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Abstract. The Bromeliaceae are a largely Neotropical family originating in open, dry
environments. Vriesea Lindl., the third largest genus of the family, is traditionally divided
between two sections. About 90% of the species of the genus occur in Brazil, where the centre
of diversity is the Atlantic Rainforest. Leaf morphoanatomical studies conducted on bromeliad
species have confirmed the importance of structural characters for ecological, and also for
systematic purposes. Because of the wide morphological, ecological and taxonomic diversity
of Vriesea, and its importance in ecosystems associated with the Atlantic Rainforest, we
selected 24 Vriesea species and used anatomical and histochemical analyses to describe the
leaf anatomy aiming to identify potential systematic characters, and point out possible traits
that responded to environmental conditions during the evolution of the genus. The leaves are
hypostomatic with peltate trichomes. They present epidermis with thickened cell walls, with
lignin and pectin, covered by cuticle and epicuticular wax. The mechanical hypodermis is
usually one-layered. Water-storage parenchyma occurs in both surfaces of the leaf blade. The
chlorenchyma is located in the median portion of the blade. Air lacunae are associated with
brachiform parenchyma. The vascular bundles are collateral, arranged alternately with the air
lacunae and surrounded by a sheath of sclerified and/or parenchyma cells. Extravascular fibres
occur in most of the species and are positioned below the mechanical hypodermis on the
adaxial surface of the leaf blade. Leaf anatomical analysis can be useful in differential
characterisation of small groups of related species but does not seem to reflect species
assemblages according to the taxonomic sections or substrate type, but is consistent among
the Brazilian analysed species of Vriesea.
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The Bromeliaceae is a largely Neotropical fam-
ily of flowering plants and displays a remarkable
range of diversification and adaptive radiation
(Benzing, 2000; Givnish et al., 2011). The devel-
opment of CAM (crassulacean acid metabolism)
photosynthetic metabolism, the formation of foliar
rosettes that store water, and the presence of absor-
bent scales are key features for the success of the
family, which inhabits a wide range of environ-
ments and grows on a diversity of substrates
(Givnish et al., 2007). Among the morphological
features linked to the diversification of the family
is leaf morphoanatomy. Tomlinson (1969), in a
b road su rvey o f t he ana tomy o f t he

Bromeliaceae, highlighted the evolutionary impor-
tance of structural features of the leaves, such as
the frequently lignified walls of the epidermal
cells, the presence of mechanical hypodermis, the
occurrence of water-storage parenchyma, and ab-
sorbent peltate trichomes. These features are
thought to be adaptations to xeric conditions, thus
supporting the hypothesis that Bromeliaceae orig-
inated in open and dry environments (Bouchenak-
Khelladi et al., 2014). Among the eight subfamilies
of Bromeliaceae (sensu Givnish et al., 2011),
Tillandsioideae (sensu Barfuss et al., 2016) has
the widest geographical distribution and has un-
dergone several evolutionary shifts among
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different substrates (Givnish et al., 2014).
Tillandsioideae is also exceptional among the sub-
families for its extensive morphological variation
in both the reproductive (Barfuss et al., 2016) and
vegetative axes (Benzing, 2000). The rosettes
range in size from only a few centimetres long in
the atmospheric Tillandsia L. that weighs a few
grams (Benzing, 2000) to large impounding tanks
in Alcanatrea (É.Morren ex Mez) Harms, that can
hold up to 40 l of water (Versieux et al., 2012),
reflecting different strategies for water and nutrient
absorption.

With about 200 species, Vriesea Lindl. is the
second most species-rich tillandsioid genus
(Barfuss et al., 2016; Butcher & Gouda, [cont.
updated] 2020). Together with Alcantarea,
Stigmatodon Leme, G.K.Br. & Barfuss and
Waltillia Leme, Barfuss & Halbritter, it composes
the subtribe Vrieseinae of tribe Vrieseeae, in the
core Tillandsioideae (Barfuss et al., 2016; Leme
et al., 2017). To date, phylogenetic analyses of
molecular data (Barfuss et al., 2005, 2016;
Machado et al., 2020) and combined morpholog-
ical and molecular data (Gomes-da-Silva &
Souza-Chies, 2017) have been insufficiently in-
formative to reconstruct the evolutionary history
of the genus in detail, and infrageneric relation-
ships remain mostly obscure, perhaps due to its
likely recent diversification (Kessous et al., 2020).
These analyses did strongly support the mono-
phyly of the Brazilian lineage of Vriesea, that
has the centre of diversity is in the Paraná sub-
region [Atlantic Rainforest and Cerrado domains]
(Costa et al., 2014; Barfuss et al. 2016; Gomes-
da-Silva & Souza-Chies, 2017), with disjunctions
in the Chacoan sub-region (Machado et al., 2020).
This disjunct geographical pattern was suggested
to be facilitated by the occurrence of islands of
humid vegetation in Northeastern Brazil, as relicts
of a connection between the Amazon and the
Atlantic Forest during the Pleistocene (Melo-
Santos et al. 2007; Kessous et al. 2020).
However, the analysis of Machado et al. (2020),
with increased taxonomic sampling, revealed that
extra-Brazilian species from Venezuela, Puerto
Rico and Peru, are also present in this clade,
suggesting that calling this group of species the
“Brazilian lineage” is potentially misleading. The
genus Vriesea remains polyphyletic due the in-
clusion of some species in Stigmatodon and

Tillandsia (Barfuss et al., 2016; Gomes-da-Silva
& Souza-Chies, 2017; Machado et al. 2020).
Besides, some extra-Brazilian species are nested
in the Cipuropsis-Mezobromelia clade (Machado
et al. 2020). Similarly, none of the phylogenies
cited above supported the monophyly of its two
sections: Vriesea sect. Vriesea and V. sect.
Xiphion (E. Morren) E. Morren, which were
based on floral morphology (Mez 1896; Smith
& Downs 1977), and are clearly adapted to hum-
mingbird and bat-pollination, respectively.

Most species of Vriesea are epiphytes in the
canopy of humid tropical forests, mainly the
Atlantic Forest, but terrestrial and rupicolous spe-
cies (including epilithic and saxicolous) are also
common, especially in montane open grassland
on rock outcrops (i.e., ‘campos rupestres’ and
‘campos de altitude’), as well as on inselbergs.
Within Vrieseinae, the relationship (Vriesea +
Stigmatodon) Alcantarea was strongly supported
(Barfuss et al., 2016; Leme et al., 2017; Kessous
et al., 2020; Machado et al., 2020). It is worth
mentioning that Alcantarea and Stigmatodon are
endemic to open and montane habitats, while
Vriesea is the only genus of the subtribe that
invaded the humid forest (Kessous et al., 2020;
Machado et al., 2020).

