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Abstract

This study compares photosynthetic and structural features of Dichaea cogniauxiana and Epidendrum secundum

leaves and roots. The diurnal titratable acidity fluctuations indicated crassulacean acid metabolism (CAM) in
E. secundum leaves, associated with anatomical features like thick cuticle, large and vacuolated cells, and reduced
stomata size and frequency. Roots of both species had chloroplasts in their cortical parenchyma. However, neither the
roots nor D. cogniauxiana leaves did show tissue sap acidity fluctuations. This indicates C3 metabolism in these organs.
This lack of oscillation of organic acids in Epidendrum roots was at odds with a CAM-like 13C ratio, suggesting that in
spite of active CO2 fixation in roots during the day, the bulk of carbon is imported from the leaves. Roots of both
species showed Fv/Fm, DF/Fm0, ETR values similar to reports from other non-foliar photosynthetic organs. Besides
reducing root carbon cost, root photosynthesis may also be important by alleviating potential hypoxia, since water-
saturated velamen severely impedes the gas exchange between radicular cortex.
r 2009 Elsevier GmbH. All rights reserved.
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Introduction

The basic body of a vascular plant is differentiated in
a subterranean root system and an aerial shoot system
with stems and leaves. This reflects a division of labor
with roots specializing on water and nutrient uptake,
leaves on photosynthesis, and stems representing a
transport system for water, nutrients or organic

compounds between roots and leaves. Such a separation
is much less obvious among many vascular epiphytes.
For example, in many epiphytic bromeliads, roots serve
primarily as holdfast, with nutrient uptake by leaves via
absorbing scales (Benzing, 2000). Moreover, roots
growing exposed on the bark of trees may be able to
fix CO2, in the extreme case being the only photo-
synthetically active organs in the so-called ‘‘shootless’’
orchids (Benzing et al., 1983; Winter et al., 1985).
Finally, other organs of orchids, e.g. petals and sepals
(Arditti, 1979), fruits (Lemos Filho and Isaias, 2004;
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Zotz et al., 2003), or pseudobulbs (Ng and Hew, 2000)
may also be photosynthetically active.

This diversity in function is only partly reflected in the
literature (Zotz and Hietz, 2001). Most studies on
photosynthesis in epiphytes focus exclusively on leaves,
although there is a growing body of studies on the
physiology of aerial roots in particular. It has been
shown, e.g. that functional chloroplasts are located in
cortical parenchyma cells (Benzing et al., 1983; Ho et al.,
1983), or that both C3 and crassulacean acid metabolism
(CAM) pathways can be found (Benzing and Ott, 1981;
Benzing et al., 1983; Cockburn et al., 1985; Dycus and
Knudson, 1957; Erickson, 1957; Flores et al., 1993; Hew
et al., 1984; Winter et al., 1985).

Carbon dioxide fixation in aerial roots with CAM is
similar to the one typically present in leaves of CAM
plants with nocturnal CO2 uptake by PEP-carboxylase
and daytime CO2 assimilation. The production of
organic acids is followed by a reduction during the
day, with malate, aspartate, and citrate as the principal
products of the nocturnal CO2 fixation (Borland et al.,
1998; Bradbeer et al., 1957; Knauft and Arditti, 1969;
Medina et al., 1993; Ting, 1985). Noteworthy, aerial
roots of leafless orchids cannot control water loss as
leaves of typical CAM plants do by stomatal closure, i.e.
the CAM pathway cannot promote water efficiency by
the reduction of transpiration in roots. On the other
hand, nocturnal malic acid production and storage
reduces the osmotic potential in aerial roots, which can
assist in water absorption (Lüttge, 1989).

Few studies have attempted to compare the function
of leaves and roots. However, only such a comparative
approach may allow us to put the physiology of
individual organs into context, i.e. understand the
relative importance within an entire organism. This
motivated the present research in which we studied
morphological, anatomical, and physiological features
of leaves and roots of two species of epiphytic orchids
under field conditions in a cloud forest in southeast
Brazil.

