
Vol.:(0123456789)1 3

Brazilian Journal of Botany 
https://doi.org/10.1007/s40415-021-00757-1

STRUCTURAL BOTANY - ORIGINAL ARTICLE

Strategies for the protection of shoot buds in phanerophyte 
and geophyte species of Homalolepis Turcz. (Simaroubaceae, 
Sapindales)

Priscila Andressa Cortez1,2   · Clara Larrubia Ferreira1   · Gabriela Naomi Haseyama dos Santos1   · 
José Rubens Pirani1   · Karina Donatoni Urbano1   · Marcelo Fernando Devecchi1   · Rafael Cruz3   · 
Vinicius Silva Gabia1   · Gladys Flávia Albuquerque Melo‑de‑Pinna1 

Received: 27 May 2021 / Revised: 28 September 2021 / Accepted: 2 October 2021 
© The Author(s), under exclusive licence to Botanical Society of Sao Paulo 2021

Abstract
Several structural attributes associated with the buds of shoot apices of angiosperms have been related to protection both at 
the mechanical and chemical defense levels. Although several characteristics related to the protection of shoot buds are known 
in different taxa of Sapindales, their occurrence in the neotropical genus Homalolepis (Simaroubaceae) are still unknown. 
Homalolepis includes 28 species mostly with extra-Amazonian distribution, occurring mainly in the Brazilian domains of 
the “Cerrado” and the Atlantic Forest. Its species vary widely in terms of habit, many of which are considered adaptations to 
the environments in which they occur. In this study, usual light and scanning electron microscopy techniques were applied in 
order to analyze the morphoanatomical and histochemical characteristics associated with the protection of apical and lateral 
shoot buds in phanerophyte (H. arenaria Devecchi & Pirani (Devecchi & Pirani), H. glabra (Engl.) Devecchi & Pirani and 
H. insignis (A.St.-Hil. & Tul.) Devecchi & Pirani) and geophyte (H. pumila Devecchi & Pirani, H. salubris (Engl.) Devec-
chi & Pirani and H. suffruticosa (Engl.) Devecchi & Pirani) species. Glandular prophylls, cataphylls, suberized layer on the 
leaf primordium, colleters, non-glandular trichomes, as well as a secretory canal with precocious development in the leaf 
primordium are among the characteristics that can be considered strategies for the protection of shoot buds in the studied 
species. Such structures are related to physical (cataphyll and suberized layer) and chemical (prophylls and secretory canal) 
protection or both (trichomes), against desiccation or attack by herbivores.
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1  Introduction

In domains more susceptible to disturbances (e.g., fire, water 
scarcity, nutrient deficiency), such as the “Cerrado” (Brazil-
ian savannah), the allocation of plant biomass is substan-
tially large in underground structures (Ottaviani et al. 2020). 

In addition to soil resource capture, underground structures 
have other associated functions, at least two of them notably 
related to their buds. The first is to provide resistance, with 
the formation of bud banks that allow resprouting, and the 
second is related to the protection of buds, not only against 
damage caused by fire and other abiotic factors, but also 
against the action of herbivores and parasites (Klimešová 
et al. 2018).

Although the position below the soil surface provides 
evident protection to these buds in relation to the aforemen-
tioned aspects, the underground environment is mechanically 
abrasive (Barley and Greacen 1967) and requires that plants 
use protective strategies against microorganisms (Braga and 
Dietrich 1987; van der Putten 2003). In the case of the root 
apical meristem, the root cap and the production of muci-
laginous content provide mechanical protection, in addition 
to the existence of chemical protection and associations with 
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competitive microorganisms in roots (van der Putten 2003; 
Arnaud et al. 2010; Kumar and Iyer-Pascuzzi 2020).

The shoot apical meristem, an important and fragile tis-
sue, is devoid of a cap, so it is common to find other struc-
tures that provide mechanical and biological protection. 
According to Lubbock (1899), the most common strategies 
for protecting the shoot apex include the expanded base of 
the older leaf, modified external leaves, stipules (which may 
be from the leaf itself that is starting to develop or from a 
different leaf), trichomes, and thorns. In the order Sapin-
dales, a group of malvid eudicotyledons, among the strat-
egies already described, there are excavated petioles with 
trichomes in Rhus glabra L. (Anacardiaceae) (Lubbock 
1899), leaf bases in Acer (Sapindaceae) (Lubbock 1899), 
intrapetiolar stipules in Metrodorea (Rutaceae) (Cruz et al. 
2015), cataphylls covering the apical meristems in Anac-
ardium humile A.St.-Hil. (Anacardiaceae) (López-Naranjo 
and Pernía 1990) and colleters in Zanthoxylum (Rutaceae) 
(Macêdo et al. 2016). In the Simaroubaceae family, there are 
still few studies on the subject (e.g., Devecchi et al. 2018a,b).

Simaroubaceae (Sapindales) is represented by 117 spe-
cies in 23 genera distributed mainly in tropical and sub-
tropical regions (Clayton 2011; Devecchi et al. 2018a,b). 
In Brazil, there are 36 species, 21 out of which are endemic 
(Devecchi et al. 2020). Recently, Devecchi et al. (2018a), 
based on morphological data and molecular phylogeny of 
the family, detected that the genus Simaba does not represent 
a monophyletic group, with its representatives distributed in 
two clades. One of these clades is composed of the species 
of Simaba sect. Tenuiflorae and it is recognized as Simaba 
s.s., with approximately 10 species distributed mainly in 
the Amazon. The other clade, formed by species previously 
included in Simaba sect. Grandiflorae and Simaba sect. 
Floribundae, were transferred to Homalolepis, a genus that 
was reestablished to support the species of the two extra-
Amazonian sections. In total, 28 species are recognized with 
predominantly extra-Amazonian distribution, in the “Cer-
rado” and Atlantic Forest domains.

According to Cavalcante (1983) and Devecchi et  al. 
(2018b), species that currently belong to the genus Hom-
alolepis show great variation in the habit (see Fig. 1), includ-
ing 10–15 cm sub-shrubs such as H. pumila Devecchi & 
Pirani, up to trees that can reach 30 m in height, like H. par-
aensis (Ducke) Devecchi & Pirani. Although the species are 
often trees or shrubs, such as H. insignis (A.St.-Hil. & Tul.) 
Devecchi & Pirani and H. glabra (Engl.) Devecchi & Pirani, 
with elongated shoots and buds positioned high above the 
ground (phanerophytes), some species are described as 

geophytes, as their shoots consist mainly of a well-developed 
underground portion as in H. suffruticosa (Engl.) Devecchi 
& Pirani and H. salubris (Engl.) Devecchi & Pirani (Caval-
cante 1983). This attribute of the geophytic habit has long 
been interpreted as a likely adaptation to drought and fire, 
factors that are very common in the “Cerrado” (Rizzini and 
Heringer 1961; Simon et al. 2009).

