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Abstract Elaiophores seems to be uncommon in Orchi-
daceae; however, the number of known species with floral
oil glands has increased in recent years, principally in
Oncidiinae. Oil rewards are used by bees of the tribes
Centridini, Tapinotaspidini and Tetrapediini. Our aims
were to identify the presence of elaiophores and to describe
their structure in species of Gomesa, Grandiphyllum and
Trichocentrum, and to compare our results with other
studies of elaiophores in Oncidiinae. We selected a set of
characters presumably associated with oil production in
flowers of Oncidiinae, which were evaluated using a cluster
analysis to identify different floral morphologies of the oil
flowers. The correlation between morphological types of
oil flowers and species of pollinators was examined. The
cluster analysis distinguished two groups of species, one of
them principally linked with pollination by bees of genus
Centris and the other type associated to species of
Paratetrapedia and Tetrapedia. The evaluation of these
results into a phylogenetic framework of the Oncidiinae,
adding more evidence that species of this subtribe with
similar floral morphology associated with floral oil
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secretion arise in many independent clades, in parallel
evolution with the oil-bee pollination.

Keywords Anatomy - Micromorphology - Oil -
Orchidaceae - Secretion

Introduction

The diverse and showy floral morphology and reproductive
biology of the Orchidaceae have attracted the attention of
many researchers (Darwin 1862; van der Pijl and Dodson
1966; Proctor et al. 1996; van der Cingel 2001). About a
third of the species of Orchidaceae deceive pollinators
(Tremblay et al. 2005), and the remaining species offer
diverse floral rewards such as nectar, oils, fragrances, resin-
like substances, pseudopollen and waxes (Davies and
Stpiczynska 2008). Vogel (1969, 1974) was the first to
report the presence of oil-secretor glands (elaiophores) in
Orchidaceae and other families of plants. In Neotropics,
this floral reward is used by numerous bees of the tribes
Centridini, Tapinotaspidini and Tetrapediini (family Api-
dae) that collect oil to feed larvae or use it for water
proofing larval cells (Buchmann 1987; Dressler 1990;
Vinson et al. 1996; Singer and Cocucci 1999; van der
Cingel 2001; Torretta et al. 2011; Neubig et al. 2012).

In Orchidaceae, most species that offer oil as reward
belong to Oncidiinae (Chase et al. 2009), although this
reward is not exclusive of this subtribe (Dressler 1993;
Pansarin et al. 2009; Stpiczyniska and Davies 2008). Within
Oncidiinae, the presence of elaiophores occurs in different
clades of the subtribe, and they are thought to have prob-
ably arisen at least 7 times (Renner and Schaefer 2010).
Nevertheless, the oil flowers (especially in tropical Orchi-
daceae) are poorly known (Renner and Schaefer 2010). For
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this reason, morphological and anatomical detailed studies
covering a large number of species are required in order to
understand the evolution of elaiophores and to characterize
this condition in the subtribe Oncidiinae.

Neubig et al. (2012) commented that a large percentage
of Oncidiinae possess flowers that either produce an oil
reward (“oil flowers”) or mimic the oil-producing flowers
of Malpighiaceae in terms of color and morphology;
therefore, anatomical studies and field observations are
necessary to discriminate between both types of flowers. In
recent years, several anatomical investigations have
demonstrated the presence of elaiophores in many species
of Oncidiinae (Singer and Cocucci 1999; Pacek and
Stpiczyniska 2007; Stpiczynska et al. 2007, 2013; Stpic-
zynska and Davies 2008; Aliscioni et al. 2009; Davies and
Stpiczynska 2009; Pansarin and Pansarin 2011; Pacek et al.
2012; Blanco et al. 2013; Gomiz et al. 2013, 2014; Davies
et al. 2014). Thus, the number of species of Oncidiinae that
are currently known to produce floral oil as a reward is
gradually increasing. In contrast to Malpighiaceae, where
oil-secreting flower is a primitive condition (Anderson
1979), floral elaiophores have arisen recently and in many
independent episodes within the Oncidiinae (Chase et al.
2009; Renner and Schaefer 2010).

Based on the huge diversity in floral morphology
exhibited in Oncidiinae, these species are attractive sub-
jects for evolutionary studies (Neubig et al. 2012).
Regarding oil secretion as a floral reward, Stpiczynska
et al. (2013) concluded that many traits of the elaiophores
are shared by members of different clades of the Oncidi-
inae; accordingly, elaiophores must be considered homo-
plasious in this group. In this same way, Davies et al.
(2014) reinforced the idea that the presence of elaiophores
is of limited value for establishing phylogenetic relation-
ships in this subtribe; but these assumptions were not tested
in an evolutionary context. On the other hand, there is
enough evidence to show that the structure and position of
the elaiophores varies among different genera or species;
although these structures can be modified by selection
pressures from pollinators, each linage of the Oncidiinae
might be evolved independently. However, since knowl-
edge about the presence or morphology of elaiophores in
Oncidiinae is still limited, the exact number of gains and
losses is difficult to establish.

