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Abstract
The aerial environment appears to structurally modify roots, which frequently show specializations for absorbing water 
and nutrients. Among those specializations are the velamen, a multiseriate epidermis generally composed of dead mature 
cells, and greater degrees of lignification in the endodermis, exodermis, and pith. Vanilla phaeantha is a hemiepiphyte used 
here as a model of study to determine which root characteristics demonstrate the most plasticity in response to aerial and 
terrestrial environments. It produces roots growing under three conditions: (1) aerial and free, growing from the highest 
branches towards the ground; (2) aerial roots attached to the phorophyte; and (3) terrestrial. Samples taken 3 cm from the 
apices were used to prepare histological slides. The tissues and other anatomical structures were measured and histochemi-
cally characterized. The most plastic characteristics were the external periclinal thicknesses of the exodermis and the total 
area occupied by the aerenchyma lacunae. The free roots were the longest, did not evidence root hairs, and had the largest 
number of the aerenchyma lacunae; they also evidenced greater thicknesses of the exodermis in contact with the epidermis 
walls that helped maintain their shapes. Terrestrial roots had root hairs around the entire circumference and intense infesta-
tions of mycorrhiza, indicating their involvement in nutrient acquisition. The adhering roots evidenced free regions similar 
to those of aerial roots, as well as adhering regions showed characteristics similar to terrestrial roots (with root hairs and 
mycorrhiza infestations).
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Introduction

There are various advantages to the epiphytic lifestyle, espe-
cially the greater access to sunlight in the upper canopy. 
Those advantages, however, are accompanied by significant 
limitations in acquiring water and nutrients (Benzing 1990; 
Coxson and Nadkarni 1995; Holbrook and Putz 1996a, b, c; 
Swagel et al. 1997). Epiphytic plants are notably subject to 
deficits in access to those resources, although they exhibit 
compensatory morphological and physiological strategies 
through their vegetative organs (Silva and Milaneze-Gutierre 

2004). Examples of those strategies can be seen in their spe-
cialized root systems, with aerial roots exhibiting adaptive 
anatomical characteristics designed to capture and absorb 
water and minerals, and perform photosynthesis (Benzing 
1990; Black 1973; Moreira et al. 2013).

Approximately 75% of all orchid species are epiphytes 
(Zotz et al. 2021). Their root systems comprise adventitious 
roots whose tissues are covered by a simple or multiple epi-
dermis composed of dead cells, called velamen (Dycus and 
Knudson 1957). The term “velamen radicum” was coined by 
Chatin (1856) and Schleiden (1843) to refer to a multiseri-
ate epidermis. Subsequently, Engard (1944) and Dycus and 
Knudson (1957) reinforced the concept of velamen as a mul-
tiple epidermis, but encountered a single layer of epidermal 
cells in Vanilla planifolia (synonym of Vanilla fragans), and 
consequently accepting the possibility of velamen as a tissue 
composed of only a single layer. Porembski and Barthlott 
(1988) adopted the term velamen to define a uni- or mul-
tiseriate epidermis that comprised of dead cells delimited 
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internally by an exodermis, regardless of functional aspects. 
Those authors described different types of parietal thick-
nesses at maturity and the presence of an epivelamen (the 
outermost velamen layer, differentiated from other velamen 
cells).

Internal to the velamen is the cortical parenchyma, 
located between the exodermis and the endodermis (the 
outermost and innermost layer of the cortex, respectively). 
Endodermal and exodermal cells can be highly lignified and 
dead at maturity and intercalated by passage cells (alive at 
maturity) (Pridgeon 1987; Trépanier et al. 2009; Joca et al. 
2017). The parenchymatic cortex contains cells that can 
exhibit different parietal thicknesses, being phi, reticulated, 
or uniform (Stern & Whitten 1999; Stern and Judd 2001; 
Moreira et al. 2013; Joca et al. 2017). Internal to the endo-
dermis is the vascular cylinder, which can contain xylem 
bundles and phloem surrounding the pith (Oliveira and Sajo 
1999).

Among the orchids, the genus Vanilla Mill comprises 
115 predominately hemiepiphyte species distributed in 
tropical and subtropical regions in North America, South 
America, Africa, and Asia (Cameron 2011). Hemiepi-
phytes generally constitute a relevant component of tropi-
cal vegetation, with more than 800 species (Zotz 2013). 
In some cases, as with Vanilla, hemiepiphytes germinate 
in the soil, establishing contact with the trunk of the host 
plant (i.e., phorophyte), and subsequently climbing using 
adhering roots to become epiphytes; those plants can 
reconnect with the soil again through aerial roots (Kress 
1989; Putz and Holbrook 1986). Those two types of aerial 
roots are encountered in the genus Vanilla and take on 
different roles: shorter and non-ramified adhering roots, 
generally of limited growth, hold the orchid to the pho-
rophyte, while longer and ramified free roots of unlim-
ited growth grow downwards toward the soil (substrate) 
(Stern and Judd 1999). In Vanilla, aerial and terrestrial 
roots have different structures that physiologically affirm 
their different functional properties, such as the larger 
caliber of the metaxylem of the terrestrial roots, which 
have the function of absorption (Stern and Judd 1999). 
The aerial environment, therefore, appears to structurally 
mold those roots, generating morphological characteris-
tics that differentiate them from terrestrial roots. In other 
genera, greater lignification degrees have been observed 
in the endodermis, exodermis, and pith of aerial roots 
of epiphytic plants (Moreira and Isaias 2008). Studies 

such as Moreira and Isaias (2008) have been primarily 
based on comparisons between epiphytic and terrestrial 
species. Vanilla phaeantha has a wide distribution in 
Brazil, occurring both in dry environments and in sem-
ideciduous forests (Karremans et al. 2020). In this way, 
studies focusing on the structure and functions performed 
by the roots can help in the understanding of this species 
establishment in new environments. Here, we sought to 
measure the phenotypic plasticity of V. phaeantha roots 
to determine which characteristics are most plastic and 
reflect specializations to either epiphytic or terrestrial 
environments.

Despite the taxonomic proximity of various genera that 
have velamen in the roots, and the velamen presence in 
epiphytic species, the genus Vanilla is traditionally asso-
ciated with a simple epidermis (Engard 1944; Stern and 
Judd 1999). Stern and Judd (1999) considered the simple 
epidermis as velamen based on the thickening of the walls 
in diverse species of the genus (such as V. poitaei Rchb.f. 
and V. madagascariensis Rolfe). Velamen is, therefore, 
characterized by the presence of dead cells at maturity, 
commonly evidencing thickenings of their cell walls. As 
such, the present study sought to reevaluate the simple 
epidermis observed in V. phaeantha as velamen, while 
reconsidering the structural and physiological concept of 
that tissue.

Material and methods

Study area and the plant species

The present study was undertaken in a gallery forest located 
in the Permanent Preservation Area of the privately owned 
Fazenda Quilombo, located in the municipality of Araguari, 
Minas Gerais State, Brazil (763  m.a.s.l., 18°43′58.5ʺS 
48°02′58.9ʺ W). The local climate is tropical type Aw 
according to the Köppen classification system (Alvares et al. 
2013). The mean annual temperature is near 21.4° C, and the 
mean monthly precipitation rate is about 127 mm. A rainy 
season occurs between October and March (with a mean 
monthly rainfall rate of 220 mm), followed by a dry austral 
winter from April to September (with a mean monthly rain-
fall rate of 22 mm). The V. phaeantha population studied, 
however, occurs in a gallery forest with high humidity levels 
in the soil throughout the year, having only major variations 
in the relative humidity of the air during the two marked 
seasons.

