Flora 230 (2017) 66-74

Contents lists available at ScienceDirect

Flora

journal homepage: www.elsevier.com/locate/flora

The velamen of epiphytic orchids: Variation in structure and
correlations with nutrient absorption

@ CrossMark

Thais Arruda Costa Joca?, Denis Coelho de Oliveira?, Gerhard Zotz "¢, Uwe Winkler":,
Ana Silvia Franco Pinheiro Moreira®:*
3 Universidade Federal de Uberldndia, Instituto de Biologia, Rua Ceard s/n, Bloco 2D, Campus Umuarama, CEP 38400-902, Uberldndia, MG, Brazil

b Universitéit Oldenburg, Institute for Biology and Environmental Sciences, Oldenburg, Germany
¢ Smithsonian Tropical Research Institute, Balboa, Panama

ARTICLE INFO ABSTRACT

Article history:

Received 6 October 2016

Received in revised form 7 March 2017
Accepted 13 March 2017

Edited by Hermann Heilmeier
Available online 16 March 2017

Roots of epiphytic orchids typically possess a velamen radicum, a multiple epidermis composed of dead
cells. It is largely unexplored how the structure of the velamen, the cortex and vascular cylinder facilitate
the flow of water and nutrients towards the plant. Up to now, structural root features were rarely cor-
related with functional attributes. In this study, we compare anatomical features with nutrient uptake
rates (specifically of phosphorus and rubidium) of roots of 18 taxa of epiphytic orchids. The relative pro-
portion of the velamen of the cross-sectional area varied from 11 to 97%. Species with the largest relative
velamen area facilitate the flow of water and nutrients, and species with larger relative proportion of
vascular cylinder and cortex have a greater number of protoxylem strands and passage cells of the endo-
dermis. The number of passage cells in the endodermis and of differential wall thickenings in cortical cells
may play an important role in apoplastic and symplastic flow. The velamen pectic matrix, with negative
charge, can retain cations (like Rb*), while a higher number of strands in the xylem, aligned with passage
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cells of the endodermis, could facilitate the entry of these ions into the vascular cylinder.

© 2017 Elsevier GmbH. All rights reserved.

1. Introduction

The epiphytic environment imposes a number of restrictions to
plants. Many of the anatomical features commonly found among
epiphytes are related to the uptake of water and nutrients, such
as absorbing scales in the Bromeliaceae or the velamen radicum in
Orchidaceae (Withner, 1959; Benzing, 1990; Zotz and Hietz, 2001;
Laube and Zotz, 2003). Although the availability of water and nutri-
ents is sporadic and depends on atmospheric sources (Benzing,
1990), growth in tree crowns ensures an environment with an
improved supply of light (Tsavkelova et al., 2001). It is known that
approximately 10% of all vascular plants are epiphytes, the Orchi-
daceae being particularly noteworthy because around 70% of all
species are epiphytic (Zotz, 2013). This success in tree crowns is
arguably due to anatomical and physiological strategies that com-
pensate for the scarcity of water and nutrients, promoting in the
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effective absorption and use of these resources when intermittently
available (Scatena and Nunes, 1996).

Among the adaptive features of orchid roots, the presence of
velamen stands out (Zotz and Hietz, 2001). The velamen is located
externally to the exodermis, the outer layer of the cortex, and con-
stitutes a multiple epidermis composed of dead cells (Pridgeon,
1987). Initially, Went (1940) proposed an important role of the
velamen in capturing and immobilizing solutions that arrive at the
root via stem flow, and recent experimental evidence provides sup-
port for this notion (Zotz and Winkler, 2013). In addition to the
function of water absorption, the velamen also reduces the loss of
water at times of low availability of water and confers mechanical
protection for the root (Pridgeon, 1987; Benzing, 1996).