Structural traits contribute importantly to the
ecophysiological diversity of Bromeliaceae
(Benzing 2000; Males 2016). The evolution of
s p e c i e s r i c h l i n e ag e s , e s p e c i a l l y o f
Bromelioideae and Tillandsioideae, seems to be
associated with key innovations, such as epiphyt-
ism, avian pollination, and tank habit (Givnish
et al. 2014). In this context, Vriesea is remarkable
due its high morphological and ecological diver-
sification. In the Atlantic forest it is one of the
most species-rich among all vascular epiphytic
genera (Martinelli et al. 2008; Ramos et al.
2019). Its flowers are hummingbird or bat-
pollinated (e.g. Sazima et al., 1999; Buzato
et al., 2000), and its water impounding rosettes
are morphologically diverse, ranging from
utriculiform to infundibuliform and tubular
(Costa et al. 2014). The existing studies of the
leaf anatomy of Vriesea were focused on identi-
fying anatomical characters for previously de-
fined taxa (Arruda & Costa 2003, Proença &
Sajo 2007; Pereira 2011; Machado 2017), or
employed a phylogenetic approach to identify
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anatomical characters that are synapomorphic for
particular clades (Gomes-da-Silva et al. 2012).
Such studies included scattered taxa from differ-
ent environments and morphological groups from
both sections. These studies suggested the follow-
ing characters as putatively informative in the
systematics of the genus: the thickness of the
mesophyll, the outline of the leaf margin, the
presence of the mechanical hypodermis, the size
of the air-lacunae, the shape of the water-storage
parenchyma cells, and the presence of extravas-
cular fibers (Arruda & Costa 2003; Proença &
Sajo 2007; Pereira et al. 2011; Gomes-da-Silva
et al. 2012; Machado 2017). However, the cited
studies have sampled only about 17% of the spe-
cies of Vriesea.

Except for Waltillia, which has a narrow and
non-impounding rosette (Leme et al. 2017), all
genera of Vrieseinae are tank forming and seem to
have different water economy strategies.
Alcantarea species form large rosettes and leaves
with broad air-lacunae (Versieux et al. 2010),
while Stigmatodon species have the leaves dense-
ly lepidote (Barfuss et al. 2016), but nothing is
known about their foliar anatomy. However, the
morphological diversity of water impounding ro-
settes, substrate diversity, and species richness in
Vriesea, lead us to hypothesize that leaf anatomy
is probably also highly diverse and systematically
informative in the genus. Here, we present the
most comprehensive survey of the leaf anatomy
of Vriesea to date, with structural and histochem-
ical analysis of the leaves of 24 species and com-
parative data from the literature for another 35
species. We aim assess correlations between leaf
anatomy and taxonomic sections and other mor-
phological groups, as well as substrates. We dis-
cuss the adaptive and systematic significance of
leaf anatomical features.

Materials and methods

TAXONOMIC SAMPLING

Twenty-four species of Vriesea were selected
for study to span the morphological diversity of
the genus and its occurrence on different sub-
strates. The sample contained 17 species of V.
sect. Vriesea and seven species of V. sect.
Xiphion as delimited by Costa et al. (2014,

2015). Nineteen of the species were epiphytic,
while five were rupicolous. Two species,
V. cacuminis and V. sincorana, were collected at
the Jardim Botânico do Rio de Janeiro, and the
remaining 22 species from natural populations in
the Atlantic Rainforest (Table 1). For each species
three individuals from the same population were
studied, but only a single herbarium voucher was
prepared for each species/population. Voucher
specimens were deposited in the Herbário do
Museu Nacional (R) of the Universidade Federal
do Rio de Janeiro (Table 1).

ANATOMICAL OBSERVATIONS

Anatomical observations were made from fully
developed leaves from adult individuals. All im-
ages were processed using Adobe Photoshop 7.0.

For light microscopy, samples from the middle
of leaf blades and leaf margins were preserved in
70% aqueous ethanol, and cross sectioned using a
Ranvier hand microtome and razor blade.
Sections were clarified with sodium hypochlorite,
neutralised with acetic water, stained with
Safrablau (Bukatsch, 1972) and mounted in glyc-
erine. Histochemical tests were also carried out on
the conserved leaf blade samples, to detect the
presence of lipophilic compounds, using Sudan
III and IV (Jensen, 1962); starch, using Lugol
(Langeron, 1949); lignin, using phloroglucin +
HCl (Johansen, 1940); cellulose, cutin and suber-
in, using iodated zinc chloride (Jensen, 1962); and
polysaccharides, using a reaction of periodic acid
and Schiff’s reagent (Taboga &Vilamaior, 2013).
The chemical nature of crystals was determined
by differential solubility tests in acetic acid and
hydrochloric acid (Maclean & Ivemey-Cook,
1952). Samples of the median portion of sheath
blades and sheath margins previously fixed in 4%
formaldehyde + 2.5% glutaraldehyde in 0.05 M
sodium phosphate buffer, pH 7.2 (Gahan, 1984),
were dehydrated in an ethanol series, embedded
in Historesin® (Leica,Wetzlar, Germany) follow-
ing the manufacturer’s recommended procedure,
and sectioned with glass knives at 2–5 μm on a
RM2255 (Leica) rotary microtome. The sections
were stained with toluidine blue O (Feder &
O’Brien, 1968). Measurements were obtained
using LAS EZ software (version 3.0.0, Leica
Microsystems) from photomicrographs made
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with a Leica ICC50 digital camera attached to a
Leica DM500 microscope.

For scanning electronmicroscopy (SEM), sam-
ples from the middle of the leaf blade, previously
preserved in 70% aqueous ethanol, were
dehydrated in an ethanol series, critical-point
dried using a Bal-Tec CPD 030 (Bal-Tec,
Pfäffikon, Switzerland) critical-point dryer with
CO2, gold-coated using a Denton Vacuum - Desk
IV (Denton Vacuum LLC, Moorestown, NJ,
USA) vacuum sputter-coater, and examined using
a JEOL JSM - 6390LV (JEOL, Tokyo, Japan)
microscope.

Results

LEAF BLADE ANATOMY

Leaves of all the Vriesea species analysed are
hypostomatic (Fig. 1A). In surface view, the sto-
mata have narrowly elliptical (V. eltoniana, V.
f lexuosa, V. guttata, V. paratiensis, V.

philippocoburgii, V. procera, V. sincorana, V.
sucrei (Fig. 1B) and V. vagans) to broadly ellip-
tical outlines (V. billbergioides, V. botafogensis,
V. cacuminis, V. ensiformis, V. flava, V. gradata,
V. hydrophora,V. incurvata, V. jonesiana (Fig.
1C), V. longicaulis, V. pabstii, V. pseudatra, V.
psittacina. V. saundersii and V. zildae). The sto-
mata, along with the trichomes, are organised
in rows (Fig. 1D), the rows alternating with
epidermal bands having neither stomata nor
trichomes. This characteristic was not ob-
served in V. pabstii, in which the abaxial
leaf surface is densely covered in trichomes.

Peltate trichomes occur on both adaxial and
abaxial leaf surfaces (Fig. 1E). In surface view,
these comprise a circular shield of four triangular
cells (Fig. 1F), surrounded by two concentric
series of thin-walled, quadrangular cells: the first
series with eight cells and the second with sixteen
cells (Fig. 1F). The two series are surrounded by a
variable number of radially elongated cells in

TABLE 1. VRIESEA SPECIES ANALYSED. (AR = ATLANTIC RAINFOREST; GJBRJ = GROWING AT THE JARDIM BOTÂNICO DO RIO DE JANEIRO; PR
= PARANÁ STATE; RJ = RIO DE JANEIRO STATE; SP = SÃO PAULO STATE).