Material and methods

The study area, the Serra da Piedade, Minas Gerais,
Brazil (ca. 1914901100S, 4314001200W, at an elevation of
approximately 1300m) is characterized by high humid-
ity, and frequent occurrence of fog. Two common
epiphytes were chosen for study: Dichaea cogniauxiana

Shltr., which is normally growing in the forest at rather
low light intensities, and Epidendrum secundum Jacq.,
which was found at the edge of the forest, near a
‘‘campo rupestre’’ area. The second species also occurs
on rocks under even higher light intensities. All analyses
were done with material collected in the field during

sunny days in January 2004. In the following, species are
addressed by their genus names.

Anatomy and morphology

For morphometric data, leaves were counted and one
side surface measured. The root surface areas were
estimated using the formula A ¼ h(2pr), where h

corresponds to the total root length, and r is the median
of 20 measurements of root radius along the axis
(Rossielo et al., 1995). Leaves, stems, and roots were
dried at 50 1C for 48 h, and weighed.

Transverse and longitudinal sections were prepared
from fresh and FAA50 fixed leaf and root fragments
(Johansen, 1940). Fresh hand-cut sections were stained
with safranin-astra blue (Bukatsch, 1972, modified to
0.5%). Fixed material was embedded in glycol-metha-
crylate, sectioned (5–7 mm) in a rotatory microtome, and
stained with 0.05% toluidine blue O in 0.1M phosphate
buffer (O’Brien et al., 1964). Starch grains were detected
using the Lugol reagent (Johansen, 1940). Epidermis
was excised from totally expanded leaf samples by
immersion in 50% sodium hypochlorite. The fragments
were washed in running water, stained with 1% safranin
in 50% ethanol (Berlyn and Miksche, 1976) and
mounted in Kaiser gelatin (Kraus and Arduin, 1997).

Stomata pore area measurements (n ¼ 40) were done
on pieces of excised epidermis (n ¼ 15) using the image
analysis software Motic Images version 1.2 for Windows
(Micro Optic Industrial Group Co Hong Kong, Japan).
Stomata pore area (Ast) was estimated by the formula
Ast ¼ pR1R2, where R1 and R2 correspond to the larger
and smaller radius, respectively, of the stomata pore
area. The fraction occupied by the stomata pore area in
the leaf was calculated by the formula: nstAst, where nst
corresponded to stomata number per area.

Succulence and specific mass were estimated using 30
leaf and root fragments per species. Leaf areas were
calculated scanning leaves and using Quantikov soft-
ware (Pinto, 1996). Root areas of both species were
obtained according to Rossiello et al. (1995). The
succulence (SU) was determined using the difference
between fresh (FW) and dry weight (DW), where
SU ¼ (FW�DW)/A. Specific mass (SM) was deter-
mined according to Witkowski and Lamont (1991) by
the ratio between dry weight and tissue area
(SM ¼ DW/A).

Physiology

To detect diurnal titratable acidity fluctuations
(DH+), about 200mg of leaf and root fragments
(n ¼ 5 plants) were collected in the field at approxi-
mately 8:00 and 18:00 h. After 1 h of transport at low
temperatures, the samples were boiled in distilled water
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for 5min, and titrated with 0.01N NaOH to pH 7.0
according to Hartsock and Nobel (1976). The ratios
of 13CO2/

12CO2 (d13C) were determined in triplicate
from leaves and roots (n ¼ 3) in a mass spectrometer
coupled to an elemental analyzer for the determination
(Marchese et al., 2005).

Pigment contents were determined using 80% acetone
(v/v) extraction after root and leaf maceration and centri-
fugation, using equations proposed by Lichtenthaler
and Wellburn (1983). In order to avoid the effect of
sample acidity on pigment contents, samples were
collected in the afternoon (n ¼ 5).