Internally to the velamen, the cortex consists of parenchymatic
cells. In Orchidaceae there are different types of parietal thick-
enings, i.e. reticulated, uniform or phi forms (Stern, 1999; Stern
and Judd, 2001; Moreira et al., 2013). The exodermis and endoder-
mis (outermost and innermost layers of the cortex, respectively)
delineate the cortical parenchyma in these roots, and the presence
of an endodermis acts as boundary between the cortex and the
vascular cylinder. Exodermis and endodermis are formed by cells
that can have Casparian strips, be highly lignified and sometimes
dead at maturity, alternating with passage cells which remain alive
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(Pridgeon, 1987; Trépanier et al., 2008). The lignified cells (or with
Casparian strips) in these layers act as a barrier for the movement of
ions and other substances through the apoplast (Esnaultetal., 1994;
Ma and Peterson, 2003), while the passage cells are the main cells
capable of symplastic movement (Peterson and Enstone, 1996).
These cells allow water and nutrient absorption (Peterson and
Enstone, 1996), and are responsible for the selectivity of solutes to
be transported to the vascular cylinder (Peterson, 1988; Trépanier
et al., 2008).

This study wants to relate the investment of Orchidaceae roots
in velamen and/or in other internal structures to the functions
assigned to the passage cells and velamen found in the cited lit-
erature, specifically the absorption of nutrients. We focus on the
relationship of the thickness of the velamen and the number of
passage cells (of both the endodermis and exodermis) as struc-
tural characteristics on the one hand and the rate of absorption
of phosphorus and rubidium on the other hand for a set of 18 taxa
of epiphytic orchids.

2. Material and methods

Individuals of Bifrenaria harrisoniae (Hook.) Rchb.f., Catasetum
planiceps Lindl., Cattleya skinneri Bateman alba, Caularthron bil-
amellatum (Rchb.f.) R.E. Schult, Dendrobium fimbriatum Hooker,
Dendrobium nobile Lindl., Dendrobium nobile hybrid, Dimerandra
emarginata (G. Mey.) Hoehne, Doritis pulcherrima Lindl., Ency-
clia ghillanyi Pabst, Epidendrum ciliare L., Epidendrum nocturnum
Jacq., Gongora unicolor Schltr., Miltonia bluntii Rchb.f., Phalaenop-
sis cornu-cervie Blume & Rchb.f., Phalaenopsis hybrid, Oncidium sp.
and Trichoglottis bipunctata (C.S.PP. Parish & Rchb.f.) Tang & F.T.
Wang were obtained from the Botanical Garden of the University
of Marburg (Germany) or from collections in Panama, and accli-
mated in a greenhouse of the University of Oldenburg (Germany), at
a temperature of 26/20 °C (day/night) and a relative humidity of ca.
65%. Fragments of aerial roots were submitted to tests of nutrients
absorption (phosphorus and rubidium) in the Radionuclide Labora-
tory of the University of Oldenburg and parallel samples were fixed
in 4% paraformaldehyde (Roland and Vian, 1991). The anatomical
analyses were performed in the Laboratory of Plant Anatomy and
Development of the Universidade Federal de Uberlandia, Brazil.

2.1. Experiments of nutrient absorption

Nutrient absorption was assayed similar to the procedure
described in Zotz and Winkler (2013) using the following radioiso-
topes: carrier free 32P phosphoric acid (Hartmann Analytic,
Germany), containing 37 MBq in 100wl water (initial specific
activity: 5.5MBqgnmol~132P); aquatic solutions of 86RbCl (Hart-
mann Analytic, Germany) with a specific activity of 720 MBqmg~!
Rb* and aquatic solutions of [14C(U)-p-glucose] with a specific
activity of 13.3 GBqmmol-!. The radioisotope of rubidium is a
well-established analytical analogue for potassium, because the
uptake kinetics of K* and Rb* are generally comparable (Liuchli
and Epstein, 1970). Aliquots of labelled substances with an ini-
tial activity of 0.15mBq in 5ml incubation solution were used in
uptake experiments with the 18 different taxa. The uptake of phos-
phate was measured in solutions containing radioactive labelled
32p phosphate and unlabelled phosphate to give a final substrate
concentration of 15 WM. Radioactive, labelled 36Rb and unlabelled
RbCl were mixed to obtain a similar final concentration of 15 WM.
Such concentrations are within the range of concentrations natu-
rally occurring in rainwater (e.g. Benzing, 2000).

Four root segments of each taxon, excised at 4 cm from the root
tip, were submerged in solutions of incubation in test tubes, and
absorption rates were determined by the decrease of the radioac-

tivity in aliquots of 10 .l of the solutions of incubation (with pH
6.1) after standardizing the volume of liquid, adding the solution
not labelled to the initial volume of incubation, mixing with Pas-
teur pipettes. The velamen was removed just above the submerged
portion to prevent the passive diffusion in this tissue.