Species Substrate Section Locality Habitat Voucher

Vriesea billbergioides É. Morren ex Mez epiphyte Vriesea RJ Ar Costa 952
Vriesea botafogensis Mez rupicolous Vriesea RJ Ar Costa 949
Vriesea cacuminis L.B.Sm. rupicolous Xiphion RJ GJBRJ JBRJ
Vriesea eltoniana E. Pereira & Ivo epiphyte Vriesea RJ Ar Costa 796
Vriesea ensiformis (Vell.) Beer epiphyte Vriesea RJ Ar Kessous 180
Vriesea flava A.F.Costa H. Luther & Wand. epiphyte Vriesea PR Ar Neves 326
Vriesea flexuosa F.P. Uribbe & A.F. Costa epiphyte Vriesea RJ Ar Costa 945
Vriesea gradata (Baker) Mez epiphyte Vriesea RJ Ar Kessous 184
Vriesea guttata Linden & André epiphyte Vriesea RJ Ar Costa 954
Vriesea hydrophora Ule epiphyte Xiphion RJ Ar Costa 951
Vriesea incurvata Gaudich. epiphyte Vriesea RJ Ar Kessous 186
Vriesea jonesiana Leme epiphyte Vriesea SP Ar Neves 382
Vriesea longicaulis (Baker) Mez epiphyte Xiphion RJ Ar Costa 863
Vriesea pabstii McWill. & L.B.Sm. epiphyte Xiphion RJ Ar Kessous & Neves 229
Vriesea paratiensis E.Pereira epiphyte Xiphion RJ Ar Costa 950
Vriesea philippocoburgii Wawra epiphyte Vriesea RJ Ar Costa 863
Vriesea procera (Mart. ex Schult & Schult f.) Wittm. epiphyte Vriesea RJ Ar Costa 947
Vriesea pseudatra Leme rupicolous Vriesea RJ Ar Costa 952
Vriesea psittacina (Hook.) Lindl. epiphyte Vriesea RJ Ar Almeida 326
Vriesea saundersii (Carrière) É.Morren rupicolous Vriesea RJ Ar Costa 948
Vriesea sincorana Mez rupicolous Xiphion RJ GJBRJ JBRJ (947)
Vriesea sucrei L.B.Sm. & Read epiphyte Vriesea RJ Ar Neves 188
Vriesea vagans (L.B.Sm.) L.B.Sm. epiphyte Vriesea RJ Ar Costa 957
Vriesea zildae R. Moura & A.F.Costa epiphyte Xiphion RJ Ar Kessous 30
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symmetrical arrangement. Among the species
analysed, only V. botafogensis, V. flava and
V. pabstii show intact trichomes on both adaxial
and abaxial leaf surfaces (Fig. 1G, H). In the other
species, intact trichomes occur only on the abaxial
surfaces (Fig. 1I, J). In longitudinal section, the
trichome stalk has five cells (V. billbergioides,
V. botafogensis (Fig. 1K), V. cacuminis,
V . en s i f o rm i s , V . f l a va , V . gu t t a t a ,
V. hydrophora, V. philippocoburgii, V. saundersii
a n d V . s i n c o r a n a ) o r s i x c e l l s
(V. e l toniana , V. f lexuosa V. gradata ,
V. incurvata, V. jonesiana, V. longicaulis,
V. pabsti i , V. paratiensis , V. procera ,
V. pseudatra, V. psittacina (Fig. 1L), V. sucrei,
V. vagans and V. zildae).

In surface view, the epidermal cells are trans-
versely oblong and are covered by a smooth cuti-
cle. The anticlinal walls of epidermal cells

(Fig. 2A) or only the anticlinal walls parallel to
their major axis (V. ensiformis (Fig. 2B) and
V. jonesiana) are thickened. In V. gradata and
V. psittacina (Fig. 2C), silica bodies occur in the
epidermal cells of the abaxial surface.
Epicuticular wax occurs on both surfaces of the
leaf blade, sometimes hiding the trichomes
(V. ensiformis, V. gradata (Fig. 2D) and
V. sucrei).

In cross-section, the leaf blade presents a one-
layered epidermis on both surfaces (Fig. 2E).
Epidermal cells have thickened anticlinal and in-
ner periclinal walls, both of which present pectin
(Appendix 1, Fig. 2E). The stomata are positioned
at the same level as the epidermal cells (Fig. 2F).
The substomatic chambers are continuous with
the air lacunae, being short in V. billbergioides,
V. flava (Fig. 2G), V. gradata, V. guttata, V.
incurvata, V. jonesiana, V. longicaulis, V.

FIG. 1. Leaf blades of Vriesea species in cross section (A, E, K–L) and surface view (scanning electron microscopy, SEM, B–D;
F–J). A. V. zildae, showing stoma only on abaxial surface (arrows). B. V. sucrei, stomata on abaxial surface. C V. jonesiana,
stomata on abaxial surface. D. V. ensiformis, stomata and trichomes organised in linear series on abaxial surface. E. V. eltoniana,
trichomes on both adaxial and abaxial surfaces. F. V. eltoniana, trichome on abaxial surface showing shield with four cells.G,H.
V. pabstii, adaxial (G) and abaxial (H) surfaces densely covered by trichomes. I, J. V. longicaulis, trichomes remnants (arrows) on
adaxial surface (I) and intact trichomes on abaxial surface (J). K, L. Peltate trichome in longitudinal section on abaxial surface
showing stalk with five cells (asterisks) in V. botafogensis (K) and with six cells (asterisks) in V. psittacina (L). [Scale bars = 5 μm
(C), 10 μm (B), 20 μm (F, K, L), 100 μm (A, D, E, I, J), 250 μm (G, H).]
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pseudatra, V. psittacina, V. sincorana, V. sucrei,
V. vagans and V. zildae, or elongated in

V. botafogensis, V. cacuminis, V. eltoniana,
V.ensiformis, V. flexuosa, V. hydrophora (Fig.

FIG. 2. Leaf blade of Vriesea species in surface view (scanning electron microscope, SEM, A–D) and in cross section (E–H).A.
Vriesea psittacina, epidermal cells on abaxial surface, showing thickened anticlinal walls (arrows). B. V. ensiformis, epidermal
cells on abaxial surface, showing only anticlinal walls parallel to major axis (arrows) thickened. C, D. V. gradata: abaxial surface
showing epidermal cells with silica bodies (arrows in C) and peltate trichome covered by epicuticular wax (asterisks in D). E.
V. vagans, subjected to the PAS reaction, showing pectin in the anticlinal and inner periclinal walls of epidermal cells. F.
V. eltoniana, stomata, abaxial surface.G. V. flava, stomata and substomatic chamber, abaxial surface.H. V. hydrophora, stomata
and substomatic chamber, abaxial surface. [Abbreviations: EC = Epidermal Cells, St = Stomata. Scale bars = 10 μm (B, F), 20 μm
(C), 50 μm (A, G, H), 100 μm (D, E).]
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2H ) , V . p a b s t i i , V . p a r a t i e n s i s , V .
philippocoburgii, V. procera and V. saundersii.

The mechanical hypodermis is usually one-
layered and occurs on both leaf surfaces in most
species (Fig. 3A), except in V. flava (Fig. 3B) and
V. jonesiana in which it is on only the abaxial
surface. In V. saundersii there are two layers of
mechanical hypodermis on both sides of the leaf
blade (Fig. 3C). The hypodermal cells have slight-
ly thickened walls in V. billbergioides, V.
eltoniana, V. ensiformis, V. flava, V. gradata
(Fig. 3D), V. guttata, V. incurvata, V. jonesiana,
V. psittacina, V. sincorana, V. sucrei, V. vagans
and V. zildae, and strongly thickened walls in
V. botafogensis, V. cacuminis, V. flexuosa,
V. hydrophora, V. longicaulis, V. pabstii, V.
paratiensis, V. philippocoburgii, V. procera
(Fig. 3A), V. pseudatra and V. saundersii.
Treatment of samples with iodated zinc chloride
(Fig. 3E) and phloroglucin + HCl (Fig. 3F) sug-
gests such thickening is not associated with the
presence of lignin. Extravascular fibres (Fig. 3G)
are positioned below the mechanical hypoder-
mis on the adaxial side of the leaf blade in all
spec i es ana lysed excep t V. e l ton iana
(F ig . 3H) , V. f l exuosa , V. incurva ta ,
V. jonesiana, V. procera, and V. pseudatra.