Measurements of chlorophyll a fluorescence were
performed using a modulated chlorophyll fluorometer
(MINI-PAM, Walz, Effeltrich, Germany) with leaves
and roots (n ¼ 3 plants). The potential quantum yield of
photosystem II (Fv/Fm) was determined, where Fv is
the difference between maximum (Fm) and basal
fluorescence (F0) of dark adapted leaves and roots
(30min). Light response curves were obtained using the
light curve program of the instrument. Actinic light on
leaves and roots was increased up to ca. 2000 mmolm�2

s�1 during 4min in 8 steps of 30 s each. At each level of
light supplied by the instrument,
a saturation pulse was applied and chlorophyll fluores-
cence parameters recorded. The effective quantum yield
was given as DF/Fm0 ¼ (Fm0�F)/Fm0, where F was the
steady-state chlorophyll fluorescence yield of light-
adapted leaves, and Fm0 the maximum chlorophyll
fluorescence caused by the saturation pulse. The
apparent electron transport rate was estimated accord-
ing to Krall and Edwards (1992), ETR ¼ (DF/
Fm0)�PPF� 0.5� 0.84, where 0.5 was used as the
fraction of excitation energy distributed to PII, PPF was
the incident photosynthetic photon flux, and 0.84 was
used as the fractional light absorbance (Schreiber et al.,
1995).

Statistical analysis was carried out with STATISTICA
software (STATISTICA 6.0, StatSoft Inc., USA).
All data were submitted to ANOVAs, followed
by Tukey tests (5%). All error terms are standard
deviations.

Results

Anatomy and morphology

Mature individuals of Dichaea were smaller than
those of Epidendrum by about an order of magnitude
(1.99 g vs. 18.1 g dry mass, Table 1). Roots accounted
for, respectively, 450% and 30% and leaves for o20%
and 35% of the total biomass. In both species, the total
surface areas of roots exceeded those of leaves by far, up
to 50-fold in the case of Dichaea.

The hypostomatic leaves of Dichaea were glabrous,
with an uniseriate epidermis with thin and rectilinear
walled ordinary cells (Fig. 1A) covered by thin cuticle.
The pore area of individual stomata averaged
111716 mm2 (mean7SD) (Table 2), and stomatal
density was 3274.5mm�2 (Table 2). The homogeneous
chlorenchyma consisted of 5–7 cell layers, with small
intercellular spaces (Fig. 1B).

The roots had cylindrical shape and approximately
0.97mm in perimeter, presenting a multiseriate epider-
mis forming velamen and parenchymatic cortex with a
distinct exodermis, and a central vascular cylinder with
protoxylem arches in radial arrangement and conspic-
uous phloem strands. The velamen was formed by two
thin-walled dead cell layers (Fig. 1C). The exodermis
was formed by cells with thin external periclinal walls,
and living passage cells which were frequently smaller
than the others. The cortical parenchyma was formed by
14–16 cell layers with reduced intercellular spaces. In
fresh sections, chloroplasts were observed in all par-
enchyma cells (Fig. 1D).

The leaves of Epidendrum were also glabrous and
hypostomatic, with an uniseriate epidermis with thin
and rectilinear walled ordinary cells covered by a thick
cuticle (Fig. 1E). Stomatal pore area was smaller
(65712 mm2, Table 2), but the density similar to the
first species (Table 2). The chlorenchyma consisted of
approximately 12 cell layers, with inconspicuous inter-
cellular spaces (Fig. 1F).

The roots of Epidendrum were of similar shape
and structure as those of Dichaea, with velamen,
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Table 1. Morphometric and biomass data of root and leaves.

Dichaea cogniauxiana Epidendrum secundum

Leaves Roots Leaves Roots

Dry mass per individual (g) 0.3670.13 1.0770.15 6.4970.54 5.2870.51

Leaf number per individual 67.3715.4a 31.3376.5b

Leaf area per individual (cm2) 78.2716.7b 364.9796.2a

Root length (m) 3.670.1b 11.670.2a

Root upper surface (cm2) 440277b 14171725a

Root/leaf dry mass 3.2870.32a 0.7870.10b

Stem biomass (g) 0.5670.12b 6.3671.54a

Values sharing common letters are not significantly different at Pp0.05 level of Tukey’s test (n ¼ 3, 7SD).