The cumulative absorption of phosphate and rubidium was cal-
culated from the decrease of the radioactivity in the solution of
incubation with a constant volume, according to the following
equation:

Absorption(nmol) =Py — (dpmyy/dpms; x Px),

where Py; is the initial quantity of substrate in the solution (nmol);
dpmy is the counting rate in 10 nl at beginning of absorption and
DPMy; the counting rate in 10 l at the end of the period of absorp-
tion. The rates were expressed against root length (cm).

2.2. Structural analysis

For anatomical comparisons of the roots, histological slides of
transverse hand cuts were prepared 3 cm from the apex. The mate-
rial was clarified in 50% sodium hypochlorite (Kraus and Arduin,
1997) and stained with 1% alcoholic solution of safranin and 0.5%
Astra blue (1:9v/v) (Bukatsch, 1972). The slides were assembled
with gelatin glycerinated of Kaiser (Johansen, 1940) and the mate-
rial photographed under light microscope Leica® DM500 equipped
with digital camera Leica” ICC50 HD.

For each species, four individuals were analyzed when available
(see analysis of results). For each individual, 15 transverse cuts were
performed. The diameter, the number of layers, the thickness and
the cross-sectional area occupied by the velamen, and the cross-
sectional areas of vascular cylinder and the cortex were determined
at three different points of a given cut. The cross-sectional areas
of different tissue types were expressed relative to the total area.
The total number of cells of the exodermis and endodermis, the
thickness of the cell walls of the exodermic cells and the number
of passage cells were quantified as were the ratios of passage cells
to the other cell components of the endodermis and exodermis. In
addition, we counted the number of strands of Xxylem and phloem.
For all counts and measurements, IMAGE ] 1.x software (National
Institute of Health, USA) was used.

2.3. Histochemical analysis

The presence of proteins was used to identify living cells and
tissues. Transverse sections were incubated in 1% bromophe-
nol blue solution (w/v) for 10-15min (Durrum, 1950), washed
in 50% ethanol (v/v) and assembled in distilled and deionized
water. Pectins were detected incubating transverse sections in 50%
ethanol, and staining with 0.2% ruthenium red (w/v) for 10 min
(Chamberlain, 1932; modified).

2.4. Data analysis

Structural data were analyzed with the averages of the indi-
viduals in each species. For Caularthron bilamellatum, Cattleya
skinneri alba, Dendrobium fimbriatum, Epidendrum ciliare and Mil-
tonia bluntii, there was only material available from a single
individual. For Phalaenopsis hybrid, Gongora unicolor and Trichoglot-
tis bipunctata there were only two available individuals of each
taxon. In all other cases, four individuals were used.

We evaluated the correlation between variables using Pearson
test for parametric data. The same test was used to compare the
structural characteristics with the rates of absorption of rubidium
and phosphorus. All tests were performed using SYSTAT 10.2 soft-
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ware (SPSS, 2000, San Francisco). A level of P <0.05 was interpreted
as significant.

3. Results
3.1. Root morphology and anatomy

The structure of the roots of the 18 analyzed taxa was qual-
itatively similar (for a typical example see Fig. 1A) although the
velamen differed fourfold in the number of cell layers (3-11 layers
of dead cells, Table 1) and the patterns of parietal thickenings var-
ied as well. Parietal thickenings in the cortical parenchyma were
lacking in most species (Table 2), while eight species had some
parenchymatic cells with conspicuously cell wall-thickenings of
three different types; either reticulated (Fig. 1B), uniform (Fig. 1C)
or phi (Fig. 1D and E). Noteworthy, in a few cases we found varia-
tion even within a species. Cells with reticulated thickenings were
found in Bifrenaria harrisoniae in one of the roots of a single indi-
vidual, while cells with uniform thickenings were found in all the
other roots of this species. Cattleya skinneri alba showed cells with
prominent phi-thickening throughout the cortex in all the roots,
while in Catasetum planiceps, this type of thickening was only found
in three roots out of seven analyzed. In this species, some roots
showed phi-thickening encircling the entire cortex, while in other
roots, the phi-thickening was interrupted. In Encyclia ghillanyi, phi-
thickening was slightly prominent in only one of the roots. In
Trichoglottis bipunctata, the reticulated thickening was found in
all the roots. Most cells of the exodermis and endodermis, which
delimit the cortical parenchyma, are dead, with walls showing dif-
ferent degrees of thickening, interspersed by passage cells. The
strands of xylem and phloem are intercalated in the vascular cylin-
der and immersed in parenchymatic cells that show centripetal
sclerification (Fig. 1F and G). Histochemical tests showed that only
the passage cells in the exodermis (Fig. 2A) and endodermis are
alive, and the velamen maintains the same pectic structure even at
maturity (Fig. 2B).