Two to five layers of water-storage parenchy-
ma lie adjacent to the hypodermis and usually
have rounded, thin-walled cells. In most species
analysed, the number of layers of this tissue is the
same in both leaf surfaces (Fig. 3I). In V. flava,
V. guttata and V. cacuminis (Fig. 3J), the number
of layers is higher in the adaxial surface (3–4)
than in the abaxial surface (1–2). The cells of
the water-storage parenchyma have concertina-
like walls in the abaxial leaf surfaces of
V. gradata , V. jonesiana (Fig. 4A) and
V. psittacina, (Fig. 4B).

In all species examined, the chlorenchyma is
located in the median portion of the blade. Air
lacunae are associated with brachiform parenchy-
ma. The vascular bundles are collateral, arranged
alternately with the air lacunae and surrounded by
a sheath of sclerified and/or parenchyma cells
(e.g., Fig. 4C). The chlorenchyma is linearly ar-
ranged in most species (Fig. 4D) but concave-
convex in V. hydrophora, V. pseudatra and
V. saundersii (Fig. 4C). The chlorenchyma cells
a r e a n t i c l i n a l l y e l o n g a t e d
(V. flexuosa, V. hydrophora, V. paratiensis,
V. philippocoburgii, V. procera, V. pseudatra,
V. saundersii (Fig. 4C) and V. vagans) or

periclinally elongated (V. billbergioides, V.
botafogensis, V. cacuminis, V. eltoniana, V.
ensiformis, V. flava, V. gradata, V. guttata,
V. incurvata, V. jonesiana, V. longicaulis, V.
pabstii (Fig. 4D), V. psittacina, V. sincorana,
V. sucrei and V. zildae).

Air lacunae in the abaxial portion of the meso-
phyll are traversed by diaphragmswith compactly
arranged arm-cells in V. billbergioides, V.
bo ta fogens i s , V . cacumin i s (F ig . 4E)
V. eltoniana, V. ensiformis, V. flexuosa, V.
guttata, V. incurvata, V. jonesiana, V. pabstii,
V. pseudatra, V. sincorana, V. sucrei, V. vagans,
and V. zildae. The arm-cells are more widely
spaced in V. flava, V. gradata, V. hydrophora,
V. longicaulis, V. paratiensis, (Fig.4F),
V. philippocoburgii, V. procera, V. psittacina,
and V. saundersii. Idioblasts with raphides are
present in the brachiform parenchyma in
V. billbergioides, V. botafogensis, V. cacuminis,
V. gradata , V. guttata , V. hydrophora ,
V. incurvata, V. longicaulis, V. pabstii,
V. paratiensis, V. procera var. procera,
V. procera var. tenuis, V. saundersii (Fig. 4G),
V. sincorana, and V. sucrei. The chlorenchyma
cells and arm-cells were found to be rich in starch
grains in all species, except for V. cacuminis,
V. flava, V. guttata, V. incurvata, V. jonesiana,
V. pabstii and V. sincorana (Appendix 1).

The collateral vascular bundles are surrounded
by sclerenchyma fibres and parenchyma cells
(Fig. 4C) or have clusters of sclerenchyma fibres
positioned at their poles and interconnected by
parenchyma cells (Fig. 4H). On the adaxial face,
the sclerenchyma fibres reach the water-storage
parenchyma in V. botafogensis, V. flexuosa, V.
g u t t a t a , V . p a r a t i e n s i s ( F i g . 4 I ) ,
V. philippocoburgii, V. procera, and V. vagans,
and reach the hypodermis in V. cacuminis, V.
eltoniana, V. ensiformis, V. gradata, V. incurvata,
V. jonesiana, V. longicaulis, V. pabstii, V.
pseudatra, V. psittacina, V. sincorana (Fig. 4J),
V. sucrei, and V. vagans.

In cross-section, the leaf margins are rounded
inV. incurvata, V. pabstii, and V. sucrei (Fig. 5A),
oblique in V. pseudatra, V. sincorana, V. flava
and V. hydrophora (Fig. 5B), and truncate in
V. billbergioides, V. botafogensis, V. eltoniana,
V. ensiformis, V. flexuosa, V. gradata, V. guttata,
V. jonesiana, V. longicaulis, V. philippocoburgii,
V. procera, V. pseudatra, V. psittacina,
V. saundersii, and V. zildae (Fig. 5C). The one-
layered epidermis has thickened cell walls, except
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for the outer periclinal wall that is slightly thinner
(Fig. 5D). Trichomes (Fig. 5E) and stomata (Fig.
5F) may be present on the leaf margin. The num-
ber of mechanical hypodermis layers varies
among species: one layer in V. botafogensis
(Fig. 5F), V. cacuminis, V. ensiformis, V.
flava, V. flexuosa, V. guttata, V. procera, V.
sucrei and V. vagans; two layers in V. eltoniana,
V. gradata, V. hydrophora, V. incurvata, V.
jonesiana, V. longicaulis, V. pabstii, V.
paratiensis, V. philippocoburgii (Fig. 5G), V.
pseudatra, V. psittacina, V. sincorana and
V. zildae; and three layers in V. saundersii (Fig.
5H). Water-storage parenchyma, chlorenchyma
and vascular bundles also occur adjacent to the
leaf margin. Vascular bundles are surrounded by
sclerenchyma fibres that reach the water-storage
parenchyma on the adaxial face (Fig. 5I). In
V. botafogensis, V. cacuminis, V. flava, V.
flexuosa, V. gradata, V. jonesiana, V. longicaulis,
V. paratiensis, V. philippocoburgii, V. psittacina,
V. sincorana, V. sucrei, V. vagans and V. zildae,
the bundle sheath reaches the hypodermis (Fig.
5J), and in V. saundersii, it reaches and accom-
panies the hypodermis towards the adaxial sur-
face of the leaf blade (Fig. 5H).

SHEATH ANATOMY

In cross-section, the sheath has a one-layered
epidermis (Fig. 6A). The epidermal cells have
thick walls, especially the inner periclinal walls.
Such parietal thickening is most pronounced in

the abaxial leaf surface (Fig. 6A). The epidermal
cells of V. billbergioides, V. botafogensis (Fig.
6B) and V. gradata show uniform wall thickness
in both leaf surfaces. In the sheath region, the leaf
surface is flat (Fig. 6B) or sometimes undulating
due to the presence of trichomes. Among the
analysed species, surface undulation may occur
on both surfaces (Fig. 6C) or on only one surface
(Fig. 6D). Peltate trichomes occur on both sur-
faces in all species analysed. In longitudinal sec-
tion, the trichome stalk has five cells in
V. billbergioides, V. botafogensis, V. cacuminis,
V. ensiformis, V. flava, V. guttata (Fig. 6E),
V . h y d r o p h o r a , V . l o n g i c a u l i s , V .
philippocoburgii, V. sincorana, and V. sucrei,
a n d s i x c e l l s i n V . e l t o n i a n a ,
V. f lexuosa , V. gradata, V. incurvata ,
V. jonesiana, V. pabstii, V. paratiensis, V.
procera, V. pseudatra, V. psittacina, V.
saundersii (Fig. 6F), V. vagans, and V. zildae.
Stomata do not occur in the sheath.

