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Abstract
We studied the variation in the pollinarium and pistil of Epidendroideae and reconstructed the ancestral states of the char-
acters (pollinia number, pollinium orientation, pollinium with suture, and pollinium texture). The pollinarium is complete 
(formed by pollinium, caudicle, stipe, and viscidium) in Vandeae, Epidendreae, and Cymbidieae, but the caudicle is absent 
in some Aeridinae and the viscidium in Laeliinae and Pleurothallidinae. Neottieae, Arethuseae, Sobralieae, Epidendreae, 
and Xerorchideae included some genera having sessile pollinia. The more frequent state in the family is to have two pollinia, 
followed by four, eight, and six pollinia. The pistil is unilocular, although it seems to have experienced reversals several times 
within Epidendroideae because intermediate states were observed (e.g. Vanda and Angraecum). In these cases, a prolonga-
tion of the placental tissue is developed that in Huntleya and Peristeria make contact but do not fuse. Most members of the 
subfamily have pistil composed of three carpels divided into six emerging valves, but only three are fertile. In Cattleya and 
Sophronitis the sterile valves are much reduced and the pistil seems to have only three valves. We have generated useful and 
valuable information to understand the evolution of the reproductive organs in Epidendroideae. Probably, these transforma-
tions in the pollinarium and pistil have co-evolved in tandem with pollinators to make the pollination more efficient. Our 
results suggest that the common ancestor of Epidendroideae had a complete pollinarium, formed probably of four juxtaposed 
granular pollinia without suture, bearing caudicle, tegular stipe and viscidium, but several early transformations occurred 
during the Epidendroideae diversification.
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Introduction

Epidendroideae is the largest subfamily of Orchidaceae hav-
ing more genera and species than all the others together. It 
is characterized by its variety and diversity of forms (Kułak 
et al. 2006), including several phylogenetically advanced and 
morphologically derived tribes and subtribes (Chase et al. 
2003, 2015). Recently, Freudenstein and Chase (2015) ana-
lysed the phylogenetic relationships in Epidendroideae and 
progressive specialization and diversification including mor-
pho-anatomical characters, habit and distribution together 
with DNA sequences.

Only Epidendroideae and Orchidoideae, among the five 
subfamilies of Orchidaceae, present authentic pollinia and 
pollinarium (Singer et al. 2008), both subfamilies are also 
the richest in the number of species and genera (Chase et al. 
2003), and important contributions have been made to their 
phylogenies (for example, Inda et al. 2010, 2012; Chase et al. 
2015). Some traits of the pollinarium of Epidendroideae 
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and Orchidoideae have been previously studied (Schill and 
Pfeiffer 1977; Dressler 1981, 1993; Rasmussen 1982; Black-
man and Yeung 1983; Burns-Balogh and Funk 1986; Yeung 
and Law 1987; Seidenfaden and Wood 1992; Freudenstein 
1994; Freudenstein and Rasmussen 1996, 1997; Claessens 
and Kleynen 1998; Johnson and Edwards 2000; Szlachetko 
and Rutkowski 2000; Freudenstein et al. 2002; Szlachetko 
and Margońska 2002; Szlachetko 2003; Barone Lumaga 
et al. 2006; Bhanwra et al. 2006; Hidayat et al. 2006; Szla-
chetko et al. 2006; Rothacker 2007; Singer et al. 2008; Nieto 
and Damon 2008; Chase 2009; Chase et al. 2009; Szlachetko 
and Mytnik-Ejsmont 2009; Damon and Nieto 2012; Szla-
chetko et al. 2012; Pedersen et al. 2013; Freudenstein and 
Chase 2015; Freudenstein et al. 2017). However, there is 
still little information about the states of each character 
and the evolutionary pathways related to the pollinarium of 
the Epidendroideae, which is probably the subfamily hav-
ing greater variability in this structure. Therefore, here we 
improve the pollinia description, by studying details of the 
accessory structures because most of the available descrip-
tions in the literature available are oversimplified or lack 
this information.

The pollinaria are a key innovation in the evolution-
ary history of Orchidaceae and probably contribute to the 
diversification of this important family. Strategies such as 
the compaction grades of pollen grains and the presence of 
accessory structures (caudicle, stipe, and viscidium) pro-
vide easier transport by pollinators (Johnson and Edwards 
2000). The number of pollinaria in the flower of Orchidaceae 
depends on the number of viscidia and of stalks to which 
the pollinia are attached (Szlachetko and Rutkowski 2000). 
There is an even number of pollinia per anther that varies 
from two to eight, being usually uniform within a genus 
and probably also within the subtribes and tribes (Freuden-
stein and Rasmussen 1996). However, there are exceptions: 
In Brachionidium the number of pollinia varies from six 
to eight (Stenzel 2000; Becerra 2005). With respect to the 
number of pollinia, several interpretations have been made. 
Dressler (1993) inferred a possible pattern of reduction from 
eight, six, four to two pollinia, being the most advanced 
state. However, Freudenstein and Rasmussen (1996) con-
sidered that four pollinia are a plesiomorphic condition in 
orchids, two pollinia are the result of the merger of the four, 
and the eight pollinia may be caused by the transverse or 
longitudinal division of the pollen sacs.

The texture of Epidendroideae pollinia varies from granu-
lar, sectile to compact. This last type represents the greatest 
degree of cohesion of pollen and is deposited in full within 
the stigma. The compact and sectile pollinia are entire or 
have a longitudinal, dorsi-ventral or lateral suture or groove 
(Rasmussen 1982; Freudenstein and Rasmussen 1996, 1997; 
Johnson and Edwards 2000; Chase 2009). On the contrary, 
the sectile pollinia are subdivided into massulae, and one 

pollinium could pollinate several flowers (Johnson and 
Edwards 2000). The granulate pollinia are present mainly 
in the basal genera (Hesse et al. 1989; Rothacker 2007). 
The pollinium is generally accompanied by the accessory 
structures caudicle, tegular or hamular stipe, and viscidium. 
These facilitate the pollinium adhesion to the body of the 
pollinator (Johnson and Edwards 2000; Szlachetko and Rut-
kowski 2000; Peter and Johnson 2006; Harder and Johnson 
2008; Nieto and Damon 2008; Damon and Nieto 2012). The 
origin and shape of accessory structures have been discussed 
in some papers. The appendiculae caudicles have pollen, but 
in other cases the caudicles are freniculae, only composed 
of an elastic material (Mansfeld 1935; Dressler 1981, 1993; 
Freudenstein and Rasmussen 1997; Johnson and Edwards 
2000; Szlachetko 2003; Peter and Johnson 2006; Szlachetko 
et al. 2006; Harder and Johnson 2008; Szlachetko et al. 
2012). Two types of stipe have been identified, tegular or 
hamular. Both types originate from rostelar tissue. The tegu-
lar stipe is formed by the outer epidermis covering the ros-
tellum. On the contrary, the hamular stipe is formed by the 
apical part of the rostellum when it bends towards the anther 
(Szlachetko and Rutkowski 2000). Eventually, the viscidium 
may be diffuse or detachable, composed only by glue or a 
more elaborated cell structure (Dressler 1986; Freudenstein 
and Rasmussen 1999; Rothacker 2007; Pedersen et al. 2013). 
To more easily understand the parts of the pollinarium, the 
drawing in Fig. 1 shows its characteristics.

Many anatomical studies in Epidendroideae have focused 
on the analysis of vegetative structures (e.g. Stern and Whit-
ten 1999; Stern et al. 2004; Stern and Carlsward 2008; Stern 
2014) and the gynostemium (Szlachetko and Rutkowski 
2000; Szlachetko and Margońska 2002; Szlachetko 2003; 
Szlachetko and Mytnik-Ejsmont 2009). The characteristics 
of the pistil are useful data to characterize genera and closely 
related species (Veyret 1981); in the case of Vandoidea, the 
characters of the rostellum are useful to separate some gen-
era (Senghas 1993; Szlachetko et al. 2012). Features such 
as the number of carpels, locules, ovules, and type of vas-
cularization can provide critical information for understand-
ing the floral evolution of the family Orchidaceae. Some 
authors have suggested that the gynoecium of the orchids 
consists of six carpels, three sterile and three fertile (Lind-
ley 1830–1940, 1847; Saunders 1923; Arber 1925; Ver-
meulen 1966). More recently, Rasmussen and Johansen 
(2006) inferred that there are only three carpels divided into 
six valves, three of them sterile. In addition, Kocyan and 
Endress (2001) and Mosquera-Mosquera et al. (unpublished 
data) studied 3-carpellar pistils in Apostasia and Neuwiedia 
(Apostasioideae).

