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A B S T R A C T

Balanophoraceae are root parasites, lacking both chlorophyll and typical cormophytic organization. There have
been few studies of pollen dispersal mechanisms in Balanophoraceae, and no studies on structures accompanying
pollen, such as orbicules. Anthers were analyzed in five South American taxa of Balanophoraceae (Langsdorffia
hypogaea, Lophophytum pyramidale, L. mirabile. subsp. bolivianum, Ombrophytum subterraneum and Helosis cayen-
nensis), in order to: (1) determine the presence of orbicules, characterize them and relate their presence with the
tapetum type, characteristics of the anther wall and dehiscence, and the pollination mode; (2) and analyze its
possible taxonomic value in relation to the phylogeny of the family Balanophoraceae. In three genera (Lopho-
phytum, Langsdorffia and Ombrophytum), the anthers were found to be dithecous, tetrasporangiate with longi-
tudinal dehiscence. In these taxa the endothecium is present and is responsible for dehiscing the anthers. In
Helosis the pollen sacs are welded in a synandrium with apical groves and lacking an endothecium. In all species,
a secretory tapetum is responsible for nourishing the pollen grains during their formation. The presence of
orbicules is variable among the species studied: it is found in Lophophytum and Langsdorffia, and is absent in
Ombrophytum and Helosis. In Lophophytum the orbicules appear as small and spheroidal corpuscles with smooth
surfaces. In Langsdorffia hypogaea the orbicules are conspicuous spherical, ellipsoid to ovoid forms. This study
shows that there is no relationship between layers present in mature anthers, dehiscence type, pollination mode
and orbicules presence. We report for the first time the presence of orbicules in the holoparasitic family Bal-
anophoraceae belonging to the order Santalales, in which there is scarce information available regarding the
presence of orbicules. Given the intergeneric variations and the consistency at generic level observed in the taxa
here analyzed, orbicules may have predictive value and potential for systematically oriented research questions.

1. Introduction

Orbicules or Ubisch bodies are corpuscles smaller than 1 µm, but can
reach up to 20 µm, composed of sporopollenin and located in the tapetal
anthers membrane (Erdtman, 1960; Pacini et al., 1985; Huysmans et al.,
1998; Galati et al., 2010; Ruggiero and Bedini, 2020; Shamrov et al.,
2021). They are formed simultaneously with the pollen grains, and
exhibit similar reaction to dyes, electron density, autofluorescence and
resistance to the acetolysis as the exine (Heslop-Harrison, 1962; Chris-
tensen et al., 1972). In most plants, the orbicules were associated with

the presence of a secretory tapetum (Huysmans et al., 1998). However,
over time, they were also found in anthers with plasmodial and invasive
non-syncytal tapetum (Gotelli et al., 2023).

Various hypotheses exist regarding the potential functions of these
corpuscles ranging from dispersing pollen grains to playing a role in
pollination (Huysmans et al., 1998; Vaknin et al., 2000; Vinckier and
Smets, 2001), but no consensus has yet been reached. Some authors
consider them to be no more than a by-product of tapetal metabolism,
however in wheat they have been shown to carry a sporophytic protein
(RAFTIN) that is targeted to the microspore exine and is essential for
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pollen development (Wang et al., 2003). It has even been proposed that
their study has practical implications related to wellness and health,
since the orbicules may play a possible role as a vector of pollen aller-
gens. Vinckier et al. (2005) report the presence of allergens in the
orbicules, and if these microscopic particles are dispersed into the at-
mosphere and are inhaled by individuals, they may act as very effective
vectors of allergens.

The presence of orbicules is confirmed in 1150 taxa. On the contrary,
orbicules have been reported to be absent in 619 taxa (Moon, 2018).
Generally, orbicule development has been reported from the ANA grade
(the earliest diverged group) the most primitive taxa, even within pte-
ridophytes, gymnosperms and angiosperms (Verstraete et al., 2014).
Therefore, orbicules can be considered as a primitive character whose
presence has been found even in fossil records of flowering plants
(Taylor, 1976; Zetter et al., 2002; Balthazar et al., 2005). As well as
pollen morphological traits, orbicules may provide important clues to
identify plant species and infer their evolutionary history (Moon, 2018).