Homalolepis represents a good model for the study of bud 
protection strategies since the genus includes species with 
aerial and underground stems, which enables an adequate 
comparative analysis. Thus, we selected six species, three 
phanerophytes (H. arenaria Devecchi & Pirani (Devecchi & 
Pirani), H. glabra and H. insignis) and three geophytes (H. 
pumila, H. salubris and H. suffruticosa), as models for this 
study. In the infrageneric classification of Devecchi et al. 
(2018b), three of these species belong to Homalolepis sect. 
Homalolepis (H. glabra, H. pumila and H. suffruticosa), 
while the others belong to H. sect. Grandiflorae. The six 
species are endemic to Brazil, except H. glabra, which has 
also been recorded in Paraguay and Argentina (Devecchi 
et al. 2020).

In this study, we present the morphoanatomical character-
istics observed in the vegetative shoot apices of these species 
that are associated with the protection of apical and lateral 
shoot buds, also seeking to characterize them in their origin 
and structure. We also compare these data with the known 
bud patterns in other species of Sapindales and other groups 
of geophyte angiosperms.

2 � Material and methods

One voucher material for each population of each studied 
species, the phanerophytes Homalolepis arenaria, H. glabra 
and H. insignis, and the geophytes H. pumila, H. salubris 
and H. suffruticosa (Fig. 1), was deposited at the Herbarium 
of the Department of Botany of the University of São Paulo 
(SPF) (Thiers 2016) (Table 1). Apical regions of the veg-
etative shoot (Fig. 2) of five individuals from each of the 
analyzed species were collected and fixed in a solution con-
taining formalin, glacial acetic acid and 50% ethanol (1:1:18, 
according to Johansen 1940) for 48 h, and then stored in 
70% ethanol.

For morphological analysis of the surface, samples were 
dissected, dehydrated in an ethanol series up to absolute 
ethanol and subjected to drying to the critical point with 
liquid CO2 in a CPD030 device (BAL-TEC AG, Balzers, 
Liechtenstein). Samples were positioned and adhered to 
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Fig. 1   Life form of the studied phanerophyte a–c and geophyte d–f species of Homalolepis. a H. arenaria. b H. glabra. c H. insignis. d H. 
pumila. e H. salubris. f H. suffruticosa 

Table 1   Homalolepis species 
used in this study. 1Life forms 
according to Raunkier (1934)

Life forms1 Species Habitat/Brazilian state Voucher

Phanerophyte H. arenaria Atlantic Forest/Sergipe Devecchi & Franco 400
H. glabra Cerrado/Mato Grosso do Sul Devecchi et al. 452
H. insignis Atlantic Forest/São Paulo Devecchi et al. 388

Geophyte H. pumila Cerrado/Goiás Devecchi et al. 467
H. salubris Cerrado/Mato Grosso do Sul Devecchi et al. 472
H. suffruticosa Cerrado/Mato Grosso do Sul Devecchi et al. 450
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aluminum supports, covered with gold in a SCD050 metal-
lization device (BAL-TEC AG, Balzers, Liechtenstein), and 
analyzed using a Sigma VP scanning electron microscope 
(Carl Zeiss, Germany) equipped with a digital image capture 
system (Robards 1978, modified).

For anatomical analysis, fixed samples were submitted 
to the paraffin embedding technique using the dehydra-
tion and infiltration series with ethanol and tertiary butyl 
alcohol (Johansen 1940). Serial transverse and longitudi-
nal Sects. (5–10 µm thick) were obtained using the rotary 
microtome RM 2145 (Leica, Germany) and stained with 
1% safranin and 1% Astra blue (in 50% ethanol) (Bukatsch 
1972). In order to analyze in more detail some structural 
and ontogenetic characteristics of the secretory structures 

observed in previous studies, shoot apices of H. glabra 
were additionally embedded in 2-hydroxyethyl meth-
acrylate resin (HistoResin Embedding Kit, Leica, Ger-
many), sectioned (3 μm thick) using the rotary microtome 
RM 2145 (Leica, Germany), and stained with Toluidine 
blue (CI 52,040) at pH 6.8 in sodium phosphate buffer 
(O'Brien et al. 1964; Ribeiro and Leitão 2020).

To detect the main classes of structural chemical com-
pounds, as a way to better characterized the observed struc-
tures, part of the sections obtained from the samples embed-
ded in paraffin and resin was subjected to the following tests: 
Periodic Acid-Schiff´s reaction (PAS) for carbohydrates 
(McManus 1948), Ruthenium Red for pectins (Johansen 
1940), Tannic Acid and Ferric Chloride for mucilages 

Fig. 2   Shoot apices of the species studied. a H. arenaria. b H. glabra. c H. insignis. d H. pumila. e H. salubris. f H. suffruticosa 
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(Pizzolato and Lillie 1973), Lugol's reaction for starch 
grains (Johansen 1940), Aniline Blue Black (CI 20,470) 
for proteins (Fisher 1968), Sudan Black B (CI 26,150) and 
Sudan IV (CI 26,105) for lipophilic compounds (Pearse 
1985), phloroglucinol and Toluidine Blue O (CI 52,040) 
for lignin (Johansen 1940; O'Brien et al. 1964; Ribeiro and 
Leitão 2020), and ferric chloride and Toluidine Blue O (CI 
52,040) for phenolic compounds (Johansen 1940; O'Brien 
et al. 1964; Ribeiro and Leitão 2020). All sections were ana-
lyzed and photographed using the DMLB light microscope 
(Leica, Germany) equipped with a DFC310 FX digital image 
capture system (Leica, Germany).

To verify the presence of glucose in the aqueous secretion 
detected in the prophylls, we applied the commercial test 
strips (glucostrips) directly to the secretion and compared 
immediately the color observed to the manufacture avail-
able pattern.

3 � Results

Reduced prophylls with apical glands –   One of the strate-
gies found are prophylls covering the shoot apices of two 
phanerophyte species (Fig. 3a–q). In H. arenaria and H. 
insignis, reduced prophylls with apical glands were observed 
in the region of axillary buds (Fig. 3a, b, h–j). The pro-
phylls of H. arenaria presented stomata (Fig. 3b, c) and 
pores (Fig. 3f, g), while only pores were observed in H. 
insignis (Fig. 3k–n). In both species, glands had uniseri-
ate epidermis covered by cuticle even on the pore region 
(Fig. 3m, n), and collateral bundles were observed in the 
parenchyma (Fig. 3d–h, m, n). In mature glands, a periderm 
occurred (Fig. 3f, h, m), except in the pore region, besides 
many cells with phenolic compounds. In H. insignis, histo-
chemical tests revealed the presence of phenolic compounds 
and carbohydrates inside the parenchymatous cells located 
mainly close to the pore, in addition to the presence of secre-
tory canals (Fig. 3d–h, m, n). Field observations allow to 
detect the presence of a transparent secretion and ants on the 
prophyll region (Fig. 3i, j). Tests for the detection of glucose 

in the secretion were applied using a glucostrip and revealed 
a positive result between 250 and 500 mg/dl (Fig. 3q).