Most orchids have a unilocular ovary, while only a few 
supposedly basal groups have three locules (Reichen-
bach 1854; Sing-Chi 1982; Seidenfaden and Wood 1992; 
Freudenstein and Rasmussen 1999; Cameron 2003; Chase 
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et al. 2015). The trilocular condition, a result of the postgeni-
tal product of the fusion of the septa of the ovary, has been 
observed in Apostasioideae (Kocyan and Endress 2001) 
and Cypripedioideae (Atwood 1984; Mosquera-Mosquera 
et al. unpublished data). In Epidendroideae this character 
has been found in Palmorchis-Neottieae by Veyret (1981). In 
this regard, Swamy (1949) inferred that the trilocular ovary 
gradually turns into the unilocular ovary. Epiphytic orchids 
often have trichomes or elaters (Cribb 1999). The intra-ovar-
ian and endocarpic trichomes have scarcely been studied in 
Orchidaceae; they have only been described in Aeridiinae 
(Hallé 1986), some Angraecinae (Freudenstein and Rasmus-
sen 1999), and one member of Oncidiinae Oncidium flex-
uosum (Mayer et al. 2011). The vascularization of the pistil 
is another issue incipiently discussed in Orchidaceae. The 
floral venation patterns have not only been used for phylo-
genetic problem solving but also for establishing homolo-
gies between the floral organs (Gustafson 1995; Solis and 
Ferrucci 2009).

The main purpose of this paper is to study and describe 
the variability of the pollinarium and pistil and to reconstruct 
the ancestral states of the pollinarium in Epidendroideae, as 
a contribution to help understand the role of these structures 
in the process of pollination and its implications in the enor-
mous radiation of this subfamily.

Materials and methods

Material

Taking into account that the relationships within Epiden-
droideae tribes were much clarified by analyses of multi-
ple DNA regions, we follow the classification proposed by 

Chase et al. (2003, 2015) who recognized the larger clades 
as tribes and did not support the Epidendroideae “phy-
lads” proposed by Dressler (1993). In their classification, 
Chase et al. (2003) rearranged some problematic genera 
(e.g. Thaia) and segregated three new tribes: Thaieae, Xer-
orchideae, and Wullschlaegelieae. In Epidendroideae, Chase 
et al. (2015) recognized a total of 16 tribes, 27 subtribes, and 
approximately 514 genera. In their phylogenetic studies, four 
large clades are separated: Vandeae + Podochileae + Colla-
bieae, Cymbidieae, Malaxideae, and Epidendreae.

We have studied samples belonging to 109 genera of 
fourteen of the sixteen tribes of the subfamily Epiden-
droideae. To make a comparison, we also included gen-
era belonging to the remaining four subfamilies of Orchi-
daceae (Apostasioideae, Vanilloideae, Cypripedioideae, 
and Orchidoideae). We studied mainly fresh material, from 
the collections of Roberto de Angulo Blum (Popayán, 
Colombia), Rafael Geovo (Istmina-Chocó, Colombia), 
and the Sociedad Colombiana de Orquideología “SCO” 
(Medellín, Colombia), and a few dried samples provided 
by the Herbaria CHOCO (Universidad Tecnológica del 
Chocó, Quibdó, Colombia), COL (Universidad Nacional 
de Colombia. Bogotá. Colombia D.C.), HPUJ (Universidad 
Pontificia Javeriana, Santafé de Bogotá, Colombia. D.C.), 
HUA (Universidad de Antioquia, Medellín, Colombia), and 
JAUM (Fundación Jardín Botánico Joaquín Antonio Uribe, 
Medellín, Colombia), K (Royal Botanic Gardens Kew, Eng-
land, UK), LEB (Universidad de León, León, Spain), and 
MA (Real Jardín Botánico, Madrid, Spain), that provided 
us with permission required for the destructive sampling 
conducted. In a few cases dry specimens were used (e.g. 
Barbosella, Corallorhiza, Bletia, and Brassavola); the dry 
pollinaria were very carefully extracted to avoid damage or 
breakage of the structures, such as the tegula or hamulus, 

Fig. 1  Components of the 
Orchidaceae pollinarium, and 
pistil parts in transversal section
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because once deformed, it is very difficult to carry out a 
proper examination. Some information was obtained from 
the literature. For example, the features of the pollinium of 
Thaia follow Xiang et al. (2012) who describe and draw a 
sectile pollinium. The vouchers of the studied taxa and the 
references consulted are listed in the Online Resource 1.

Palynological study

The pollinaria were extracted from the anthers and pho-
tographed with a Nikon stereomicroscope 11.25 × digital 
camera Nikon Dxm1200. Images were captured with the 
software NIS-Elements F 2.20. The fresh pollinaria were 
dried at 60 °C for 8 h. In all cases, pollinaria were coated 
with gold–palladium before examining them under a scan-
ning electron microscope Jeol 6100 (Microscopy service 
of the University of León, León, Spain). The pollinarium 
characters were described according to the specific terminol-
ogy proposed for orchids (Schill and Pfeiffer 1977; Burns-
Balogh 1983; Dressler 1986; Hesse et al. 1989; Dressler 
1993; Freudenstein and Rasmussen 1996, 1997, 1999; John-
son and Edwards 2000; Szlachetko and Rutkowski 2000; 
Szlachetko and Margońska 2002; Szlachetko 2003; Sáenz 
2004; Singer et al. 2008; Szlachetko and Mytnik-Ejsmont 
2009).

Anatomical study

All samples were studied at anthesis to avoid changes in 
tissues linked to the developmental state (for example, the 
hard or lignified tissues in mature and older specimens). 
However, in the genera, Huntleya, Peristeria, Cattleya, and 
Sophronitis cross sections of ovaries were made in different 
floral stages to observe a possible variation in the number 
of locules and carpels. The fresh samples were fixed in FAA 
(formalin–alcohol–acetic acid, 90:5:5). Dried samples were 
rehydrated with a descending series of alcohols (96.5%, 
85%, 70%, 50%, 30%), by immersion during 2 h in each 
of the first 4 and 8 h in the last. Afterwards, samples were 
washed with distilled water and finally immersed in chloral 
hydrate for 2 days to complete hydration and partial clarifi-
cation of the tissues (Mosquera-Mosquera et al. unpublished 
data). Pistil cross sections were made with a Leitz 1320 
freezing microtome. The obtained slices had a thickness 
of 5–10 µm. They were observed and photographed with a 
fluorescence microscope Nikon Eclipse E600. The measure-
ments were performed using the NIS-Element AR 3.1. We 
follow the proposals for the terminology used in anatomical 
descriptions by Swamy (1948), Lavarack (1971), Walker 
(1975), Sterling (1974, 1977, 1978), Clifford and Owens 
(1990), Zhang and O’Neill (1993), Stern et al. (1993), Gas-
ser and Robinson-Beers (1993), Kocyan and Endress (2001), 

Rasmussen and Johansen (2006), Tsai et al. (2008), Endress 
(2011), and Mayer et al. (2011).

Ancestral reconstruction of characters

The pollinarium data compiled were recovered mainly from 
the material studied. To analyse the morphological evolution 
of the Epidendroideae we selected four representative pol-
linia characters, previously considered taxonomically impor-
tant to perform the ancestral states reconstruction (Online 
Resources 2, 3).

The selected characters were traced over a BI (Bayes-
ian inference) tree resulting from the phylogenetic analyses 
of a matrix generated with 5256 characters of sequences 
of nuclear ribosomal DNA (ITS) and plastidial (matK and 
trnL-F) retrieved from GenBank of 97 genera of Epiden-
droideae and 12 genera belonging to the other four subfam-
ilies of Orchidaceae (Online Resource 1). The sequences 
were aligned automatically (Geneious v.9.1 Biomatters) and 
subsequently verified and adjusted manually. The analysis 
was performed with MrBayes on XSEDE using the CYPRES 
(Miller et al. 2010). The resulting trees were edited with Tre-
eGraph2 (Stöver and Müller 2010). Maximum parsimony 
(MP) and maximum likelihood (ML) ancestral state recon-
struction analyses were performed using Mesquite (Mad-
dison and Maddison 2014).

Results

A summary of the studied characters is provided in Online 
Resource 2 and illustrated in Figs. 2, 3, 4 (pollinia and pol-
linarium) and Figs. 5 and 6 (pistil).    