The study species is a secondary hemiepiphyte with wide 
geographic distribution, present in North, Central, and South 
America, and in the Antilles (Karremans et al. 2020). It can 
reach heights of 5 m, extending from the soil to the canopy 

Fig. 1   Vanilla phaeantha in a gallery forest in the region of Araguari, 
Minas Gerais State, Brazil. (a) Overview, showing the hemiepiphyte 
growing on a phorophyte, from soil level up to 5 m. (b) Detail of the 
phorophyte adhering roots (arrows). (c) Detail of the terrestrial roots 
(arrows). (d) Detail of the free roots in their initial stages of develop-
ment (arrow)

◂
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of a single phorophyte (Fig. 1a). Adventitious roots that 
adhere to the phorophyte (Fig. 1b), while completely free 
roots descend towards the soil (Fig. 1c); additional roots 
grow close to the leaf litter and fix the epiphyte to the soil 
(Fig. 1d) (Ferreira et al. 2017; Alconero 1968).

Structural analyses

Fragments of each type of root (roots that initiate directly 
at soil/terrestrial levels, roots adhering to the phorophyte, 
and completely free roots) were collected for anatomical 
and histochemical analyses. Root fragments were excised 
at 3 cm from the apices of each type of root from different 
five individuals of V. phaeantha (n = 5). The fragments were 
then fixed in FAA50 (formaldehyde, acetic acid, 50% ethyl 
alcohol, 1:1:18 v/v) for 48 h and then stored in 70% ethyl 
alcohol (Johansen 1940).

To prepare the histological slides, transversal and lon-
gitudinal sections were manually prepared using razor 
blades. Fragments were cleared in 50% sodium hypochlo-
rite, washed in distilled water (Kraus and Arduin 1997), 
and then stained with 1% aqueous solutions of Astra 
blue and safranin (9:1 v/v) (Bukatsch 1972, modified). 
The slides were mounted with glycerinated gelatin (Kai-
ser 1880) and photomicrographed using an ICC50 HD 
digital camera coupled to a DM500 microscope (Leica, 
Germany).

Three sections of each root were utilized for the histom-
etry. We counted the number of protoxylem strands in the 
vascular cylinder and the number of aerenchyma lacunae in 
the cortex. The transversal area of the root, the transversal 
areas occupied by the root cortex and the vascular cylin-
der, the total area occupied by the aerenchyma lacunae, the 
areas of the metaxylem vessels, the thicknesses of the epi-
dermis and exodermis, and the thickness of the cell wall of 
the exodermis in contact with the epidermis were measured 
using Image J software (version 1.51, National Institute of 
Health, EUA). The data used for the analyses were based 
on the means of three measurements of the same section. 
In terms of the roots adhering to the substrate, the measure-
ments were always performed on free sections of the roots 
to avoid any deformations resulting from contact with the 
phorophyte.

Observations of thin sections involved embedding the 
samples in methacrylate resin, following the manufactur-
er’s recommendations (Historesin® Leica, Germany). Sam-
ples were sectioned in transversal and longitudinal planes 
(10 µm) using a rotary microtome (YD315, ANCAP, Brazil). 
The sections were then stained with 0.05% toluidine blue 
in 0.1 M phosphate buffer (pH 6.8) (O’Brien et al. 1964) 
and photomicrographed using a digital camera coupled to a 
microscope (Leica, DM1000, Germany).

The parietal thicknesses of the epidermis/velamen and the 
exodermis were visualized using a scanning electron micro-
scope (Zeiss EVO MA10, Germany). Samples from the three 
types of roots were fixed in FAA50 (Johansen 1940) and 
gradually dehydrated in an acetone series (O’Brien and 
McCully 1981). Sections were then submitted to critical 
point CO2 drying and metallized with gold, following Sil-
veira (1989). The material was examined in the Instituto de 
Química at Universidade Federal de Uberlândia.

Histochemical analyses

Freehand sections were treated with Sudan III and Lugol 
solution (iodine + potassium iodide) to detect total lipids 
and starch, respectively (Johansen 1940). Proteins were 
tested in the sections cut using the rotary microtome to 
determine if the epidermal cells were alive. The sections 
were treated with 1% bromophenol blue, and then washed 
with 0.5% acetic acid, followed by distilled water (Dur-
rum 1950). Temporary slides were mounted in water 
and immediately inspected under a microscope (Leica, 
DM1000, Germany).

For the histochemical localization of lignin in the root 
cell walls, freehand sections were mounted in distilled water 
and analyzed using a Leica DM500 optical microscope 
with fluorescence system, coupled with a HD5000 digital 
camera with a DAPI emission filter (excitement spectrum: 
385–400 nm) (Chomicki et al. 2014; Joca et al. 2020). The 
presence of lignin was confirmed using an alcohol solution 
of 1% Floroglucin, with the addition of a second solution of 
25% HCl (Johansen 1940; Joca et al. 2020).

Quantitative data analysis

The histometric data were compared using JMP software 
(SAS Institute, EUA). The data that demonstrated nor-
mality according to the Shapiro–Wilk test was used to 
determine the structural differences between the three 
types of roots through an ANOVA test (JMP, SAS Insti-
tute, EUA). The data that did not demonstrate the para-
metric suppositions of normality were analyzed using 
the Kruskal–Wallis test. Differences among the factors 
or parameters were considered significant at a 5% level 
of probability.

The histometric data were evaluated in terms of their 
plasticity based on the Relative Distances Plasticity Index 
(RDPI) as proposed by Valladares et al. (2006). The RDPI 
was calculated based on a Xij matrix, where i (lines) are 
the individuals analyzed, and j (columns) refer to envi-
ronmental conditions (adhering, free, or terrestrial roots). 
The RDPIs were calculated based on the formula RDPI = Ʃ 
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(dij → i’j’/(xij + xj’j’)) /n, where j → j’ represents the num-
ber of conditions, i → i’ the number of individuals, n is the 
total number of distances, and x is the characteristic to be 
analyzed. RDPI can vary between 0 (without plasticity) 

to 1 (high plasticity). Considering that the data did not 
demonstrate normality, the differences in plasticity were 
detected using the Kruskal–Wallis test (at a 5% level of 
probability).