A.S.F.P. Moreira et al. / Flora 204 (2009) 604–611606
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parenchymatic cortex, and central vascular cylinder, but
of smaller perimeter (ca. 58mm). The velamen was
formed by 4–5 thick-walled dead cell layers (Fig. 1G),
the exodermis by thick-walled cells intercalated by small
living passage cells. The inner velamen contained
covering cells. The cortical parenchyma was formed by
6–12 cell layers with reduced intercellular spaces.
Parenchyma cells contained numerous chloroplasts in
fresh sections (Fig. 1H).

Starch grains were only detected in Epidendrum, but
not in Dichaea leaves, while roots of both species
contained grains in parenchymatic cortex and medullae.
In all material, the reaction appears as little black starch
points near cell walls, indicating primary starch grains
(Fig. 2A and B).

The highest degree of succulence was found in
Epidendrum leaves, which were about three times as
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Fig. 1. (A–D) Dichaea cogniauxiana: (A) Paradermic section showing anisocytic (black arrow) and tetracytic (white arrows) stomata

on leaf abaxial epidermis. (B) Transverse leaf section showing photosynthetic homogenous parenchyma and vascular collateral

bundles. (C) Root transversal section showing velamen and exodermal thin-walled cells. (D) Chloroplasts in root cortex (arrows).

(E–H) Epidendrum secundum: (E) Paradermic section showing tetracytic stomata on leaf abaxial epidermis. (F) Transversal section

showing photosynthetic homogenous parenchyma with vacuolated cells, and vascular collateral bundles (arrows). (G) Root

transverse section showing velamen and exodermis with passage cells (arrow). (H) Chloroplasts (arrows) in root cortex (C ¼ cortex,

Ex ¼ exodermis, V ¼ velamen).

Table 2. Stomata pore area (Ast), stomata number per leaf area

(Nst), and leaf area ratio occupied by stomata pores (Ast/A).

Dichaea

cogniauxiana

Epidendrum

secundum

Ast (mm
2) 111716a 65712b

Nst (nst mm�2) 3275b 3874a

Ast/A (%) 0.3570.004a 0.2470.04b

Values of the two species sharing common letters are not significantly

different at Pp0.05 level of Tukey’s test (n ¼ 40, 7SD).

Fig. 2. (A, B) Root transverse section of Dichaea cogniauxiana.

The black points represent positive reaction to the Lugol

reagent, showing primary starch grain presence.

A.S.F.P. Moreira et al. / Flora 204 (2009) 604–611 607
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succulent as roots. Conversely, roots were more
succulent than leaves in Dichaea. Both species had
greater specific mass in leaves than in roots (Table 3).

Physiology

A consistent increase in titritable acidity over night
indicating crassulacean acid metabolism was only observed
in Epidendrum leaves: values at dusk averaged 4572meq
H+g�1 FW, those at dawn 115722 meqH+g�1 FW,
equaling an average DH+ of 70 meqH+g�1 FW. Acidity
values in roots were low and rather constant (dusk:
2371 meqH+g�1 FW, dawn: 2773 meqH+g�1 FW).
Diurnal variation in Dichaea leaves and roots did not
exceed 10 meqH+g�1 FW either (data not shown). As
expected, the carbon isotope ratios d13C of Dichaea was
consistent with C3 photosynthesis (leaves: �28.571.0%,
roots: �28.171.6%), while in Epidendrum, both leaves
and roots had a CAM-like isotope signature (leaves:
�16.670.6, roots: �14.870.5).

The pigment content of leaves (total chlorophyll and
carotenoids) exceeded that of roots by more than an
order of magnitude in both species, while the ratio of
carotenoids/chlorophyll and the chlorophyll a/b ratio
varied rather little in leaves and roots (Table 4).

Maximum Fv/Fm ratios, under shade conditions,
were consistently higher in Epidendrum roots and leaves
compared with Dichaea (0.8270.02 and 0.8470.02 vs.
0.7770.02 and 0.7870.03), while 50–90 mmolm�2 s�1

PPFD led to a decrease of 60–80% in relation to the
initial DF/Fm0 values in both species (Fig. 3A and B),

with DF/Fm0 values of leaves always exceeding those
of roots. Apparent ETR was highest in Epidendrum

leaves with 80 mmolm�2 s�1, but it did not surpass
30mmolm�2 s�1 in Dichaea roots and leaves and
Epidendrum roots (Fig. 4A and B).