Variations in pollinium and pollinarium 
of Epidendroideae

The pollinium of Orchidaceae is defined as the packaging 
of pollen in a compact, sectile, or granular unit. If the pol-
linium is fixed to accessory structures (caudicle, stipe, and 
viscidium), it is termed pollinarium. The variations in the 
pollinium are related to several characters: texture, number, 
size, orientation, and the presence of a suture or a groove. 
The suture varies in length and orientation in the pollinia 
of the subtribes Oncidiinae and Stanhopeinae. Finally, the 
type and number of accessory structures present important 
variations. Figure 2 illustrates all these variations: granular 
(Fig. 2a), sectile, and compact pollinia (Fig. 2b), with two, 
four (Fig. 2c–f), six, or eight pollinia, and pollen grains in 
the appendiculae caudicle (Fig. 2f) or elastic caudicle—
freniculae (Fig. 2g), tegular stipe (Fig. 2h) when present, 
and removable or detachable (Fig. 2h) and diffuse (Fig. 2i) 
viscidium.
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Pollinium texture

The pollinia of Epidendroideae present three different tex-
tures: granular, sectile, and compact (Fig. 2). The granu-
lar texture (Fig. 2a) was observed in members of the tribes 
Neottieae (e.g. Cephalanthera and Epipactis), Sobralieae 
(Sobralia), Arethusinae (Arundina). The sectile pollinium 
is present in Nervilieae (Nervilia), Tropidieae (Corymborkis 
and Tropidia), Wullschlaegelieae (Wullschlaegelia) and 
Thaieae (Thaia). Finally, the compact pollinium (Fig. 2b) is 
the most frequent arrangement of pollen in Epidendroideae.

Pollinia number with accessories structures

The Epidendroideae pollinarium is composed of two, four, 
six, or eight pollinia (Fig. 3). The pollinarium contains the 
accessory structures caudicle, stipe, or viscidium. In this 
regard, we observed that with a greater number of pollinia, 
the fewer number of accessory structures adhered to them. 
For example, pollinaria formed by six pollinia only present 
caudicle, whereas the pollinaria with two pollinia are formed 
by caudicle, stipe, and viscidium, with the exceptions of 
Pleurothallidinae and Laeliinae.

Pollinia size

We found notable differences in the size of pollinia within 
and between tribes and subtribes of Epidendroideae, from 
very small pollinia in Pleurothallidinae (110 μm long and 
305 μm wide) to the biggest size in Catasetinae (4300 μm 
long and 2752  μm wide). Only Zygopetalinae has pol-
linia more or less regular in size (1320–1750 μm long and 
635–952 μm wide).

Pollinia orientation

Inside the anther, the pollinia orientation is juxtaposed or 
superposed. In the juxtaposed pollinia—one pollinium is 
next to the other—(Fig. 4a–d, f, h–l). On the contrary, the 
superposed pollinia are located one over the other (Fig. 2e, 
g). The juxtaposed pollinia are the most frequent in many 
of the Epidendroideae subtribes, except in Coelogyninae, 
Maxillariinae, Zygopetalinae, and tribe Malaxideae, where 
they are superposed. Both types of orientation coexist in 
Oncidiinae; for example, if there are two pollinia the most 
frequent orientation is juxtaposed, but when there are four 
as in Caluera and Ornithocephalus, they are superposed.

Fig. 2  Diversity of pollinarium 
and pollinium and accessories 
structures observed in the SEM 
and stereomicroscope. a Granu-
lar pollinium of Epipactis his-
panica. b Compact pollinium of 
Angraecum sesquipedale. c Jux-
taposed pollinia of Cycnoches 
densiflorum. d Superposed 
pollinia Huntleya meleagris. e 
Full pollinarium of Oncidium 
povedanum. f Appendiculae 
caudicle of Epidendrum dif-
forme. g Freniculae caudicle of 
Oncidium varicosum. h Tegular 
stipe and removable viscidium 
of Ada elegantula. f Diffuse vis-
cidium of Huntleya meleagris. 
Scale bars: a, d = 1 mm; b–c, 
e, i = 500 µm; f–g = 100 µm; 
h = 200 µm. Po pollinium, Su 
suture, Ca caudicle, St stipe, 
Aca appendiculae caudicle, Fca 
frenicular caudicle, Vi viscid-
ium, Dvi diffuse viscidium, Rvi 
removable viscidium



358 H. R. Mosquera-Mosquera et al.

1 3

4 pollinia

1. Whole pollinia with freniculae
caudicle, tegular s�pe

Removable viscidium
Anguloa
Lycaste

Diffuse viscidium Xylobium

2. Whole pollinia with
appendiculae caudicle and
diffuse viscidium

Coelogyne

3. Whole pollinia with
appendiculae caudicle

Ca�leya
Corallorhiza
Dendrochilum
Epidendrum
Isochilus
Lanium

Oerstedella
Podochilus
Prostechea
Scaphyglo�s

4. Whole pollinia with tegular
s�pe

Removable viscidium
Chondrorhyncha
Ornithocephalus

Diffuse viscidium

Galeo�a
Huntleya

Kefersteinia
Maxillaria
Polystachya
Trigonidium

Warczewiczella

5. Whole pollinia with removable
viscidium

Compact pollinium

Earina
Cryptocentrum

Liparis
Malaxis

Granular pollinium Epipac�s

6. Whole pollinia sessile

Compact pollinium Dendrobium

Granular pollinium Cephalanthera

6 pollinia Whole pollinia with frenicular 
caudicle Appendicula

8 pollinia

1. Whole pollinia with
appendiculae caudicle

Ble�a
Brassavola
Chysis
Laelia

Schomburgkia
Sophroni�s
Spathoglo�s

2. Bipar�te pollinia with
appendiculae caudicle Elleanthus

3. Pollinium sessile

Granular
Arundina
Sobralia

Compact
Agrostophyllum

Ser�fera
Xerorchis

a

Fig. 3  Summary of pollinarium types in Epidendroideae arranged from primitive to derived types according to pollinia number
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2 pollinia

1. Pollinia with freniculae caudicle and 
tegular s�pe

Bipar�te pollinia Removable viscidium

Acineta
Ada

Aspasia
Cycnoches
Cyrtochylum
Eulophia
Gongora
Miltonia

Miltoniopsis
Oncidium
Peristeria

Pterostemma
Rodriguezia
Sievekingia
Solenidium
Stanhopea

Symphyglossum
Tolumnia

Whole pollinia Diffuse viscidium

Cischweinfia
Eriopsis
Houlle�a
Ionopsis
Paphinia
Polycycnis

2a. Bipar�te pollinia with appendiculae 
caudicle

Dryadella
Lepanthopsis
Masdevallia
Porroglossum
Scaphosepalum

Stelis
Trisetella

Zootrophion

2b. Whole pollinia with freniculae 
caudicle Restrepia

3. Bipar�te pollinia with tegular s�pe
Removable viscidium

Brassia
Comparea

Erycina
Macradenia
Notylia

Trichocentrum
Trichopilia
Vanda

Diffuse viscidium
Angraecum
Catasetum
Cyrtopodium

4. Bipar�te  pollinia with freniculae 
caudicle and tegular s�pe

Cymbidium
Peristeria

5. Bipar�te pollinia with freniculae 
caudicle and diffuse viscidium

Lockhar�a

6. Bipar�te and sec�le pollinia with 
freniculae caudicle

Removable viscidium
Corymborkis
Tropidia

Diffuse viscidium
Nervilia
Thaia

Wullschlaegelia

b

Fig. 3  (continued)
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Pollinia with suture

Some pollinia in Epidendroid present a suture (Fig. 4a–d, 
i). It varies in its length and position in the pollinium. The 
pollinium with suture is typical of the tribe Cymbidieae 
except in the subtribes Maxillarieae and Zygopetalinae. 
Nevertheless, this is not exclusive to compact pollinia. It 
occurs in genera with sectile pollinia (Corymborkis, Tro-
pidia, Nervilia, Thaia, and Wullschlaegelia) or pollinaria 
with more than two pollinia such as Elleanthus (Fig. 4i).

Structural variations of the pistil in Epidendroideae

Number and arrangement of carpels

The gynoecium is syncarpous in Epidendroideae. It is 
formed by three carpels divided into six valves. Three of 
them are placentiferous and three sterile. In addition, there 
are many morphological variations in size and union of car-
pels (Fig. 5), as we observed in the genera Cattleya, Dry-
adella, Masdevallia, and Stanhopea (Fig. 5b, j, k).