In the present work, we undertake a comparative anal-
ysis to the morphology and anatomy of elaiophores in six
species of Oncidiinae belonging to two different lineages in
the phylogeny postulated by Neubig et al. (2012). We
analyzed one species of Grandiphyllum Docha Neto and
two species of Trichocentrum Poepp. & Endl., located in a
more ancestral clade (Trichocentrum clade) and three
species of Gomesa R.Br. belonging to a more recent
monophyletic group (Gomesa clade). Our aim was to
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identify the presence of elaiophores in these species, to
describe their structure and to postulate how oil is secreted.
We compared and discussed our results with information
known from anatomical studies in elaiophores in other
species of Oncidiinae. Moreover, we selected a set of
morphological and anatomical characteristics present in oil
flowers, and we analyzed these characteristics using a
cluster analysis that includes a significant number of spe-
cies of Oncidiinae with elaiophores. The importance of
these characteristics is evaluated to identify groups of
species that represent different floral morphologies asso-
ciated with oil flowers. Then, we explored if there is any
correlation between the different types of oil flowers and
species of pollinators exists based on published bibliogra-
phy. Lastly, the types of oil flowers are discussed in an
evolutionary context along the phylogeny published by
Neubig et al. (2012) for the subtribe Oncidiinae.

Materials and methods
Plant material

Fresh flowers of Gomesa cornigera (Lindl.) M.W.Chase &
N.H.Williams, G. herzogii (Schltr.) Liickel, G. longicornu
(Mutel) M.W.Chase & N.H.Williams, Grandiphyllum
divaricatum (Lindl.) Docha Neto, Trichocentrum cebolleta
(Jacq.) M.W.Chase & N.H.Williams, and 7. jonesianum
(Rchb.f.) M.W.Chase & N.H.Williams were obtained from
plants cultivated at the Botanical Garden Lucien Hauman,
Faculty of Agronomy, University of Buenos Aires,
Argentina. Reference vouchers were deposited in the
Herbarium Gaspar Xuarez (BAA). The identification of the
analyzed specimens was corroborated by comparing with
herbarium material deposited at BAA and SI (Thiers 2012).

Histochemical reactions

Entire fresh flowers of the six species were examined using
a Wild M5 stereomicroscope; the flowers were submerged
in saturated alcoholic Sudan III solution to detect the
presence of lipids. The labellar areas that reacted positively
were sectioned and fixed in FAA (ethyl alcohol 70%:
glacial acetic acid: formaldehyde 40%; 90:5:5) for 48 h.
and stored in 70% ethanol. These samples were used for
optical and scanning electronic microscopes preparations.

Anatomical and micromorphological study

The samples were dehydrated in an ethanol series, trans-
ferred to xylene, embedded in paraffin (58 °C), and sec-
tioned at a thickness of 67 pm on a rotary microtome (Leitz
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Wetzlar), using conventional methods. Histological sections
were stained with Safranin-Fast Green and mounted in
Canada balsam (Zarlavsky 2014). Observations were made
using a Motic optical light microscope. Photomicrographs
and measurements were taken using Motic images plus 2.0.
For scanning electron microscopy (SEM), the portions
of the labellum were dehydrated and subjected to critical-
point drying using liquid CO,. The material was then
sputter-coated with gold and examined using a Philips XL
30 TMP microscope at an accelerating voltage of 80 kV.

Cluster analysis

We selected 11 morphological and anatomical floral
characters commonly present in species of Oncidiinae with
elaiophores; characters 1 and 2 are associated with the
attraction to the pollinators and the level of resemblance
with flowers of Malpighiaceae; characters 3, 4 and 5 are
related to the oil production and exposition of the secretory
tissue; characters 6, 7, 8, 9, and 10 are associated to the
pollinators forage (the alighted of the bee at the flowers, if
the bee grasps the tabula infrastigmatica, in what manner
the bee scrapes the areas with elaiophores), and character
11 is connected with the position that the insect contact
with the viscidium (Table 1). These floral characters were
scored based on personal observations and published
information for this subtribe (Singer and Cocucci 1999;
Pacek and Stpiczynska 2007; Stpiczynska et al.
2007, 2013; Stpiczynska and Davies 2008; Aliscioni et al.
2009; Davies and Stpiczynska 2009; Pansarin and Pansarin
2011; Pacek et al. 2012; Blanco et al. 2013; Gomiz et al.
2013, 2014; Davies et al. 2014). All states assigned to the
characters were corroborated with observations based on
herbarium specimens (BAA, SI), description of the species
and available digital images (http://www.orchidspecies.
com; https://orchid.unibas.ch; http://epic.kew.org; http://
www.flmnh.ufl.edu/herbarium/oncids/home;  http://www.

epidendra.org/). Although Rudolfiella picta belongs to the
subtribe Maxillariinae (Chase et al. 2015), we considered
this species in our analysis because this species presents
elaiophores (Davies and Stpiczynska 2009) and is included
in the molecular phylogeny (Neubig et al. 2012).

The informative features were scored for a total of 46
species of Oncidiinae and 1 species of Maxillariinae whose
elaiophores were anatomically described (Online Resource
1). A cluster analysis was carried out using NTSYS-pc ver-
sion 2.0 (Rohlf 1998). The standardized matrix was used and
distances among OTUs were evaluated based on the Man-
hattan distance coefficient, using the unweighted pair-group
method on the arithmetic average algorithm (UPGMA).

Species of potential pollinators

In order to associate the types of the oil flower established
in the cluster analysis with their potential pollinators, a
bibliographical research was conducted to find records of
floral visitors in different species of Oncidiinae, with either
confirmed or presumed presence of elaiophores (Dodson
1962; van der Pijl and Dodson 1966; Singer and Cocucci
1999; Parra-Tabla et al. 2000; Reis et al. 2000, 2007; Sil-
vera 2002; Damon and Cruz-Lépez 2006; Singer et al.
2006; Pemberton 2008; Carmona-Diaz and Garcia-Franco
2009; Pansarin and Pansarin 2011; Torretta et al. 2011;
Vale et al. 2011; Neubig et al. 2012; Gomiz et al. 2014).
This information is listed in Table 2.