Some species had a very well developed velamen (Fig. 3A), while
in others cortex and vascular cylinder dominated the transversal
area of the root. There was a continuous variation from species with
very large to species with very small proportions of the velamen,
the extreme values being 97% (Catasetum planiceps, Table 2) and
11% (Phalaenopsis cornu-cervie, Table 2, Fig. 3B) of the area of a cross
section of the roots occupied by this tissue.

In relation to the ratio of the number of passage cells with the
number of the thickened cells of the exodermis (Table 1), interspe-
cific differences were relatively small, with values between 0.1 and
0.3. The same was observed for the endodermis, which presented
values between 0.2 and 0.6. The smallest ratios were found in Pha-
laenopsis hybrid, Doritis pulcherrima and Phalaenopsis cornu-cervie.

Endodermis and exodermis had the same type of “O” or “U”-
thickenings for all the analyzed sections of a given taxon. The
endodermis had “O” thickening for all the taxa evaluated (Fig. 3C),
and this was also true for the exodermis of most species (Fig. 3D).
“U”-thickening of the cell walls in the exodermis were observed
only for Phalaenopsis hybrid, Epidendrum ciliare (Fig. 3E), E. noc-
turnum and Doritis pulcherrima. Regarding the cell wall thickness
types of the exodermis, it was possible to observe species with
less prominent thickenings - as in Bifrenaria harrisoniae, Catasetum
planiceps, Dendrobium nobile, Dendrobium nobile hybrid, Dimeran-
dra emarginata, Doritis pulcherrima, Encyclia ghillanyi (Fig. 3F),
Epidendrum nocturnum, Gongora unicolor, Miltonia bluntii, Oncidium
sp. and Phalaenopsis cornu-cervie; and species with more pro-
nounced thickenings - i.e. in Caularthron bilamellatum, Cattleya
skinneri alba, Dendrobium fimbriatum (Fig. 3D), Epidendrum ciliare
(Fig. 3E), Phalaenopsis hybrid and Trichoglottis bipunctata.

Table 1

Structural characteristics of roots from 18 taxa of epiphytic orchids. Data are means + SD of 15 cuts in each replicate available for each species.
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Fig. 1. Transverse sections of orchid roots. (A) Bifrenaria harrisoniae, overview showing velamen, exodermis and endodermis delimiting the cortical parenchyma and the
vascular cylinder. (B) Catasetum planiceps, detail of cortical cells with reticulated thickening (arrows) and mycorrhizal peletons (*). (C) Bifrenaria harrisoniae, detail of cortical
cells with uniform thickening (*). (D and E) Cattleya skinneri alba, (D) distribution and (E) detail of phi-thickening (arrows) in cortical parenchyma. (F) Bifrenaria harrisoniae,
vascular cylinder with strands of xylem and intercalated phloem, and centripetal sclerification of medullary parenchyma. (G) Catasetum planiceps, detail of the vascular
cylinder. En=endodermis; Ex =exodermis; Ph=phloem; Pcell = passage cell; Pcort = cortical parenchyma; V =velamen; VC=vascular cylinder; X = xylem.

The number of protoxylem strands mostly varied from 7.2 (in
Gongora unicolor) to 14.4 (in Caularthron bilamellatum) (Table 1).
However, two species (Bifrenaria harrisoniae and Phalaenopsis
hybrid) showed substantially larger numbers with 18.9 and 22.2
protoxylem strands, respectively.