The hypodermis is one-layered and occurs on
both faces. InV. eltoniana, V. flexuosa, V. guttata,
V. hydrophora, V. jonesiana, V. longicaulis (Fig.
6G), V. pabstii, V. procera, V. pseudatra, V.
sincorana, V. vagans, and V. zildae, it is mechan-
ical, with the hypodermal cells having thickened
walls only on the abaxial face. The mesophyll
consists of water-storage parenchyma and
brachiform parenchyma, in which idioblasts con-
taining raphides occur (Fig. 6H, I). Extravascular
fibres, arranged in groups, occur below the adax-
ial hypodermis and may reach the water-storage
parenchyma in V. botafogensis, V. ensiformis, V.
gradata and V. saundersii (Fig. 6J). There is no
chlorenchyma.

The collateral vascular bundles are surrounded
by sclerenchyma fibres and parenchymatous cells
or have clusters of sclerenchyma fibres positioned
at their poles and interconnected by parenchyma
cells. The air lacunae are associated with
brachiform parenchyma and occur between the
vascular bundles. The air lacunae are relatively
wide in V. billbergioides, V. botafogensis,
V. cacuminis , V. ensiformis , V. pabstii ,
V. philippocoburgii, V. procera, V. pseudatra,
V. saundersii, V. sucrei, and V. vagans (Fig.
6K), and very narrow and difficult to discern in
V. eltoniana, V. flexuosa, V. incurvata,
V. jonesiana , V. longicaulis (Fig. 6G),
V. paratiensis, V. psittacina, V. sincorana, and
V. zildae.

FIG. 3. Leaf blade in cross-section. A. Vriesea procera var.
procera note mechanical hypodermis adaxial surface. B.
V. flava note hypodermis adaxial surface. C. V. saundersii note
two-layered mechanical hypodermis adaxial surface. D.
V. gradata hypodermal cells on adaxial surface showing slightly
thickenedwalls (arrow). E.V. ensiformis subjected to the iodated
zinc chloride test showing starch grains in chlorenchyma cells
thickened-walled epidermal and hypodermal cells as well as
extra and perivascular fibres. F. V. botafogensis subjected to
the phloroglucinol + HCl test indicating lignin presence in extra
and perivascular fibres. G. V. vagans showing extravascular
fibres (arrows) positioned below the mechanical hypodermis
on the adaxial side of the leaf blade. H. V. eltoniana mesophyll
showing the absence of extravascular f ibres . I .
V. philippocoburgiimesophyll showing water storage parenchy-
ma and air lacunae. J. V. cacuminis mesophyll showing water
storage parenchyma. [Abbreviations: AL = Air-Lacuna, Ch =
Chlorenchyma, Hy = Hypodermis, MH = Mechanical
Hypodermis, WP = Water-storage Parenchyma. Scale bars =
50 μm (A, B, C, D), 100 μm (E, G, H), 200 μm (F, I, J).]
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In cross-section, the sheath margin is thin and
composed only of epidermis (Fig. 6L).

Discussion

LEAF ANATOMY IN RELATION TO ENVIRONMENT

The 24 Vriesea species analysed have predom-
inantly xeromorphic structural characteristics in
the leaves. The term xeromorphic is used for
plants that present an anatomy and growth
form specially adapted to environmental con-
ditions in which water is frequently scarce
(Mauseth, 1988). Shields (1950) listed the
following foliar anatomical characters related
to xeric environments: thickened cell walls,
the presence of water-storage parenchyma
and absorbent trichomes, and sparsely-
distributed stomata.

The peltate trichomes of Vriesea species are
morphologically similar to those found in rep-
resentatives of several clades of Bromeliaceae,
being mentioned in the general description for
the family by Tomlinson (1969). Several au-
thors have suggested that such trichomes are a
synapomorphy for the family (Tomlinson,
1969; Gilmartin & Brown, 1987; Givnish
et al., 2004, 2007). In a developmental study,
Mantovani & Iglesias (2005) reported that the
cytoplasmic contents of the peltate trichomes
of Bromeliaceae are lost by the time the tri-
chome reaches maturity. Benzing (1976) fur-
ther noted that the wing cells of such tri-
chomes lose their cytoplasmic contents, while
simultaneously acquiring a mechanism for wa-
ter pumping. In the latter, free water from the
environment first enters the cells of the shield
and then passes on to the cells of the stalk
(following a gradient of increasingly negative
water potential) and then continues on to the
parenchyma of the mesophyll. This specialised

mechanism, which also permits the absorption
of water vapour (De Santo et al., 1976), was
associated with the structural and ultrastruc-
tural characteristics of the fully developed
trichome by Papini et al. (2009). Recently,
Kowalski et al. (2016) reported living wing
cells with cytoplasmic content in peltate tri-
chomes of Vriesea species, even at trichome
maturity. This condition would presumably
prevent capillarity action and consequent wa-
ter acquisition (Mantovani & Iglesias, 2005).
In the current study, cytoplasmic content in
wing cells was observed only in trichomes
from the leaf sheath. However only leaf
sheath samples were fixed; samples of leaf
blades were preserved, not fixed, which does
not assure the maintenance of the cytoplas-
mic content of the cells.

In addition to facilitating the absorption of
water and associated mineral salts, peltate tri-
chomes may also facilitate harmonic associations
with bacteria that promote nutrient absorption
(Kleingesinds, 2016) and function to shield sto-
mata from excessive transpiration (Benzing,
2000).

The distribution of peltate trichomes on the leaf
surfaces of species of Bromeliaceae may be relat-
ed to environmental conditions (Stefano et al.,
2007; Papini et al., 2009). In most genera of
Tillandsioideae, the distribution of trichomes is
seemingly random on both leaf surfaces, without
obvious organisation (Benzing et al., 1978;
Adams III and Martin, 1986). The dense trichome
layers present in many Tillandsioideae are usually
hydrophilic, unlike those of Bromelioideae and
Pitcairnioideae. If these trichomes are positioned
overlying the stomata, they may hinder gas ex-
change and will likely restrict CO2 uptake, if
water-soaked. Meanwhile, adjacent tillandsioid
trichomes that overlap one another present flexi-
ble wings, which overlap only when hydrated
(wet). When the leaf is dry, the wings are flexed
upwards, and the epidermal cells are exposed.
Moveable wings are generally associated with
higher leaf trichome densities (Pierce et al.,
2001), and seem to be present in Vriesea pabstii,
a epiphyte species from the Atlantic Rainforest.
As reported here for most of the Vriesea species
analysed, and in the study of Proença & Sajo
(2007), peltate trichomes occur on both the
adaxial and abaxial leaf surfaces, although in the
mature leaves from most species they remain
intact only on the abaxial surface, where they

FIG. 4. Leaf blade in cross-section. A. Vriesea jonesiana,
cells of water-storage parenchyma showing concertina-like
walls (arrows). B. V. psittacina, concertina-like walls
(arrows) (SEM). C. V. saundersii, vascular bundles sheathed
by sclerenchyma fibres (arrows), and chlorenchyma. D.
V. pabstii, note chlorenchyma. E. V. cacuminis, diaphragm
with compactly arranged arm-cells. F. V. paratiensis, dia-
phragm with arm-cells widely spaced. G. V. saundersii, note
idioblast with raphides in the brachiform parenchyma at arrow.
H. V. sucrei, note vascular bundle. I. V. paratiensis, general
view of the mesophyll. J. V. sincorana, note sclerenchyma
fibres reaching the hypodermis. [Abbreviations: AC = Arm-
Cells, Ch = Chlorenchyma, Sc = Sclerenchyma. Scale bars =
50 μm (A-H), 100 μm (J), 200 μm (I)]
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are organized in rows, alternating with the
stomata. Strehl (1983) found a similar pattern in
species of Guzmania and Kleingesinds et al.
(2018) reported a more uniform distribution pat-
tern in leaves of mature-tank plants of Guzmania
monostachia (L.) Rusby ex Mez. The linear orga-
nisation of the trichomes and spatial separation
from the stomata in Vrieseamay be advantageous
in humid environments if the stomata remain
open when the surface is moist. Organisation into
rows is also found in the subfamil ies
Bromelioideae and Pitcairnioideae and is

considered a plesiomorphic character within the
family (Strehl, 1983).