Table 1   Structural characteristics of the roots of the hemiepiphyte Vanilla phaeantha (Orchidaceae) growing adhering to a phorophyte, free, and 
fixed to the soil (terrestrial). Values with different letters on the same line are different by the Tukey test at a 0.05 level of significance

Free (aerial root) Adhering to the phorophyte Fixed to the soil (terrestrial root) p

Transversal area of the roots (mm2) 1.09 ± 0.23b 1.09 ± 0.38b 1.47 ± 0.36a  < 0.01
Thickness of the epidermis (µm) 36.76 ± 6.79a 29.75 ± 4.60a 28.79 ± 11.70a  > 0.05
Thickening of the cell wall of the exodermis 

in contact with the epidermis (µm)
6.13 ± 1.68a 7.82 ± 2.65a 4.40 ± 1.76b  < 0.01

Thickness of the exodermis (µm) 53.24 ± 10.22a 61.88 ± 8.50a 57.89 ± 18.20a  > 0.05
Transversal area of the root cortex + vascular 

cylinder (mm2)
1.00 ± 0.22b 1.02 ± 0.36b 1.35 ± 0.35a  < 0.01

Transversal area of the cortex (mm2) 0.87 ± 0.20b 0.88 ± 0.33b 1.24 ± 0.31a  < 0.01
Transversal area of the vascular cylinder 

(µm2)
0.14 ± 0.03a 0.14 ± 0.04a 0.11 ± 0.05a  < 0.05

Number of aerenchyma lacunae 11.47 ± 3.14a 9.20 ± 1.70b 8.87 ± 1.68b  < 0.05
Area of aerenchyma lacunae of the cortex in 

cross section (µm2)
66,497.5 ± 44,698.6a 49,585.0 ± 29,640.4a 49,871.0 ± 26,388.8a  > 0.05

Number of protoxylem strands 12.87 ± 1.36a 11.33 ± 0.90b 9.40 ± 1.24c  < 0.0001
Mean area of metaxylem vessels (µm2) 1239.9 ± 435.2a 1459.9 ± 290.4a 1169.9 ± 599.1a  > 0.05

Fig. 2   Detail of the epidermis and protein contents of Vanilla phae-
antha roots (Orchidaceae). Scanning electron micrograph demon-
strating details of the epidermis of the free roots (a), root adhering 
to the phorophyte (b), and fixed in the soil (c). (d) Transversal sec-
tion of the free root, demonstrating the exodermis and simple epi-
dermis with live cells at maturity (positive reaction for proteins are 

indicated by a blue/green color — arrows). (e) Transversal section of 
the root in contact with the phorophyte, showing a simple epidermis 
with conspicuous cellular contents. (f) Transversal section of a root 
fixed to the substrate, showing the cortical parenchyma infested with 
mycorrhiza (proteins are indicated by a blue color). Ep = Epidermis; 
Ex = Exodermis and Co = Cortex
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Results

Morphology and root anatomy

The roots from the three different growth conditions evi-
denced variable dimensions, with the transversal area of 
roots fixed to the soil (terrestrial) being greater than the 
areas of the roots adhering to the phorophyte or those that 
grew freely towards the ground (Table 1). The roots of all 
three root types had a simple epidermis, with juxtaposed 
cells (Fig. 2a–c) that were alive at maturity (demonstrating 
positive reactions for proteins — Fig. 2d and e). How-
ever, the cells of the freely growing roots evidenced lipidic 
impregnations in their cell walls (Fig. 3b). The epidermis 
of the aerial roots evidenced slight lignification in their 
external periclinal walls that gradually extended to the 
anticlinal walls (Fig. 3c, e and g). Although the three dif-
ferent roots had exodermal cells with similar thicknesses 
(Table 1), the external periclinal thicknesses of the exo-
dermal cells in contact with the epidermis were approx-
imately 40% thicker in free roots and 75% in the roots 
adhering to the phorophyte, than those of the terrestrial 
roots. The roots adhering to the phorophyte evidenced a 
slightly arched epidermis in the region in contact with the 
substrate, and the presence of root hairs (Fig. 3d), with 
no parietal thickenings. Terrestrial roots, on the other 
hand, evidenced root hairs entirely covering their surfaces 
(Fig. 3f).

The area occupied by the cortex in terrestrial roots was 
larger than that observed in the adhering or free roots 
(Table 1). The thin-walled cortical parenchyma cells are 
rounded and of varying sizes in the roots under all three 
environmental conditions, and the cells are compactly 
arranged with few intercellular spaces (those being small 
and triangular) (Fig. 3a, d and f), with few raphides. The 
free roots contain larger numbers of aerenchyma lacunae 
in the inner cortex region, although no differences were 
observed in the total areas occupied by those aerenchyma 

lacunae (Table 1). Mycorrhizae were observed distributed 
throughout the cortex of the terrestrial roots (Fig. 2c), with 
restricted colonization of the cortex adjacent to the phoro-
phyte substrate in the adhering roots.

The exodermis in all root types was composed of a layer 
of anticlinally elongated cells in the transversal section, 
with a mean thickness of 53.0 to 62.0 µm. The cells of the 
exodermis (excepted the passage cells) in all studied root 
types were impregnated with lipidic substances (Fig. 4a–b). 
However, those thickenings were more conspicuous in the 
aerial roots (whether free or adhering to the phorophyte). 
Passage cells did not evidence lipidic impregnations or 
lignin (Fig. 4c), although their cellular contents were con-
spicuous. The roots adhering to the phorophyte evidenced 
larger numbers of passage cells in the contact region with 
the substrate (Fig. 4c). The endodermal cells were little 
differentiated, with Casparian strips and lignin impregna-
tions (Fig. 4d). The endodermal cells in the adhering and 
terrestrial roots also exhibited an impregnation of lipidic 
substances (Fig. 4e–g). The passage cells in all root types 
were directed toward the xylem poles (Fig. 4h and i).

The xylem and phloem strands were intercalated in the 
vascular cylinders. The xylem was polyarch, with the num-
bers of poles in roots adhering to the phorophyte and those 
growing freely (approximately 12 protoxylem poles) (Fig. 3a 
and d, Table 1) being greater than in roots fixed to the soil 
(approximately nine poles) (Fig. 3f). In spite of the differ-
ences in the number of protoxylem poles, all of the roots 
demonstrated similar calibers of their vessel elements in the 
metaxylem.

Phenotypic plasticity index

The RPDI values demonstrate differences among the differ-
ent root types for all of the parameters analyzed (Table 2). 
Plasticity was generally greater in roots fixed to the soil than 
in adhering or free roots. That is, aerial roots demonstrated 
smaller structural variations than terrestrial roots. The 
parameters that demonstrated the greatest plasticity were 
the total area occupied by aerenchyma lacunae in the cortex 
(values between 0.30 and 0.36), and the thickness of the 
external periclinal wall of the exodermis in contact with the 
epidermis (values between 0.23 and 0.30). The most con-
servative characteristic was the number of protoxylem poles 
(values between 0.07 and 0.16).

Discussion

A study considering 96 taxa belonging to different fami-
lies demonstrated that root structures represent essential 
aspects of plant adaptations to their environments (Kong 
et al. 2014). According to those authors, thicker roots require 

Fig. 3   Internal structure of the roots of Vanilla phaeantha (Orchi-
daceae) growing under different conditions. (a, b and c) Transver-
sal sections of the totally free aerial roots: (a) general view of the 
root with many aerenchyma lacunae (*), (b) detail of the epidermis 
showing light impregnations with lipidic substances, (c) detail of the 
lightly lignified epidermis and more conspicuous fluorescence (more 
lignin) in the exodermis. (d and e) Transversal sections of the grow-
ing roots adhering to the phorophyte; (d) General view demonstrating 
the epidermis with root hairs (arrows) in contact with the substrate, 
and aerenchyma lacunae (*), and (e) detail of the lightly lignified epi-
dermis and a more conspicuous fluorescence (more lignin) in the exo-
dermis. (f and g) Transversal sections of the terrestrial roots; (f) Less 
developed aerenchyma lacunae (*), and root hairs around the entire 
root, (g) detail of the lightly lignified epidermis. Staining for lipids 
(Sudan), and lignin (DAPI filter). Ep = Epidermis; Ex = Exodermis; 
Co = Cortex; VC = Vascular cylinder; and Rh = Root hairs

◂
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more carbon and nutrients per unit area for their construction 
and are considered less efficient in nutrient investment per 
surface area. The loss of surface area resulting from greater 
diameters can be compensated by greater infestations of 
mycorrhiza and, consequently, increased extra-radicular 
hyphae density (Kong et al. 2014). Similarly, V. phaeantha 
had terrestrial roots with larger diameters and greater mycor-
rhiza infestations. Among the aerial roots, only the adhering 
roots had mycorrhiza infestations, although their coloniza-
tion was restricted to the cortex adjacent to the substrate. 
The fungal hyphae in orchids form intracellular fungal coils 
(pelotons) that can be digested by the host cells, making 
them essential to plant nutrition (Lesica and Antibus 1990; 
Senthilkumar et al. 2000).