Cataphylls in the underground shoot system –   In H. pumila, 
H. salubris and H. suffruticosa, all geophyte species, the 
presence of leaves modified in cataphylls was identified in 
the axillar buds (Fig. 4a, d, g). Cataphylls are small and 
triangular in H. pumila (Fig. 4a) and H salubris (Fig. 4d, e), 
and larger and apically lobed in H. suffruticosa (Fig. 4g, h). 
In all species, the cataphylls presented uniseriate epidermis 
covering the parenchymatous tissue with several collateral 
vascular bundles (Fig. 4b, c, f, i). In H. pumila, a periderm 
on the abaxial surface of older dried cataphylls and secre-
tory canals associated with vascular bundles were observed 
(Fig. 4a).

Protective layer of suberized subepidermal cells –   Subepi-
dermal layers containing suberin in its walls were observed 
in cataphylls of the geophyte species H. salubris (Fig. 4e, f) 
and H. suffruticosa (Fig. 4i), in the leaf primordium of H. 
salubris (Fig. 4e–f) and H. insignis (phanerophyte species, 
Fig. 4k), and in the leaf base of the geophyte species H. 
salubris (Fig. 4e–f), H. suffruticosa (Fig. 4i) and H. pumila 
(Fig. 4l), and in the phanerophyte species H. glabra (Fig. 4j) 
and H. insignis (Fig. 4k).

Trichomes –   The shoot apex of all species was covered by a 
large amount of non-glandular filiform trichomes (Fig. 5a–
x). In H. glabra, trichomes originated primarily on the abax-
ial surface of leaf primordia, from an epidermal cell larger 
than the adjacent ones, which divided only transversely, cre-
ating a multicellular uniseriate trichome (Fig. 5e–j). During 
development, the trichomes lost their transverse walls except 
in rare cases (for example H. glabra, Fig. 5j, and H. salubris, 
Fig. 5u), acquired a thick and lignified wall (Fig. 5g) and 
were covered by cuticle except in the inner periclinal wall 
of the basal cell (Fig. 5i, j), in which pits were also observed 
(Fig. 5g, h). Phenolic content was observed inside the fully 
developed trichomes of all species, in addition to pectic con-
tent in H. glabra (Fig. 5h).



	 P. A. Cortez et al.

1 3



Strategies for the protection of shoot buds in phanerophyte and geophyte species of Homalolepis…

1 3

Colleters –   Colleters originated exclusively from the pro-
toderm were observed on the adaxial surface of the leaf pri-
mordia in H. glabra (Fig. 6a–k) and H. salubris (Fig. 6l–n), 
and rarely at the margin of the leaf primordia in H. suffruti-
cosa (Fig. 6o–q). Colleters were also observed in the basal 
region of the adaxial face of H. pumila cataphylls (Fig. 6r–t). 
In H. glabra, colleters originated asynchronously from a pro-
todermal cell larger than the adjacent ones (Fig. 6c), which 
divides sequentially into several planes (Fig. 6c–e). The fully 
developed colleters has a short peduncle and a large head 
that varies from globose to globose-elongated, both multi-
cellular (Fig. 6f). Histochemical tests carried out indicated 
the presence of a thin cuticle covering the peripheral cells 
of the peduncle and head (Fig. 6g), in addition to starch 
grains (Fig. 6h) and protein content (Fig. 6i) inside cells of 
the head. The secretion observed occupying the subcuticular 
and intercellular spaces did not react positively to the tests 
performed (Fig. 6f, g, j, k), and it was not possible to char-
acterize its chemical nature.

Secretory canals –   In the leaf primordia of H. glabra, H. 
pumila and H. suffruticosa, conspicuous secretory canals 

associated with vascular tissue were observed (Fig. 7a–r). 
The canal development was first identified in the central 
region of the primordia by vascular cells that were larger and 
had an apparently denser cytoplasm than the adjacent, some 
of which were binucleated probably related with the mitotic 
process (Fig. 7b, c). During development, it was possible to 
observe the presence of spaces in the central region of the 
canal (Fig. 7d), in addition to the differentiation of phloem 
and xylem conductive cells adjacent to the canal (Fig. 7e, f). 
The central cells of the canal increased in size and acquired 
hyaline cytoplasm, typical characteristics of cell degradation 
(Fig. 7f–i). With the development of the primordium and the 
increase in size of the space, the various layers of secretory 
cells became flattened (Fig. 7j–o). It was interesting to note 
the occurrence of cells with meristematic characteristics in 
the apical region of the leaf primordium, in continuity with 
the canal and in contact with epidermal cells (Fig. 7o).

4 � Discussion

The reduced prophylls with apical gland seen in H. arenaria 
and H. insignis and the cataphylls observed in H. salubris, H. 
pumila and H. suffruticosa are leaf modifications present in 
the region of the axillary buds. As expected for leaves of Hom-
alolepis and some other Simaroubaceae genera (e.g., Engler 
1874; 1931; Clayton 2011; Devecchi et al. 2018a), glandular 
structures occur in the apical region. Therefore, in these two 
species, the first pair of leaves generated from the axillary bud 
does not show complete development, but a differentiation of 
the apical region with a gland and a reduced leaf base region.

Morphologically, these glands are similar to those com-
monly found in Passifloraceae and according to the classi-
fication for extrafloral glands of Passiflora species (Lemos 
et al. 2017), the apical glands of the prophylls are spheroidal. 
The in situ detection of carbohydrates corroborates the posi-
tive result observed in the test carried out in the field with a 
glucostrip, which was also observed for the secretion of the 
leaf apex, indicating its nectariferous nature as reported for 

Fig. 3   Structure of the glandular prophylls of H. arenaria a–h and 
H. insignis i–q. a Prophyll location (arrows). b Pore location (white 
arrowhead) on the surface of prophylls. c Stomata located on the pro-
phyll. d, e Longitudinal sections of the prophyll, with vascular bun-
dles (white arrowhead) consisting of xylem and phloem. f, g Longi-
tudinal section of the prophyll on the pore region (black arrowhead), 
with periderm (pd). h Longitudinal section showing a pair of adjacent 
prophylls, with periderm (pd). i, j Prophylls (one of them pointed 
by the arrow) visited by ant. k Prophylls’ surface, with pore (black 
arrowhead). l Detail of prophyll pore (black arrowhead). m, n Cross 
sections of the prophyll in pore region (black arrowhead), with a posi-
tive reaction to Sudan Black B in the cuticle (blue), vascular bundles 
(white arrowheads) and secretory canals (*). o Phenolic compounds 
indicated by the ferric chloride test (dark brown cell content, white 
star). p Carbohydrates indicated by the PAS test, with positive reac-
tion (red cell content, black star). q Positive result for glucose (glu-
costrip). Scale bars: 500 µm in d, h, k; 200 µm in b, f, m; 100 µm in 
e, g, n; 20 µm in l, p, o; 5 µm in c. Scanning electron microscopy: b, 
c, k, l 

◂
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most Homalolepis species (Devecchi et al. 2018a,b, Devec-
chi et al. in prep.).