The presence of epicuticular wax on plant sur-
faces is related to the sealing of the epidermal
surface, reducing the absorption of sunlight and
thus reducing heating (Mauseth, 1988; Evert,
2013). It may also cause the leaf surface to be
hydrophobic, maintain gas exchange during wet
weather, and potentially obstruct pathogens and
particulates, aid in self-cleaning (Pierce et al.,
2001). Our finding of epicuticular wax in leaves
of all the studied species further substantiates the
report for Vriesea by Machado (2017).
Epicuticular wax has been reported in the several
other genera of the Bromeliaceae, including
Aechmea, Brocchinia, Catopsis (Benzing et al.,
1985; Pierce et al., 2001; Palací et al., 2004), and
Alcantarea (Versieux et al., 2010).

The epidermal cells present anticlinal and
inner periclinal walls that are thickened with
pectin (Appendix 1). Pectin, a branched

FIG. 6. Sheath, in cross-section. A. Vriesea eltoniana. B. V. botafogensis. C. V. pabstii, note surface undulation on both sides
(arrows).D. V. paratiensis, note surface undulation on abaxial side (arrows).E. V. guttata, peltate trichome in longitudinal section
showing stalk with five cells (asterisks). F. V. saundersii, peltate trichome in longitudinal section showing stalk with six cells
(asterisks). G. V. longicaulis, mesophyll showing mechanical hypodermis only on abaxial surface. H. V. gradata, idioblast
containing raphides (arrow) in the mesophyll. I. V. saundersii, detail of an idioblast containing raphides in brachiform
parenchyma. J. V. saundersii, detail of the extravascular fibres. K. V. vagans, mesophyll showing vascular bundles and air-
lacunae.L. V. sincorana, sheath margin. [Abbreviations: AL =Air-Lacunae; EF = Extravascular Fibres. Hy = Hypodermis; MH=
Mechanical Hypodermis. Scale bars = 10 μm (E, I), 20 μm (F), 50 μm (J, L), 100 μm (A, B, G, H), 200 μm (C, D, K)]

FIG. 5. Leaf margin, in cross-section. A. Vriesea sucrei. B.
V. hydrophora. C. V. zildae. D. V. ensiformis, note epidermis
with thickened cell walls, except for the outer periclinal wall
that is slightly thinner. E. V. flexuosa, note peltate trichome
(arrows). F. V. botafogensis, note stomata (arrow). G.
V. philippocoburgii. H. V. saundersii. I. V. procera. J.
V. paratiensis. [Abbreviations: MH = Mechanical
Hypodermis, Sc = Sclerenchyma. Scale bars = 50 μm (D, F),
100 μm (A, B, C, E, G), 200 μm (H, I, J)]
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polysaccharide that adsorbs water molecules,
helps maintain hydration at both cell and tis-
sue levels. In all Vriesea species studied to
date, the hypodermis has been described as
mechanical and with thickened cell walls
(Appendix 2). According to Tomlinson
(1969), mesophytic bromeliads present hypo-
dermal cells with thin walls that are only
slightly lignified and are difficult to distin-
guish from the water-storage parenchyma
cells. Tomlinson (1969) cites species belong-
ing to Canistrum, Catopsis, Fosterella,
Guzmania, Pitcairnia, Tillandsia and Vriesea
as examples. In the species studied here, the
parietal thickening is conspicuous in the epi-
dermal and hypodermal cells but the presence
of lignin was not detected histochemically
(Appendix 1). Two hypotheses are here pro-
posed to understand the negative result for the
acidic phloroglucin test in the epidermal and
mechanical hypodermal cells: (1) there was no
lignin in the walls of these cells, and (2) there
are special chemical characteristics of the lig-
nin that mask the positive result. The first
hypothesis is questionable, since safranin
staining showed positive results in the same
tissues. As to the second hypothesis ,
phloroglucinol is known to react with aldehy-
dic regions of the lignin polymer by conden-
sation (Ishikawa, 1951 apud Brauns & Brauns,
1960). Safranin, by contrast, is not a specific
reagent, staining basophil ic, l ignif ied,
cutinised, suberised and chitinised substances
( J o h a n s e n , 1 9 4 0 ) . T h e p r o d u c t o f
phloroglucinol condensation is a compound
with characteristic colour, which exhibits con-
jugated double bonds and delocalised elec-
trons (Pew, 1951). It is possible that, because
the leaf surface is subject to intense solar
radiation, with the likelihood of photo-
oxidation (George et al., 2005), the lignins in
the epidermis and hypodermis present few
sites of aldehydic nature. This would justify
the negative test for phloroglucinol, since it has
been proven that purified coniferilic alcohol does
not show staining in the test, as well as other
compounds of non-aldehydic nature found in lig-
nin (Klason, 1929; Pew, 1951).

The characteristics discussed above (trichomes,
wax, epidermal cells walls) probably play essential

roles in the maintenance of gas exchange, as well as
hydration of the leaf surface and thus of the
mesophyll.

In all species analysed, the leaves are
hypostomatic, with stomata positioned at the same
level as the surrounding epidermal cells. Such
characteristics have previously been reported for
Vriesea species occurring in different phytogeo-
graphical domains such as the Atlantic Rainforest
(Arruda & Costa, 2003; Gomes-da-Silva et al.,
2012; Machado, 2017) and the Cerrado (Proença
& Sajo, 2007; Machado, 2017) and was also
described for species of Tillandsia and Aechmea
that occur in different vegetation types (Scatena &
Segacin, 2005; Proença & Sajo, 2007). Stomata
positioned at the same level as the surrounding
epidermal cells are mesophytic characteristics of
plants that live in humid environments (Fahn &
Cutler, 1992). In this specific case, water mole-
cules that exit a stoma, bounce against air mole-
cules repeatedly changing direction but gradually
leaving the surface with small probability to
bounce back into the stoma (Mauseth, 1988).
Hence, we suggest that in Bromeliaceae (and
Vriesea) the location and positioning of the stoma-
ta in relation to the surrounding epidermal cells are
more likely related to shared ancestry than to
environmental adaptation.

The parenchyma, present in both surfaces of
the leaves analysed, has the function of water
storage and presents large cells with thin walls
and large expanded vacuoles. These are typi-
cal of succulent plants such as many
Cactaceae and Euphorbiaceae (Mauseth,
1988). In Vriesea jonesiana and V. psittacina
the water-storage parenchyma cells walls are
of the concertina type, also found in species of
Bromelia, Neoregelia and Quesnelia (Pereira,
2011; Reinert et al., 2011). These flexible
concertina walls are able to shorten or length-
en vertically without disrupting cell intercon-
nections in the interior of the leaf as it period-
ically loses and gains water. Concertina cells
may be an anatomical adaptation allowing
these leaves to remain evergreen and survive
not only for extended periods of drought, but
also to store water quickly when it becomes
available. Such characteristics have also been
described for Cordeauxia edulis Hemsl and
Stuhlmannia moavi Taub, Leguminosae
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species, by Curtis et al. (1996). Vriesea
jonesiana and V. psittacina are epiphytes
found in the rainforest, and concertina walls
may have been one of the adaptive strategies
related to their success.

