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ABSTRACT
Secretory structures are formed by many types of plants and are present on numerous di� erent organs. Among the 

many types of known secretory structures, colleters are predominant on plants of the Rubiaceae. One remarkable 

characteristic of secretory tissues is the export of exudates; however, the precise mechanism involved in this process 

is still unclear. To better understand the mechanisms of exudate externalization it is necessary to understand the 

ultrastructure and dynamics of the outer cell wall of the secretory structures during the secretory process, and so we 

investigated these aspects of the colleters of Bathysa nicholsonii. � e outer cell wall (OCW) exhibits multiple layers: a 

basal polysaccharide rich layer; a cuticular membrane, which is subdivided into arborescent and reticulated layers; and 

a thin cuticle proper. � e structural organization of the OCW is changed during secretion passage, which is mainly 

related to the development of a secretion accumulation site on the polysaccharide rich layer. Secretion dynamics is 

driven by the organization and disruption of the secretion accumulation site. � e results show that the OCW of the 

colleters of B. nicholsonii is a dynamic structure with an active role in secretion externalization via constant structural 

reorganization directly related to secretion passage.

Keywords: colleters, outer cell wall, Rubiaceae, secretion accumulation site, secretion mechanism, secretory 

structures, secretory tissues

Introduction

Secretory structures and tissues occur on numerous 

di� erent plant organs and are characterized by their distinct 

forms (Dickinson 2000). � e classi� cation of secretory 

structures is based mainly on morphology or exudate 

composition. However, this classi� cation is questionable 

since secretory tissues, generally, experience transformations 

over a short period of time. In this manner, the structure, 

ultrastructure and biochemical composition of secretory 

cells can be modi� ed quickly, making classi� cation di�  cult 

because similar tissues may appear di� erent because they 

were analyzed at di� erent life cycle phases (Fahn 1979). 

Colleters are secretory structures consisting of a 

parenchymatous middle axis surrounded by a layer of 

secretory palisade-like epidermal cells. � ese structures 
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are present mainly on the adaxial surface of the stipule and 

occur in 60 angiosperm families (�omas 1991; Da Cunha & 

Vieira 1993). �e function of colleters is still under debate, 

but it is believed that they protect the shoot apex and lateral 

buds by a physical or chemical mechanism (�omas 1991).

Colleters have been the subject of many studies of 

different aspects of their anatomy and ultrastructure 

(Renobales et al. 2001; Klein et al. 2004; Miguel et al. 2006; 

2009; 2010; Wilkinson 2007; Paiva 2009; Martins et al. 

2010; 2012); histochemistry (Gonzalez & Tarragó 2009; 

Vitarelli & Santos 2009) and ontogenesis (Paiva & Machado 

2006). However, one of the most intriguing aspects of 

colleters is still poorly known: the structure of the cell wall.

�e primary cell wall of plants has a �berglass-like 

structure, with crystalline cellulose micro�brils that are 

embedded in a matrix of complex polysaccharides, which are 

divided into two classes: pectins, which are polysaccharides 

that are solubilized by aqueous bu�ers and dilute acidic 

solutions or calcium chelators; and hemicelluloses that 

require strong alkali for solubilization. �e cellulose is 

synthesized by large membrane complexes which extrude 

micro�brils from the surface of the plasma membrane 

(Cosgrove 2005).

The hydrophilic layer of the cell wall is covered by 

a continuous extracellular membrane of soluble and 

polymerized lipids called the cuticle or cuticular membrane 

(Heredia 2003). �e structure and composition of the cuticle 

varies widely among plants, organs and growth stages 

(Arpenter et al. 2007). Most authors restricted the term 

cuticle to the outermost, cellulose-free region (Fernández et 

al. 2016). �e presence of cuticle is very ancient, having been 

recorded since the Devonian when plant diversi�cation and 

morphological complexity experience a dramatic increase 

(Guo & Wang 2016).