3.2. Correlation between anatomical traits and the rate of
Rb and P; absorption

We found a number of correlations between anatomical char-
acteristics (Table 3). Among these, we highlight the correlation
between root cross sectional area (or root diameter, since the area
was calculated from the diameter) with the area occupied by the
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Table 2

Type of wall thickenings and thickness of exodermis and endodermis cells, and tissue proportions of roots for 18 taxa of epiphytic orchids. Data are means + SD of 15 cuts in

each replicates available of each species.

Type of wall
thickening of the
exodermis cells

Type of wall
thickening of the
endodermis cells

Thickness of cell
wall of the cells
of the exodermis

Proportion of the area of the root
velamen area to

the total area of

Proportion of the
vascular
cylinder + cortex

(mm) the root area to the total

Bifrenaria harrisoniae 0] (o] 2.84+0.1 ret; unif 63.0% 37.0%
Catasetum planiceps [0} 0] 2.77+04 ret; phi 97.1% 2.9%

Cattleya skinneri alba (0] 0] 829+1.3 Phi 71.4% 28.6%
Caularthron belamellatum 0] (6] 10.09+1.7 - 52.9% 47.1%
Dendrobium fimbriatum [0} (0] 6.77+1.7 - 73.0% 27.0%
Dendrobium nobile [0} 0] 4.77+0.4 Unif 76.0% 24.0%
Dendrobium nobile hybrid [0} 0] 4.9040.7 - 76.2% 23.8%
Dimerandra emarginata [0} (0] 458 +0.4 - 26.7% 73.3%
Doritis pulcherrima U (0] 4.31+0.5 - 20.0% 80.0%
Encyclia ghillanyi [0} 0] 2.94+0.1 Phi 60.0% 40.0%
Epidendrum ciliare U (o] 11.18+3.1 - 55.3% 44.7%
Epidendrum nocturnum U 0] 4.79+0.4 - 25.3% 74.7%
Gongora unicolor (0] 0] 2.91+0.2 - 72.7% 27.3%
Miltonia bluntii 0] (o] 422+1.0 Unif 72.7% 27.3%
Oncidium sp. [0} (0] 3.40+0.6 Unif 83.3% 16.7%
Phalaenopsis cornu-cervie (0] 0] 438+0.1 - 10.5% 89.5%
Phalaenopsis hybrid U 0] 9.15+0.1 - 11.4% 88.6%
Trichoglottis bipunctata [0} (0] 6.37+14 Ret 66.7% 33.3%

In the type of wall thickening of the cells of the cortical parenchyma, the abbreviation (ret) is reticulated, (unif) is uniform and (phi) is phi-thickening.

Fig. 2. Histochemical analyses. (A) Caularthron bilamellatum, detail of the exodermis with one passage cell stained with bromophenol blue, showing proteins in the protoplast,
the other cells being lignified with massive wall thickening and reduced lumen. (B) Trichoglottis bipunctata, stained with ruthenium red showing pectic impregnation, including
parietal thickenings in velamen cells. Lcell = lignified cells; Ex = exodermis; Pcell = passage cell; V =velamen.

vascular cylinder and cortex (r=0.96, p<0.001), with the number
of protoxylem strands (r=0.70, p<0.001) and with the number of
passage cells of the exodermis (r=0.90, p < 0.001). Characteristics of
velamen such as the area occupied in cross-section, the number of
cell layers and total thickness, in turn, showed significant positive
correlations with characters related to the water transport inside
the root (such as the number of passage cells of the endodermis and
the number of protoxylem strands). On the other hand, the num-
ber of passage cells of the exodermis was negatively correlated with
the number of cell layers of the velamen (r=—0.64, p<0.001). The
number of layers of velamen cells was negatively correlated with
the area occupied by the vascular cylinder and cortex (r=-0.56,
p <0.005), the thickness of the cortex (r=-0.63, p<0.001) and the
thickness of the cell wall of the exodermis (r=-0.29, p<0.001).

Cortex thickness was positively correlated with the number of
protoxylem strands (r = 0.54, p <0.005) and with the number of pas-
sage cells of the exodermis (r=0.93, p<0.001). When analyzing the
number of strands of protoxylem, three positive correlations were
relevant: the greater the number of vascular strands, the greater
the number of passage cells of the exodermis (r=0.67, p<0.001),
the number of passage cells of the endodermis (r=0.57, p<0.001)
and the thickness of cell walls from exodermis (r=0.59, p<0.001).