Discussion

The potential for photosynthesis was clearly demon-
strated in leaves and roots of both species by the
presence of chloroplasts and functional electron trans-
port chains. Similar to other congenerics (Coutinho,
1969; Zotz, 2004), D. cogniauxiana showed C3 metabo-
lism as indicated by low titratable acidity in both roots
and shoots and typical C3 carbon isotope ratios in all
plant organs. Differently, Epidendrum species, on the
other hand, have been shown to use either C3-photo-
synthesis or CAM (Zotz, 2004). In the present study,
E. secundum leaves were clearly CAM, but in roots a
lack of oscillation of organic acids was at odds with a
CAM-like 13C ratio. This suggests that in spite of the
possibility of active CO2 fixation in roots during the day,
the bulk of carbon is imported from the leaves. This is
consistent with the majority of studies with orchid aerial
roots (Dycus and Knudson, 1957; Erickson, 1957;
Gehrig et al., 1998; Hew et al., l984).

Crassulacean acid metabolism is generally observed in
thick-leaved, succulent plants mostly found under xeric
environments (Cushman, 2001; Cushman and Borland,
2002; Fahn and Cutler, 1992; Knauft and Arditti, 1969).
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Table 3. Succulence and specific mass of leaves and roots of Dichaea cogniauxiana and Epidendrum secundum.

Dichaea cogniauxiana Epidendrum secundum

Leaves Roots Leaves Roots

Succulence (mgH2O cm�2) 20.1673.14bB 57.7078.4aA 160.57765.9aA 45.7878.1bB

Specific mass (mgDWcm�2) 4.6071.0bA 4.1870.8bB 16.4473.9aA 6.4071.5aB

Values sharing common small letters (same species organs), and common capital letters (between organs) in the same line are not significantly

different at Pp0.05 level of Tukey’s test (n ¼ 30, 7SD).

Table 4. Pigment contents of leaves and roots of Dichaea cogniauxiana and Epidendrum secundum.

Dichaea cogniauxiana Epidendrum secundum

Leaves Roots Leaves Roots

Total chlorophyll (mg cm�2) 25.571.2bB 0.770.06aB 102.9719.5aA 8.072.1bA

Carotenoids (mg cm�2) 8.770.2bA 0.270.01bB 27.873.1aA 2.670.6aB

Chlorophyll a/b 2.470.06bA 2.170.05aB 2.970.2aA 2.270.1aB

Carotenoids/chlorophylls 0.3470.005aA 0.2470.01bB 0.2770.02bB 0.3370.04aA

Values sharing common small letters (same species organs), and common capital letters (between organs) in the same line are not significantly

different at Pp0.05 level of Tukey’s test (n ¼ 5, 7SD).

A.S.F.P. Moreira et al. / Flora 204 (2009) 604–611608
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Amongst the leaf features cited by Cushman (2001),
Cushman and Borland (2002), and Nelson et al. (2005)
and observed in E. secundum, are thick cuticles, large
and vacuolated cells capable of storing water and
organic acids, and reduced stomata size and frequency.
Although D. cogniauxiana leaves had slightly higher
specific leaf mass, its roots showed higher succulence
due to some features like thick cortex, large cortical cells
with prominent vacuoles, as well as velamen and
exoderm, which denoted a high capacity of water
absorption and maintenance. The lower root succulence
in E. secundum when compared with D. cogniauxiana

may be a consequence of an exoderm with dead cells and
thick suberized walls. Suberin deposition in parietal
regions prevents apoplastic transport (Fahn, 1990),
which impairs water accumulation in radicular cortex
and in exoderm cells.

Chlorophyll a/b ratios and carotenoids/chlorophyll
provided important data about plant behavior in
relation to exposition to distinct light intensities. Lower
chlorophyll a/b ratios might be interpreted as a shade
adaptation (Kitajima and Hogan, 2003) and a higher
content of carotenoids under high light intensities has
been associated with an increase in thermal energy
dissipation capacity (Baker et al., 1997; Demmig
et al., 1987). The chlorophyll a/b ratio was higher in

Epidendrum and this result agrees with the local
occurrence of this species, the edge of the nebular
forest, where the plants were exposed to higher light
intensities. On the other hand, the carotenoids/
chlorophyll ratios in this species were not higher than
those of D. cogniauxiana.