�e cuticle is synthesized by the epidermis of fruits, 

leaves, primary stems and �ower organs. It is composed 

of a polymer matrix called cutin, a polymer matrix called 

cutan, and intracuticular and epicuticular waxes (Pollard 

et al. 2008).

�e outer cell wall is the frontier zone between the 

plant and the environment, and controls the entry and 

exit of substances (Pollard et al. 2008). �is ubiquitous 

function makes the outer cell wall unique compared to inner 

cell walls. Under transmission electron microscopy, this 

structure can be seen to be divided into epicuticular wax 

and three distinct layers: the cuticle proper; the cuticular 

membrane which is divided into reticulated and arborescent 

layers; and the polysaccharide rich layer (Tenberge 1992). 

�e composition of the cuticle in�uences its mechanical 

proprieties. Although most cuticles share a similar basic 

composition, di�erences in the percentage of each cuticle 

fraction or in the composition of a fraction have been found 

among species and organs (Dominguéz et al. 2011).

Cuticles of leaves need to be both permeable and 

impermeable. �ey protect internal leaf issues by providing 

a physical barrier against pathogens, herbivores, and the 

conductance of ultraviolet light and water (Riederer & 

Schreiber 2001). However, in secretory structures, the 

secretory tissue must be specialized to transport substances 

to outside of the cell. �is particularity makes the cell wall 

of secretory structures di�erent from other regions of the 

plant, and distinct cell wall organization can be noted. 

Nevertheless, the general structures are, in the most part, 

similar to what was just described previously. 

�e transport of substances through the outer cell wall at 

secretory structures is still poorly understood. Most works 

that have referred to the passage of substances through 

the outer cell wall used transmission electron microscopy 

and only cite the presence or absence of a cuticle (Klein et 

al. 2004).

With regard to the actual secretion mechanism, it is 

possible that secretion is accumulated in periplasmic space 

between the cell wall and the plasma membrane (Ascensão 

& Pais 1998; Paiva 2016). Another accumulation site noted 

is subcellular space formed by the dislocation of the cuticle; 

this space is referred to as the subcuticular space (Possobom 

& Machado 2005). Other authors have suggested that in 

Cannabis glandular trichomes, secretion passage through 

outer cell wall is achieved by means of secretory cavities 

that act to release exudates (Mahlberg & Kim 1992; Kim 

& Mahlberg 1997; 2000). 

Structures also considered to be secretory cavities were 

described for the colleters of Bathysa nicholsonii (Rubiaceae), 

however, the cuticle in this case was continuous (Miguel et 

al. 2006). Other colleters from species of Rubiaceae, such 

as species of Simira (Klein et al. 2004) and Psychotria nuda 

(Miguel et al. 2009), for example, were described without 

the cuticle rupturing during the secretory process.

Even with the speculation that the cell wall participates 

in the secretory process, more needs to be elucidated 

regarding the true behavior of the cell wall during the 

secretion of substances. �us, the aim of this work was to 

describe the �ne structure of the outer cell wall of colleters of 

Bathysa nicholsonii (Rubiaceae), focusing on understanding 

the mechanism of the passage of substances.

Materials and methods

Plant material

Shoot apexes of Bathysa nicholsonii K. Schum. were 

collected at Reserva Biológica de Tinguá, in the municipal 

district of Duque de Caxias, Rio de Janeiro State, Brazil 

(22°28’ 22°39’S, 22°35’ 43°34’W).�e area is located between 

220 and 1,600 m above sea level, with an annual average 

temperature of approximately 21.6 ºC and pluviosity of 

2,268 mm (Fundação SOS Mata Atlântica and Instituto 

Nacional de Pesquisas Espaciais 2002). Plants were found 

in vegetation recognized as Atlantic Forest. For observation 
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under transmission electron microscopy, stipules containing 

secretory colleters were separated using tweezers and blades. 

