, remained round (Fig. 3e).

Colleters are described as mature or active (phase 2) fol-
lowing cellular differentiation, with a distinction between

the basal and the secretory portions (Fig. 3f and g). The
basal portion constitutes the peduncle, which possesses two
to three layers of vacuolated hyaline cells with visible nuclei
(Fig. 3f). In contrast, the secretory portion is composed of
elongated cells with large nuclei and dense cytoplasm and
was intensely stained with toluidine blue (Fig. 3f and g).
Anatomical sections indicated that the colleters are avascu-
larized (Fig. 3f-1).

During the secretory phase, large intercellular spaces
beginning in the apical region of the secretory portion
toward the base (Fig. 3g) were formed, characterizing the
beginning of the senescent phase. These intercellular spaces
were formed by the displacement or separation of internal
cells from the periphery of the structure (Fig. 3h). Cell dis-
placement was characterized by decreased cell volume and
middle lamella rupture (Fig. 3h), while cell death was char-
acterized by cytological changes such as retraction of the
protoplast, partial or total loss of nuclear and cytoplasmic
contents, and change in cell contour (Fig. 3i). Notably, the
activity of the internal secretory cells ceased before that of
the peripheral ones, which remain adhered to the cuticle and
intact (Fig. 3g—).

Cell death continued and throughout the secretory por-
tion, with only a small set of central and peripheral cells
remaining (Fig. 3j). Following this, the colleters were flat-
tened, and an abscission region, indicated by the cell wall
lignification of the peduncle cells, was formed in some of
them (Fig. 3k). All these stages were observed in the leaf
primordium and young leaves. Finally, the colleters persist-
ing in the senescent leaves showed a total cell collapse and
could no longer be distinguished (Fig. 31).

Secretion composition

The colleters of P. montana were slightly brown initially
(Fig. 2a) and tended to darken as the leaves developed. The
cellular cytoplasm was also slightly brown in the secretory
portion but not in the peduncle (Fig. 4a).

Histochemical tests showed the presence of proteins in
the cytoplasm of the cells in the secretory portion of the
colleters (Table 1; Fig. 4b) only at the initial stages of leaf
development. Conversely, the presence of polysaccharides
was confirmed in the secretion at all stages of leaf devel-
opment. Extravasated polysaccharide was observed around
the stem apical meristem and leaf primordium (Fig. 4c) and
accumulated in the intercellular spaces (Fig. 4c). Polysac-
charides were not detected at the early stages of colleter
development (phase 1) (Fig. 4d). These compounds were
detected only after cell differentiation (Table 1; Fig. 4e—h)
and were accumulated in the intercellular spaces in phases
2 and 3 of colleter development (Fig. 4f-h). The senescent
stage of colleters was characterized by complete degradation
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«Fig.3 Colleter development. a Beginning of colleter formation:
dividing protodermal cells. b Elongation and anticlinal division of
the protodermal cells. ¢ Division in different planes forming a glob-
ular structure. d Colleter body composed of undifferentiated cells. e
Elongation of the internal secretory cells. f A mature colleter, with
a clear distinction between the peduncle and the secretory head. g
Cell retraction or lysis starts at the apex and promotes the formation
of large intercellular spaces. h Points of the middle lamella (black
arrows) indicate the separation of the internal secretory cells. i Cells
with irregular contours lacking the cytoplasmic content (arrowhead).
j Degradation along the entire structure. k Lignification of the cells
walls (white arrows). 1 Total colleter collapse. Bars: j and k=100 um;
e-g, 1, and 1=50 pm; a, ¢, d, and h=20 um; b=10 pm

of the structure, but the remaining secretion was retained
(Fig. 4h).

Ruthenium red staining distinguished the internal secre-
tory cells from the peripheral ones (Fig. 4i and j). Spaces
between the peripheral cells may serve as the pathways of
secretion release to the external environment (Fig. 4j). Large
intercellular spaces were observed in which pectic secretion
were accumulated (Fig. 4k), with the adjacent cells show-
ing protoplast retraction (Fig. 4k). Pectic exudates became
abundant at the final stage of colleter development (Fig. 41)
and were retained in the collapsed structure. The results of
other histochemical tests were negative (Table 1).