Results
General aspects and floral morphology
The six species studied are characterized by having racemose

paniculate inflorescences of 20—60 cm long, with approxi-
mately 10-20 flowers. We could not detect appreciable

Table 1 List of characters with their coding states used in the cluster analysis

Chl. Flower size (0) small [<] cm]; (1) medium [between 1 and 2 cm]; (2) big [>1 cm]

Ch2. Flower color: (0) predominantly white or green without spot; (1) yellow with brown to red spot; (2) pink

Ch3. Type of elaiophore: (0) trichomatous; (1) epithelial; (2) intermediate
Ch4. Position of the elaiophore: (0) callus; (1) lateral lobes; (2) callus 4+ lateral lobes

ChS5. Central keel in the callus: (0) absent; (1) present

Ch6. Tabula infrastigmatica: (0) imperceptible to absent; (1) very developed

Ch7. Angle between column and callus (0) acute, <90° [callus not expose]; (1) recto to obtuse, >90° [callus expose]
Ch8. Lateral lobes (0) scarcely developed; (1) flat and thin; (1) wing-like

Ch9. Margin of the lateral lobes: (0) non revolute; (1) revolute

Ch10. Relative position of the lateral lobes: (0) in the same plane of the labellum; (1) adaxially reflex to the labellum

Chll. Rostellum elongate (0) absent (1) elongate up to the base of the column; (2) elongate up to the callus
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Table 2 Genera/species of oil-collecting bees cited visiting different species of Oncidiinae with oil flowers

Species of Oncidiinae

“Qil flower”
assigned in the
cluster analysis

“Qil flower”
assumed by the
floral characters

Oil-collecting bee

Reference

Cyrtochiloides ochmatochila (Rchb.f.)
N.H.Williams & M.W.Chase (cited as
Oncidium ochmatochillum)

Cyrtochilum macranthum (Lindl.) Kraenzl.
(cited as Oncidium macranthum)

*Gomesa bifolia (Sims) M.W.Chase &
N.H.Williams

*Gomesa cornigera (Lindl.) M.W.Chase &
N.H.Williams (cited as Oncidium
cornigerum)

Gomesa longicornu (Mutel) M.W.Chase &
N.H.Williams

*Gomesa longipes (Lindl.) M.W.Chase &
N.H.Williams (cultivated)

*Gomesa paranensoides M.W .Chase &
N.H.Williams (cited as Oncidium
paranaense)

Gomesa pubes (Lindl.) M.W.Chase &
N.H.Williams (cited as Oncidium pubes)

*Lockhartia lunifera (Lindl.) Rchb.f.

*Oncidium cheirophorum Rchb.f.

Oncidium hyphaematicum Rchb.f.

Oncidium sphacelatum Lindl.

Ornithocephalus bicornis Lindl.

*Ornithocephalus ciliatus Lindl. (cited as O.
avicula)
Ornithocephalus cochleariformis C. Schweinf.

Ornithocephalus cf. patentilobus C. Schweinf.
Ornithocephalus powellii Schltr.

Rossioglossum grande (Lindl.) Garay &
G.C.Kenn. (cited as Odontoglossum grande)
Tolumnia guibertiana (A.Rich.) Braem
Tolumnia lucayana (Nash) Braem
Trichocentrum ascendens (Lindl.) M.W.Chase

& N.H.Williams (cited as Oncidium
ascendens)

Trichocentrum cosymbephorum (C.Morren)
R.Jiménez & Carnevali (cited as Oncidium
cosymbephorum)

Trichocentrum lacerum (Lindl.) J.M.H.Shaw
(cited as Oncidium spititatum)

Trichocentrum lacerum (Lindl.) J.M.H.Shaw
(cited as Trichocentrum stipitatum)

*Trichocentrum pumilum (Lindl.) M.W.Chase
& N.H.Williams

*Zygostates alleniana Kraenzl.

B3

B3

B3

B2

B2

A

B3

B2

B2
B2

B2

Centris sp. (female)

Centris sp.
Centris trigonoides (female)

Paratetrapedia fervida;
Tetrapedia diversipes

Centris sp.
Centris fuscata

Tetrapedia diversipes (male)

Tetrapedia sp.
Tetrapedia sp.

Paratetrapedia sp.

Centris sp. (male)

Centris mexicana, C. nitida

Paratetrapedia calcarata

Paratetrapedia testacea

Paratetrapedia sp.

Paratetrapedia testacea

Paratetrapedia calcarata

Centris sp. (female)

Centris poecila
Centris versicolor

Centris sp.

Centris ruthannae

Centris sp. (male)

Centris inermis; C. longimana;

Paratetrapedia sp.