Transmission electron microscopy

For transmission electron microscopy, stipule fragments 

were �xed for two hours in a solution of 2.5 % glutaraldehyde 

and 4.0 % formaldehyde in 0.05 M sodium cacodylate bu�er, 

pH 7.2. Subsequently, the samples were rinsed in the same 

bu�er and post-�xed for one hour at room temperature with 

1.0 % osmium tetroxide in 0.05 M sodium cacodylate bu�er, 

pH 7.2. �e material was then embedded in epoxi resin 

(Epon®). Ultrathin sections (60 nm) were collected on copper 

grids (300 mesh) and stained with 1.0 % alcoholic uranyl 

acetate followed by 5.0 % aqueous lead citrate (Reynolds 

1963). Sections were observed at 80 kV using a transmission 

electron microscope (Zeiss TEM 900/JEOL JEM1400).

Osmium/imidazole

To enhance lipid contrast, samples were fixed for 

twelve hours in a solution of 2.5 % glutaraldehyde and 

4.0 % formaldehyde in 0.05 M imidazole bu�er, pH 7.2. 

Subsequently, the samples were rinsed in the same bu�er 

and post-�xed for seventy-two hours at room temperature 

with 1.0 % osmium tetroxide in 0.05 M imidazole bu�er, pH 

7.2. �e material was then embedded in epoxi resin (Epon®). 

Ultrathin sections (60 nm) were collected on copper grids 

(300 mesh) and observed, without contrast, at 50 kV using 

a transmission electron microscope (Zeiss TEM 900/JEOL 

JEM1400) (Angermuller & Fahimi 1982)

Potassium iodine

To detect unsaturated substances of the outer cell wall, 

samples were �xed for two hours in a solution of 2.5 % 

glutaraldehyde, 4.0 % formaldehyde and 1 % potassium 

iodine in water. Subsequently, the samples were rinsed in 1% 

potassium iodine in water (Locke & Huie 1983). �e material 

was then embedded in epoxi resin (Epon®), sectioned and 

collected on copper grids, as previously described. Sections 

were not contrasted and were observed at 80 kV using a 

transmission electron microscope (ZEISS TEM 900/JEOL 

JEM1400).

Results

Careful observation of the cells of secretory colleters 

under transmission electron microscopy allowed the 

recognition of six di�erent ultrastructural stages of the 

outer cell wall that are related to secretion passage on 

secretory colleters.

In the �rst stage, the outer cell wall possessed three 

ultrastructurally distinct layers: a basal polysaccharide rich 

layer; a cuticular membrane subdivided into arborescent 

and reticulated layers; and a thin cuticle proper (Fig. 1A).

In the second stage, the outer cell wall possessed a 

similar structure, except for the development of a secretion 

accumulation site (SAS) on the polysaccharide rich layer (Fig. 

1B). Cytochemical tests con�rmed that the lumen of the 

SAS is formed of lipids, as shown by the osmium/imidazole 

technique (Fig. 1C). The potassium iodine technique 

showed the SAS, as well as the arborescent layer of the 

cuticular membrane (Fig. 1D). Neither technique revealed 

a polysaccharide rich layer.

�e third stage was characterized by an increase in size 

of the SAS. �is structure exceeds the polysaccharide rich 

layer and the arborescent layer of the cuticular membrane 

(Fig. 2A). �e osmium/imidazole technique stained the 

cuticular membrane and the SAS contents homogeneously, 

but not the polysaccharide rich layer (Fig. 2B). 

In the fourth stage the SAS seamed to disorganize, 

making the polysaccharide rich layer thin and providing 

the appearance of projections (Fig. 2C). �e potassium 

iodine technique evidenced a heterogeneous stain on the 

cuticular membrane, with it being strong on the arborescent 

layer and weak on reticulated layer (Fig. 2D). �e osmium/

imidazole technique evidenced a homogenous stain on the 

cuticular membrane; there was no stain on polysaccharide 

rich layer (Fig. 2E).