Correlations were found, although rather weak, between the
rates of absorption of rubidium and the cross-sectional area of
the velamen (r2=0.33, p<0.01), with the number of protoxylem
strands (r2 =0.28, p <0.02), with the number of passage cells of the
endodermis (r2=0.21, p<0.05), and are represented in Fig. 4. No
correlation was observed between any anatomic variable and the
rates of phosphorus absorption.
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Fig. 3. Transverse sections of Orchidaceae roots. (A) Dendrobium fimbriatum, general view showing extensive velamen. (B) Phalaenopsis cornu-cervie, general view showing
greater area corresponding to the cortex and vascular cylinder. (C) Phalaenopsis cornu-cervie, vascular cylinder surrounded by endodermis with O-thickening and passage cells
(*). (D) Dendrobium fimbriatum, detail of exodermis with O-thickenings and passage cell. (E) Epidendrum ciliare, exodermis with U-thickening and passage cell. (F) Encyclia
ghillanyi, exodermis with thin walled cells. En = endodermis; Ex = exodermis; Pcell = passage cell; Pcort = cortical parenchyma; V =velamen; VC=vascular cylinder.

4. Discussion
4.1. Functional anatomy of epiphytic roots

The studied roots of epiphytic orchids seem to invest in two
paths to ensure effectiveness in water and nutrient absorption:
greater proportion of velamen, or a greater number of protoxylem
strands and passage cells of endodermis in species with larger areas
of the vascular cylinder and cortex. Up to now, structural features

of roots are discussed in an independent manner, without any cor-
relation among themselves (Peterson and Enstone, 1996; Moreira
and Isaias, 2008). Functionally, the velamen is taken as a facilitator
in water and nutrient absorption, barrier to loss of water and capa-
ble of conferring mechanical resistance (Pridgeon, 1987; Benzing
et al., 1982). However, the analysis of the relation between the
velamen and the different layers of the cortex and vascular cylin-
der helps to identify possible trade-offs and to understand which
structural strategies are more effective to maximize the water and
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Table 3

Matrix of correlation coefficients between anatomical characteristics of roots of 18 orchid taxa. The measurements were performed in 15 transversal cuts of each individual

available for each taxon. The data reflect the correlations between averages.

1 2 3 4 5 6 7 8 9 10 11 12 13

097¢ | 0s51% | 090 | -034 | 001 | 090% | 069% | 086* | 087¢ | 074* | 009® | o10% |1

044 | 096% | 039" | 008 | 091¢ | 070+ | o08s* | 090+ | 074¢ | o006™ | o012 |2

016® | 044 | 081% | 024= | o0s53* | o026% |[019% | o057 |o7x | -018 | 3
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-0.31"™ 0.18™ -0.23" -0.33™ 0.22™ 0.79% -0.23™ 6

] 054% | o91¢ | 093x | o055+ | 018 | 013 |7

] 074% | 067¢ | 095+ | 057¢ | 059¢ | 8

N 095t | 077¢ | 005 | 042% | 9
] 069t | -011™ | 033= | 10
] 058 | 0aee | 11
] - 024 | 12
- 13

1. Root diameter (mm); 2. Root area in cross section (mm?); 3. Velamen area in cross section (mm?); 4. Area of vascular cylinder + cortex (mm?) in cross section; 5. Number of
layers of the velamen; 6. Thickness of velamen (um); 7. Cortex thickness (m); 8. Number of protoxylem strands; 9. Number of lignified cells of the exodermis; 10. Number
of passage cells of the exodermis; 11. Number of lignified cells of the endodermis; 12. Number of passage cells of the endodermis; 13. Thickness of cell wall of the cells of the

exodermis (pm). *Significant correlation at p <5%. "Not significant.

nutrients flow inside the root. In the evaluated taxa there is a pos-
itive correlation between the number of vascular strands and the
root diameter. Furthermore, the correlation between the number
of vascular strands and the velamen area was significant. These
results indicate that the taxa with smaller area of velamen, such as
Epidendrum nocturnum, Phalaenopsis cornu-cervie and Phalaenopsis
hybrid may compensate this smaller area for water absorption via
velamen presenting greater number of xylem strands. Thus, there
would be an increase in efficiency in water and solute transport
for the remaining plant. This conclusion rests on the assumption
of subsequent transfer of water and nutrients into living tissue.
Our experimental approach is not suited to distinguish uptake into
the velamen from transfer into living root tissue, let alone other
plant compartments. However, previous work with entire plants
has provided clear evidence for such a transfer (Zotz and Winkler,
2013).