Tetrapedia diversipes;
Lophopedia nigrispinis
Lophopedia nigrispinis

van der Pijl and Dodson
(1966)

van der Pijl and Dodson
(1966)

Torretta et al. (2011)

Pansarin and Pansarin
2011)

Reis et al. (2007)

Singer et al. (2006)

Personal observation

Singer and Cocucci (1999)

Reis et al. (2000)

Pansarin and Pansarin
2011)

Silvera (2002)

van der Pijl and Dodson
(1966)

Damon and Cruz-Lépez
(2006)

Pemberton (2008)

van der Pijl and Dodson
(1966)

van der Pijl and Dodson
(1966)

Neubig et al. (2012)

van der Pijl and Dodson
(1966)

van der Pijl and Dodson
(1966)

van der Pijl and Dodson
(1966)

Vale et al. (2011)
Silvera (2002)
Parra-Tabla et al. (2000)

Carmona-Diaz and
Garcia-Franco (2009)

van der Pijl and Dodson
(1966)

Silvera (2002)

Pansarin and Pansarin
(2011)

Gomiz et al. (2014)

The orchid species noted with asterisk are included in the present cluster analysis
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fragrance, or it was very subtle. Regarding the size and
external aspect, flowers are very variable. Flowers are
1-2 cm diameter in Gomesa spp. and more than 2 cm in G.
divaricatum and the two species of Trichocentrum; yellow
(in 5 spp.) or yellow cream in Trichocentrum jonesianum,
with different spots or transverse markings red-brown in
sepals and petals, including the callus (Fig. 1).

The species of Gomesa have the lateral sepals partly
fused, contrary to G. divaricatum and the two species of
Trichocentrum where the sepals are free. The labellum is
three-lobed in all species, with a large mid-lobe and two
lateral lobes. The lateral lobes are wing-like in all species,
except in G. cornigera where they are narrower and plain;
G. herzogii is distinguished by having lateral lobes with
fimbriate margins (Fig. 2).

The tabula infrastigmatica is located between the base
of the column and the callus, and is very well formed in
Gomesa herzogii, T. cebolleta and T. jonesianum, and very
reduced in G. cornigera or absent in G. longicornu and G.
divaricatum (Fig. 2).

In all species, the calluses are conspicuous and well
developed, and situated on the base of the mid-lobe, between
the lateral lobes. We defined arbitrarily two areas in the cal-
luses (basal platform and apical region) to homologize the
observations among the species. These two areas are either
similar or have different aspects depending on the species (see
below). The three species of Gomesa present calluses differ-
entiated in the basal platform and the apical region; in
G. cornigera the basal platform showed several protuberances
and two irregular horns, and the apical region is hoof-shaped
with a central furrow (Fig. 2a); in G. herzogii, the basal
platform is trichomatose with hairs that are gradually shorter
and sparser to the apex, followed by a median keel and several
lateral protuberances (Fig. 2b), and G. longicornu differs to
have the basal platform surmounted by two pyramidal
extensions and a median horn-shaped protrusion in the apical
region (Fig. 2c). The callus of G. divaricatum is entirely tri-
chomatous (Fig. 2d), without differentiation between the
basal platform and the apical region since both are covered by
unicellular hairs. The trichomes are irregularly cylindrical,
sometimes geniculate, with dome-shaped tips. Finally, the
callus of T. cebolleta has a basal platform scarcely corrugated
and an apical region with three keels of which the central one
is larger than the lateral (Fig. 2e); whereas in T. jonesianum
the basal platform comprises two protuberances followed by a
central keel with several lateral protrusions (Fig. 2f).

Histochemical reactions

The reaction with saturated alcoholic solution of Sudan III
was positive principally on the calluses in all species,
indicating that these areas secrete oils; in addition, in G.

cornigera, G. herzogii, T. cebolleta and T. jonesianum, a
reduced proximal part of the lateral lobes also reacted
positively but with slight intensity, showing that this por-
tion can secrete less oil than callus or only collect oil
secreted by the callus (Fig. 1).

Anatomy of the calluses in cross section

In Gomesa spp., the epidermal cells of the calluses contain
intensely stained cytoplasm, with basal nuclei, conspicuous
nucleoli and frequently with small vacuoles. Gomesa
cornigera shows in the basal platform and protuberances,
cuboidal to palisade cells, 20-35 x 13-20 pm; in the hoof-
like area of the apical region, epidermal cells are radially
elongated, 50-60 x 10-15 pm, but in the central furrow the
cells are flat and clear, with non-secreting aspect (Fig. 3a—
d). Gomesa herzogii differs in that this species presents in
the basal platform, unicellular trichomes, cylindrical to
flask-like, 150-240 x 20-30 wm, with a central vacuole
surrounded by a thin layer of dense cytoplasm and a basal
nucleus with evident nucleolus. The remaining epidermal
cells are cuboidal with dense cytoplasm and conspicuous
nuclei, 20-25 x 15-20 pm, and small papillae in the deeper
areas that have translucent cytoplasm (Fig. 3e—i). The epi-
dermal cells of the callus in G. longicornu are palisade-like,
80-70 x 15-20 um, with dense cytoplasm, contrary to the
epidermis of the horn and papillae located in deeper areas
which have clear cytoplasm (Fig. 4a—c). In the three species
of Gomesa, the external tangential walls are cutinized,
0.5-2.5 pm and lack blisters, and the subepidermal tissue
comprises 1-3 layers of isodiametric parenchymatous cells
with plastids; idioblasts with raphides in the subjacent par-
enchyma are observed.

The trichomes of the callus in G. divaricatum are
400-470 x 8-12 pm and contain a central vacuole sur-
rounded by a thin layer of dense cytoplasm and nuclei
apically positioned. The first subepidermal few layers are
composed by more or less isodiametric cells with small
vacuoles, central nuclei and dense cytoplasm; also idio-
blasts with raphides are observed (Fig. 4d—f).