Ultrastructure

Internal and peripheral secretory cells showed the same
cytological characteristics (Fig. 5a) at the early stages of
colleter development. Both types of cells contained dense
cytoplasm with a conspicuous nucleus as well as abundant
Golgi bodies associated with small vesicles, endoplasmic
reticulum, small vacuoles (Fig. 5b), and plasmodesma
(Fig. 5¢). Well-developed periplasmatic spaces were filled
with exudate (Fig. 5d), and in some colleters, exudate was
also accumulated in the intercellular spaces among the
peripheral secretory cells (Fig. 5e).

These spaces were formed due to the degradation of
the middle lamella (Fig. 5f~h). The middle lamella of the
peripheral cells became loose, reticulated, and disassoci-
ated from the cell wall (Fig. 5f). Dense circular aggregates
were formed, and the middle lamella was detached from the
cell wall (Fig. 5f). Small vesicles emerging from the plasma
membrane adjacent to the anticlinal walls of the two neigh-
boring cells (Fig. 5g) were observed. Finally, an intercellular
space resulting from the dissolution of the middle lamella,
which connected two anticlinal walls of the peripheral cells
(Fig. 5h), emerged.

The external periclinal wall was composed of three struc-
turally distinct layers: a basal polysaccharide layer (pol),
cuticular membrane (cm), and thin cuticular layer (cut)
(Fig. 6a). However, differences in the structure and thick-
ness of cell wall were observed during secretory activity

(Fig. 6b). The wall was more disorganized in regions where
the exudate accumulated in the periplasmatic spaces
(Fig. 6b). Interestingly, vesicles were observed close to these
regions of exudate accumulation (Fig. 6b). The cuticle was
reticulated, with dense projections throughout the structure
(Fig. 6¢) but without pores or rupture in the layers constitut-
ing the external periclinal wall of the colleters in the secre-
tory phase.

As the colleters developed, the protoplasm was retracted,
and the number and size of the vacuoles in the cells were
apparently increased (Fig. 6d). Unidentified materials of
different electron densities were detected inside these orga-
nelles. These vacuoles showed small electrodense bodies
associated with the tonoplast (Fig. 6e). They coalesced
with one another, and a large vacuole with fibrillar material
was observed (Fig. 6f). These events continued and finally
resulted in a partial or complete loss of cytoplasmic content,
protoplast retraction reflected by irregular contours, and loss
of turgor, making it difficult to distinguish the subcellular
aspects (Fig. 6g), characterizing the end of the secretory
activity of colleters.

Discussion
Anatomy and development of colleters

The morphoanatomy of P. montana colleters differs from the
types described by Lersten (1974a). In the present study, we
observed colleters comprising a secretory head formed of
homogeneous cells, similar to the colleters described in other
Gentianaceae plants (Nemomissa 1997; Renobales et al.
2001; Delgado et al. 2011; Dalvi et al. 2013, 2014, 2020;
Zanotti 2018). The same pattern of cell organization was
observed in Chamaecrista (Fabaceae) colleters (Coutinho
et al. 2015), and the name “homogeneous colleters” was
proposed based on the cellular composition, coining a novel
terminology for colleter classification. These colleters usu-
ally originate exclusively from the protoderm, suggesting
that the pattern or shape of cells remains the same (Paiva
2009), and they can be distinguished from the commonly
reported colleters of mixed origin (protoderm and ground
meristem) (Appezzato-da-Gloéria and Estelita 2000; Coelho
et al. 2013; Mercadante-Simdes and Paiva 2013).