Considering field observations and laboratory results, we 
can conclude that the apical glands of the reduced prophylls 
found in H. insignis exude sugars. In different plant groups, 
the presence of exudate from the extrafloral nectary attracts 
arthropods, mainly ants, which protect the plant against 
herbivores by eliminating them through by bites and stings 
(Douglas 1983; Suzuki 2004; Heil 2011). In a comparative 
study of ant-plant–herbivore relationships between the Bra-
zilian “Cerrado” and other domains, Oliveira and Freitas 
(2004) concluded that the occurrence of rewards from leaves 
has a very important role in determining a foraging ecol-
ogy with ants. Future studies may yet clarify whether the 
presence of these arthropods attracted by prophylls alter the 
production of secondary compounds that make the plant less 
palatable, as observed by Douglas (1983) in ferns, or if the 
number of insects that visit flowers is reduced, interfering 
with reproduction, as observed by Wagner and Kay (2002).

Structures morphologically similar to the reduced pro-
phylls of H. insignis and H. arenaria occur in other spe-
cies of the genus, as H. pohliana (Boas) Devecchi & Pirani, 
H. trichilioides (A.St.-Hil.) Devecchi & Pirani, H. cedron 
(Planch.) Devecchi & Pirani, H. cavalcantei (W.W. Thomas) 

Devecchi & Pirani and H. rigida Devecchi (pers. obs. Mar-
celo Devecchi), which have a similar habit, known as palm-
like treelets, which emerged in two clades in the phylog-
eny. The analysis of the presence of reduced prophylls with 
apical gland based on the phylogeny obtained by Devecchi 
et al. (2018a) seems to indicate a relationship of the type of 
habit with the presence of reduced prophylls, and it is also 
possible to infer that these structures may have evolved at 
least twice in the family. Studies that map this character can 
bring new information about its evolution in the group and 
its ecological role.

Another important feature observed in the leaf primor-
dium, cataphylls and leaf base is the differentiation of sub-
epidermal suberized layers, and an additional protective tis-
sue, the periderm, formed immediately below the suberized 
hypodermis in H. pumila. The periderm is formed from the 
phellogen, a secondary meristematic tissue, and consists of 
three parts: phellogen (the cork cambium); phelloderm (par-
enchymatous cells derived centripetally from the phellogen) 
and phellem, a suberized cell layer produced centrifugally 
from the phellogen (Esau 1953; Fahn 1982). The protec-
tive characteristic of the hypodermis and phellem by the 
presence of suberin in their walls may consist of an impor-
tant tissue layer that protects against biotic agents, such as 
herbivory, and abiotic agents, such as ultraviolet radiation 
(Kulbat 2016; Campilho et al. 2020) and even resistance to 
water loss (Braue et al. 1983; Campilho et al. 2020). Since 
the analyzed specimens of Homalolepis are subject to these 
different biotic and abiotic factors, we can consider that 
the early development of a protective tissue in the first leaf 
primordia could be part of the protection strategy in both 
phanerophyte and geophyte species.

The six species of Homalolepis analyzed presented great 
quantities of filiform non-glandular trichomes covering the 
apical region of the shoot and both surfaces of leaf primor-
dia, which is described by Lubbock (1899) as part of the 
protection strategy of the apical shoot meristem. According 
to the author, the main importance of these trichomes is to 
enable the occurrence of a region that is very effective at 

Fig. 4   Structure of leaf primordia (lp) and cataphylls (ct) of H. 
pumila a–c, l, H. salubris d–f, H. suffruticosa (g–i), H. glabra (j), 
and H. insignis k. a Position of the cataphyll. b Detail of the adaxial 
surface of the cataphyll, with basal glandular trichomes (black arrow-
head) and non-glandular trichomes on both surfaces. c Cross section 
of the cataphyll, with secretory canals (*) and vascular bundles (white 
arrowhead). d Position of the cataphyll. e, f Cross section of the cata-
phyll, showing the position in relation to the leaf primordia and the 
suberized subepidermal cells (arrow). g Position of the cataphyll. h 
Abaxial surface of the cataphyll, which has a broad base and a narrow 
apex. i Cross section of the cataphyll, showing the position in relation 
to the leaf primordia and the suberized subepidermal cells (arrow). 
j–l Cross sections of shoot apices showing the protective layer of 
suberized cells in leaf primordia (lp) and leaf base (lb), in addition 
to secretory canals (*). Scale bars: 2 mm in g; 500 µm in f, b, j, k; 
200 µm in c, e, h, i, l. Scanning electron microscopy: b, h 

◂
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not conducting heat, and thus important against desiccation. 
In addition, several studies have shown a positive correla-
tion between trichome density and decreased herbivory rates 
(Agrawal 1999; Handley et al. 2005; De-la-Cruz et al. 2020; 
Kaur and Kariyat 2020), which is important especially in the 
early stages of development of plant organs.

In addition to the physical protection provided by the 
indumentum, several classes of compounds are effective 
in chemical protection. Although the presence of chemi-
cal compounds inside the trichomes is more commonly 
described for glandular trichomes, phenolic compounds in 
non-glandular trichomes such as those observed in Hom-
alolepis are reported for some species, associated with 
protection against ultraviolet radiation and heating, as well 
as repellents of phytophagous insects (Skaltsa et al. 1994; 
Karioti et al. 2011; Koudounas et al. 2015). The presence of 
pectin in the cytoplasm of these trichomes observed in H. 
glabra also may be related to the maintenance of a humid 
environment in young leaf organs, as described by Lusa et al. 
(2015) for Lychnophora diamantinana Coile & Jones (Aster-
aceae), since this class of carbohydrate is recognized for its 

hygroscopic property. Besides to functioning as a physical 
barrier, such trichomes can remain biochemically active in 
the production of chemical compounds even when mature, 
being able to release the compounds actively, similar to what 
occurs in glandular trichomes (Lusa et al. 2015; Tozin et al. 
2016). Furthermore, the release of compounds could also 
occur passively, after the trichomes are mechanically dam-
aged, which still needs further investigation.

Another equally interesting character that was observed in 
phanerophyte (H. glabra) and geophytes (H. pumila, H. salu-
bris and H. suffruticosa) species occurring in the “Cerrado” 
concerns glandular trichomes restricted to the apical region 
of the shoot and its leaf primordia, in addition to the basal 
region of the cataphylls. Multicellular secretory structures 
located mainly in the adaxial region of young vegetative 
and reproductive organs, specialized in mucilage secretion 
among other sticky substances and with activity restricted 
to the early stages of development are classified as colleters 
(Fahn 1979; Thomas 1991; Klein et al. 2004; Miguel et al. 
2006; Paiva 2012; Coutinho et al. 2015).