Root thickness usually correlates positively with cortex 
thickness, with greater diameters of the stele and the ves-
sel elements (Kong et al. 2014). That same relationship was 
observed in V. phaeantha, but only in the area occupied by 
the cortex. At the same time, characteristics linked to the vas-
cular cylinder appeared more conservative (to the degree that 
there were no differences between the three types of roots 

studied here in the area occupied by the vascular cylinder 
and occupied by the vessel elements). The vascular cylinder 
was formed by polyarch xylem in all of the roots analyzed, 
evidencing varying numbers of protoxylem poles, as has been 
reported for other species (Rosso 1966; Singh 1986). The cor-
tex comprises exodermis, cortical parenchyma, and endoder-
mis, all originating from the ground meristem (Engard 1944). 
The endodermis, the innermost cortex layer, exhibited evident 
Casparian strips impregnated with lignin. That type of cell 
wall thickening acts as an apoplastic barrier, influencing the 
selectivity of nutrients entering the vascular cylinder (Peter-
son and Enstone 1996; Enstone et al. 2002; Schreiber and 
Franke 2011).

One of the most plastic characteristics among the three 
root types analyzed (free, adhering to the phorophyte, and 
terrestrial) was the external periclinal thickness of the exo-
dermis adjacent to the epidermis. Both impregnation by 
lipidic substances and the development of secondary walls 
in the exodermis are strongly influenced by the environ-
ment in which the roots develop (Hose et al. 2001; Enstone 
et al. 2002). The rate at which apoplastic exodermal barri-
ers (Casparian bands and suberin lamellae) are laid down 
in radial transverse and tangential walls depends on the 
response to the environment conditions (Hose et al. 2001). 
Factors such as variations in water availability affect the 
maturation of both the endodermis and exodermis, with 
the rapid maturation of the exodermis being associated 
with interruptions in the apoplastic movements of ions and 
lower levels of water absorption (Hose et al. 2001; Enstone 
et al. 2002). An exodermis with secondary thickenings of 
the cell walls impregnated with lignin and lipidic sub-
stances (most conspicuous in the aerial roots — both fixed 
to the substrate and free) suggests that strong mechanical 
resistance (as proposed by Enstone et al. 2002) is probably 

Fig. 4   Presence of lipids and lignin in the root tissues of Vanilla 
phaeantha (Orchidaceae). (a and b) Lipidic impregnations in the 
exodermal cells of the (a) roots adhering to the phorophyte and (b) 
roots fixed to the soil. (c) Lignified exodermis and passage cells in 
the contact region between the phorophyte (arrows) and the adhering 
roots. (d) Detail of the lignified Casparian strip cells of the endoder-
mis (arrow) of free roots. (e, f and g) Detail of the endodermis with 
lipidic impregnations in (e) roots adhering to the phorophyte and 
(f and g) roots fixed to the soil. (h and i) Endodermal cells show-
ing the presence of lignin (arrow) in (h) roots fixed to the soil and 
(i) roots adhering to the phorophyte. Staining for lipids (Sudan), and 
lignin (DAPI filter). Ex = Exodermis; En = Endodermis; PC = pas-
sage cells; Co = Cortex; Cs = casparian strips; VC = vascular cylinder; 
Xy = Xylem

◂

Table 2   Plasticity of the histometric data of the adventitious roots of 
the hemiepiphyte Vanilla phaeantha (Orchidaceae) growing adher-
ing to the phorophyte, free, and fixed to the soil. The plasticity val-

ues were obtained using the Relative Distance Plasticity Index (RDPI, 
Valladares et al. 2006). Values with different letters on the same line 
are different by the Tukey test at a 0.05 level of significance

Free roots × adher-
ing roots

Free roots × ter-
restrial roots

Adhering roots × ter-
restrial roots

p

Transversal area of the root (mm2) 0.14c 0.18b 0.21a  < 0.0001
Thickness of the epidermis (µm) 0.11b 0.20a 0.19a  < 0.0001
Thickening of the cell wall of the exodermis in contact with the 

epidermis (µm)
0.23b 0.22b 0.33a  < 0.0001

Thickness of the exodermis (µm) 0.11b 0.17a 0.15a  < 0.0001
Transversal area of the root cortex + vascular cylinder (mm2) 0.14b 0.18a 0.20a  < 0.0001
Transversal area of the cortex (mm2) 0.15b 0.20a 0.23a  < 0.0001
Transversal area of the vascular cylinder (µm2) 0.13b 0.23a 0.24a  < 0.0001
Number of aerenchyma lacunae 0.18a 0.19a 0.10b  < 0.0001
Area of aerenchyma lacunae of the cortex in cross section (µm2) 0.36a 0.34ab 0.30b  < 0.05
Number of protoxylem strands 0.07a 0.16a 0.10b  < 0.0001
Mean area of metaxylem vessels (µm2) 0.18b 0.23a 0.23a  < 0.001
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more relevant to aerial roots (which develop subjected to 
greater variations in water availability, and possibly even 
desiccation) than contact and friction with soil particles. 
Additionally, the interruption of apoplastic conduction 
diminishes root water losses as it increases humidity in the 
cortex by making the return of water to the external envi-
ronment more difficult, as Sanford and Adanlawo (1973) 
and Benzing et al. (1982, 1983) suggested for other orchid 
species. It is worth noting that even in the region of contact 
with the substrate (phorophyte), the adhering roots evi-
denced heavy staining for lipids (see Fig. 4a). Greater num-
bers of passage cells in the exodermis were also observed 
in that region. That observation reinforces the substrate’s 
importance in terms of resource acquisition, such as water 
and mineral nutrients.

In addition to the thickenings of the exodermal parietal 
cell walls in contact with the epidermis, it should be noted 
that the characteristic that demonstrated the greatest plastic-
ity was the number of aerenchyma lacunae in the root cor-
tex. According to Stern (1997), the presence of aerenchyma 
lacunae in the roots of Vanilla could indicate the potential 
storage of oxygen. The greater number of aerenchyma lacu-
nae, and consequently their total area within the transversal 
section, was the only characteristic that demonstrated high 
plasticity among roots growing in the aerial environment, or 
differences between the free-growing aerial roots and terres-
trial roots. In this case, the least difference in plasticity was 
observed between adhering and terrestrial roots, indicating 
that contact with a substrate could determine for the devel-
opment of those intercellular spaces (or rather their reduced 
development). That reduction in the numbers of aerenchyma 
lacunae in terrestrial roots was not expected, as the study 
population of V. phaeantha grew in a very humid environ-
ment, with frequent inundations — which runs contrary to 
the proposal of Stern (1997) for the need for greater oxida-
tion. In spite of demonstrating the same area occupied by 
aerenchyma lacunae, the greater number of those intercel-
lular spaces in the aerial and free roots could guarantee an 
environment favorable for photosynthesis, as those roots do 
not have stomata and the epidermis remains alive. Photo-
synthesis in orchid roots has been related to the reduction 
of hypoxia as a consequence of difficulties for gas exchange 
under conditions of velamen saturation (Moreira et al. 2009; 
Roth-Nebelsick et al. 2021), so that the maximization of the 
control of gases by the presence of intercellular spaces can-
not be discarded. Root aeration is key to orchid survival and, 
in some taxa without leaves, aeration (including through the 
presence of pneumatophores) is strongly related to the evolu-
tion of the group (Carlsward et al. 2006).