Fig. 4  Pollinaria with two, four, 
and eight pollinia seen with 
the stereomicroscope: a Vanda 
coerulea, b Gongora latisepala, 
c Peristeria elata, d Brassia 
gireoudiana, e Chondrorhyn-
cha amabilis, f Coelogyne 
massangeana, g Maxillaria 
cucullata, h Oerstedella wal-
lisii, i Elleanthus myrosmatis, 
j Schomburgkia splendida, k 
Laelia tenebrosa, l Brassavola 
nodosa. Scale bars: a–c, e–f, 
j–l = 1 mm; d, g–i = 0.5 mm
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The structure of carpels in the ovary of Cattleya and 
Sophronitis is very different from the rest of the Epiden-
droideae, hindering its interpretation. Frequently, the ster-
ile valves in this subfamily are the same size as the fertile 
valves, but in Cattleya (Fig. 5a) and Sophronitis, only the 
fertile carpels are visible. They are semi-triangular in trans-
versal shape having abundant parenchyma, a central vas-
cular bundle and several lateral ones. The three extremely 
reduced and sterile valves are hidden between the fertile 
ones, and the carpel is extremely reduced or little devel-
oped (see asterisks in Fig. 5a). Other Epidendroideae have 
the six visible but heteromorphic valves, as we observed 
in Dryadella, Masdevallia, and Stanhopea (Fig. 5b, j, k). 
The carpels have different degrees of separation: There are 

pistils connate only at the base, or rather connate between 
the sides, as occurs in Zygopetalinae. In these cases, they 
differ completely from the carpel walls. However, there is 
another condition in which the walls of the carpels are fused 
almost completely, i.e. in Epipactis, Lockhartia, Ornitho-
cephalus, and Erycina.

Locule number, placentation, and disposition of ovules

In Epidendroideae the pistil is clearly unilocular with pari-
etal placentation, but for example, in Cattleya (Fig. 5a), Lae-
lia, Huntleya (Fig. 5d), Peristeria, Sophronitis, Angraecum 
(Fig. 5f), and Vanda (Fig. 5g), the placentae are projected 
towards the centre of the locule. Only in Huntleya (Fig. 5d, 

Fig. 5  Pistil characters of 
some taxa of Epidendroideae 
observed with light field and 
fluorescence microscopes. a 
Cattleya quadricolor: three 
carpels divided into six valves 
(*three very reduced and 
sterile). b Dryadella meiracyl-
lium: three carpels divided into 
six valves. c Anguloa clow-
esii: unilocular ovary, linear 
placenta. d Huntleya meleagris: 
unilocular ovary with elongated 
placenta connected in the centre 
of the locule. e H. meleagris: 
detail of the proximal part of 
the placenta. f Angraecum ses-
quipedale: detail of extension of 
placental tissue. g Vanda coeru-
lea: detail of intermediate stages 
in the extension of placental 
tissue and sterile valves with 
intra-ovarian trichomes (IT, 
arrows). h Miltonia spectabilis: 
pistil with undifferentiated ovu-
lar tissue (UOT) surrounded by 
ovarian transmitting tracts (OT, 
arrows). i Epipactis hispanica: 
diffuse placenta. j Masdevallia 
coccinea: carpels irrigated only 
by ventral vascular bundles. 
k Stanhopea wardii: strongly 
vascularized carpels with 
ventral and lateral bundles. l 
Zootrophion oblongifolium: sty-
loid crystals (Mi). Scale bars: a, 
b, j–k = 500 μm, c–i = 200 μm, 
l = 50 μm
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e) and Peristeria the placentas are deeply intruding towards 
the centre of the locules, and make contact, but do not fuse, 
although in the middle part of the ovary they appear to have 
three locules, but in the basal transversal sections, the sepa-
ration is more evident. Therefore, in both cases the placenta-
tion is parietal and the ovary unilocular.

The parietal placentation in Epidendroideae occurs in two 
ways: The most frequent is the linear placenta having one or 
two longitudinal rows of ovules along the fertile part of the 
ovary (Fig. 5a, c). The second is the diffuse placenta, as a 
result of the presence of several ovules dispersed in a portion 
of the placenta from each carpel along the ovary, as observed 
in some genera such as Arundina, Epipactis (Fig. 4i), Coral-
lorhiza, Masdevallia (Fig. 4j), and Spathoglottis. Most of the 
ovules studied were poorly differentiated.

In this study, we report intra-ovarian trichomes in the pis-
tils of some genera of Epidendroideae. The intra-ovarian tri-
chomes were observed in the sterile valves. They are located 
in the mid-ovary region of Vanda (Fig. 5g). The outer sur-
face of the ovary is usually glabrous in almost all samples 
studied, rarely pubescent with glandular trichomes as in 
Scaphosepalum, Stelis, Trisetella, and Zootrophion or with 
multicellular multiseriate trichomes in Ornithocephalus and 
unicellular uniseriate trichomes in Spathoglottis (Fig. 6c).

Venation pattern

There are three types of vascular bundles in the pistil of 
the Epidendroideae: concentric perixylematic (Trigonidium, 
Cryptocentrum, Paphinia, Stanhopea, Brassia, Miltonia, 
Oncidium, and Isochilus), concentric periphloematic (Max-
illaria, Trigonidium, and Sievekingia), and collateral closed.

The vascular tissue of each carpel could be formed by 
ventral, ventral and dorsal, or dorsal, ventral and lateral vas-
cular bundles. In each carpel, the lateral vascular bundles 
are a result of the branching of the dorsal vascular bundles 
of the carpel wall. These are smaller than the dorsal and 
ventral ones. Most of the studied species (77%) have lit-
tle-vascularized pistils with only ventral vascular bundles 
(Figs. 5b, j, 6d); the remaining 23% have ventral, dorsal, 
and/or lateral vascular bundles (Figs. 5a, k, 6e). This is the 
case of Epidendrum, Schomburgkia, Sophronitis (Laelii-
nae), Catasetum and Cycnoches (Catasetinae), Aspasia and 
Trichocentrum (Oncidiinae), Acineta, Houlletia, Paphinia, 
Sievekingia and Stanhopea (Stanhopeinae), Peristeria (Coe-
liopsidinae), Huntleya (Zygopetalinae), Anguloa, Lycaste, 
Trigonidium (Fig. 6e), Maxillaria (Maxillariinae), and Den-
drobium (Dendrobiinae).

Structure and composition of the parenchyma of the carpel

The fundamental tissue of the carpels in most of the taxa is 
the parenchyma, except in Cryptocentrum (Fig. 6f), Stan-
hopea, Isochilus, and Angraecum, that is additionally com-
posed by sclerenchyma. It is clearly visible under ultraviolet 
light.

Mineral inclusions, such as raphides and druses, were 
found in the parenchyma in Cymbidium, Trigonidium, 
Acineta, Aspasia, Brassia, Porroglossum and styloid in 
Zootrophion (Fig. 5l), Spathoglottis, and Cattleya. Crystals 
of flavonoids were observed in the parenchyma of the yel-
low or brown pistil that makes the observation of the carpel 
tissues difficult in Cyrtochilum, Galeottia, and Maxillaria.

Fig. 6  Pistil characters. a 
Stanhopea wardii: orthotropic 
ovule. b Epipactis hispanica: 
anatropous ovules. c Spatho-
glottis plicata: trichomes on 
the outer wall of the ovary. d 
Arundina graminifolia: ventral 
vascular bundles. e Trigonidium 
egertonianum: dorsal and lateral 
vascular bundles. f Cryptocen-
trum latifolium: carpellar valves 
with sclerenchyma. Scale bars: 
a–d = 500 μm, b–e = 200 μm, 
f = 100 μm, c = 50 μm. VB ven-
tral bundle, DB dorsal bundle, 
LB lateral bundle
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Reconstruction of ancestral state characters

The combined nuclear and plastid alignment was 5256 bp 
in length. The Bayesian analyses recovered phylogenies not 
conflicting with the currently accepted one, with the excep-
tion of the tribes Neottieae, Sobralieae, Wullschlaegelieae, 
Xerorchideae, and Tropidieae, appearing in unresolved and 
low supported clades. Figure 7 shows the Bayesian majority-
rule consensus tree with most clades having maximum sup-
port and, all the tribes monophyletic except Arethuseae and 
Epidendreae which are polyphyletic.