In Vriesea, the chlorenchyma adjacent to
the adaxial water-storage parenchyma presents
a linear to concave-convex (arch-like) arrange-
ment, perhaps a developmentally constrained
feature related to leaf blade narrowing.

The air lacunae, with arm-celled dia-
phragms, are connected to the substomatic
chambers and function to increase the diffu-
sion of oxygen and other respiratory gases,
besides giving greater elasticity to the leaf
blade (Mauseth, 1988; Evert, 2013). The
largest species, with rosettes forming bigger
tanks, have broader air lacunae. Starch grains
occur in the chlorenchyma cells (including
diaphragm arm-cells). Starch is the most
abundant carbohydrate in plants. Starch
grains are stored temporarily in the chloro-
plasts when plants are photosynthetically ac-
tive. Later, they are broken down into sugars
and transported to storage cells where they
are re-synthesised into starch and accumulat-
ed in amyloplasts for more permanent energy
storage (Evert, 2013). In an experimental
study with plants of Vriesea gigantea
Gaudich., Gobara (2015) suggested that the
species tolerates water stress by lowering
(making more negative) water potential
through accumulation of osmoregulatory sub-
stances in the leaves, such as glucose and
fructose. These are soluble carbohydrates that
can originate from the conversion of starch.
So, we suggest that the stored starch in the
chlorenchyma may be related not only to
energy storage but also to osmoregulation
and water stress tolerance.

The species studied here have vascular bun-
dles surrounded by parenchymatic and/or
sclerenchymatic sheaths, of varied calibres
and alternating with the air-lacunae throughout
the leaf mesophyll, both in the blade and in
the sheath. The lignified sclerenchymatic fibre
sheath confers greater rigidity to the leaf blade
and also helps protect the vascular bundles.
Extravascular fibres, also associated with sup-
port, occur in some of the species analysed

and are also reported for other species of
Vriesea (Arruda & Costa, 2003; Gomes-da-
S i lva e t a l . , 2012 ; Machado , 2017) .
Extravascular fibres are rare in subfamily
Tillandsioideae. They are characteristic of the
genus Alcantarea (Versieux et al., 2010) and
men t i o n e d on l y f o r o n e s p e c i e s o f
Stigmatodon (Couto, 2017). The presence of
extravascular fibres was described for repre-
sentatives of Aechmea, a genus of subfamily
Bromelioideae, by Proença & Sajo (2007).
There are no reports of the occurrence of ex-
travascular fibres in subfamily Pitcairnioideae.
It is a consensus among the above-mentioned
authors that this character is associated with
particular taxonomic groups and not with par-
ticular environments.

Stomata do not occur in the leaf sheath, as
has also been noted by Arruda & Costa (2003)
for Vriesea, by Couto (2017) for Stigmatodon,
and by Voltolini et al. (2009) for Dyckia
distachya Hassler. The absence of stomata is
probably related to the location and superpo-
sition of the leaves, and the absence of chlo-
roplasts and thus of photosynthesis. Also in
the sheath, the water-storage parenchyma is
distinctive, with sinuous cell walls—the de-
gree of sinuosity probably depending on the
hydration status of the leaf.

LEAF ANATOMY AND SYSTEMATIC IMPLICATIONS

This study identifies consistent structural fea-
tures to characterise the leaf anatomy of Brazilian
species of Vriesea s.s.(Machado et al., 2020),
including: leaves hypostomatic with peltate tri-
chomes; epidermis with thickened cell walls,
with lignin and pectin, covered by cuticle
and epicuticular wax; mechanical hypodermis
usually one-layered; water-storage parenchy-
ma in both surfaces of the leaf blade; chlor-
enchyma located in the median portion of
the blade; air lacunae associated with
brachiform parenchyma; collateral vascular
bundles arranged alternately with the air la-
cunae and surrounded by a sheath of
sclerified and/or parenchyma cells; extravas-
cular fibres (75% of the analysed species)
positioned below the mechanical hypodermis
on the adaxial surface of the leaf blade.
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The two sections—Vriesea sect. Vriesea
and V. sect. Xiphion—were established tradi-
tionally, based on floral morphology (Mez,
1896; Smith & Downs, 1977). The current
study and data from the literature (Appendix
2) indicate that species of V. sect. Vriesea and
of V. sect. Xiphion lack particularly distinctive
leaf anatomical features, but some prevailing
character states (more than 50% of the species
from each section) are worth mentioning, in-
cluding: the presence of mechanical hypoder-
mis on both sides of the leaf blade; the same
number of layers of water-storage parenchyma
in both leaf surfaces; the presence of extravas-
cular fibres and the chlorenchyma arranged
linearly. In relation to clorenchyma cells and
arm-cells, the majority of species from V. sect.
Vriesea have chlorenchyma cells anticlinally
elongated and arm-cells compactly arranged,
while the majority of the species from V. sect.
Xiphion have chlorenchyma cells periclinally
elongated and the arm-cells widely spaced. On
this basis, it is clear that exclusive character
states do not occur in these two groupings.
Nevertheless, when smaller groups of species
are addressed (e.g. species pairs) leaf anatom-
ical analysis can be useful in differential
characterisation.

Characters for diagnosing species.—Vriesea
botafogensis and V. saundersii are closely relat-
ed (Clade IV; Machado et al., 2020) rupicolous
species of V. sect. Vriesea that are endemic to
coastal inselbergs in the city of Rio de Janeiro.
These species have commonly been confused
because of their morphological similarity and
occurrence in the same geographic space
(Leme & Costa, 1994). Nevertheless, their leaf
anatomies show marked differences, for exam-
ple the mechanical hypodermis has two layers in
both leaf surfaces in V. saundersii, but only one
layer in V. botafogensis. This character state
seems to be related to the greater flexibility of
the leaves of V. botafogensis, which are thinner
and strongly spiralled along their longitudinal
axes. Leaves of V. saundersii have a greater
number of chlorenchyma layers (3–6) compared
with the leaves of V. botafogensis (2–3). This
difference may be related to the occurrence of
V. saundersii in rocky outcrop bases, with great-
er protection from arboreal vegetation, while

V. botafogensis occurs on the southern faces of
outcrops and is more exposed to wind, sun and
rain. Another good example concerns the spe-
cies V. vagans and V. philippocoburgii, both
belonging to V. sect. Vriesea and to Clade I
(Machado et al., 2020). Vriesea vaganswas first
described as a variety of V. philippocoburgii.
Both species are epiphytic (V. philippocoburgii
is rarely rupicolous) and form large populations
in open forest canopies, in ravines and on road-
sides. Vriesea vagans has stolons and is slightly
smaller. The leaf blade anatomies of these spe-
cies also differ significantly in: the number of
trichome stalk cells (six in V. vagans vs. five in
V. philippocoburgii); the extension of the
substomatic chamber (short in V. vagans vs.
elongated in V. philippocoburgii); the presence
of extravascular fibres (absent in V. vagans vs.
present inV. philippocoburgii); and the arrangement
of the arm-cells (compact inV. vagans vs. with large
intercellular spaces in V. philippocoburgii).