The record of colleters in Sapindales is currently 
restricted to few species, including four species of Anacardi-
aceae (Lacchia et al. 2016), one species of Meliaceae (Tilney 
et al. 2018)—although Fisher and Rutishaus (1990) reported 
multicellular structures resembling colleters for another spe-
cies—and two species of Rutaceae (Macêdo et al. 2016). 
The protodermal origin of colleters was described for Anac-
ardiaceae (Lacchia et al. 2016) and Rutaceae (Macêdo et al. 
2016) besides Simaroubaceae (this study), and broader stud-
ies are encouraged to verify if this is a pattern for the order. 
The number of species bearing colleters is probably under-
estimated, since due to their protodermal origin, colleters in 
Sapindales may historically have been interpreted as typi-
cal glandular trichomes, but especially because most of the 
studies were restricted to mature leaves, at which stage of 
development the colleters are no longer present. Further-
more, more comprehensive histochemical studies are needed 
to verify the chemical nature of the secretion observed in 
these structures in Homalolepis, since the protective func-
tion against desiccation of developing meristematic tissues 
is closely linked to the compound exuded by the colleters, 
which may vary within taxonomic groups (Thomas 1991).

The presence of internal secretory structures in leaf pri-
mordia, such as the secretory canals of Homalolepis sect. 

Fig. 5   Structure of the shoot apices of H. arenaria a, H. glabra d–l, 
H. insignis m–p, H. pumila (q–s), H. salubris (t–w), and H. suffruti-
cosa (u–w). a Detail of the surface of shoot apex, with a large amount 
of non-glandular trichomes. b, c Detail of the surface of shoot apex, 
with a large amount of non-glandular (black arrow) and glandular 
(white arrow) trichomes. d Cross section of the shoot apex, showing 
the organization of leaf primordia. e, f Successive stages of develop-
ment of non-glandular trichomes. g Fully developed non-glandular 
trichome, with a thick and lignified cell wall and phenolic content. 
h Fully developed non-glandular trichome, with a thick cell wall and 
pectic content. i, j Completely developed non-glandular trichomes, 
with a thick cuticle-coated cell wall (stained in black), except for the 
basal region (star). k–m Detail of shoot apex surface, with a large 
amount of non-glandular trichomes. n Cross section of shoot apex, 
showing the organization of leaf primordia. o, p Detail of shoot apex 
surface, with a large amount of non-glandular trichomes. q Cross sec-
tion of shoot apex, showing the organization of leaf primordia. r, s 
Detail of shoot apex surface, with a large amount of non-glandular 
trichomes. t Cross section of shoot apex, showing the organization 
of leaf primordia. u Fully developed multicellular non-glandular tri-
chome, with a thick cell wall and phenolic content. v, w Detail of 
shoot apex surface, with a large amount of non-glandular trichomes. x 
Cross section of shoot apex, showing the organization of leaf primor-
dia. Scale bars: 500 µm in a, c, d, l, n, o, t, x; 200 µm in b, k, q, r, s, 
v; 100 µm in m, p, w, u; 20 µm in e, f, g, h, i, j. Symbols: * = secre-
tory canals; ► = transverse cell wall; ▷ = pits. Scanning electron 
microscopy: a−c, k–m, o, p, r, s, v, w, x 
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Homalolepis species can reinforce the protection against 
phytophagous insects attack as demonstrated for mature 
leaves (Dussourd and Denno 1991). Although rarely 
reported in the literature, the early development of canals 
still in the leaf primordium stage, in some cases associ-
ated with developing vascular tissues, was also observed 
in Protium heptaphyllum (Aubl.) Marchand (Burseraceae, 
Palermo et al. 2018), a South American species of Sapin-
dales, and in species from other families including Aster-
aceae (Carlquist 1957) and Leguminosae (Rodrigues et al. 
2011).

Secretory canals are relatively common in Simarou-
baceae, reported for Ailanthus, Amaroria, Brucea, Han-
noa, Homalolepis, Mannia (= Pierreodendron), Odyendea, 
Perriera, Picrasma, Picrolemma, Simaba and Simarouba 
species, occurring on stem, leaf, inflorescence axis, and 
flower and fruits parts, often associated with vascular 
bundles (Boas 1913; Fernando and Quinn 1992; Alves 
2015). In Sapindales, secretory canals or ducts occur in 

Anacardiaceae + Burseraceae and Simaroubaceae + Meli-
aceae clades, in vegetative and reproductive organs of many 
species (Dünisch and Baas 2006; Bachelier 2009; Lacchia 
and Carmello-Guerreiro 2009; Souza et al. 2016; Palermo 
et al. 2018; Mashimbye et al. 2020; Tölke et al. 2021), com-
monly producing resinous exudates (Metcalfe and Chalk 
1957; Langenheim 2003; Prado and Demarco 2018). Among 
Simaroubaceae, resin-producing species are described only 
in the Asian genus Ailanthus, with emphasis on A. altissima 
(Mill.) Swingle, used as incense in religious rituals (Lan-
genheim 2003; Shi et al. 2011), but there is no information 
about the type of structure producing this substance.

The presence of trichomes in all Homalolepis species 
analyzed does not seem to indicate a strategy related to life 
habit or even to the environment in which these plants occur, 
since they were observed in the geophyte species occurring 
in the “Cerrado” (H. pumila, H. salubris and H. suffruti-
cosa), where this condition may be related to protection 
against desiccation or even to mechanical protection of the 
apex, which is often found below or at ground level, but 
also occur in phanerophyte species of the Atlantic Forest 
(H. arenaria and H. insignis) and “Cerrado” (H. glabra).

Still under an evolutionary context, the comparative anal-
ysis between phanerophyte species showed that H. glabra 
has colleters and H. insignis does not. This is quite inter-
esting, since from our initial hypothesis, we would expect 
to find similar strategies related to similar habits. The two 
lineages detected in the phylogeny of the genus presented 
by Devecchi et al. (2018a) were described as two sections 
(Devecchi et al. 2018b), with H. glabra in the typical section 
while H. insignis is found in Homalolepis sect. Grandiflorae. 
In that case, as these clades diverged a long time ago, it is 
possible that such a change in the protection strategy of the 
apical meristem has occurred.

Fig. 6   Structure of the glandular trichomes of H. glabra (a–k), 
H. salubris (l–n), H. suffruticosa (o–q), and H. pumila (r–t). a–b 
Position of the trichomes, on the adaxial surface of leaf primordia 
(arrow). c–f Successive stages of development of trichomes from leaf 
primordia (arrowheads) to the fully developed stage, with head (hd) 
and stalk (st). g–k Fully developed trichomes from leaf primordia. 
g Thin cuticle on the surface, with accumulated secretion in subcu-
ticular and intercellular spaces (*). h Starch grains inside the cells. i. 
Protein content inside cells of the head. j–k Accumulated secretion 
in subcuticular and intercellular spaces (*). l–n Position of glandular 
trichomes (arrows) on the adaxial surface of the base of leaf primor-
dia. o–q Position of glandular trichomes (arrows) at the intersection 
between adaxial and abaxial surfaces of the leaf primordium. r–t 
Position of glandular trichomes, on the adaxial surface of the base of 
cataphylls. Scale bars: 100 µm in a, b, l, m, o, p, r; 50 µm in c, n, q, 
t; 20 µm in e, f, g, h, i, j, k, s; 10 µm in d. Scanning electron micros-
copy: a, l, o, r, s 

◂



	 P. A. Cortez et al.

1 3



Strategies for the protection of shoot buds in phanerophyte and geophyte species of Homalolepis…

1 3

Acknowledgements  The authors are grateful to the Laboratório de 
Anatomia Vegetal and Centro de Aquisição de Imagens e Microsco-
pia (Instituto de Biociências, Universidade de São Paulo, São Paulo, 
Brasil) for technical assistance. This study was financially sup-
ported by Fundação de Amparo à Pesquisa do Estado de São Paulo 
(FAPESP Research Grant 2019/15195-8 to GFAMP and Research 
Scholarship 2018/07527-8 to VSG), Conselho Nacional de Desen-
volvimento Científico e Tecnológico (CNPq Productiviy Grant 
303962/2019-4 to GFAMP and PIBIC Scholarship to KDU), Coorde-
nação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES Grant 
88882.315503/2019-01 to MFD).