A total of 57 pollinaria and carpel characters were stud-
ied. Fourteen of them—six related to the pollinaria and 
eight to the carpel—were polymorphic and showed several 
changes. Some states arose independently twice or many 
more times. Such is the case of the number of pollinia, for 
which the ancestral states reconstruction shows eight to 
eleven independent origins or the case of juxtaposed pol-
linia with at least eleven independent origins (Fig. 5a–d).

Transformations including reversions were observed in 
pollinium texture (at least 6 times), a number of pollinia (13 
times), pollinia with suture (twice), and pollinia orientation 
(5 times).

The reconstruction of the character states does not sup-
port an unequivocal hypothesis for all the traits for the 
most recent common ancestor (MRCA) of Epidendroideae 
(Online Resource 4) but suggested the most parsimonious 
states. In summary, Epidendroideae MRCA have pollinar-
ium completely formed by pollinium, caudicle, stipe and 
viscidium (ML = 0.9875), with four (ML = 0.5880) granular 
(ML = 0.6656) pollinia, without suture (ML = 0.9928), and 
juxtaposed (ML = 0.9904).

Discussion

Although the pollinarium and pistil characters have been 
widely studied in the family, a detailed study of the struc-
tures composing the pollinarium and their different states 
remains a necessity. Most of the references on this sub-
ject (e.g. Dressler and Dodson 1960; Schill and Pfeiffer 
1977; Dressler 1981, 1993; Rasmussen 1982; Blackman 
and Yeung 1983; Burns-Balogh and Funk 1986; Kurzweil 
1998; Freudenstein and Rasmussen 1996, 1997; Johnson 
and Edwards 2000; Rasmussen and Johansen 2006; Singer 
et al. 2008; Pedersen et al. 2013; Kant et al. 2013; Freuden-
stein and Chase 2015) do not show detailed images and/or 
schemes relating to types, shapes, and organization of the 
accessory structures of the pollinarium. A detailed study 
in a large group, such as Epidendroideae, allows better dis-
crimination and interpretation of their evolution, affinities, 
origins, and possible functions. Our study corroborated 
the great variability in the Epidendroideae highlighted 

previously by several authors (Freudenstein and Rasmussen 
1999; Szlachetko and Margońska 2002; Szlachetko 2003; 
Cameron 2003; Rasmussen and Johansen 2006; Singer et al. 
2008; Nieto and Damon 2008; Szlachetko and Mytnik-Ejs-
mont 2009; Damon and Nieto 2012). Most of the characters 
are very variable within tribes and subtribes. The results of 
the ancestral states reconstruction highlighted this.

On the other hand, the main gynostemium traits were 
used to perform classifications, but there is very little infor-
mation about structure and ontogeny (formation and types) 
of ovules. Therefore, studies like this one will always be 
a contribution, because knowledge about the states of the 
characters of the pollinarium and pistil allows a better under-
standing of the great variability of the subfamily Epiden-
droideae. It is especially important to work with fresh mate-
rial that permits a better visualization and interpretation of 
the morphology, avoiding possible errors derived from the 
deterioration of the most fragile structures.

Pollinarium

The reconstruction of the ancestral character states in Epi-
dendroideae with maximum parsimony and maximum 
likelihood suggested a MRCA of the Epidendroideae, the 
complete pollinarium, with granulate pollinium, caudicle, 
tegular stipe, and viscidium. In resolving the most parsimo-
nious ancestral character state when the analyses excluded 
or included representatives of other subfamilies (results 
not shown), some results vary. This could be related to the 
many changes that have occurred in the characters over time, 
probably caused by the strategies of dispersal of the pol-
linium and the pollinator type. The tribes that still preserve 
full pollinarium are Epidendreae (Calypsoinae) and Cym-
bidieae (Catasetinae, Coeliopsidinae, Eulophiinae, Eriop-
sidinae, Maxillariinae, Oncidiinae and Stanhopeinae). There 
are many similarities in the pollinarium of Oncidiinae and 
Aeridinae; both subtribes share the number of pollinia (two 
or four), the existence of a suture (in the double type), the 
short and irregular freniculae caudicle, and tegular stipe. The 
exception is the viscidium, which is very similar in almost 
all Oncidiinae (removable viscidium, shaped platform), but 
highly diversified in Aeridinae. The nature of the pollinar-
ium is a principal factor in understanding the evolution of 
the family Orchidaceae. It has been used as a relevant char-
acter in the classification and species identification because 
its features are taxonomically informative (Dressler 1986; 
Singer and Koehler 2004; Ramírez et al. 2007). However, 
some authors suggested parallel or convergent trends in pol-
linarium/pollinium morphology in the orchid groups (Wil-
liams 1970; Stenzel 2000; Dathe and Dietrich 2006) and that 
pollinarium types must have evolved several times indepen-
dently (Singer and Koehler 2004; Dathe and Dietrich 2006).
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The compaction of pollen in the pollinia in Epiden-
droideae may probably be caused by the modification of 
the strategies of pollen dispersal, in comparison with the 
usual dispersal known in other plants. It could be due to 
the fact that the masses of pollen in variable quantity and 
weight turned into ballast for pollinators whose body struc-
ture would not support such dimensions (because of pollinia 
size and weight). Probably, as part of the evolution in the 
family, the attached or accessory structures of the pollinia 
(caudicle, stipe, and viscidium) were formed to facilitate 
transport and together with the pollinia, constitute the pol-
linarium. Previously, other studies have mentioned that the 
caudicle, stipe, and viscidium attached to pollinium have 
different origins (Dressler 1993; Johnson and Edwards 2000; 
Singer and Koehler 2004). It has also been inferred that the 
association of the accessory structures with the pollinium is 
closely related to the strategy of transfer of pollen (Dressler 
1986; Pacini and Hesse 2002; Singer and Koehler 2004) and 
that the structure and function of the pollinarium cannot be 
studied isolated from other structural modifications which 
occurred during the evolution in Orchidaceae (Dressler 
1986; Johnson and Edwards 2000).

The Epidendroid caudicles are of two types: (1) Frenicu-
lae, elastic and sticky, that are considered to be the apomor-
phic state (Freudenstein and Rasmussen 1997). This occurs 
in Cymbidiinae, Catasetinae, Maxillariinae, Stanhopeinae, 
Coeliopsidinae, Oncidiinae and Aeridinae. (2) Appendicu-
lae caudicle composed by elastoviscin and pollen occurs in 
Bletiinae, Collabiinae, Coelogyninae, Sobralieae, Laeliinae, 
and Pleurothallidinae. Both types were proposed by Mans-
feld (1935) and accepted by Freudenstein and Rasmussen 
(1997). The two types vary in length; the longest occurs 
in some Bletiinae, Collabieae, Sobralieae, and Laeliinae, 
which coincide with the absence of the rest of the acces-
sory structures. The appendiculae caudicles are considered 
as an extension of the pollinia (Freudenstein and Rasmus-
sen 1997). Probably the absence of viscidium, for which the 
main function is to stick the pollinium to the pollinator’s 
body, losing this function, wherein the caudicle then func-
tions as the breaking point to facilitate deposition of the pol-
linia on the stigma (Johnson and Edwards 2000). There is no 
relationship between the size and the number of the pollinia 
and their evolution. This is evident in some Laeliinae (Bras-
savola, Laelia, Schomburgkia, and Sophronitis) having eight 
large pollinia. One would expect that the more the pollinia, 

the smaller they will be. Their reduction would make trans-
port of the pollinarium by the pollinating vectors easier and 
allows us to hypothesize that probably because of the dif-
ficulty in transporting the pollinarium of these taxa, it has a 
completely different morphology from the rest: Their joined 
caudicles form a mat with the pollinia attached to both ends 
(Fig. 2a). A study in Laelia rubescens revealed that only 
four of the eight pollinia are attached as a unit through the 
column of viscous material. They are transported by the 
animal vector to rather large receptive flowers, while still 
forming a package of four large pollinia relative to the stig-
matic surface, making it difficult and mechanically unlikely 
that pollinia from different sources may be deposited on the 
stigma (Trapnell and Hamrick 2006).