In the two species of Trichocentrum, the epidermal cells
of the callus are cubic to palisade, 20-35 x 15-30 pm,
with dense cytoplasm, apical vacuole and large nucleus
basally positioned, and the cuticle thickness is 1-2 pm, and
without blisters. The subepidermal tissue comprises a sin-
gle layer of small parenchymatous cells with similar
characteristics of the other species (Fig. 5).

Micromorphology of the calluses
Observations made with SEM revealed that the areas of the

calluses have irregular projections covered by plain
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«Fig. 1 a Gomesa cornigera. b G. herzogii. ¢ G. longicornu.
d Grandiphyllum divaricatum. e Trichocentrum cebolleta. £ T.
jonesianum. Left columns, flowers without staining; right columns,
flowers staining with Sudan IIT

epidermal cells with smooth to rough cuticles; stomata are
absent or scattered, and small papillae (or flask-like cells)
can be present in deeper areas of the calluses and proximal
parts of the lateral lobes (Figs. 6 and 7). On the other hand,

the entire callus of G. divaricatum (Fig. 7a) and only the
basal platform of G. herzogii (Fig. 6d) are covered by tri-
chomes with rugose cuticles. Conspicuous blisters or
cuticular distensions were not observed in any species.

Cluster analysis
The cluster analysis (CA) based on 11 characters and 47

species is shown in Fig. 8. The correlation of the distance and
tree matrix is 0.84, indicating a good fit of the phenogram to

Fig. 2 a Gomesa cornigera. b G. herzogii. ¢ G. longicornu. d Grandiphyllum divaricatum. e Trichocentrum cebolleta. f T. jonesianum.
References: ar apical region, bp basal platform, #i tabula infrastigmatica, scale 1 mm
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<«Fig. 3 Cross section of the callus view by optical light microscope.
a-d Gomesa cornigera. a Basal platform of the callus. b Apical
region of the callus. c—d Detail of the secretory epidermis and
raphides in the subjacent parenchyma. e-i G. herzogii. e Basal
platform of the callus with trichomes. f Apical region of the callus
with a median keel. g Detail of the secretory trichomes in the basal
platform. h Detail of the secretory cuboidal epidermis in the apical
region. i Detail of the non-secretory papillae

the distance matrix. The different groups and subgroups are
numbered and discussed in the order that appears in Fig. 8.
An additional cluster analysis was performance only with
species of Oncidiinae (removing Rudolfiella picta), but as the
same clusters are recovered, this is not shown.

Cluster A is composed by Cyrtochilum meirax, Gomesa
bifolia, G. flexuosa, G. herzogii, G. longicornu, G. longipes,
G. varicosa, G. venusta, Oncidium cheirophorum, O. heteran-
thum, O. ornithorhynchum, Trichocentrum cavendishianum,
T. cebolleta, T. jonesianum, and Vitekorchis excavata. These
species have medium to large flowers (measuring never less
than 1 cm), generally yellow with red spots; the elaiophores are
epithelial or intermediate (not entirely trichomatous) and the
position is variable: either on the callus, on the lateral lobes or in
both areas; the calluses present a central keel and lateral finger-

100y | 200um || 8 Tl AL N— {

Fig. 4 Cross section of the callus view by optical light microscope.
a—c Gomesa longicornu. a Basal platform of the callus. b Apical
region of the callus. ¢ Detail of secretor epidermis in the basal

like protuberances; many species have a conspicuous tabula
infrastigmatica; callus and column are located at a recto to
obtuse angle (>90°); the rostellum is generally not elongate;
and the lateral lobes are usually developed like wings, and their
margins would be abaxially reflex.

Cluster B is constituted by three subclusters. The first
subcluster to emerge, here indicated as B1, consists of
Gomesa echinata, Lockhartia bennettii, L. obtusata and R.
picta (Maxillariinae). These species share the position of
the elaiophores on the callus; developed central keel
absent; tabula infrastigmatica absent; elongate rostellum
absent; angle between column and callus acute (<90°) and
lateral lobes in the same plane of the labellum. Within this
species group, color and size of the flower, type of elaio-
phore, development of the lateral lobes and relation
between positions of lateral lobes and median lobe are
variable characters. The subcluster B2 consists of Gomesa
radicans, G. recurva, Lockhartia hercodonta, L. micran-
tha, L. acuta, Oncidium oxyceras, Ornithocephalus cilia-
tus, O. gladiatus, Phymatidium falcifolium, Trichocentrum
pumilum, Zygostates alleniana, Z. grandiflora and Z. lu-
nata. Most of the species of this group have small to
medium flowers (smaller than 2 cm), white or yellowish-

platform. d—f Grandiphyllum divaricatum. d Trichomes of the callus.
e—f Detail of trichomes
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Fig. 5 Cross section of the callus view by optical light microscope.
a—c Trichocentrum cebolleta. a Basal platform of the callus. b Detail
of the secretory cuboidal epidermis. ¢ Detail of the non-secretory