Among orchids with leaves, the photosynthesis occur-
ring in the roots could not sustain their metabolism and 
growth alone, but could aid in the maintenance of the cel-
lular machinery (Moreira et al. 2009). In that case, primary 

starch grains in the cortical parenchyma and the pith of the 
aerial roots were associated only with photosynthetic activ-
ity (Moreira et al. 2009), without any indication of a storage 
function. Apparently, the cortical parenchyma occupies a 
large volume within the roots of V. phaeantha. Still, it does 
but does not demonstrate any relationship with the accumu-
lation of carbohydrates, as only small lipidic droplets were 
observed in that region, without any indication of starch. 
The absence of starch in aerial roots has also been reported 
in other monocotyledon families. Dracaena draco (L.) L. 
and D. marginata Aiton (synonym of Aloe purpurea Lam.) 
(Asparagaceae) evidenced only the presence of soluble (non-
structural) carbohydrates in their roots, which may function 
as osmotically active substances capable of reducing water 
losses under limiting conditions of humidity (Jupa et al. 
2017; Jura-Morawiec et al. 2021).

The adventitious roots of V. phaeantha showed a simple 
epidermis with live cells at maturity with cellular contents. 
The epidermis appears similar to velamen due to parietal 
thicknesses impregnated with lipids and lignin, although it 
is not very conspicuous and does not have channels or pores. 
Velamen is commonly found in orchids, generally associated 
with an epiphytic habit in environments considered xeric, 
although it is also common in terrestrial species (Dycus and 
Knudson 1957; Benzing 1990; Pedroso de Moraes et al. 
2012; Zotz et al. 2017), which probably conserved that char-
acter. As mentioned earlier, velamen is generally described 
in the literature as dead tissue at maturity. Its cells have walls 
with complex arrangements of pores and lignified grooves 
that lend it an absorbing nature (by increasing capillarity and 
the hygroscopic nature of the tissue) and aid its mechanical 
support functions to avoid cellular collapse when desiccated 
(Pridgeon et al. 1983; Porembski and Barthlott 1988; Ben-
zing 1990). The presence of velamen is therefore consid-
ered an adaptive character, and its importance for acquiring 
resources is widely treated in the literature (Engard 1944; 
Benzing et al. 1982; Pridgeon 1986; Silva and Milaneze-
Gutierre 2004; Zotz and Winkler 2013; Chomicki et al. 
2015). In that context, the dead velamen at maturity, the 
taxonomic proximity of species producing that tissue, and 
the recognition of the epidermis of the genus Vanilla as vela-
men by other authors (Stern and Judd 1999; Zotz 2013), lead 
us to believe that perhaps V. phaeantha only demonstrates 
velamen maturation at distances greater than 3 cm from the 
base, or that its epidermis is just a simple epidermis.

In these roots, contact with the phorophyte causes 
changes in root structure and the formation of root hairs to 
promote adherence to the substrate in that region. That new 
dorsiventral configuration, where the dorsal face assumes a 
protective function and the ventral face develops root hairs 
that have absorption function and aid in fixation to the sub-
strate, has been observed in other studies (Dycus and Knud-
son 1957; Sanford and Adanlawo 1973; Benzing et al. 1982; 
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Moreira et al. 2013; Tomlinson and Metcalf 1969; Almeida 
et al. 2016; Stern 2014). Corroborating earlier observations 
by Stern and Carlsward (2009) and Moreira et al. (2013), 
root hairs were observed on the entire circumferences of 
terrestrial roots and at the contact surface with the substrate 
in adhering roots, indicating their role in the absorption of 
water and nutrients.

Studies of phenotypic plasticity have been essential for 
predictions about how global climate change will affect 
species distributions and community compositions (Lande 
2009). Phenotypic plasticity can contribute to widening 
environmental amplitudes that a species can tolerate (and 
thrive) (Ackerly et al. 2000; Gratani 2014). Specifically, the 
environment can induce changes in behavior at both mor-
phological and physiological levels (Price et al. 2003). Those 
variations are crucial for survival in heterogeneous environ-
ments or environments with variable conditions, climatic or 
otherwise (Gratani 2014). Vanilla phaeantha is a hemiepi-
phyte that extends from the soil up to 5 m to the canopy in 
gallery forests, and thus subject to environmental variations 
as it grows that are determined by the epiphytic environment, 
their contact with the substrate, and the terrestrial environ-
ment to which they still could be connected. As such, the 
present study demonstrated how aerial and terrestrial envi-
ronments strongly influence the structural plasticity of the 
roots. Most of the parameters evaluated showed remarkable 
plasticity among aerial roots (free or adhering) compared 
to terrestrial roots, and less plasticity among free roots 
compared to adhering. Free aerial roots were longer, do not 
developed root hairs, showed the largest numbers of aeren-
chyma lacunae, and had thickenings (composed of lignin) in 
the exodermis, endodermis, and pith of the vascular cylinder 
that help maintain their structural integrity. Terrestrial roots 
(fixed to the soil), on the other hand, developed root hairs 
and were highly infested with mycorrhiza, indicating their 
critical role in nutrient acquisition. Adhering roots demon-
strate free regions similar to those found on aerial roots, and 
adhering regions with characteristics similar to terrestrial 
roots (with root hairs and mycorrhiza).

Acknowledgements  The authors thank the Laboratório de Anatomia e 
Desenvolvimento Vegetal (LADEVI), Instituto de Biologia—Univer-
sidade Federal de Uberlândia for their logistic and academic support 
during the study, and the owners of the Fazenda Quilombo farm for 
allowing us to collect plant material on their property. We also thank 
Roy Funch for the English language translation.

References

Ackerly DD, Dudley SA, Sultan SE, Schmitt J et al (2000) The evolu-
tion of plant ecophysiological traits: recent advances and future 
directions. Biosci 50:979–995. https://​doi.​org/​10.​1641/​0006-​
3568(2000)​050[0979:​TEOPET]​2.0.​CO;2

Alconero R (1968) Vanilla root anatomy. Phyton 25(2):103–110
Almeida ABR, Smidt EC, Amano E (2016) Development and function 

of root hairs in Acianthera Scheidw. (Orchidaceae: Pleurothal-
lidinae). Aust J Basic Appl Sci 10:122–126

Alvares CA, Stape JL, Sentelhas PC et al (2013) Köppen’s climate 
classification map for Brazil. Meteorol Zeitschrift 22:711–728. 
https://​doi.​org/​10.​1127/​0941-​2948/​2013/​0507

Benzing DH (1990) Vascular epiphytes. Cambridge University Press, 
Cambridge, UK, General biology and related biota

Benzing DH, Ott DW, Friedman WE (1982) Roots of Sobralia macran-
tha (Orchidaceae): structure and function of the velamen-exoder-
mis complex. Am J Bot 69:608. https://​doi.​org/​10.​2307/​24430​70

Benzing DH, Friedman WE, Peterson G, Renfrow A (1983) Shootless-
ness, velamentous roots and the preeminence of Orchidaceae in 
the epiphytic biotype. Am J Bot 70:121–133. https://​doi.​org/​10.​
1002/j.​1537-​2197.​1983.​tb124​40.x

Black PM (1973) Orquídeas. Ed. Ao Livro Técnico S/A. Rio de 
Janeiro, Brazil.