The stipe of Epidendroideae is usually individual and 
tegular, but is variable in length and shape. The pollinarium 
is hamular only in the Tropidieae. Both types, tegular and 
hamular pollinia, originate from the rostellum (Szlachetko 
and Rutkowski 2000). The last accessory structure compos-
ing the pollinaria is the viscidium, that in Epidendroideae 
can be diffuse (Kurzweil 1988; Freudenstein and Rasmus-
sen 1997; Rothacker 2007; Pedersen et al. 2013) or detach-
able (Kurzweil 1988; Freudenstein 1994; Freudenstein and 
Rasmussen 1997; Rothacker 2007) and plays a very impor-
tant role in the dispersion of the pollinarium. Some authors 
highlight the functional importance of the stipe and viscid-
ium in the pollination process (Dressler 1981, 1993). The 
stipe, by its length, facilitates the approach of the pollinia 
to the stigma (Hidayat et al. 2006), and the viscidium, by 
its viscous and sticky consistency, adheres the pollinium 
to the body of the pollinator (Johnson and Edwards 2000). 
However, it was observed in this study that in some cases 
in the absence of both structures, the caudicle assumes the 
function of adherence of the pollinia to the pollinator, as 
occurs in Laeliinae (Oerstedella, Prosthechea, Scaphyglot-
tis, Brassavola, Sophronitis, and Laelia). Laelia is a good 
example because most of them lack viscidium and its role 
is played by the caudicle. The much better sample is Pleu-
rothallidinae because most members lack viscidium and its 
role is played by the caudicle. Finally, some members of 
Arethusinae (Arundina) and Dendrobiinae (Dendrobium) 
studied have sessile pollinia.

As expected, the reconstruction of ancestral states in the 
subfamily suggested for the MRCA of Epidendroideae pol-
linium texture that the granulate state is the most parsimo-
nious. Nevertheless, a detailed study of the whole family 
(Mosquera-Mosquera et al. unpublished data) revealed that 
the pollinia texture has also changed over time in differ-
ent directions. In this study, the granular state (Fig. 7) is 
only observed in basal tribes and subtribes belonging to 
Epidendroideae (Neottieae, Sobralieae, Arethusinae, Xer-
orchideae, and Agrostophyllinae) agreeing with previous 
authors (Dressler 1981; Hesse et al. 1989; Rothacker 2007; 

Fig. 7  Bayesian tree obtained from the analysis of the combined 
data set (ITS, matK, trnL-F). The cladogram includes outgroups 
and shows the relationships among Epidendroideae. The tribes and 
subtribes classification follows Chase et al. (2015) and Freudenstein 
and Chase (2015). The values above branches are Bayesian posterior 
probabilities (BPP). The pie charts representing the ML probability of 
the states for the selected characters. The interpretation of each char-
acter and colour appears in the legend below the tree

◂
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Chase et al. 2015). In Orchidaceae, only Neuwiedia and 
Apostasia belonging to the subfamily Apostasioideae pos-
sess powdery pollen not forming pollinia and without elas-
toviscin. Therefore, the occurrence of the granular pollinia 
with easily friable tetrads in Epidendroideae indicates that 
very little elastoviscin is present inside the pollinium reduc-
ing the cohesion of the tetrad, this condition being very simi-
lar to that of members of Apostasioideae (Dressler 1993; 
Mosquera-Mosquera et al. unpublished data).

As an intermediate condition, the sectile pollinia (Fig. 7) 
with the pollen organized in massulae occurs in Nervilieae, 
Tropidieae, Wullschlaegelieae, and Thaieae. Sectile pol-
linia are present in about half of the Orchidoideae species 
and are characteristic of the tribe Orchideae and subtribe 
Goodyerinae (Dressler 1993; Chase et al. 2003; Ramírez 
et al. 2007). It is also characteristic in the Epidendroideae 
subtribes Gastrodiinae, Epipogiinae, Nerviliinae, Arethusi-
nae, Thelasiinae and Laeliinae (Freudenstein and Rasmussen 
1997), Neottieae (Rothacker 2007) and Tropidieae (Singer 
et al. 2008). In relation to this state, Freudenstein and Ras-
mussen (1997) recognize two states in the whole family that 
they termed Orchidoid and Epidendroid. The advantage of 
the sectile pollinia is that a single pollinium can pollinate 
several flowers (Freudenstein and Rasmussen 1997; John-
son and Edwards 2000; Pacini and Hesse 2002; Harder and 
Johnson 2008).

Finally, most of the taxa studied show a compact or hard 
pollinium (Fig. 7), very common in Epidendroideae, rep-
resenting the highest degree of cohesion of the pollen that 
is deposited as a unit on the stigma (Harder and Johnson 
2008). The presence of a hard pollinium was a very impor-
tant innovation for radiation of the subfamily which became 
the most diverse, successful and widely distributed within 
Orchidaceae as previously suggested by Dressler (1993). 
The sectile and hard pollinia seem to be apomorphic within 
Orchidaceae (Freudenstein and Rasmussen 1997). The sec-
tile pollinia arose at least four or five times in the evolution 
of the family (Burns-Balogh and Funk 1986; Dressler 1993; 
Pansarin and Estanislau do Amaral 2008), particularly in 
Epidendroideae.

Within the Epidendroideae, the diversity of the pollen 
texture is such that this subfamily presents all types reported 
for the Orchidaceae. It seems that texture is the result of the 
gradual aggregation of pollen (Harder and Johnson 2008). 
In this process, elastoviscin has played an important role 
allowing the existence of different dispersion units, from 
monads to tetrads (Pacini and Hesse 2002), and soft, sectile, 
or hard pollinia (Dressler 1986; Johnson and Edwards 2000). 
The pollen in monads, found in the most basally diverging 
orchid genera, belonging to Apostasioideae is the primi-
tive condition, but it has evolved several times in the orchid 
family (Dressler 1993; Cameron et al. 1999; Pansarin and 
Estanislau do Amaral 2008). Only Apostasioideae lacks this 

viscous and sticky substance, and the pollen is dispersed 
individually (Mosquera-Mosquera et al. unpublished data). 
The aggregation of the pollen in angiosperms has happened 
at least 39 times and independently; we think that the above-
mentioned changes improve the efficiency in the process of 
dispersion of the pollen (Harder and Johnson 2008).

There is also much diversity in the number of pollinia in 
Epidendroideae (Fig. 7). Although parsimony analysis does 
not define which of the states (two, four, six, or eight) is the 
most parsimonious for the MRCA of the subfamily, the four 
pollinia reached the highest value (0.5880) in ML analyses. 
Therefore, this analysis would support the suppositions to 
interpret this character (Freudenstein and Rasmussen 1996). 
We recognized four types in the subfamily. The plesiomor-
phic state is the presence of four pollinia (Rasmussen 1986; 
Rothacker 2007). It occurs in Maxillariinae, Oncidiinae, 
Laeliinae, Pleurothallidinae, Zygopetalinae, Calypsoinae, 
Neottieae, Ponerinae, Agrostophyllinae, Podochileae, Coe-
logyninae, Polystachyinae, Malaxideae, and Dendrobiinae. 
The presence of six pollinia was observed in this study only 
in the genus Appendicula (Podochileae), besides being a rare 
character state in the family. The sectile texture corresponds 
to an intermediate state, not only in the number of pollinia 
but also in the trend to compaction of the pollen in Orchi-
daceae. It is interpreted that the compaction of the pollen 
has evolved from granular to sectile and then to compact 
(Dressler 1986; Freudenstein and Rasmussen 1996, 1997; 
Harder and Johnson 2008). Six pollinia have already been 
mentioned in the genus Appendicula (Keng et al. 1998) and 
for two Pleurothallidinae: Chamelophyton and Brachionid-
ium (Stenzel 2000). The third case originated by the division 
of the 4 pollinia resulting in 8 (Freudenstein and Rasmussen 
1996), as we observed in some members of Agrostophylli-
nae, Collabieae, Bletiinae, Sobralieae, Laeliinae, Arethusi-
nae (e.g. Arundina (Szlatchetko and Margonska 2002), 
Xerorchideae and Podochileae. The last one, contrary to 
the previous one, occurred after the reduction from four to 
two pollinia or the fusion of the initial four pollinia. This 
is the most frequent case in most taxa of Epidendroideae. 
Subtribes having this state are Oncidiinae, Catasetinae, 
Cyrtopodiinae, Stanhopeinae, Eulophiinae, Nervilieae, 
Thaieae, Calypsoinae, Wullschlaegelieae, Tropidieae, Coe-
liopsidinae, Cymbidiinae, Pleurothallidinae, Eriopsidinae, 
Aeridinae, and Angraecinae. This change in the number of 
pollinia occurred especially in five subtribes with differ-
ent trends, in Aeridinae, Oncidiinae, and Pleurothallidinae 
(reduction from 4 to 2), Agrostophyllinae and Laeliinae (a 
division from 4 to 8). A hypothetical development model 
of the pollinia number revealed that the shape and type 
of pollinia are produced by the fusion or the septation of 
meristematic regions in the anther tissue in the subfamily 
Epidendroideae. The meristem septation produces four or 
eight pollinia per anther, while the lack of septation resulted 
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only in two pollinia per anther (Freudenstein and Rasmus-
sen 1996). The anther formed by four pollinia seems to be 
primitive in the family, and the anthers with two or eight 
pollinia derived from them (Freudenstein and Rasmussen 
1996; Cameron et al. 1999). These changes in the number 
of pollinia disagree with the hypothesis of a reduction pat-
tern from eight to six, four, or two pollinia (Dressler 1993) 
in many groups of Epidendroideae.