green without red spots; elaiophores are predominantly
trichomatous but epithelial and intermediate are also pre-
sent; elaiophores are mainly located on the callus (except
Ornithocephalus gladiatus); the form of the callus could be
diverse but never presents a central keel; usually tabula
infrastigmatica is absent; callus and column are located at a
recto to obtuse angle (>90°); the rostellum is frequently
elongated on the column and sometime over the callus; the
lateral lobes are scarcely developed and in the same plane
as the labellum. The subcluster B3 is composed by G.
cornigera, G. loefgrenii, G. paranensoides, G. ranifera,
G. riograndensis, G. divaricatum, Lockhartia amoena,
L. grandibractea, L. lepticaula, L. lunifera, L. niesseniae,
L. oerstedii, L. serra, L. verrucosa, and Oncidium ama-
zonicum. This group is morphologically diverse, although
some patterns are frequently shared among the species. The
flower size is variable, but middle-sized flowers (between 1
and 2 cm) are more common; the predominant color is
yellow with red spots; there are epithelial and trachomatous
elaiophores but no intermediate type was found in any of
these species; elaiophores are generally on the callus; the
presence of the callus with a central keel is uncommon, and
it has finger-like protuberances; a tabula infrastigmatica is
either absent or very reduced; the callus and column are
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papillae. d—f T. jonesianum. d Basal platform of the callus. e Detail of
secretor epidermis. f Oil drops in the subjacent parenchyma

located at a right to obtuse angle (>90°); the rostellum is
most of the times not elongate and the lateral lobes are very
diverse in development and degree of curvature.

Species of potential pollinators

Based on personal observations and available works
about field observations, we constructed a table that
contains information of the species/genera of oil-col-
lecting bees cited for different species of Oncidiinae
(Table 2). For those species that were not included in
the cluster analyses, but have a register of pollinators,
we assign a presumable type of oil flower based on the
combination of the characters present in the flowers.

Discussion

Our data confirmed the presence of floral elaiophores in
Gomesa cornigera, G. herzogii, G. longicornu, G. divari-
catum, Trichocentrum cebolleta and T. jonesianum. The
floral morphology, and particularly the position of the
callus, are variable among the studied species; however,
the anatomical pattern of the secretor area was similar to
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Fig. 6 a—i Scanning electron micrographs of the lateral lobes and
callus. a—¢ Gomesa cornigera. a Entire callus. b Detail of the hoof
shape area. ¢ Detail of the papillae in lateral lobes. d—f G. herzogii.

the elaiophores described for other species of Oncidiinae
(Singer and Cocucci 1999; Pacek and Stpiczyrniska 2007;
Stpiczynska et al. 2007; Stpiczynska and Davies 2008;
Aliscioni et al. 2009; Davies and Stpiczynska 2009; Pacek
et al. 2012; Blanco et al. 2013; Stpiczynska et al. 2013;
Gomiz et al. 2013, 2014; Davies et al. 2014). In all cases,
the secretory tissue is either represented by a single layer of
palisade or cuboidal epidermal cells, as in G. cornigera;

d Entire callus. e Detail of protuberance in the apical region. f Detail
of trichomes in the basal platform. g-i G. longicornu. g Entire callus.
h Detail of the basal platform. i Detail of papillae in a lateral lobe

G. longicornu; T. cebolleta, T. jonesianum; or consists fully
of a trichomatous epidermis as in G. divaricatum; or has
both trichomatous and cuboidal cells as in G. herzogii. The
secretory epidermis is associated with some layers of
parenchymatous subepidermal tissue that probably con-
tributes to the secretion because the characteristics of the
cells are similar to the epidermis. Both epidermal and
subepidermal parenchymatous cells were intensely stained
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Fig. 7 a—e Scanning electron micrographs of the lateral lobes and
callus. a Grandiphyllum divaricatum, detail of trichomes of the callus.
b—c¢ Trichocentrum cebolleta. b Entire callus. ¢ Detail of a lateral

and had basal or central positioned nuclei with conspicuous
nucleoli. We assume that these characteristics indicate that
these cells are metabolically active in secretion.

The presence of a callus with oil-secretor trichomes in
the basal platform and the cuboidal epidermal cells in the
apical area in G. herzogii added evidence of the presence of
intermediate type of elaiophores in Oncidiinae, as was
described in Ornithocephalus gladiatus (Pacek et al. 2012);
Gomesa flexuosa (Gomiz et al. 2013); Gomesa longipes,
Oncidium heteranthum and Vitekorchis excavata (Davies
et al. 2014).

We observed and described in this work all types of
elaiophores detected in Oncidiinae: epithelial, trichomatous
(Vogel 1974) and also intermediate (Gomiz et al. 2013).
Considering the recovered data in the cluster analyses, this
included a total of 47 species (46 Oncidiinae and 1 Maxil-
lariinae), 21 had epithelial elaiophores, 19 trichomatous and
only 6 intermediate. Thus, epithelial and trichomatous are
the most frequent elaiophores in this group of Orchidaceae,
with intermediate elaiophores being the most common.

This study represents the first description of elaiophores
in the genus Grandiphyllum, where they are situated only
on the calluses, as in Gomesa longicornu and most of the
Oncidiinae (Davies et al. 2014). Based on a review of the
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protuberance of the callus. d-e 7. jonesianum. d Entire callus.
e Detail of lateral protuberances of the callus

literature, 75% of the studied species present the elaiophore
on the callus. The remaining have the elaiophores only in
the lateral lobes (five species, 10%) or combined lateral
lobes and callus (7 species, 15%), as G. cornigera,
G. herzogii, T. cebolleta, and T. jonesianum. These last two
positions seem to be uncommon in the subtribe.

Many flowers of Oncidiinae have a fabula infrastigmat-
ica, this structure is a thickened pad on the base of the col-
umn. The bees grab this with their mandibles, thereby freeing
their legs for gathering oil; this structure is a functional
analogue to the flag petal of a flower of a Malpighiaceae (van
der Pijl and Dodson 1969; Dressler 1990; van der Cingel
2001). In our analysis, all species with rabula infrastigmatica
were positioned in the cluster A, with the exception of T.
pumilum, which was considered in the subtype B2.