Once the cells of velamen are dead at maturity, the water and
nutrient transport in this tissue occurs in a passive way (Pita and
Menezes, 2002). The number of cell layers of the velamen is strongly
correlated with the thickness of this tissue, i.e. cell size does not
very much. The velamen of orchids can have from one to 18 lay-
ers of cells (Solereder and Meyer, 1928; Engard, 1944). Although
intraspecific variation in velamen thickness is generally considered
to be small (Porembski and Barthlott, 1988), we observed some
variation in spite of our small sample sizes, e.g. in the number of
cell layers, the rate of maturation and cell size, or the patterns of
parietal thickenings. Since the study plants were kept under very
similar environmental conditions, this variation is probably related
to genetic differences (Benzing et al., 1982).

The investment in the cortex and vascular cylinder directly leads
to an increase in cell numbers in the exodermis. The lignified cells
of the exodermis assume the role of an apoplastic barrier, and in
conjunction with the velamen, offer mechanical protection and
prevent water from returning from cortex to the external envi-
ronment (Sanford and Adanlawo, 1973; Benzing et al., 1982; Ma
and Peterson, 2003). The development of both O-thickenings and

U-thickenings is associated with the deposition of suberin, cellu-
lose and lignin (Ma and Peterson, 2003). The deposition of lignin
in these cells can often obstruct the communication among them,
reducing the cell lumina, and even leading to death.

In terrestrial plants, the root epidermis is in direct contact with
the soil and plays a role in selective water and nutrient absorp-
tion (Barberon and Geldner, 2014). However, the dead cells of
the velamen in roots transfer this selective function to the pas-
sage cells of the exodermis, via a symplastic path of entry into the
root. In the endodermis, a more effective selection of substances
occurs, and the passage cells are usually aligned with the poles of
protoxylem, intensifying effectively the water flow (Peterson and
Enstone, 1996; Moreira and Isaias, 2008). Thus, a larger number
of passage cells in the endodermis can be a way to increase the
water and nutrient inflow into the plant. Even though the root does
not immobilize temporarily large amounts of fluids, by presenting
little area of velamen, the passage of what was absorbed will be
more rapid to vascular strands. In addition, the larger the number
of xylem strands the faster the distribution of water and nutrients
throughout the plant body. It is interesting to note that there is a
positive correlation between velamen area and root diameter, but
there is a much tighter correlation between the velamen area and
the number of endodermis passage cells, indicating high efficiency
for the water transport after its entry in the root.

The presence of cells with different types of wall thickenings
in the cortex is typically interpreted as mechanical support (dur-
ing desiccation) and water retention (Haberlandt, 1914; Olatunji
and Nenguim, 1980). Among these, the phi-thickening consists
of cellulose and lignin (and little or no suberin) (Wilcox, 1962),
impregnated around the cell wall. In the studied taxa, phi-
thickenings were located in the median layers of the cortical
parenchyma, particularity of the type III phi-thickening (classifi-
cation according to Van Tieghem, 1888). In spite of its similarity
to the Casparian strips, phi-thickenings do not form an effec-
tive apoplastic barrier (Pires et al., 2003). The permeability of
the phi-thickening was proven in several species of dicotyledons
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Fig. 4. Relationships of the rates of rubidium uptake (i.e. velamen adsorption and
physiological uptake into the cortex) and anatomical characters of orchid roots.
Data points are the mean values of 18 species. Solid lines show significant linear
regressions, dotted lines show 95% confidence intervals.

(Perumalla et al., 1990) and in Zea mays (Degenhardt and Gimmler,
2000). Against this idea, studies with Brassica oleracea cultivated in
environments with high salinity demonstrated effective selectivity
for the movement of ions (Fernandez-Garcia et al., 2009). How-
ever, the discontinuity of these thickenings makes them ineffective
as apoplastic barrier, reinforcing its role as mechanical support
(Melo, 2011) and resistance to pressures exercised by other cells
in expansion (Passioura, 1988). Another function of phi-thickening
could be the prevention of the access of biological agents toward
the central cylinder. Future studies should test whether there is a
correlation between mechanical barriers and the invasion of fungi
(Massicotte et al., 1988), or the relationship between the location
of mycorrhizae and the occurrence of this type of thickening.