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

Cameron KM (2011) Vanilla phylogeny and classification. Handbook 
of Vanilla science and technology pp 241–255.

Carlsward BS, Stern WL, Bytebier B (2006) Comparative vegetative 
anatomy and systematics of the angraecoids (Vandeae, Orchi-
daceae) with an emphasis on the leafless habit. Bot J Linn Soc 
151:165–218. https://​doi.​org/​10.​1111/j.​1095-​8339.​2006.​00502.x

Chatin A (1856) Anatomie comparée des végétaux. Baillière, Paris
Chomicki G, Bidel LPR, Jay-Allemand C (2014) Exodermis structure 

controls fungal invasion in the leafless epiphytic orchid Den-
drophylax lindenii (Lindl.) Benth. ex Rolfe. Flora 209:88–94. 
https://​doi.​org/​10.​1016/j.​flora.​2014.​01.​001

Chomicki G, Bidel LPR, Ming F, Coiro M, Zhang X, Wang Y, Bais-
sac Y, Jay-Allemand C, Renner SS (2015) The velamen protects 
photosynthetic orchid roots against UV-B damage, and a large 
dated phylogeny implies multiple gains and losses of this function 
during the Cenozoic. New Phytol 205:1330–1341. https://​doi.​org/​
10.​1111/​nph.​13106

Coxson DS, Nadkarni NM (1995) Ecological roles of epiphytes in 
nutrient cycles of forest ecosystems. In: Lowman MD, Nadkarni 
NM (eds) Forest Canopies. Academic Press, San Diego, Califor-
nia, USA, pp 495–543

de Cássia AR, de Barros F, das Graças Sajo M (2015) Root and leaf 
anatomy of some terrestrial representatives of the Cranichideae 
tribe (Orchidaceae). Braz J Bot 38:367–378. https://​doi.​org/​10.​
1007/​s40415-​015-​0133-2

del Oliveira VC, das Sajo MG (1999) Root anatomy of nine Orchi-
daceae species. Braz Arch Biol Technol 42(4):405–413. https://​
doi.​org/​10.​1590/​s1516-​89131​99900​04000​05

Durrum EL (1950) A microelectrophoretic and microionophoretic tech-
nique. J Am Chem Soc 72:2493–2498. https://​doi.​org/​10.​1021/​
ja011​63a037

Dycus AM, Knudson L (1957) The role of the velamen of the aerial 
roots of orchids. Bot Gaz 119:78–87. https://​doi.​org/​10.​1086/​
335966

Engard CJ (1944) Morphological identity of the velamen and exoder-
mis in orchids. Bot Gaz 105:457–462. https://​doi.​org/​10.​1086/​
335255

Enstone DE, Peterson CA, Ma F (2002) Root endodermis and exo-
dermis: structure, function, and responses to the environment. 
J Plant Growth Regul 21:335–351. https://​doi.​org/​10.​1007/​
s00344-​003-​0002-2

Ferreira AWC, Oliveira MS, Silva EO, Campos DS, Pansarin ER, 
Guarçoni EAE (2017) Vanilla bahiana Hoehne and Vanilla pom-
pona Schiede (Orchidaceae, Vanilloideae): two new records from 
Maranhão state. Brazil. Check List 13(6):1131–1137. https://​doi.​
org/​10.​15560/​13.6.​1131

Page 11 of 13    46

https://doi.org/10.1641/0006-3568(2000)050[0979:TEOPET]2.0.CO;2
https://doi.org/10.1641/0006-3568(2000)050[0979:TEOPET]2.0.CO;2
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.2307/2443070
https://doi.org/10.1002/j.1537-2197.1983.tb12440.x
https://doi.org/10.1002/j.1537-2197.1983.tb12440.x
https://doi.org/10.1111/j.1095-8339.2006.00502.x
https://doi.org/10.1016/j.flora.2014.01.001
https://doi.org/10.1111/nph.13106
https://doi.org/10.1111/nph.13106
https://doi.org/10.1007/s40415-015-0133-2
https://doi.org/10.1007/s40415-015-0133-2
https://doi.org/10.1590/s1516-89131999000400005
https://doi.org/10.1590/s1516-89131999000400005
https://doi.org/10.1021/ja01163a037
https://doi.org/10.1021/ja01163a037
https://doi.org/10.1086/335966
https://doi.org/10.1086/335966
https://doi.org/10.1086/335255
https://doi.org/10.1086/335255
https://doi.org/10.1007/s00344-003-0002-2
https://doi.org/10.1007/s00344-003-0002-2
https://doi.org/10.15560/13.6.1131
https://doi.org/10.15560/13.6.1131


The Science of Nature (2022) 109:46

1 3

Gratani L (2014) Plant phenotypic plasticity in response to environ-
mental factors. Adv Bot 2014:1–17. https://​doi.​org/​10.​1155/​2014/​
208747

Holbrook NM, Putz FE (1996b) Physiology of tropical vines and 
hemiepiphytes: plants that climb up and plants that climb down. 
In: Mulkey SS, Chazdon RL, Smith AP (ed) Tropical Forest 
Plant Ecophysiology. Springer US, Boston, MA, pp 363–394. 
https://​doi.​org/​10.​1007/​978-1-​4613-​1163-8_​13

Holbrook NM, Putz FE (1996) From epiphyte to tree: differences in 
leaf structure and leaf water relations associated with the tran-
sition in growth form in eight species of hemiepiphytes. Plant 
Cell Environ 19:631–642. https://​doi.​org/​10.​1111/j.​1365-​3040.​
1996.​tb003​98.x

Holbrook NM, Putz FE (1996) Water relations of epiphytic and ter-
restrially-rooted strangler figs in a Venezuelan palm savanna. 
Oecologia 106:424–431. https://​doi.​org/​10.​1007/​BF003​29697

Hose E, Clarkson DT, Steudle E, Schreiber L, Hartung W (2001) The 
exodermis: a variable apoplastic barrier. J Exp Bot 52:2245–
2264. https://​doi.​org/​10.​1093/​jexbot/​52.​365.​2245

Joca TAC, de Oliveira DC, Zotz G, Moreira ASFP (2017) The vela-
men of epiphytic orchids: variation in structure and correlations 
with nutrient absorption. Flora 230:66–74. https://​doi.​org/​10.​
1016/j.​flora.​2017.​03.​009

Joca TAC, de Oliveira DC, Zotz G, Cardoso JCF, Moreira ASFP 
(2020) Chemical composition of cell walls in velamentous roots 
of epiphytic Orchidaceae. Protoplasma 257:103–118. https://​
doi.​org/​10.​1007/​s00709-​019-​01421-y