We observed that none of the considered characters are
exclusively associated with a particular type of oil flower;
however, each cluster was characterized by a suite of a
predominant combination of states of characters. For
example, species of Oncidiinae called informally “Oncid-
ium type” by Neubig et al. (2012) for exhibiting bright
yellow flowers and a developed tabula infrastigmatica,
were principally located in our analysis in cluster A. In this
group, the lateral lobes are usually developed like wings



Elaiophores and oil flowers in Oncidiinae

445

o ———

Cyrtochilum meirax

Gomesa herzogii

Gomesa venusta
Trichocentrum cebolleta
Trichocentrum jonesianum
Gomesa bifolia

Gomesa varicosa
Trichocentrum cavendishianum

Gomesa longipes
Vitekorchis excavata
Oncidium heteranthum

0

Gomesa flexuosa

Gomesa longicornu

Oncidium cheirophorum

Oncidium ornithorhynchum
| Gomesa cornigera

'Gomesa riograndensis
Gomesa loefgrenii
Gomesa ranifera
Oncidium amazonicum

|

Grandiphyllum divaricatum

Gomesa paranensoides

Lockhartia amoena

— Lockhartia grandibractea

Lockhartia oerstedii
Lockhartia serra

Lockhartia verrucosa
Lockhartia lepticaula
Lockhartia lunifera
Lockhartia niesseniae
Gomesa radicans
Gomesa recurva
Oncidium oxyceras
Lockhartia hercodonta
Phymatidium falcifolium
Lockhartia micrantha
Lockhartia acuta
Ornithocephalus ciliatus
Zygostates alleniana

B2

S

Zygostates lunata

Zygostates grandiflora

Trichocentrum pumilum

Gomesa echinata
’—‘—: Rudolfictia picta

Ornithocephalus gladiatus

Bl

~—————— |

Lockhartia bennettii

1.27 0.95 0.64

Coefficient

0.32 0.

|33

‘ Lockhartia obtusata

=3

0

Fig. 8 Phenogram of 47 species (46 of the subtribe Oncidiinae and 1 of the subtribe Maxillariinae), clusters and subclusters are discussed in the

text

and their margins might abaxially curve. This last condi-
tion may be associated to oil secretion (in the cases where
elaiophores were detected in the lateral lobes) or oil
accumulation, for the bees to collect with the legs. Addi-
tionally, this group of species does not present an elongate
rostellum, a characteristic that seems to be not quite related
to the type of oil flower, except in O. cheirophorum (Pacek
and Stpiczyniska 2007) and O. ornithorhynchum (Davies
and Stpiczynska 2009) in which rostellum is somewhat
elongated up to the base of the column.

In our cluster analysis, two types of oil flower can be
distinguished in species of Oncidiinae: A and B (into the
cluster B, three subtypes can be differentiated). Many of
the analyzed genera were represented in different clusters
supporting the idea that this condition is very variable at
the generic level. Our observations, together with pub-
lished works on Oncidiinae, proved that the genus
Gomesa is one of which exhibits high variability related
to the characteristics associated to the oil flower. In our
analysis, species of Gomesa were distributed in all

clusters (G. bifolia, G. flexuosa, G. herzogii, G. longi-
cornu, G. longipes, G. varicosa, G. venusta: type A,
G. echinata: type B1; G. radicans, G. recurva: type B2;
G. cornigera, G. loefgrenii, G. paranensoides, G. rani-
fera, G. riograndensis: type B3). Likewise Trichocentrum
is variable, but three species (7. cavendishianum, T. ce-
bolleta, T. jonesianum) were placed in cluster A, and only
T. pumilum was assigned as type B2. The species cur-
rently recognized in the genus Oncidium whose elaio-
phores were described by other authors (Pacek and
Stpiczyniska 2007; Davies and Stpiczynska 2009; Stpic-
zynska et al. 2013; Davies et al. 2014) also were associ-
ated with different types of oil flower. On the contrary, the
species studied of the genus Lockhartia (Blanco et al.
2013) and the members of the clade Ornithocephalinae, as
the genera Zygostates, Ornithocephalus and Phymatidium
(Pacek and Stpiczynska 2007; Pacek et al. 2012; Gomiz
et al. 2014), were less variable and were located in cluster
B, although in different subtypes in the case of
Lockhartia.
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Fig. 9 Reduced phylogeny of
the subtribe Oncidiinae
modified from Neubig et al.
(2012). The genera in bold were

——————— Continuation (Capanemia to Notylia)

considered in the cluster
analysis and species of the
underlined genera were

Gomesa (A, B1, B2, B3; 15/125 spp.)

Rhynchostele, Erycina

Brassia, Aspasia,
Cischweinfia, Oliveriana,

anatomically studied in the
present work. The
cluster/clusters are indicated
within brackets; and the number
of species with elaiophores on
the total number of species of —
the genus

Systeloglossum,
Miltonia

Otoglossum

Oncidium (A, B2, B3; 5/520 spp.)

Vitekorchis (A; 1/6 spp.)

Cyrtochilum (A; 1/120 spp.)
Caucaea

Miltoniopsis

Cyrtochiloides

<l Telipogon, Trichoceros,
Hofmeisterella

Lockhartia (B1, B2, B3; 13/35 spp.)

Trichocentrum (A, B2; 4/70 spp.)