In contrast to phi-thickening, reticulate thickenings and uniform
thickenings can assist the movement of substances to the vascular
cylinder, contributing to the apoplastic flow (Stern and Judd, 2001),
or act as mechanical support of the cortical parenchyma.

4.2. Nutrient absorption and it relationship with root
structure

In aerial orchid roots, the flow of water and nutrients takes
an apoplastic route in the velamen, whereas a symplastic route
becomes mandatory in the passage cells of the exodermis. In the
cortical parenchyma, the flow may again be (partially) apoplas-
tic until reaching the next barrier, the endodermis. Here, water

and nutrient passage into the vascular cylinder is again symplas-
tic. The apoplastic route must also constitute a path for the mass
flow and diffusion of water and nutrients via intercellular spaces
and cell wall. The cell wall consists primarily of a chain of cellulose,
hemicellulose and glycoproteins, in which the pectin matrix acts
as moderator of cation exchange. The galacturonic acid monomers
of pectins contain carboxylic groups (COO~) with naturally nega-
tive charge and which work as agents of cation exchange. In this
way, those monomers act as natural accumulators of cations in
the apoplast, while the anions are repelled (Barberon and Geldner,
2014). For input of nutrients in the symplast, at some time, they
must use specific plasma membrane transporters (Barberon and
Geldner, 2014). The role of high pectin accumulation in cell walls
in epiphytic roots can be compared with the colloidal properties
of clay minerals in the soil around roots. The water and chemical
affinity is generated because the clay minerals have a large elec-
tronegative surface contact, responsible for high cation adsorption
capacity (Mergulies et al., 1988).

The rubidium ion is commonly used as analogue of potassium
because potassium channels show a similar selectivity to this ele-
ment as to the K* ion (Gierth and Maser, 2007; Doyle et al., 1998).
The positive charge of these ions suggests its high affinity for cell
walls (pectins - COO~) so that the velamen saturation (high pectic
constitution of the cell wall) may have contributed to the signifi-
cant correlation between velamen area and the absorption rates of
Rb*. When the velamen is saturated, the number of passage cells
of the exodermis can limit or facilitate further absorption, depend-
ing on their density. The transporters and specific channels, in turn,
guarantee the transcellular pathway and the entrance into the sym-
plast through exodermis in radicular cortex. The endodermis and
the vascular strands assume the role in directing ions flowing into
the whole plant. In this case, after the prior exodermis selectivity,
the cortical parenchyma may not be saturated as the velamen, and
passage cells of the endodermis (aligned with the strands of xylem)
would be more limiting to the transport of this ion.

Two points may have contributed to the lack of correlation
between the anatomical characteristics and the rate of transport of
the phosphorus radioisotope. First, the active process of absorption
of phosphorous in plants, mediated by specific carriers (Santner
et al., 2012); secondly, PO43~ is an ion considered of free access
to roots when promptly available in nutrient solutions, since it
presents negative charge and there are no restrictions to its trans-
port to the interior of the cells (Santner et al., 2012).

5. Conclusions

The velamen is frequently depicted as an important structural
feature of epiphytic orchids (and to lesser degree epiphytic aroids)
for the absorption and retention of water and nutrients. However,
there are very few studies that tried to relate characteristics of the
velamen with other tissue types of aerial roots, let alone connect
anatomical features with function. Our study shows that plants
can differentially invest in larger proportions of different tissues,
e.g. show a greater investment in strands of protoxylem and pas-
sage cells of the endodermis, specific thickenings in the cortical
parenchyma that leads to proportional changes in symplastic and
apoplastic flow of resources, i.e. water and nutrients. The corre-
lation of the pectic constitution of velamen cells with nutrients
absorption suggests that the passage of nutrients in the velamen
does not entirely occur as free flow. The negative charge of the cell
walls of the velamen will lead to temporary retention and subse-
quent gradual release of ions (especially cations). The suggested
role of pectins in nutrient adsorption needs attention in orchids
and other plants with a velamen such as many Anthurium species.
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