In the �fth stage, the cell wall was characterized by 

a reorganization of cuticular membrane strata. The 

arborescent layer became dense, immediately above the 

polysaccharide rich layer, and the reticulated layer exhibited 

strongly-stained �laments (Fig. 3A). Potassium iodine 

showed structures similar to the previously stage (Fig. 

3B). No SAS was observed.

The sixth stage was differentiated by a drastic 

reorganization and/or degradation of the layers of the 

cuticular membrane. Sometimes these layers were almost 

indistinguishable (Fig. 3C), or the arborescent layer was 

degraded (Fig. 3D).

Based on the micrographs obtained after careful 

observation, a dynamic model of secretion passage through 

the outer cell wall was developed. In this model, the cell wall 

is an active structure, changing in organization according 

to stage. �is reorganization of the cell wall (Fig. 4) makes 

the passage of secretion possible.

Discussion

�e outer cell wall is the border between the plant 

and the environment, and it can establish barriers that 

restrict the input and output of substances (Pollard et al. 

2008). �is control of the passage of substances is related 

to the fact that this structure has a hydrophilic region, 

a polysaccharide layer, a hydrophobic region, a cuticle 

membrane and a cuticle (Tenberge 1992). To understand 

how substances pass through the outer cell wall, many 
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Figure 1. Transmission electron microscopy of the outer cell wall of the epidermis of colleters of Bathysa nicholsonii. A - First stage, 

outer cell wall with uranyl acetate/lead citrate contrast; B, C and D - Second stage, outer cell wall. B - Uranyl acetate/lead citrate 

contrast. Note secretion accumulation site (SAS) at polysaccharide layer. C - Potassium iodine stain. D - Osmium imidazole stain. 

Note homogeneous stain at secretion accumulation site (SAS) and lipid layer. Pol - outer cell wall polysaccharide layer; Cut memb - 

cuticular membrane, subdivided into reticulated (Ret) and arborescent (Arb) layers; Cut - cuticle proper; Cyt – cytoplasm. Bars: A, 

B - 0.15 µm; C and D - 0.4 µm.

studies have investigated secretory structures, since they 

are specialized in the release of secretion to the external 

environment (Kim & Mahlberg 2000; Veys et al. 2002; 

Paiva & Machado 2006; Miguel et al. 2016). Sample 

preparation can modify cuticular structure. Guzmán et 

al. (2014) elucidated di�erences in the ultrastructure of 

the leaf cuticle in relation to the transmission electron 

microscopy procedures. On the other hand, Pinheiro et 

al. (2015) showed that colleter cuticles observed under 

environmental scanning electron microscopy was similar 

to processed samples. �e in�uence of sample preparation 

on secretory cell ultrastructure is still poorly explored and 

deserves special attention.

�e outer cell wall of secretory cells allows the passage of 

secretion into the extracellular environment; however, these 

processes are still poorly understood. Some models of the 

passage of secretion through the outer cell wall have been 

proposed. Miller (1985) revealed the presence of hydrophilic 

pores or channels with anticlinal orientation through the 

cell wall. Subsequently, Schönherr (2006) demonstrated that 



Outer cell wall structure and the secretion mechanism of colleters of 
Bathysa nicholsonii K. Schum. (Rubiaceae)

415Acta Botanica Brasilica - 31(3): 411-419.  July-September 2017

Figure 2. Transmission electron microscopy of the outer cell wall of the epidermis of colleters of Bathysa nicholsonii. A and B - �ird 

stage, outer cell wall. A - Outer cell wall with a large secretion accumulation site (SAS) occupying most of the polysaccharide layer, and 

invading the cuticular membrane layer; uranyl acetate/lead citrate contrast.  B - Osmium/imidazole stain. C, D and E - Forth stage, 

outer cell wall. C - Uranyl acetate/lead citrate contrast. Note the polysaccharide layer projections on the lipid layer. D - Potassium iodine 

stain. E - Osmium imidazole stain. Ext - extracellular extract; Cyt - cytoplasm; Pol-polysaccharide rich layer; Arrow - polysaccharide 

layer projections on cuticular membrane. Bars: A – 0.12 µm; B-E – 0.4 µm.