Saundersia

Ornithocephalus (B2; 2/50 spp.)
Hintonella

Eloyella

Chytroglossa

Zygostates (B2; 3/20 spp.)
Phymatidium (B2; 1/10 spp.)
Fernandezia

Grandiphyllum (B3; 1/10 spp.)

%‘ Rossioglossum,
Cuitlauzina

In the case that more species of Oncidiinae with elaio-
phores will be described in the future, we will be able to
know more precisely how homoplastic is this condition in
this subtribe. Unfortunately, many species whose elaio-
phores were currently studied were not tested in the recent
phylogeny of the Oncidiinae (Neubig et al. 2012); how-
ever, some preliminary observations can be made (Fig. 9).

Davies et al. (2014) asserts that elaiophores are of limited
value in investigating the phylogeny of the Oncidiinae. The
genera with highest number of species anatomically studied are
Gomesa and Oncidium and give us evidence that characteris-
tics of the elaiophores are variable at a generic level, and
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Trichopila, Psychopsiella,
{I Psychopsis

——————————————— Rudolfiella [outgroup-Maxillariinae] (B1)

therefore, this is indicative of homoplasy. Renner and Schaefer
(2010) mentioned that convergence on a stereotypical syn-
drome of floral traits, associated with pollination by oil-col-
lecting bees, has been strong and that genera such as Oncidium
s.l., which were defined by floral characteristics, turn out to be
grossly polyphyletic (Chase et al. 2009). Thus, in some genera
(e.g., Gomesa, Oncidium, and Trichocentrum) the selection
pressure exerted by pollinators seems to have played a key role
in the evolution. For some species of these genera initially
Muellerian, later probably Batesian, mimicry of Malpighi-
aceae could be explained by evolutionary acquisitions (Renner
and Schaefer 2010). Even though some of these species can be
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considered putative mimics of Malpighiaceae, the presence of
elaiophores in orchid flowers represents that these species are
legitimate oil reward (Neubig et al. 2012).

On the other hand, genera as Zygostates, Ornitho-
cephalus and Phymatidium are homogeneous in the char-
acteristics associated with floral oil secretion. These
species, which are included in the monophyletic Ornitho-
cephalinae clade (Neubig et al. 2012), seem to have
acquired elaiophores only one time along their evolution,
as a synapomorphy for this group. Regarding the genus
Lockhartia, we observed that the species considered in our
cluster analysis belonged in the majority in subcluster B3,
but are also represented in subclusters B1 and B2; although
with some differences, the genus is totally positioned in
cluster B. The phylogeny of Neubig et al. (2012) demon-
strated the monophyly of Lockhartia; this suggests that oil
flower was acquired in some ancestral lineage and then
advanced with some differences in some branches. Blanco
et al. (2013) performed a detailed study of floral elaio-
phores in Lockhartia and affirmed that the common
ancestor may as well have had relatively simple, food-
deceptive flowers and that the more elaborate type of
elaiophore, found in species of the so-called Imbricata-
group, is a derived characteristic.

Based on reports of pollinators and/or floral visitors in
Oncidiinae and their correlation with the types of oil
flowers here recognized (see Table 2), different species of
Centris were associated with species of Oncidiinae within
type A, with few exceptions such as O. cheirophorum, for
which was cited Paratetrapedia sp. (Silvera 2002; Pacek
and Stpiczynska 2007); and Trichocentrum ascendens and
T. stipitatum (presumably type A), where Trigona nigra
was reported, a non-oil-collecting bee species (Parra-Tabla
et al. 2000) and Paratetrapedia sp. (Silvera 2002),
respectively. However, species of Centris sp. were also
observed visiting these two species. On the other hand, the
different subtypes of the type B were preferentially asso-
ciated with species of Paratetrapedia s.1. (including
Lophopedia) and Tetrapedia sp.

Species of cluster A are principally pollinated by bees of
genus Centris. In most species of these bees, the females
possess anteroventral (or inner) basitarsal combs on the
fore- and midbasitarsi in a “four legged” pattern of oil-
collecting organs (Neff and Simpson 1981). These bees
land at the flower, grasp the tabula infrastigmatica with the
mandibles and scrape the callus (and lateral lobes) to obtain
the floral oil (Vogel 1974). On the other hand, species
belonging to cluster B (all subclusters) are principally
pollinated by species of Paratetrapedia s.1. and Tetrapedia.
In females and males of Paratetrapedia s.1. (Michener and
Moure 1957; Neff and Simpson 1981; Roig-Alsina 1997;
Cocucci et al. 2000) and Tetrapedia (Michener and Moure
1957; Neff and Simpson 1981), the combs are present in

position posteroventral (or outer) only on the forebasitarsi,
in a “two-legged” pattern of the oil-collecting organs.
These bees either grasp the tabula infrastigmatica (e.g.,
Singer and Cocucci 1999) grip to the labellum with mid-
legs (Neff and Simpson 1981) or support their body on
labellum (Vogel 1974) while working on the callus with
the forelegs. The different positions (anteroventral/inner or
posteroventral/outer) of the oil-collecting apparatus of
different bees force these pollinators to forage differently.

Chase et al. (2015) commented that the parallel evolution
of oil-bee pollination arised in many independent linajes
(Papadopulos et al. 2013) and shifts away from this pollination
syndrome to other pollinators in different clades. The results
obtained in this work support this idea, therefore to continue
with the study of elaiophores in members of Oncidiinae
(especially in groups [i.e., genera, clades] not or few studied),
and help to understand the manner that this particular polli-
nation system has evolved in the subtribe Oncidiinae.
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