Studies to date have indicated a predominance of homo-
geneous colleters in Gentianaceae species, except in Mac-
rocarpaea obtusifolia (Griseb.) Gilg (Dalvi et al. 2014). P.
montana and M. obtusifolia belong to the Helieae tribe—a
problematic clade from a taxonomic and phylogenetic point
of view (Molina and Struwe 2009; Struwe et al. 2009).
The most recent phylogenetic study of Helieae (Calié et al.
2017) has described Prepusa as a basal group and sister
to the rest of the members of the tribe but has maintained
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«Fig. 4 Staining and histochemical characterization of colleters. a Nat-
ural coloring of colleters. b Proteins detected in the cytoplasm of the
cells located in the secretory portion of the active colleters. c=h Sec-
tion subjected to periodic acid—Schiff staining. ¢ Colleters in young
leaves showing evidence of extravasated exudate (black asterisk) and
accumulation in intercellular spaces (inclusion). d Forming colleter
(negative for polysaccharides). e Mature colleter. f-g Accumulation
of polysaccharide in intercellular spaces. h Collapsed colleter with
accumulated secretion. i-l Sections subjected to the red ruthenium
staining. i Middle lamella (white arrows) showing cell displacement.
j Possible passage of the exudate to the outside (black arrows). k
Formation of large intercellular spaces, with accumulation of pectic
exudate and cell death, as evidenced by the retraction of the proto-
plast (arrowhead). 1 Intense staining for pectin in senescent colleters.
Bars: a=100 um; b and f=200 um; c=500 pum; d and e=50 pm;
g-1=10 um

Macrocarpaea as a distinct clade. Considering the use
of anatomy in such studies, the structural variation in the
colleters may be a characteristic to support the phylogeny of
the group. Moreover, Macrocarpaea is one of the few genera
of the family with a shrub or an arboreal habit. However, the
association between the type of colleters and the habit of
the species has not been evaluated to date. Studies in other
Gentianaceae species are ongoing, and their findings may
contribute to the phylogeny of the group and highlight the
taxonomic potential of this characteristic at the family level.
In addition to cellular homogeneity in the secretory
portion, P. montana colleters possess evident intercellular
spaces. Such spaces arise through schizogenesis as also
described for the colleters of Calolisianthus speciosus
(Cham. & Schltdl.) Gilg. (Zanotti 2018). Although few
studies have reported the schizogenous origin of the inter-
cellular spaces in colleters, these spaces filled with exudate
are recurrent in colleters with secretory heads composed of
homogeneous cells (Paiva and Machado 2006; Paiva 2009;
Delgado et al. 2011; da Silva et al. 2012, 2019; Zanotti
2018). The arrangement of such cells may explain the forma-
tion of the intercellular spaces. For instance, homogeneous
colleters are generally smaller than the standard, reduced, or
dendroid ones, which may be the reason all cells in the head
exhibit secretory activity to maximize exudate production.

Secretion composition

Protecting the developing meristems and organs is the
key function of colleters (Fahn 1979; Thomas 1991). We
observed the predominance of polysaccharide secretion in
the colleters of P. montana, although proteins were also
detected at the early stages of leaf development. The same
composition has been reported for the leaf colleters of other
Gentianaceae species (Delgado et al. 2011; Dalvi et al.
2013, 2014; Zanotti 2018), albeit with minor variations for
calycinal colleters, which also possess phenolic compounds
(Zanotti 2018).

The mucilaginous nature of colleter secretions is mainly
aimed at preventing desiccation (Demarco 2008; da Silva
et al. 2012; Mayer et al. 2013; Zanotii 2018). The presence
of pectin also contributes to this function, as its hygroscopic
properties facilitate water absorption (Célino et al. 2014).
Such protection is consistent with the xeric habitat of P.
montana—the campos rupestres characterized by constant
winds and intense solar radiation. According to Miguel et al.
(2006), the presence of proteins might be associated with the
inhibition of microorganism growth.

Recent studies have suggested an association between
the environmental parameters and secretion composition
(Tresmondi et al. 2015, 2017; Costa et al. 2020). Plants
producing hydrophilic exudates tend to predominate the
forests, whereas lipophilic or mixed exudates tend to pre-
dominate the savannas. On the other hand, Santos de Faria
(2019) did not find differences in the secretion composi-
tion of Casearia species collected from forests and Cerrado.
Nonetheless, the predominance of polysaccharide secretion
in the colleters combined with the location of colleters in
the leaves of P. montana confirms the traditional functions
of these structures.