Vriesea neoglutinosa and V. procera, both be-
longing to V. sect. Vriesea and to Clade X
(Machado et al., 2020), species of the Brazilian
Atlantic Rainforest domain, and may occur in
sympatry (Uribbe, 2014). Vriesea neoglutinosa
and V. procera present morphological similari-
ties. The leaf blade anatomy differentiates the
two species by the number of trichomes stalk cells
(five in V. neoglutinosa vs. six in V. procera); the
presence of extravascular fibres (present in
V. neoglutinosa vs. absent in V. procera); the
number of layers of water-storage parenchyma
in each leaf surface (higher in the adaxial surface
in V. neoglutinosa vs. the same in both leaf sur-
faces in V. procera); and the arrangement of the
chlorenchyma (concave-convex in V. neoglutinosa
vs. linear in V. procera).

Vriesea bituminosa is a species with wide dis-
tribution in the Atlantic Rainforest. Due to its
morphological similarity with other species of V.
sect. Xiphion the name V. bituminosa has been
widely and erroneously used in floristic surveys
(Moura, 2011). Vriesea zildae belongs to the
same section but differs from V. bituminosa by
the smaller dimensions of the floral bracts and
narrower leaf blades. Although the species belong
to the same morphological group, their leaf blade
anatomy is quite distinct, with differences in the
equivalence of the number of layers of water-
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storage parenchyma on each leaf surface (higher
in the adaxial surface in V. bituminosa vs. the
same in both leaf surfaces in V. zildae); the pres-
ence of extravascular fibres (present in
V. bituminosa vs. absent inV. zildae); the arrange-
ment of chlorenchyma (concave-convex in
V. bituminosa vs. linear in V. zildae); and the
arrangement of the arm-cells (compact in
V. bituminosa vs. with large intercellular spaces
in V. zildae).

Vriesea hydrophora and V. pabstii belong to
V. sect. Xiphion and are very similar in the mor-
phology of their rosettes and inflorescences.
However, V. hydrophora has more robust inflo-
rescences with a higher number of branches
(Costa et al., 2007, Costa & Wendt, 2007). Both
species occur in rainforest areas with intense rain-
fall and mist. Vriesea hydrophora differs from
V. pabstii in robustness and in leaf blade charac-
teristics such as: trichomes with shorter stalks;
equivalence (vs. inequivalence) of the number
of layers of water-storage parenchyma on
both leaf surfaces; chlorenchyma with
concave-convex outlines and with cells
anticlinally elongated (vs. chlorenchyma lin-
early arranged and with cells periclinally
elongated), and arm-cells with large spaces
between (vs compactly arranged arm-cells).

Conclusion

The leaves of the Brazilian species of Vriesea
s.s. analysed here show mainly xeromorphic
structural characters, which include thickened cell
walls, the presence of water-storage parenchyma,
air-lacunae and absorbent trichomes. However,
they also show some mesomorphic characters
such as the location and position of the stomata.
Thus, the obtained results on leaf anatomy seem
to reflect not only ancestry (dry habitats) but also
the recent arrival of the group in rainforests (wet-
ter habitats). It is also possible that these species
present different physiological strategies for cop-
ing with water stress and for the effective main-
tenance of gas exchange in humid environments.
As such, we consider that leaf anatomy can act as
a tool for diagnosing species, and also provide
traits related to both ancestry and environmental
adaptation.

Differences in leaf anatomy do not seem to
correlate with the taxonomic sections of Vriesea
or groups of Vriesea species occupying different
substrate types. However, conserved aspects of
leaf anatomy are quite helpful for characterising
the Brazilian species of the genus, including:
leaves hypostomatic with peltate trichomes; epi-
dermis with thickened cell walls, with lignin and
pectin, covered by cuticle and epicuticular wax;
mechanical hypodermis usually one-layered; wa-
ter-storage parenchyma in both surfaces of the
leaf blade; chlorenchyma located in the median
portion of the blade; air lacunae associated with
brachiform parenchyma; collateral vascular bun-
dles arranged alternately with the air lacunae and
surrounded by a sheath of sclerified and/or paren-
chymatous cells; and extravascular fibres (in most
species) positioned below the mechanical hypo-
dermis on the adaxial surface of the leaf blade.
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APPENDIX 2. RESULTS OF HISTOCHEMICAL TESTS CARRIED OUT ON FULLY DEVELOPED LEAVES OF VRIESEA SPECIES (+, POSITIVE, -, NEGATIVE)

Species Iodated zinc
chloride

cutin, suberin,
lignin/yellow

Phloroglucin +
HCl

lignin/ red

Lugol
starch/ purple

PAS
polysaccharides/

violet

Sudan III
lipophilic
compounds/
pink

Vriesea
billbergioides

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
botafogensis

+; epidermal cell
walls; fibres
that accompany
]the bundles,
extravascular
fibres,
hypodermis

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea cacuminis +; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres,
hypodermis

+; fibres that
accompany the
bundles;
extravascular
fibres

_ +; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
eltoniana

+; epidermal cell
walls; fibres
that accompany
the bundles.

+; fibres that
accompany the
bundles

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
ensiformis

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
flava

+; epidermal cell
walls; fibres
that accompany

+; fibres that
accompany the
bundles;

_ +; anticlinal and
inner periclinal

+; cuticle
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APPENDIX 2. (CONTINUED).

Species Iodated zinc
chloride

cutin, suberin,
lignin/yellow

Phloroglucin +
HCl

lignin/ red

Lugol
starch/ purple

PAS
polysaccharides/

violet

Sudan III
lipophilic
compounds/
pink

the bundles,
extravascular
fibres.

extravascular
fibres

walls of the
epidermal cells.

Vriesea
flexuosa

+; epidermal cell
walls; fibres
that accompany
the bundles,
hypodermis

+; fibres that
accompany the
bundles.

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea gradata +; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea guttata +; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

_ +; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
hydrophora

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
incurvata

+; epidermal cell
walls; fibres
that accompany
the bundles.

+; fibres that
accompany the
bundles.

_ +; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
jonesiana

+; epidermal cell
walls; fibres
that accompany
the bundles.

+; fibres that
accompany the
bundles.

_ +; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
longicaulis

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres,
hypodermis

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
pabstii

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres,
hypodermis

+; fibres that
accompany
1the
bundles;
extravascular
fibres

_ +; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
paratiensis

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres,
hypodermis

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
philippocoburgii

+; epidermal cell
walls; fibres

+; fibres that
accompany the

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal

+; cuticle
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APPENDIX 2. (CONTINUED).

Species Iodated zinc
chloride

cutin, suberin,
lignin/yellow

Phloroglucin +
HCl

lignin/ red

Lugol
starch/ purple

PAS
polysaccharides/

violet

Sudan III
lipophilic
compounds/
pink

that accompany
the bundles,
extravascular
fibres,
hypodermis

bundles;
extravascular
fibres

walls of the
epidermal cells.

Vriesea
procera

+; epidermal cell
walls; fibres that
accompany the
bundles,
hypodermis

+; fibres that
accompany
the bundles.

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
pseudatra

+; epidermal cell
walls; fibres that
accompany the
bundles,
hypodermis

+; fibres that
accompany
the bundles.

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
psittacina

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
saundersii

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres,
hypodermis

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
sincorana

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

_ +; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
sucrei

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
vagans

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle

Vriesea
zildae

+; epidermal cell
walls; fibres
that accompany
the bundles,
extravascular
fibres.

+; fibres that
accompany the
bundles;
extravascular
fibres

+; chlorenchyma;
arm-cells.

+; anticlinal and
inner periclinal
walls of the
epidermal cells.

+; cuticle
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