Johansen DA (1940) Plant microtechnique. McGraw Hill Book Com-
pany, London

Jupa R, Plichta R, Paschová Z, Nadezhdina N, Gebauer R (2017) 
Mechanisms underlying the long-term survival of the monocot 
Dracaena marginata under drought conditions. Tree Physiol 
37:1182–1197. https://​doi.​org/​10.​1093/​treep​hys/​tpx072

Jura-Morawiec J, Monroy P, Marrero A, Tulik M (2021) Aerial root 
structure and its significance for function in Dracaena draco. 
J Plant Growth Regul 40:486–493. https://​doi.​org/​10.​1007/​
s00344-​020-​10142-z

Kaiser E (1880) Verfahren zur Herstellung einer tadellosen Glycerin-
Gelatine. Bot Zentralb 180:25–26

Karremans AP, Chinchilla IF, Rojas-Alvarado G, Cedeño-Fonseca 
M, Damián A, Léotard G (2020) A reappraisal of neotropical 
Vanilla. With a note on taxonomic inflation and the importance 
of alpha taxonomy in biological studies. Lankesteriana 20:395–
497. https://​doi.​org/​10.​15517/​lank.​v20i3.​45203

Kong D, Ma C, Zhang Q, Li L, Chen X, Zeng H, Guo D (2014) 
Leading dimensions in absorptive root trait variation across 96 
subtropical forest species. New Phytol 203:863–872. https://​doi.​
org/​10.​1111/​nph.​12842

Kraus JE, Arduin M (1997) Manual básico de métodos em morfo-
logia vegetal. Editora da Universidade Federal Rural do Rio de 
Janeiro, Seropédica, Rio de Janeiro

Kress WJ (1989) The systematic distribution of vascular epiphytes. 
In: Lüttge U (eds) Vascular plants as epiphytes. Ecological 
Studies. Springer, Berlin, Heidelberg, pp 234–261. https://​doi.​
org/​10.​1007/​978-3-​642-​74465-5_9

Lande R (2009) Adaptation to an extraordinary environment by evo-
lution of phenotypic plasticity and genetic assimilation. J Evol 
Biol 22:1435–1446. https://​doi.​org/​10.​1111/j.​1420-​9101.​2009.​
01754.x

Lesica P, Antibus RK (1990) The Occurrence of mycorrhizae in vascu-
lar epiphytes of two Costa Rican rain forests. Biotropica 22:250. 
https://​doi.​org/​10.​2307/​23885​35

Moreira ASFP, Dos Santos Isaias RM (2008) Comparative anatomy 
of the absorption roots of terrestrial and epiphytic orchids. Braz 
Arch Biol Technol 51:83–93. https://​doi.​org/​10.​1590/​S1516-​
89132​00800​01000​11

Moreira ASFP, de Lemos Filho JP, Zotz G, dos Santos Isaias RM 
(2009) Anatomy and photosynthetic parameters of roots and 
leaves of two shade-adapted orchids, Dichaea cogniauxiana Shltr. 
and Epidendrum secundum Jacq. Flora 204:604–611. https://​doi.​
org/​10.​1016/j.​flora.​2008.​08.​003

Moreira ASFP, de Filho JPL, dos Isaias RMS (2013) Structural 
adaptations of two sympatric epiphytic orchids (Orchidaceae) 
to a cloudy forest environment in rocky outcrops of Southeast 
Brazil. Rev Biol Trop 61:1053–65

O’Brien TP, McCully ME (1981) The study of plant structure: prin-
ciples and selected methods. Termarcarphi Pty Ltd, Melbourne

O’Brien T, Feder N, McCully ME (1964) Polychromatic staining of 
plant cell walls by toluidine blue O. Protoplasma 59(2):368–373

Pedroso de Moraes C, de Souza-Leal T, Brescansin RL, Pettini-
Benelli A, Sajo MDG (2012) Radicular anatomy of twelve 
representatives of the Catasetinae subtribe (Orchidaceae: Cym-
bidieae). An Acad Bras Cienc 84:455–467. https://​doi.​org/​10.​
1590/​S0001-​37652​01200​50000​28

Peterson CA, Enstone DE (1996) Functions of passage cells in the 
endodermis and exodermis of roots. Physiol Plant 97:592–598. 
https://​doi.​org/​10.​1034/j.​1399-​3054.​1996.​970323.x

Porembski S, Barthlott W (1988) Velamen radicum micromorphol-
ogy and classification of Orchidaceae. Nord J Bot 8:117–137. 
https://​doi.​org/​10.​1111/j.​1756-​1051.​1988.​tb004​91.x

Price TD, Qvarnström A, Irwin DE (2003) The role of phenotypic 
plasticity in driving genetic evolution. Proc R Soc B Biol Sci 
270:1433–1440. https://​doi.​org/​10.​1098/​rspb.​2003.​2372

Pridgeon AM (1986) Anatomical adaptations in Orchidaceae. Lind-
leyana 1:90–101

Pridgeon AM (1987) The velamen and exodermis of orchid roots. 
In: Arditti J (ed) Orchid biology: reviews and perspectives. IV 
Cornell University Press, Ithaca, pp 139–192

Pridgeon AM, Stern WL, Benzing DH (1983) Tilosomes in roots of 
Orchidaceae: morphology and systematic occurrence. Am J Bot 
70:1365. https://​doi.​org/​10.​2307/​24434​27

Putz FE, Holbrook NM (1986) Notes on the natural history of hemie-
piphytes. Selbyana 9:61–69

Rosso SW (1966) The vegetative anatomy of the Cypripedioideae 
(Orchidaceae). Bot J Linn Soc 59:309–341. https://​doi.​org/​10.​
1111/j.​1095-​8339.​1966.​tb000​66.x

Roth-Nebelsick A, Thiv M, Malkowsky Y, Schott R, Heyer A (2021) 
Structure and functional anatomy of the gas exchange appara-
tus of leafless orchids: evidence for a control mechanism? Bot 
J Linn Soc 197:249–262. https://​doi.​org/​10.​1093/​botli​nnean/​
boab0​21

Sanford WW, Adanlawo I (1973) Velamen and exodermis characters of 
West African epiphytic orchids in relation to taxonomic grouping 
and habitat tolerance. Bot J Linn Soc 66:307–321. https://​doi.​org/​
10.​1111/j.​1095-​8339.​1973.​tb021​78.x

Schleiden MJ (1843) Morphologie. Organologie. Engelmann, Leipzig, 
pp 614.