In angiosperms, they are common in monocots but are absent in late-
branching clades such as the majority of Asteraceae and the majority of
Lamiaceae, revealing an evolutionary trend from presence to absence
along the phylogenetic tree. Orbicules are a plesiomorphic trait;
nevertheless, their occurrence represents a consistent characteristic
within specific taxa at the family and genus levels. Therefore, orbicule
distribution might be a useful diagnostic character in systematics
(Banerjee, 1967; Heslop-Harrison and Dickinson, 1969; Christensen
et al., 1972; Raj and El-Ghazaly, 1987; El-Ghazaly, 1989; El-Ghazaly and
Chaudhary, 1993; Vinckier et al., 2000; Schols et al., 2001; Vinckier and
Smets, 2002a–c, 2003; Galati, 2003; Rosenfeldt and Galati, 2008;
Lovisolo and Galati, 2012; Verstraete et al., 2014; Moon, 2018; Ruggiero
and Bedini, 2020).

In parasitic plant groups, studies on the presence of orbicules on
anthers are limited. In hemiparasitic plants, Ruggiero and Bedini (2020)
investigated orbicules in Krameria lanceolata Torr. (Krameriaceae) and
Osyris alba L. (Santalaceae) but reported that the internal surface of the
anthers was smooth and lacked orbicules; however, among the Lor-
anthaceae they evidenced the presence of orbicules of a size below a
micrometer in Loranthus europaeus Jacq., Alepis flavida (Hook.f.) Tiegh.
and Tripodanthus flagellaris (Cham. & Schltdl.) Tiegh. In holoparasitic
plants, very prominent orbicules have been observed in Cuscuta europaea
L. (Govil and Lavania, 1980) and Cuscuta obtusiflora H. B. and K.
(Rodríguez-Pontes, 2009).

The Balanophoraceae L. C. Richard et A. Richard, are holoparasitic
root species, living underground, devoid of chlorophyll and lacking the
typical structures of cormophytic organization. They present in-
florescences totally or partially above-ground, or even completely un-
derground, of fungoid aspect, with a large number of tiny unisexual
flowers (Kuijt, 1969; Hansen, 1980a; Mauseth et al., 1992; Hsiao et al.,
1993, 1994; Gedalovich-Shedletzky, 1990; Gonzalez and Mauseth,
2010; Sato and Gonzalez, 2016).

Balanophoraceae is a family of mostly tropical or subtropical dis-
tribution, presenting 13 genera, 7 of which are in America, with 18
represented species (Hansen, 1980b; Nickrent, 1997; Nickrent and
Musselman, 2004; Su et al., 2015). The presence of orbicules has not
been previously reported among the species of this family.

Langsdorffia hypogaea Mart. (subfamily Balanophoroideae) is often
collected in various habitats including neotropical savanna and tropical
rainforest, from Mexico to Southeast Brazil and Paraguay (Hansen,
1980a; Pott and Pott, 1994; Fox and Zardini, 1998; da Silva Freitas et al.,
2017; Santos et al., 2017; Thorogood and Santos, 2020). It is a dioecious
species with reddish inflorescences (Cardoso et al., 2011). No anatom-
ical studies have been carried out on this taxon, and the pollen grains
have been described as isopolar, tetraporate and suboblate (Hansen,
1980a). Investigations on its floral biology report nectar secretion by
extrafloral structures, as well as a high diversity of floral visitors, and the
presence of a bird species visiting inflorescences has even been recorded
(Santos et al., 2017). It is worth noting that Coleoptera of the family

Nitidulidae were the most abundant pollinators (da Silva Freitas et al.,
2017).

Lophophytum pyramidale (Leandro) L.J.T. Cardoso & J.M.A. Braga
grows in mixed tropical forest in NE Argentina and SE Brazil, and
L. mirabile subsp. bolivianum (Wedd.) B. Hansen is found in evergreen
forests in Argentina, Bolivia, Brazil and Paraguay (subfamily Lopho-
phytoideae) (Burkart, 1949; Hansen, 1980a, 1980b, 1987; Xifreda,
1999; Zuloaga et al., 2008; Novara, 2009; Sato, 2015). Both species are
monoecious and have inflorescences composed of unisexual flowers.
Embryological studies on these species described the embryo-sac as of
the Adoxa type and tends to take a “J” shape (Sato and Gonzalez, 2016,
2017, 2022). The anatomy and development of the staminate flowers of
L. pyramidale and L. mirabile subsp. bolivianumwere investigated by Sato
and Gonzalez (2013, 2022), who reported that microsporogenesis and
microgametogenesis develop normally, but the presence of orbicules
was not recorded in these investigations.