Ultrastructure

The apical cells of the colleters show characteristics of
secretory cells, such as dense cytoplasm; conspicuous
nucleus; and abundant endoplasmic reticulum, Golgi bod-
ies, mitochondria, and small vacuoles, indicating high
metabolic activity of the cells (Klein et al. 2004; Paiva and
Machado 2006; Miguel et al. 2006, 2010; Machado et al.
2012; Coelho et al. 2013; Mercadante-Simdes and Paiva
2013; Tulli et al. 2013; Machado et al. 2015; Miguel et al.
2016). The endoplasmic reticulum and Golgi apparatus are
typically associated with the synthesis, modification, and
transport of proteins and polysaccharides (Mollenhauer
and Morré 1966; Dexheimer and Guenin 1981; Dupree and

Table 1 Histochemical characterization of the cells and exudates of
Prepusa montana foliar colleters

Reagent Group of compounds  Reaction
Secretory Exudate
cells
Periodic acid—Schiff =~ Total polysaccharides — + +
staining
Ruthenium red Acidic mucilage/pectin  + +
Ponceau Xylidine Proteins + -
Lugol’s solution Starch - -
Sudan IIT Total lipids - -

Potassium dichromate General phenolics - -

+ positive reaction;—negative reaction
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«Fig.5 Ultrastructural aspects during secretory activity. a Undiffer-
entiated peripheral and internal secretory cells. b Vacuoles, endo-
plasmic reticulum, and Golgi apparatus secreting small vesicles.
¢ Plasmodesma (black arrows). d Accumulation of exudate in the
periplasmatic space and swelling of the anticlinal cell wall. e Accu-
mulated exudate (asterisk) in the intercellular space and between
peripheral cells. f Degradation of the middle lamella (arrowheads). g
Vesicles (arrows) adjacent to the anticlinal wall. h Formation of an
intercellular space (dotted arrow) between the adjacent two-cell anti-
clinal wall. cw, cell wall; Ga, Golgi apparatus; ml, middle lamella; ps,
periplasmatic space; er, endoplasmic reticulum; va, vacuole. Bars: a,
e=5pum; b, d, f~h=1 pm; c=500 nm

Sherrier 1998; Fahn 2000; Nebenfiihr and Staehelin 2001).
However, the endoplasmic reticulum and Golgi appara-
tus were also observed during senescence of P. montana
colleters, and they might be involved in the enzymatic activ-
ity (Zer and Fahn 1992) and emergence of lytic compart-
ments (Matile and Moor 1968; Marty 1978; 1999; Viotti
et al. 2013; Viotti 2014). According to Viotti et al. (2013),
the endoplasmic reticulum is the main membrane source for
biogenesis of the lytic vacuole. However, further analyses
are necessary to confirm the presence of lytic compartments
during the senescence of P. montana leaf colleters.

The vesicles observed in the periplasmatic spaces of P.
montana colleters were similar to paramural bodies involved
in the collapse of the cell wall by the transport of hydrolytic
enzymes during the senescence of Iris and Dendrobium
flowers (Kamdee et al. 2015), and these structures were
interpreted to play similar roles in the present study. The
compounds present in the vesicles of P. montana could dis-
solve the lamella, contributing both to the increase in inter-
cellular spaces and the passage of exudate among periph-
eral cells. This hypothesis corroborates the anatomical data
indicating the separation of cells and formation of large
intercellular spaces as well as the results of ruthenium red
staining demonstrating the dissolution of the middle lamella
as colleter development progressed in P. montana.

The disorganization of the external periclinal cell wall
layers indicates the involvement of the external periclinal
wall in exudate release (Miguel et al. 2010; Canaveze and
Machado 2015; Miguel et al. 2016; 2017). Our results indi-
cate a possible association between the accumulation of
exudate in the periplasmatic space and the loosening of the
cell wall layers.