Schreiber L, Franke RB (2011) Endodermis and exodermis in roots. 
In: eLS (ed). John Wiley & Sons, Chichester, UK, pp 1–7. https://​
doi.​org/​10.​1002/​97804​70015​902.​a0002​086.​pub2

Senthilkumar S, Britto SJ, Krishnamurthy KV, Hariharan C (2000) 
Biochemical analysis of mycorrhizal roots of Aerides maculosum. 
Phytomorphol 50:273–279

Silva CI, Milaneze-Gutierre MA (2004) Caracterização morfo-
anatômica dos órgãos vegetativos de Cattleya walkeriana Gardner 
(Orchidaceae). Acta Sci Biol Sci 26:91–100. https://​doi.​org/​10.​
4025/​actas​cibio​lsci.​v26i1.​1664

Silveira M (1989) Preparo de amostras biológicas para microscopia 
eletrônica de varredura. In: Souza W, Haddad A, Sesso A, Silveira 
M, Barth OM, Machado RD, Souto-Padrón T (eds) Manual sobre 
técnicas básicas em microscopia eletrônica. Sociedade Brasileira 
de Microscopia Eletrônica, Rio de Janeiro, pp 71–79

46   Page 12 of 13

https://doi.org/10.1155/2014/208747
https://doi.org/10.1155/2014/208747
https://doi.org/10.1007/978-1-4613-1163-8_13
https://doi.org/10.1111/j.1365-3040.1996.tb00398.x
https://doi.org/10.1111/j.1365-3040.1996.tb00398.x
https://doi.org/10.1007/BF00329697
https://doi.org/10.1093/jexbot/52.365.2245
https://doi.org/10.1016/j.flora.2017.03.009
https://doi.org/10.1016/j.flora.2017.03.009
https://doi.org/10.1007/s00709-019-01421-y
https://doi.org/10.1007/s00709-019-01421-y
https://doi.org/10.1093/treephys/tpx072
https://doi.org/10.1007/s00344-020-10142-z
https://doi.org/10.1007/s00344-020-10142-z
https://doi.org/10.15517/lank.v20i3.45203
https://doi.org/10.1111/nph.12842
https://doi.org/10.1111/nph.12842
https://doi.org/10.1007/978-3-642-74465-5_9
https://doi.org/10.1007/978-3-642-74465-5_9
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.2307/2388535
https://doi.org/10.1590/S1516-89132008000100011
https://doi.org/10.1590/S1516-89132008000100011
https://doi.org/10.1016/j.flora.2008.08.003
https://doi.org/10.1016/j.flora.2008.08.003
https://doi.org/10.1590/S0001-37652012005000028
https://doi.org/10.1590/S0001-37652012005000028
https://doi.org/10.1034/j.1399-3054.1996.970323.x
https://doi.org/10.1111/j.1756-1051.1988.tb00491.x
https://doi.org/10.1098/rspb.2003.2372
https://doi.org/10.2307/2443427
https://doi.org/10.1111/j.1095-8339.1966.tb00066.x
https://doi.org/10.1111/j.1095-8339.1966.tb00066.x
https://doi.org/10.1093/botlinnean/boab021
https://doi.org/10.1093/botlinnean/boab021
https://doi.org/10.1111/j.1095-8339.1973.tb02178.x
https://doi.org/10.1111/j.1095-8339.1973.tb02178.x
https://doi.org/10.1002/9780470015902.a0002086.pub2
https://doi.org/10.1002/9780470015902.a0002086.pub2
https://doi.org/10.4025/actascibiolsci.v26i1.1664
https://doi.org/10.4025/actascibiolsci.v26i1.1664


The Science of Nature (2022) 109:46

1 3

Singh H (1986) Anatomy of root in some Orchidaceae. Acta Bot 
14:24–32

Stern WL (1997) Vegetative anatomy of subtribe Orchidinae (Orchi-
daceae). Bot J Linn Soc 124(2):121–136. https://​doi.​org/​10.​
1111/j.​1095-​8339.​1997.​tb017​86.x

Stern WL, Carlsward BS (2009) Comparative vegetative anatomy and 
systematics of Laeliinae (Orchidaceae). Bot J Linn Soc 160:21–
41. https://​doi.​org/​10.​1111/j.​1095-​8339.​2009.​00818.x

Stern WL, Judd WS (1999) Comparative vegetative anatomy and sys-
tematics of Vanilla (Orchidaceae). Bot J Linn Soc 131:353–382. 
https://​doi.​org/​10.​1006/​bojl.​1999.​0293

Stern WL, Judd WS (2001) Comparative anatomy and systematics of 
Catasetinae (Orchidaceae). Bot J Linn Soc 136:153–178. https://​
doi.​org/​10.​1006/​bojl.​2000.​0439

Stern WL, Whitten WM (1999) Comparative vegetative anatomy of 
Stanhopeinae (Orchidaceae). Bot J Linn Soc 129:87–103. https://​
doi.​org/​10.​1006/​bojl.​1998.​0229

Stern WL (2014) Anatomy of the monocotyledons volume X: Orchi-
daceae. University Press, Oxford, UK.

Swagel EN, Bernhard AVH, Ellmore GS (1997) Substrate water poten-
tial constraints on germination of the strangler fig, Ficus aurea 
(Moraceae). Am J Bot 84:716–722. https://​doi.​org/​10.​2307/​24459​08

Tomlinson P, Metcalf CR (1969) Anatomy of the monocotyledons III. Com-
melinales-Zingiberales. Clarendon Press, Oxford, UK, pp 193–294

Trépanier M, Lamy MP, Dansereau B (2009) Phalaenopsis can absorb 
urea directly through their roots. Plant Soil 319:95–100. https://​
doi.​org/​10.​1007/​s11104-​008-​9852-5

Valladares F, Sanchez-Gomez D, Zavala MA (2006) Quantitative 
estimation of phenotypic plasticity: bridging the gap between 
the evolutionary concept and its ecological applications. J Ecol 
94:1103–1116. https://​doi.​org/​10.​1111/j.​1365-​2745.​2006.​01176.x

Zotz G (2013) The systematic distribution of vascular epiphytes - a 
critical update. Bot J Linn Soc 171:453–481. https://​doi.​org/​10.​
1111/​boj.​12010

Zotz G, Winkler U (2013) Aerial roots of epiphytic orchids: the vela-
men radicum and its role in water and nutrient uptake. Oecologia 
171:733–741. https://​doi.​org/​10.​1007/​s00442-​012-​2575-6

Zotz G, Schickenberg N, Albach D (2017) The velamen radicum is 
common among terrestrial monocotyledons. Ann Bot 120:625–
632. https://​doi.​org/​10.​1093/​aob/​mcx097

Zotz G, Weigelt P, Kessler M, Kreft H, Taylor A (2021) EpiList 1.0: 
A global checklist of vascular epiphytes. Ecology 102:e03326. 
https://​doi.​org/​10.​1002/​ecy.​3326

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

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

Page 13 of 13    46

https://doi.org/10.1111/j.1095-8339.1997.tb01786.x
https://doi.org/10.1111/j.1095-8339.1997.tb01786.x
https://doi.org/10.1111/j.1095-8339.2009.00818.x
https://doi.org/10.1006/bojl.1999.0293
https://doi.org/10.1006/bojl.2000.0439
https://doi.org/10.1006/bojl.2000.0439
https://doi.org/10.1006/bojl.1998.0229
https://doi.org/10.1006/bojl.1998.0229
https://doi.org/10.2307/2445908
https://doi.org/10.1007/s11104-008-9852-5
https://doi.org/10.1007/s11104-008-9852-5
https://doi.org/10.1111/j.1365-2745.2006.01176.x
https://doi.org/10.1111/boj.12010
https://doi.org/10.1111/boj.12010
https://doi.org/10.1007/s00442-012-2575-6
https://doi.org/10.1093/aob/mcx097
https://doi.org/10.1002/ecy.3326

	Structural plasticity in roots of the hemiepiphyte Vanilla phaeantha Rchb.f. (Orchidaceae): a relationship between environment and function
	Abstract
	Introduction
	Material and methods
	Study area and the plant species
	Structural analyses
	Histochemical analyses
	Quantitative data analysis

	Results
	Morphology and root anatomy
	Phenotypic plasticity index

	Discussion
	Acknowledgements 
	References