these channels measured approximately 0:45 to 1:18 nm and 

formed hydrophilic pathways through the cuticular layer for 

the passage of hydrated ionic components. �is secretion 

mechanism has been described for salt glands in Tamarix 

aphylla (Tamaricaceae) (�omson et al. 1969), and in nectaries 

of Platanthera chlorantha (Orchidaceae) (Stpiczynska 2003). 

For the passage of the hydrophobic components through 

the outer wall, another mechanism that is not dependent on 
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Figure 3. Transmission electron microscopy of the outer cell wall of the epidermis of colleters of Bathysa nicholsonii. A and B - Fifth 

stage, outer cell wall. A - Uranyl acetate/lead citrate contrast. Note the disorganization of the cuticular membrane, especially the 

arborescent layer. B - Potassium iodine stain, revealing heterogeneous stain on cuticular extract. C and D - Sixth stage, outer cell 

wall, uranyl acetate/lead citrate contrast. Disorganization probably followed by arborescent layer degradation. Pol- outer cell wall 

polysaccharide layer. Bars: A - 0.25 µm. B, C, D - 0.4 µm.

hydrophilic channels was proposed. Paiva (2016) suggests 

that the lipid substances that are to di�use through the 

cell wall are accumulated in the subcuticular space, causing 

increasing pressure, which, in many cases, can rupture the 

cuticle and allow the externalization of the secretion. �e 

most commonly described mechanism for the release of 

secretion in colleters is through secretion accumulation in 

the subcuticular space. However, the pressure exerted by 

the accumulation of secretion itself cannot be enough to 

rupture the cuticle, as seen in species of Simira (Rubiaceae) 

(Klein et al. 2004), B. nicholsonii (Rubiaceae) (Miguel et al. 

2006), P. nuda (Rubiaceae) (Miguel et al. 2009), Copaifera 

langsdor�i (Fabaceae, Caesalpinioideae) (Paiva 2009), B. 

stipulata and B. gymnocarpa (Rubiaceae) (Miguel et al. 2010). 

On the other hand, in some cases a rupture may occur, as 

has been observed in Hymenaea stigonocarpa (Fabaceae: 

Caesalpinioideae) (Paiva & Machado 2006), Alstonia scholaris 

(Apocynaceae) (�omas & Dave 1990) and Tocoyena bullata 

(Rubiaceae) (Miguel et al. 2016).

�e mechanism of secretion liberation exhibited by 
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Figure 4. Dynamic model elucidating the di�erent phases of secretion passage through the outer cell wall of colleters of Bathysa 

nicholsonii. One to six represents the di�erent ultrastructural structures of the outer cell wall related to secretion passage: 1- Outer 

cell wall divided into polysaccharide rich layer (Pol), cuticular extract (Cut Ext), subdivided into reticulated (R) and arborescent (A) 

layers, and cuticle proper (Cut Prop); 2- Beginning of the development of the secretion accumulation site (SAS); 3- Development of 

the secretion accumulation site (SAS), occupying the polysaccharide rich layer and reticulate layer of cuticular membrane; 4- Secretion 

accumulation site disrupting; 5- Reorganization of cuticular membrane; 6- Drastic reorganization and/or degradation of the cuticular 

membrane. Note the cuticle proper remains intact throughout the entire processes.

B. nicholsonii colleters does not �t any of the previously 

proposed models of secretion because a SAS in a layer rich in 

polysaccharides was initially observed in these colleters. �e 

cytochemical assay with osmium/imidazole and potassium 

iodide veri�ed the presence of lipids in the lumen of these 

structures. Tullii et al. (2013) revealed the presence of lipids 

in the secretion of colleters of Alseis pickelii (Rubiaceae).