Undoubtedly, there is a relationship between the num-
ber and orientation of pollinia, with some exceptions (e.g. 
Dendrobium and Schomburgkia). In most cases, there are 
four superposed pollinia, whereas in the case of two, six, 
or eight pollinia, they are juxtaposed, although in another 
study two pollinia were treated as superposed (Freudenstein 
and Chase 2015). A differential overgrowth of the thecae 
and the flattening of the anthers (by a lack of full reorienta-
tion of the juxtaposed thecae) give rise to the superposed 
pollinia (Freudenstein and Rasmussen 1996; Freudenstein 
et al. 2002; Freudenstein and Chase 2015). The subtribes 
Oncidiinae, Pleurothallidinae, and Aeridinae have two or 
four pollinia when they are double and are juxtaposed. These 
changes of orientation have happened in Epidendroideae on 
many occasions from the most basal taxa to the most recent 
(Fig. 7). The most parsimonious state for this character is 
the pollinia juxtaposed.

Freudenstein and Chase (2015) treated the double pol-
linia as superposed even in the cases the pollinium have 
a cleft or a bilobed appearance, and suggested would be 
an evidence of a partition that have been lost or are still 
being developed. It was also observed in some double pol-
linia studied in this research and occurred mainly in the 
subtribes Stanhopeinae and Oncidiinae. The presence of a 
suture that can vary in length and location in the pollinium, 
and contrary to that proposed by Freudenstein and Chase 
(2015), are pollinia juxtaposed because they are arranged in 
the theca next to each other.

The orientation of the pollinium is a condition widely 
related to the rotation of the thecae and the anther dehis-
cence (Kurzweil 1987a, b; Dressler 1993; Freudenstein and 
Rasmussen 1996; Freudenstein et al. 2002), associating 
them this way: latrorse/superposed, introrse/juxtaposed. 
Studies on the anther ontogeny showed that the plesiomor-
phic state is the introrse anthers with juxtaposed pollinia 
and there have been several derived states; nevertheless, the 
Vandeae tribe that has latrorse anthers and superposed pol-
linia is believed to have experienced little or no reorienta-
tion. Therefore, it is likely that the current pollinia orienta-
tion states are due to heterochronic changes in the anther 
(Freudenstein et al. 2002).

The most parsimonious state for the MRCA of Epiden-
droideae is the entire pollinium (Fig. 7) without suture 
(ML = 0.9929). Therefore, the presence of a suture in the 
pollinium must be considered apomorphic as it is present 

in most of the double pollinium. (It is the advanced/apo-
morphic state.) The suture is present only in a few groups 
and has variations in length and location in the pollinium of 
the subtribes Angraecinae, Catasetinae, Eulophiinae, Cyr-
topodiinae, Maxillarinae (Cryptocentrum sensu Chase et al. 
2003), Coeliopsidinae, Stanhopeinae and Oncidiinae and the 
tribe Sobralieae. Probably, one of the persistent signs, which 
allow inferences about the reduction of the pollinium, is the 
presence of the suture. That is not exclusive to the double 
pollinia, as it was also observed in the four pollinia in Cryp-
tocentrum and eight pollinia of Elleanthus (Sobralieae). In 
the pollinia, the suture is the result of the union of the pollen 
content of two cores in a late stage of ontogeny; therefore, it 
should be considered as a different state (Freudenstein and 
Rasmussen 1996).

Pistil

Unlike the pollen, the pistil in the subfamily Epidendroideae 
has very little variation. It is unilocular, but in Huntleya 
(Zygopetalinae) and Peristeria (Coeliopsidinae), the pistil 
appears to be trilocular because the tissue of the placenta 
intrudes and makes contact in the centre of the locule creat-
ing three false locules. In the literature about Orchidaceae, 
one locule has been reported for Epidendroideae and three 
for Apostasioideae and Cypripedioideae (Garay 1960; 
Atwood 1984; Freudenstein and Rasmussen 1999; Cam-
eron 2003). The last is the plesiomorphic state in the fam-
ily. The same occurs in taxa belonging to families related to 
the Orchidaceae—e.g. Hypoxidaceae (Rudall and Bateman 
2002; Kocyan 2007; Kocyan et al. 2011). However, some 
taxa such as Cattleya, Laelia, Sophronitis, Scaphyglottis 
(Laeliinae), Vanda (Aeridinae), and Angraecum (Angrae-
cinae) have an extension of placental tissue, suggesting a 
hypothetical intermediate state. In a phylogenetic context, 
the further retraction of the placenta to form the unilocular 
ovary has occurred at least four times in orchids (Cameron 
2003).

In Orchidaceae, non-fertilized flowers have ovules with 
poorly differentiated tissues (Sagawa and Israel 1964; Zhang 
and O’Neill 1993; Li et al. 2016). This was verified in most 
of the samples of Epidendroideae studied. Only two genera 
present well-differentiated ovules. One is Stanhopea, hav-
ing primordial ovules presenting an erect position and dif-
ferentiated teguments clearly bitegmic in the initial stages 
(Fig. 6a). The second is Epipactis, having an anatropous 
ovule (Fig. 6b). It has been asserted that before the integu-
ments are differentiated, the curvature of the apex row cells 
occurs in the primordial anatropous or campylotropous 
ovules (Endress 2011). It defines the location of the cha-
laza and the micropyle position. However, more evidence 
is required to consider it as an orthotropic ovule given that 
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there are no references to the existence of this type in the 
Orchidaceae family.

Orchidaceae belongs to the group of angiosperm families 
with larger numbers of ovules, which incidentally coincides 
with the presence of pollinia that can bind between 5000 and 
4,000,000 pollen grains (Schill et al. 1992). There are two 
ways to interpret this phenomenon; the first is the possibility 
that the selection has favoured the formation of numerous 
small seeds and second that selection promoting, as second-
ary adaptation for a large number of ovules, the agglutina-
tion of pollen grains that ensure their fertilization (Johnson 
and Edwards 2000).

During the evolution of Epidendroideae, the unilocular 
condition of the ovary (Fig. 6) is probably very advanta-
geous for pollination, given the high number of ovules (usu-
ally over 100) attached to the placenta. The presence of a 
spacious area within the carpel facilitates the growth of the 
many pollen tubes formed by the pollen grains agglutinated 
in the pollinia (Rudall et al. 2002). It is expected that genera 
having the highest values of ovules, and a diffuse placenta 
have much more success in the fertilization (e.g. Epipactis, 
Corallorhiza, Spathoglottis, Dryadella, Masdevallia and Tri-
setella) than other Epidendroideae having pistils with linear 
placenta (one or two rows) in an area along the placenta of 
the ovary.

Another interesting characteristic is the presence of intra-
ovarian trichomes. In this study, intra-ovarian trichomes 
were observed in subtribes Coeliopsidinae and Aeridinae. 
The intra-ovarian trichomes appeared on the placenta of 
ovules with poorly differentiated cells located in the mid-
ovary region of Vanda. To describe the type of trichomes, 
we considered the theories proposed by some authors that 
indicate that the development of the ovary occurs after fer-
tilization (Clifford and Owens 1990; Zhang and O’Neill 
1993; Tsai et al. 2008; Mayer et al. 2011). In addition, Zhang 
and O’Neill (1993) described the development of hair cells 
emerging from the endocarp after pollination during the 
development of the fruit. Similarly, Mayer et al. (2011) also 
described the presence of endocarpic trichomes in fruits of 
Oncidium flexuosum only after pollination. However, in this 
study, only ovaries at different floral stages were studied and 
not fruits.