Authors’ contributions  All authors contributed to the study conception 
and design. Plant material collection was performed by GFAMP, MFD 
and VSG. Plant material preparation and data collection and analysis 
were performed by GFAMP, KDU, PAC and VSG. The first draft of 
the manuscript was written by GFAMP, KDU and VSG and all authors 
commented on previous versions of the manuscript. All authors read 
and approved the final manuscript.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

References

Agrawal AA (1999) Induced responses to herbivory in wild radish: 
effects on several herbivores and plant fitness. Ecology 80:1713–
1723. https://​doi.​org/​10.​1890/​0012-​9658(1999)​080[1713:​
IRTHIW]​2.0.​CO;2

Alves GGN (2015) Estudos estruturais como subsídio à taxonomia de 
Simaba Aubl. (Simaroubaceae). Dissertation, Universidade de São 
Paulo, São Paulo

Arnaud C, Bonnot C, Desnos T, Nussaume L (2010) The root cap at the 
forefront. C R Biologies 333:335–343. https://​doi.​org/​10.​1016/j.​
crvi.​2010.​01.​011

Bachelier JB (2009) Comparative study of the floral morphology 
and anatomy in Anacardiaceae, Burseraceae, and Kirkiaceae 

(Sapindales). Dissertation, University of Zurich, Zurich. https://​
doi.​org/​10.​5167/​uzh-​163847

Barley KP, Greacen EL (1967) Mechanical resistance as a soil factor 
influencing the growth of roots and underground shoots. In: Nor-
man AG (ed) Advances in agronomy, vol 19. Academic Press, 
New York, pp 1–43

Boas F (1913) Beiträge zur Anatomie und Systematik der Simaruba-
ceen. Beiträge Zur Botanische Centralblätter 29:303–356

Braga MR, Dietrich SMC (1987) Defesas químicas de plantas: fito-
alexinas. Acta Bot Bras 1:3–16. https://​doi.​org/​10.​1590/​S0102-​
33061​98700​01000​02

Braue CA, Wample RL, Kolattukudy PE, Dean BB (1983) Relation-
ship of potato tuber periderm resistance to plant water status. Am 
Potato J 60:827–837. https://​doi.​org/​10.​1007/​BF028​53972

Bukatsch F (1972) Bemerkungen zur Doppelfärbung Astrablau-Safra-
nin. Mikrokosmos 61:255

Campilho A, Nieminen K, Ragni L (2020) The development of the 
periderm: the final frontier between a plant and its environment. 
Curr Opinion Plant Biol 53:10–14. https://​doi.​org/​10.​1016/j.​pbi.​
2019.​08.​008

Carlquist S (1957) Leaf anatomy and ontogeny in Argyroxiphium and 
Wilkesia (Compositae). Am J Bot 44:696–705. https://​doi.​org/​10.​
1002/j.​1537-​2197.​1957.​tb082​53.x

Cavalcante PB (1983) Revisão taxonômica do gênero Simaba Aubl. 
(Simaroubaceae) na América do Sul. Publ Avulsas Mus Pa Emilio 
Goeldi 37:1–85

Clayton JW (2011) Simaroubaceae. In: Kubitzki K (ed) The fami-
lies and genera of vascular plants, vol 10. Springer, Berlin, pp 
408–423

Coutinho IAC, Francino DMT, Meira RMSA (2015) New records of 
colleters in Chamaecrista (Leguminosae Caesalpinioideae s.l.): 
structural diversity, secretion, functional role, and taxonomic 
importance. Intern J Plant Sci 176:72–85. https://​doi.​org/​10.​
1086/​679016

Cruz R, Duarte M, Pirani JR, Melo-de-Pinna GFA (2015) Develop-
ment of leaves and shoot apex protection in Metrodorea and 
related species (Rutaceae). Bot J Linn Soc. https://​doi.​org/​10.​
1111/​boj.​12281

De-la-Cruz IM, Cruz LL, Martínez-García L, Valverde PL, Flores-
Ortiz CM, Hernández-Portilla LB, Núñez-Farfán J (2020) Evo-
lutionary response to herbivory: population differentiation in 
microsatellite loci, tropane alkaloids and leaf trichome density in 
Datura stramonium. Arth Plant Int 14:21–30. https://​doi.​org/​10.​
1007/​s11829-​019-​09735-7

Devecchi MF, Thomas WW, Plunkett GM, Pirani JR (2018a) Testing 
the monophyly of Simaba (Simaroubaceae): evidence from five 
molecular regions and morphology. Mol Phyl Evol 120:63–82. 
https://​doi.​org/​10.​1016/j.​ympev.​2017.​11.​024

Devecchi MF, Thomas WW, Pirani JR (2018b) Taxonomic revision 
of the neotropical genus Homalolepis Turcz. (Simaroubaceae). 
Phytotaxa 366:1–108. https://​doi.​org/​10.​11646/​phyto​taxa.​366.1.1

Devecchi MF, Pirani JR, Thomas WW (2020) Simaroubaceae in 
Flora do Brasil 2020 em construção. Jardim Botânico do Rio 
de Janeiro. http://​flora​dobra​sil.​jbrj.​gov.​br/​reflo​ra/​flora​dobra​sil/​
FB222. Accessed 10 August 2021

Douglas MM (1983) Defense of bracken fern by arthropods attracted 
to axillary nectaries. Psyche 90:313–320. https://​doi.​org/​10.​1155/​
1983/​86859

Dünisch O, Baas P (2006) On the origin of intercellular canals in the 
secondary xylem of selected Meliaceae species. IAWA J 27:281–
297. https://​doi.​org/​10.​1163/​22941​932-​90000​155

Dussourd DE, Denno RF (1991) Deactivation of plant defense: cor-
respondence between insect behavior and secretory canal archi-
tecture. Ecology 72:1383–1396. https://​doi.​org/​10.​2307/​19411​10