�e amphipathic character of lipid compounds is an 

important factor to be considered, and may explain the 

formation of SAS in the polysaccharide-rich layer. Since the 

polysaccharide rich layer is hydrophilic, lipids are organized 

so that their polar region is exposed, with the apolar region 

facing the interior of the SAS. �is arrangement makes the 

passage of secretions through the hydrophilic portion of 

the outer cell wall easier. Kim & Mahlberg (2000) showed 

that the secretion passage through the outer cell wall of 

trichomes of Humulus lupulus (Cannabaceae) occurred 

through structures similar to the SAS found in B. nicholsonii; 

however, the authors described it as a secretory cavity.

In the third stage, the increase in size of SAS suggests 

the continuous �ow of secretion at these sites. Paiva (2016) 

demonstrated that the passage of secretion from the cell 

wall occurs as a result of pressure from the cytoplasm 

that puts pressure on the substances accumulated in the 

periplasmic space, pushing it against the cell wall, thus 

forcing its passage. Although Paiva (2016) did not show 

the interaction of secretion with the di�erent layers of the 

cell wall, this mechanism may explain the continuous �ow 

of the secretion in SAS.

�e SAS is disorganized as it crosses the polysaccharide-

rich layer and reaches the cuticular membrane. The 

disorganization of this structure may be related to the 

hydrophobic characteristic of the cuticular membrane 

and lipid constitution of SAS. As soon as SAS reaches the 

cuticular membrane it is no long necessary for the secretion 

to aggregate to form SAS, since it is inserted in hydrophobic 

environments, which allows lipids to scatter easily through 

the outer cell wall until outsourced. Alberts et al. (2010) 

reported that lipids can di�use rapidly in hydrophobic 

medium without taking speci�c conformations to facilitate 

passage. �e reorganization of the cuticular membrane 

observed in later stages is a strong indication that the 
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outer cell wall changes to facilitate the passage of secretion. 

�e modi�cations observed in the outer cell wall may be 

related to the formation of environments that allow the free 

movement of the secretion (Kunst & Samuels 2003). Since 

it is very di�cult to determine the exact moment when 

secretion begins, we consider it to occur when there are 

changes to the cell walls of the secretory colleters. Due to 

having collected plants from the �eld and the nature of the 

studied secretory structure, it was not possible to determine 

if this process occurs more than once at the same place.

Externalization of the secretion possessed by B. 

nicholsonii did not involve cuticular rupture. In this sense, we 

can suggest that the release of secretion occurs by di�usion 

through the cuticle, as also reported by Veys et al. (2002). 

Permeability of the cuticle and epicuticular wax compounds 

was demonstrated by Kirsch et al. (1997), who also showed 

that the passage of these compounds through the cuticle 

occurs following the �ow of cuticular water vapor. Based 

on Kirsch et al. (1997), and on features of lipid secretion, 

we suggest that the passage and liberation of secretion 

through the outer cell wall of colleters of B. nicholsonii occur 

through similar mechanisms.

Conclusion

The outer cell wall of the colleters of B. nicholsonii 

exhibited reorganization during the secretory process, 

suggesting a structural change during the passage of 

secretion at secretion accumulation sites. The results 

presented here demonstrate that the passage of the secretion 

through the outer cell wall is a dynamic mechanism, where 

the components of secretion tend to assume di�erent 

conformations to pass through the di�erent layers of the 

outer cell wall. In addition, the results show that the cell 

wall is a dynamic structure whose organization changes to 

facilitate the movement of secretion.

 �e externalization of the secretion present in the 

colleters of B. nicholsonii is unique. �us, it was possible 

to develop a model that demonstrates how the passage of 

substances of secretion through the di�erent layers of the 

outer cell wall to the external environment occurs.
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