In Orchidaceae, the subject of intra-ovarian and endo-
carpic trichomes has scarcely been addressed so far; they 
have been described in Aeridiinae (Hallé 1986), in Angrae-
cinae (Freudenstein and Rasmussen 1999), and in Oncidium 
flexuosum (Mayer et al. 2011). They have also been studied 
in other monocotyledons, such as Asteliaceae belonging to 
Asparagales (Rudall et al. 1998). In this last case, they have 
been associated with the production of mucilage that cov-
ers the entire cavity of the ovary. Likewise, the trichomes 
located in the placenta have been reported for both mono-
cotyledons (Araceae (French 1987)) and dicotyledons [e.g. 

Salicaceae, Sapotaceae, Urticaceae, and Euphorbiaceae 
(Maheshwari 1950; Nagaraj 1952; Steyn et al. 1991)].

The results of our investigation indicate that pistils in 
the subfamily Epidendroideae are formed by three carpels 
divided into six valves, but only half of the six alternat-
ing valves are fertile. However, the pistils of Cattleya and 
Sophronitis have a very different pattern from the other Epi-
dendroideae. Only the fertile carpels are well distinguished. 
We interpret that small sterile valves are located between the 
fertile valves and it seems to have pistils with three carpels 
(Fig. 5a). Probably, this uncommon type of pistil represents 
an intermediate state between pistils with three carpels and 
pistils with three carpels divided into six valves. Further 
investigation into this aspect is necessary to determine if 
this organization is the result of the decrease in the number 
of the valves or the division of the carpels. The number of 
carpels forming the pistil in Orchidaceae has been contro-
versial. The presence of six carpels has been mentioned as 
a characteristic of the family (Vermeulen 1966; Puri 1951), 
but it has also been indicated that there is no evidence that 
the gynoecium consists of six carpels (Kurzweil 1998). 
Rasmussen and Johansen (2006) showed that in some cases 
the pistil is divided into six valves and, when this happens, 
the three sterile valves correspond to a sepal base and the 
three fertile ones to a petal base. In other cases such as sub-
family Apostasioideae only three fertile carpels have been 
reported (Kocyan and Endress 2001; Mosquera-Mosquera 
et al. unpublished data).

All these carpel structural changes in Epidendroideae are 
clear evidence of the evolutionary trends in the ontogeny 
of Orchidaceae, from three isomorphic carpels, in some 
Cypripedioideae and Apostasioideae, to six well-defined 
heteromorphic valve carpels in most of the Epidendroideae 
taxa studied here. Probably, the division of the ovary into 
these six valves is the result of a late development in ontog-
eny (Kurzweil 1998).

The study of the anatomy of the pistil in Epidendroideae 
revealed variations in the vascular tissue organization. 
Poorly vascularized carpels (with a single ventral bundle) 
are predominant. On the contrary, Trichocentrum, Stanho-
pea, and Trigonidium present highly vascularized carpels 
(with ventral, dorsal, and lateral vascular bundles). Swamy 
(1948) asserted something similar about the more primitive 
Apostasioideae and Cypripedioideae orchids: Six vascular 
bundles from the inflorescence axis enter and cross the pistil 
longitudinally. In other subfamilies, such as Epidendroideae, 
only three vascular bundles of the inflorescence axis reach 
the floral axis, then branching in each genus or species in a 
different way (Swamy 1948; Rao 1974).

Another component of the vascular system is represented 
by the lateral vascular bundles, which are located on the 
periphery of the carpels or are dispersed without following a 
regular pattern. These are smaller than the dorsal and ventral 
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bundles and arise from the branching of the dorsal vascu-
lar bundles (Hardy and Stevenson 2000). It can be inferred 
that the abundant vascularization in taxa presenting ventral, 
dorsal, and lateral vascular bundles (e.g. Catasetum, Cat-
tleya, Anguloa, Lycaste, Maxillaria, Sievekingia) is different 
from the plesiomorphic state—high vascularization lacking 

lateral vascular bundles—present in the most basal orchid 
genera (Apostasia, Neuwiedia, and Selenipedium) suggested 
by Rao (1974). On the contrary, abundant vascularization in 
Epidendroideae is a derived condition related to carpels with 
thick parenchyma. The detailed study of the vascularization 
of the Cypripedioideae, Apostasioideae, and Vanilloideae 

Fig. 8  Evolutionary trend in the number of pollinia and accessories structures of Epidendroideae. Po pollinium, Su suture, St stipe, Aca appen-
diculae caudicle, Fca frenicular caudicle, Rvi removable viscidium
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and also Orchidoideae and Epidendroideae clearly showed 
that there is no direct relationship between the first and the 
second groups, since in the latter there are patterns of high 
complexity associated with a large diversity that is reflected 
in the floral characters (Swamy 1948).

Trends in character evolution

The four reconstructed pollinia characters (number, ori-
entation, texture, and the presence of suture in the pollin-
ium) vary in Epidendroideae tribes and subtribes (Online 
Resource 2). The distribution of the character states across 
the subfamily could probably result from having evolved 
more than once in the subfamily.

Our results are consistent with the currently accepted 
systematic basis for the tribes and subtribes within Epi-
dendroideae. The current taxonomic proposal is based on 
molecular data (Whitten et al. 2000; Pridgeon et al. 2001, 
2003; Borba et al. 2002; van den Berg et al. 2005; Kułak 
et al. 2006; Sandoval-Zapotitla et al. 2010; Freudenstein and 
Chase 2015). In other cases, anatomical information of plant 
organs (Stern and Whitten 1999; Luo and Chen 2000; Stern 
and Judd 2001; Stern et al. 2004; Chase et al. 2008, 2009; 
Stern and Carlsward 2008) and palynological studies (Ack-
erman and Williams 1980; Hesse et al. 1989; Stenzel 2000) 
are also taken into account in the classification. Further-
more, in this study, we found that changes in the pollinar-
ium and pistil are not linear and represent a contribution to 
understanding the evolution of the reproductive organs and 
a reconstruction of the pollinium character states permitting 
their evolution to be understood more clearly (Figs. 7, 8).

It has been hypothesized that the rapid radiation of Epi-
dendroideae is probably associated with a specialization in 
pollination syndromes. As a result, this group has a mosaic of 
primitive and derivative morphological and molecular char-
acters, with few autapomorphies and fewer synapomorphies 
(Cameron et al. 1999; Chase et al. 2003; Rothacker 2007; 
Whitten et al. 2014). The continuous structural changes in 
the pistil and orchid pollinarium establish a much narrower 
connection with specific animal pollinators, which could lead 
to the elimination of competition between and within taxa of 
this family. Although the impressive floral diversity of orchids 
has been attributed to the adaptation to specific pollinators 
the diversity is higher in species sharing a pool of generalist 
pollinators (e.g. Johnson et al. 1998; Cozzolino et al. 2004).

Conclusions

The characteristics of the pollen and pistil studied here 
have partly improved the understanding of how the states 
of these characteristics have changed in the subfamily 

Epidendroideae, the transformations of the pollinarium 
and pollinium being more complex compared to the pistil 
(a unilocular ovary of three carpels divided into six valves). 
The results of this study allow the following conclusions 
to be drawn: It is demonstrated that the evolution of the 
characteristics of the pollinarium, pollinium, and pistil in 
Epidendroideae has not taken place in a linear form; on 
the contrary, probably, both reproductive structures have 
undergone reversions on more than one occasion in every 
tribe and subtribe. A primitive characteristic state (e.g. four 
granular pollinia) is present in the tribe Neottieae that in 
molecular analyses diverges early. In contrast, the subtribe 
Oncidiinae combines the most evolved characters in the 
pollinarium (two compact pollinia with suture), having 
also high taxonomic diversity. Epidendroideae presents the 
most evolved state in the number of carpels (three carpels 
divided into six valves), although some evidence observed 
(e.g. high reduction of the sterile valves) in Cattleya and 
Sophronitis indicates the tendency for reduction to only 
three, a condition that has been observed in the primitive 
subfamilies Cypripedioideae and Apostasioideae. The most 
frequent state in Epidendroideae is the unilocular pistil, 
only Peristeria and Huntleya having placental projections 
that seem to form three false locules. The number of loc-
ules of the pistil could have changed from one to three by 
developing the placenta and reversely from three to one by 
its retraction.

Epidendroideae presents a great variability in the char-
acters of the pollinarium, showing primitive and advanced 
character states. This should be a response to the adaptation 
for the great number and diversity of pollinators, which dis-
perse the pollinarium.
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