The lower Fv/Fm values observed in D. cogniauxiana,
and the higher ones in E. secundum, were coherent to
DF/Fm0 and ETR results. In both species, DF/Fm0 and
ETR values were significantly higher in leaves than in
roots. However, E. secundum leaves reached 80 mmol
m�2 s�1 ETR, a value similar to those observed in other
species that have non-foliar photosynthesis (Aschan and
Pfanz, 2003; Aschan et al., 2005), while
D. cogniauxiana leaves, and roots of both species, did
not exceed 30 mmolm�2 s�1 ETR. In such a way, highest
ETR values of E. secundum leaves corroborate Skillman
and Winter (1997) results, in which the ETR values were
higher in CAM plants than in C3 species growing in the
understory.

Velamen cells usually have parietal thickness, which
assists water vapor condensation favoring water absorp-
tion, and storage. The presence of many layers and
thick-walled cells in velamen and exodermis should
serve as a protective barrier to light entrance, and
reduced apparent electron transport in roots. This fact

ARTICLE IN PRESS

Fig. 3. Effective quantum yield of photosystem II (DF/Fm0) in roots (K) and leaves (J) of Dichaea cogniauxiana (A) and

Epidendrum secundum (B).

A.S.F.P. Moreira et al. / Flora 204 (2009) 604–611 609



Author's personal copy

could reinforce the explanation that E. secundum and
D. cogniauxiana roots show similar ETR values,
different from the high values observed in leaves.

The velamen is a tissue capable of absorbing and
storing water (Benzing et al., 1982, 1983); however,
when it is water-saturated CO2 exchange is impeded
(Cockburn et al., 1985). In many orchids, pneumatodes,
velamen areas with high lipidic impregnations, which
reduce water permeability and permit gas passage to
radicular cortex (Benzing et al., 1983), were noted.
However, in both studied species, these structures were
not observed. It has been demonstrated that orchid root
photosynthesis does not contribute to the formation of
new tissues, but reduces carbon losses considerably
(Dycus and Knudson, 1957; Erickson, 1957). Active
photosynthesis in roots is also indicated by primary
starch grains observed in chlorenchymatic root cells.
Moreover, the photosynthetic electron flow may in-
crease oxygen availability, avoiding hypoxia conditions
in tissues with low gas exchange (Hetherington et al.,
1998; Lemos-Filho and Isaias, 2004; Pfanz et al., 2002).
In this way, the presence of chloroplasts and conse-
quently photosynthesis in aerial roots might be im-
portant to reduce hypoxia conditions imposed by
difficulty of gas passing through a water-saturated
velamen.
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fluctuations of titratable acidity, content of organic acids

(malate and citrate) and soluble sugars of varieties and wild

relatives of Ananas comosus L. growing under natural

tropical conditions. Plant Cell Environ. 16, 55–63.

Nelson, E.A., Sage, T.L., Sage, R.F., 2005. Functional leaf

anatomy of plants with crassulacean acid metabolism.

Funct. Plant Biol. 32, 409–419.

Ng, C.K.Y., Hew, C.S., 2000. Orchid pseudobulbs – ‘false’

bulbs with a genuine importance in orchid growth and

survival. Sci. Hortic. 83, 165–172.

O’Brien, T.P., Feder, N., McCully, M.E., 1964. Polychromatic

staining of plant cell walls by toluidine blue. Protoplasma

59, 368–373.

Pfanz, H., Aschan, G., Langenfeld-Heyser, R., Wittmann, C.,

Loose, M., 2002. Ecology and ecophysiology of tree stems:

corticular and wood photosynthesis. Naturwissenschaften

89, 147–162.

Pinto, L.M.C., 1996. Quantikov: um analisador microestru-

tural para o ambiente Windows. Tese de Doutorado, USP/

IPEN, São Paulo.
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