According to Miguel et al. (2017), the outer wall layers of
Bathysa nicholsonii K. Schum. colleters were altered due to
the development of an accumulation region in the polysac-
charide layer, which collapsed upon reaching the cuticular
membrane. Interestingly, the dense projections observed in
the cuticular layer are described as microchannels (Coelho
et al. 2013; Canaveze and Machado 2015), which likely

contribute to the passage of exudate through the cuticular
membrane. In fact, the absence of pores or rupture in the
cuticle implies that the passage of exudate in P. montana
occurs via diffusion, as already reported in Bathysa (Miguel
et al. 2006; Coelho et al. 2013) and Simira (Klein et al.
2004). Furthermore, turgor facilitates the passage of exudate
from the central vacuole, which expels the exudate stored in
the periplasmatic space (Coelho et al. 2013) and promotes
the continuous synthesis of exudate, thus maintaining the
cycle (Paiva 2016).

As the secretory activity of P. montana colleters is rapid
and cell death is imminent, intercellular spaces increase in
size, and consequently, there is not enough turgor to expel
all exudate, which is thus partially retained. The persistence
of peripheral secretory cells may reflect the maximization
of the secretory activity. Finally, the permanence of dying
cells and the cell wall lignification observed in the peduncle
cells of the colleters protect the plant from pathogens by
preventing their entry (Dalvi et al. 2014).

The senescence of P. montana leaf colleters was charac-
terized by the presence of small vacuoles with unidentified
materials inside these organelles, which might be a result
of cytoplasm portions that protrude into the vacuoles. The
occurrence of fibrillar material inside the vacuolar mem-
brane may be detrimental to cell degradation and indicates
autophagy (van Doorn and Woltering 2005; van Doorn and
Papini 2013). Autophagy, including programmed cell death,
can occur at several stages of plant development (Khan and
Hemalatha 2015). Here, we observed an overlap between the
secretory and the senescent phases, with the latter appearing
early. This overlap between the secretory and the senescent
phases corroborates the reports of Coelho et al. (2013) and
Miguel et al. (2016) that it is incoherent to delimitate the
phases, as colleters show secretory activity throughout their
useful life and this activity ceases only with cell collapse
via programmed cell death (Coelho et al. 2013; Tulli et al.
2013; Miguel et al. 2010, 2016). Nonetheless, autophagic
processes in colleters are not comprehensively described in
the literature, and further research is warranted to character-
ize the mechanisms involved in the programmed cell death
of these structures.

Based on these ultrastructural observations, we conclude
that P. montana colleters have a short shelf life, as evi-
denced by the early secretory activity as well as recurrent
and premature characteristics of senescence. The structure
of P. montana colleters can be a useful attribute for the
taxonomy of Helieae and future studies on the evolution of
colleters within Gentianaceae. We also implicate the role
of the cell wall in the formation of intercellular spaces as
well as the accumulation and release of exudate. Finally,
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«Fig. 6 Ultrastructural aspects during secretory activity and senes-
cence. a—c Different aspects of the external periclinal wall. a Dense
and defined wall with three noticeable layers. b Disorganization of
the cuticular membrane with electrodense projections. A vesicle
(black circle) close to the periplasmatic space. ¢ Reticulated matrix
in the cuticular membrane. d Beginning of protoplast retraction and
exudate in the intercellular space. e Electrodense bodies (arrow) asso-
ciated with the tonoplast. f A large prominent vacuole containing
fibrillar material. g Cell collapse. cm, cuticular membrane; cut, thin
cuticular layer; Ga, Golgi apparatus; pol, polysaccharide layer; ps,
periplasmatic space. Bars: d, f, and g=5 ym; e=1 um; a—c =500 pm

we suggest that programmed cell death is involved in the
differentiation and senescence of P. montana colleters.
Taken together, these findings advance our understanding
of the development and morphofunctionality of secretory
structures in plants.
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