Fig. 7   Anatomy of the secretory canals of leaf primordia of H. glabra 
(a–o), H. pumila (p, q), and H. suffruticosa (r). a Longitudinal sec-
tion of shoot apex, showing secretory canals (star). b, c Longitudi-
nal sections of leaf primordia with secretory canals in early stages 
of development, consisting of meristematic cells larger than the 
adjacent ones (stars). d Cross section of a leaf primordium, show-
ing central cells of the secretory canal (*), larger than the adjacent 
cells and delimiting a small central space. e–i Longitudinal sections 
of leaf primordia in successive stages of development, showing the 
increase in size of the central space of the secretory canal (arrow) and 
the cells in various stages of degeneration (*). j–l Longitudinal sec-
tions of leaf primordia, showing the secretory canal in an advanced 
stage of development. m–o Longitudinal sections of the leaf primor-
dia, showing the fully developed secretory canals, with a large central 
space and the surrounding epithelial cells (ec). p–r Cross sections of 
shoot apex, showing central secretory canals (★) in the leaf primor-
dia. Scale bars: 500 µm in a, r; 200 µm in d, p; 100 µm in q; 20 µm 
in f, h, n; 50 µm in b, c, e, g, i, j, k, l, m, o. Symbols: ► = conducting 
cells of the xylem; ▷ = conducting cells of the phloem

◂



	 P. A. Cortez et al.

1 3

Engler HGA (1874) Simaroubaceae. In: Martius CPF, Eichler AG 
(eds) Flora Brasiliensis, vol 12. Friedrich Fleischer, Leipzig, pp 
197–248

Engler HGA (1931) Simarubaceae. In: Engler HGA, Prantl K (eds) Die 
natürlichenPflanzenfamilien, 2nd edn, 9a. Engelmann, Leipzig, 
pp 359–405

Esau K (1953) Plant anatomy. John Wiley and Sons, New York
Fahn A (1979) Secretory tissues in plants. Academic Press, London
Fahn A (1982) Plant anatomy, 3rd edn. Pergamon Press, Oxford
Fernando ES, Quinn CJ (1992) Pericarp anatomy and systematics of 

the Simaroubaceae sensu lato. Aust J Bot 40:263–289. https://​doi.​
org/​10.​1071/​BT992​0263

Fisher DB (1968) Protein staining of ribboned epon sections for light 
microscopy. Histochemie 16:92–96. https://​doi.​org/​10.​1007/​
BF003​06214

Fisher JB, Rutishaus R (1990) Leaves and epiphyllous shoots in Chiso-
cheton (Meliaceae): a continuum of woody leaf and stem axes. 
Can J Bot 68:2316–2328. https://​doi.​org/​10.​1139/​b90-​296

Handley R, Ekbom B, Ågren J (2005) Variation in trichome density and 
resistance against a specialist insect herbivore in natural popula-
tions of Arabidopsis thaliana. Ecol Entom 30:284–292. https://​
doi.​org/​10.​1111/j.​0307-​6946.​2005.​00699.x

Heil M (2011) Nectar: generation, regulation and ecological functions. 
Trends Plant Sci 16:191–200. https://​doi.​org/​10.​1016/j.​tplan​ts.​
2011.​01.​003

Johansen DA (1940) Plant microtechnique. McGraw - Hill Book Co., 
New York

Karioti A, Tooulakou G, Bilia AR, Psaras GK, Karabourniotis G, 
Skaltsaa H (2011) Erinea formation on Quercus ilex leaves: ana-
tomical, physiological and chemical responses of leaf trichomes 
against mite attack. Phytochemistry 72:230–237. https://​doi.​org/​
10.​1016/j.​phyto​chem.​2010.​11.​005

Kaur J, Kariyat R (2020) Role of trichomes in plant stress biology. In: 
Núñez-Farfán J, Valverde P (eds) Evolutionary ecology of plant-
herbivore interaction. Springer, Cham, pp 15–35

Klein DS, Gomes VM, Silva-Neto SJ, Cunha M (2004) The structure 
of colleters in several species of Simira (Rubiaceae). Ann Bot 
94:733–740. https://​doi.​org/​10.​1093/​aob/​mch198

Klimešová J, Martínková J, Ottaviani G (2018) Belowground plant 
functional ecology: towards an integrated perspective. Funct Ecol 
32:2115–2126. https://​doi.​org/​10.​1111/​1365-​2435.​13145

Koudounas K, Manioudak ME, Kourti A, Banilas G, Hatzopoulos 
P (2015) Transcriptional profiling unravels potential metabolic 
activities of the olive leaf non-glandular trichome. Front Plant Sci 
6:633. https://​doi.​org/​10.​3389/​fpls.​2015.​00633

Kubalt K (2016) The role of phenolic compounds in plant resistance. 
Biotechnol Food Sci 80:97–108

Kumar N, Iyer-Pascuzzi AS (2020) Shedding the last layer: mecha-
nisms of root cap cell release. Plants 9: 308. doi: https://​doi.​org/​
10.​3390/​plant​s9030​308

Lacchia APS, Carmello-Guerreiro SM (2009) Aspectos ultra-estru-
turais dos canais secretores em órgãos vegetativos e reprodutivos 
de Anacardiaceae. Acta Bot Bras 23:376–388. https://​doi.​org/​10.​
1590/​S0102-​33062​00900​02000​09

Lacchia APS, Tölke EEAD, Carmello-Guerreiro SM, Ascensão 
L, Demarco D (2016) Foliar colleters in anacardiaceae: first 
report for the family. Botany 94:1–10. https://​doi.​org/​10.​1139/​
cjb-​2015-​0236

Langenheim JH (2003) Plant resins, chemistry, evolution, ecology, and 
ethnobotany. Timber Press, Portland

Lemos RCC, Silva DC, Melo-de-Pinna GFA (2017) A structural review 
of foliar glands in Passiflora L. (Passifloraceae). PloS One. https://​
doi.​org/​10.​1371/​journ​al.​pone.​01879​05

López-Naranjo HJ, Pernía NE (1990) Anatomia y ecologia de los orga-
nos subterraneos de Anacardium humile A. St.-Hil. (Anacardi-
aceae). Rev Forest Venez 24:55–76

Lubbock J (1899) On buds and stipules. Kegan Paul, Trench, Trübner, 
and Co., London

Lusa MG, Cardoso EC, Machado SR, Appezzato-da-Glória B (2015) 
Trichomes related to an unusual method of water retention and 
protection of the stem apex in an arid zone perennial species. AoB 
Plants. https://​doi.​org/​10.​1093/​aobpla/​plu088

Macêdo TP, Cortez PA, Costa LCB (2016) First record of colleters in 
Zanthoxylum Linn. species (Rutaceae Juss., Sapindales): struc-
tural, functional and taxonomic considerations. Flora 224:66–74. 
https://​doi.​org/​10.​1016/j.​flora.​2016.​07.​007

Mashimbye NN, Moteetee AN, Oskolski AA (2020) Stem and leaf 
structure of Searsia erosa (Thunb.) Moffett (Anacardiaceae) with 
systematic, ecological and ethnobotanical implications. Bot Pac 
9:103–112. https://​doi.​org/​10.​17581/​bp.​2020.​09214

McManus JFA (1948) Histological and histochemical uses of periodic 
acid. Stain Technol 23:99–108. https://​doi.​org/​10.​3109/​10520​
29480​91062​32

Metcalfe CR, Chalk L (1957) Anatomy of the dicotyledons. Clarendon 
Press, Oxford

Miguel EC, Gomes VM, Oliveira MA, Cunha M (2006) Colleters 
in Bathysa nicholsonii K. Schum. (Rubiaceae): ultrastructure 
secretion protein composition, and antifungal activity. Plant Biol 
8:715–722. https://​doi.​org/​10.​1055/s-​2006-​924174

O’Brien TP, Feder N, McCully ME (1964) Polyehromatic staining of 
plant cell walls by Toluidine Blue O. Protoplasma 59:368–373. 
https://​doi.​org/​10.​1007/​BF012​48568

Oliveira PS, Freitas AV (2004) Ant-plant-herbivore interactions in the 
neotropical cerrado savanna. Naturwissenschaften 91:557–570. 
https://​doi.​org/​10.​1007/​s00114-​004-​0585-x

Ottaviani G, Molina-Venegas R, Charles-Dominique T, Chelli S, 
Campetella G, Canullo R, Klimešová J (2020) The neglected 
belowground dimension of plant dominance. Trends Ecol Evol 
35:763–766. https://​doi.​org/​10.​1016/j.​tree.​2020.​06.​006

Paiva EAS (2012) Colleters in Cariniana estrellensis (Lecythi-
daceae): structure, secretion and evidences for young leaf pro-
tection. J Torrey Bot Soc 139:1–8. https://​doi.​org/​10.​3159/​
TORREY-​D-​11-​00046.1

Palermo FH, Rodrigues MIA, Nicolai J, Machado SR, Rodrigues TM 
(2018) Resin secretory canals in Protium heptaphyllum (Aubl.) 
Marchand (Burseraceae): a tridimensional branched and anasto-
mosed system. Protoplasma 255:899–910. https://​doi.​org/​10.​1007/​
s00709-​017-​1197-6

Pearse AGE (1985) Histochemistry - theoretical and applied: prepara-
tive and optical technology, vol 1, 4th edn. Churchill Livingston, 
Edinburgh

Pizzolato F, Lillie RD (1973) Mayer’s tannic acid-ferric chloride stain 
for mucins. J Histochem Cytochem 21:56–64. https://​doi.​org/​10.​
1177/​21.1.​56

Prado E, Demarco D (2018) Laticifers and secretory ducts: similari-
ties and differences. In: Hufnagel L (ed) Ecosystem services and 
global ecology. IntechOpen, London, pp 103–123

Raunkiaer C (1934) The life forms of plants and statistical plant geog-
raphy. Clarendon, Oxford

Ribeiro VC, Leitão CAE (2020) Utilisation of toluidine blue O pH 
4.0 and histochemical inferences in plant sections obtained by 
free-hand. Protoplasma 257:993–1008. https://​doi.​org/​10.​1007/​
s00709-​019-​01473-0

Rizzini CT, Heringer EP (1961) Underground organs of plants from 
some southern Brazilian savannas, with special reference to the 
xylopodium. Phyton 17:105–124

Robards AW (1978) An introduction to techniques for scanning elec-
tron microscopy of plant cells. In: Hall JL (ed) Electron micros-
copy and cytochemistry of plant cells. Elsevier, New York, pp 
343–403

Rodrigues TM, Teixeira SP, Machado SR (2011) The oleoresin secre-
tory system in seedlings and adult plants of copaíba (Copaifera 



Strategies for the protection of shoot buds in phanerophyte and geophyte species of Homalolepis…

1 3

langsdorffii Desf., Leguminosae-Caesalpinioideae). Flora 
206:585–594. https://​doi.​org/​10.​1016/j.​flora.​2010.​10.​002

Shi HY, Zhou YF, Guo JS, Liu WZ (2011) Development and cyto-
chemistry of secretory ducts in Ailanthus altissima. Acta Bot Sin 
31:1291–1296

Simon MF, Grether R, Queiroz LP, Skema C, Pennington RT, Hughes 
CE (2009) Recent assembly of the Cerrado, a Neotropical plant 
diversity hotspot, by in situ evolution of adaptations to fire. Proc 
Natl Acad Sci 106:20359–20364. https://​doi.​org/​10.​1073/​pnas.​
09034​10106

Skaltsa H, Verykokidou E, Harvala C, Karabourniotis G, Manetas Y 
(1994) UVA-B protective potential and flavonoid content of leaf 
hairs of Quercus ilex. Phytochemistry 37:987–990. https://​doi.​org/​
10.​1016/​S0031-​9422(00)​89514-X

Souza LR, Trindade FG, Oliveira RA, Costa LCB, Gomes VM, Cunha 
M (2016) Histochemical characterization of secretory ducts and 
essential oil analysis of Protium species (Burseraceae). J Essent 
Oil Res 28:166–171. https://​doi.​org/​10.​1080/​10412​905.​2015.​
10924​78

Suzuki N, Ogura K, Katayama N (2004) Efficiency of herbivore exclu-
sion by ants attracted to aphids on the vetch Vicia angustifolia L. 
(Leguminosae). Ecol Res 19:275–282. https://​doi.​org/​10.​1111/j.​
1440-​1703.​2004.​00636.x

Thiers B (2016) Index Herbariorum: A global directory of public her-
baria and associated staff. New York Botanical Garden’s Virtual 
Herbarium. http://​sweet​gum.​nybg.​org/​scien​ce/​ih/. Accessed 10 
August 2021

Thomas V (1991) Structural, functional and phylogenetic aspects of 
the colleter. Ann Bot 68:287–305. https://​doi.​org/​10.​1093/​oxfor​
djour​nals.​aob.​a0882​56

Tilney PM, Nel M, van Wyk AE (2018) Foliar secretory structures in 
Ekebergia capensis (Meliaceae). Heliyon 4:e00541. https://​doi.​
org/​10.​1016/j.​heliy​on.​2018.​e00541

Tölke ED, Lacchia APS, Lima EA, Demarco D, Ascensão L, Carmello-
Guerreiro SM (2021) Secretory ducts in Anacardiaceae revisited: 
updated concepts and new findings based on histochemical evi-
dence. S Afr J Bot 138:394–405. https://​doi.​org/​10.​1016/j.​sajb.​
2021.​01.​012

Tozin LRS, Silva SCM, Rodrigues TM (2016) Non-glandular tri-
chomes in Lamiaceae and Verbenaceae species: morphological 
and histochemical features indicate more than physical protec-
tion. N Z J Bot 54:446–457. https://​doi.​org/​10.​1080/​00288​25X.​
2016.​12051​07

van der Putten WH (2003) Plant defense belowground and spatiotem-
poral processes in natural vegetation. Ecology 84:2269–2280. 
https://​doi.​org/​10.​1890/​02-​0284

Wagner D, Key A (2002) Do extrafloral nectaries distract ants from 
visiting flowers? An experimental test of an overlooked hypoth-
esis. Evol Ecol Res 4:293–305

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