Ombrophytum subterraneum (Aspl.) B. Hansen (subfamily Lopho-
phytoideae) inhabits Andine highlands in dry bushland (Puna) and
evergreen and deciduous mountain forests in Argentina, Chile, Bolivia
and the Galapagos Islands (Kuijt, 1969; Hansen, 1980a). It is a monoe-
cious species, but there are collections of individuals with pistillate
flowers only (Mauseth et al., 1992). No reproductive anatomy or
embryology studies have been carried out on this taxon. Only the pollen
grains have been described as predominantly tricolporate, spheroid and
having an almost smooth exine (Hansen, 1980a). The economic
importance of this species was reported by Sato et al. (2024), who
describe the food and medicinal potential of these plants consumed by
rural populations.

Helosis cayennensis (Sw.) Spreng. var. cayennensis (subfamily Hel-
osiodoideae) grows in tropical rain forests and montane forests in damp
places in Central America as far as NE Argentina (Hansen, 1980a; Fon-
tana and Popoff, 2006) .The protogynous inflorescence is spadix-like,
with tiny unisexual flowers. The complete development of unisexual
flowers, including normal sporogenesis, gametogenesis and its partic-
ular type of embryo-sac, named Helosis-type has been described in this
species, but there is no mention of the presence of orbicules in the
welded pollen sacs in a synandrium (Gonzalez et al., 2013, 2019).

In this paper the anthers of five taxa from the family Balanophor-
aceae are analyzed: Langsdorffia hypogaea (subfamily Balanophor-
oideae),Ombrophytum subterraneum, Lophophytum pyramidale, L. mirabile
subsp. bolivianum (subfamily Lophophytoideae), and Helosis cayennensis
var. cayennensis (subfamily Helosiodoideae) in order to: (1) determine
the presence of orbicules, characterize them and relate their presence
with the tapetum type, characteristics of the anther wall and dehiscence,
and the pollination mode; (2) and analyze its possible taxonomic value
in relation to the phylogeny of the family Balanophoraceae.

2. Materials and methods

2.1. Plant materials

Morphological observations of orbicules were based on plants spec-
imens collected and deposited in the Instituto de Botánica del Nordeste
Herbarium (CTES), Universidade Federal de Minas Gerais Herbarium
(BHCB) and Universidad Nacional de Jujuy Herbarium (JUA), voucher
information is listed in Table 1. One inflorescence with mature pollen
grains was taken per specimen and then ten staminate flowers were
excised from each for observation and analysis by light and scanning
electron microscopy.

2.2. Light microscopy (LM)

Anthers were fixed in FAA (formaldehyde, 70% ethyl alcohol, acetic
acid 5:90:5). The material was dehydrated in series of histological
dehydrating (Gonzalez and Cristóbal, 1997), paraffin embedded,
transversally cut with rotary microtome Microm HM350 into 10 µm
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Table 1
Summary of the characteristics of staminate flowers, androecium, anther wall, orbicules, pollen grains and pollinationmode in the five Balanophoraceae species analyzed, based on the observations of the present work and
also on previous research.

Species Staminate flowers,
androecium, anthers

Dehiscence Endothecium Tapetum Orbicules Pollen Pollination mode Voucher information

Shape Size [µm],
min-max
(mean,
standard
deviation)

Characteristics

Lophophytum
mirabile

1 piece of perianth,
2 free stamens, anther
dithecous and
tetrasporangiate (Sato
and Gonzalez, 2013)

longitudinal 1-3 layers, well-
developed lignified
thickenings

secretory spheroidal small,
0.27 - 0.41
(X: 0.34, SD:
0.047)

without outstanding
surface
characteristics,with a
low electron density
central core

spheroidal,
tricolporate,
sincolpate, with a
thin exine without
conspicuous
sculptures

cantharophily
syndrome (Ferrer
et al., 2011; Sato,
2015)

ARGENTINA
Prov. Jujuy: National Park
Calilegua,
Sato 430: 23◦56’57.3’’S/
64◦55’46’’W; Sato 432, 434,
436: 23◦45’30’’S/ 64◦51◦5’’W
(CTES)
Prov. Salta: Caraparí, Sato 202:
20◦20’47.4’’S/ 63◦48’11.1’’W
(CTES)

L. pyramidale 2 pieces of perianth
2 free stamens, anther
dithecous and
tetrasporangiate
(Sato and Gonzalez,
2013)

longitudinal 1-3 layers, well-
developed lignified
thickenings

secretory spheroidal small,
0.27 - 0.41
(X: 0.34,
SD.: 0.047)

without outstanding
surface
characteristics, with a
low electron density
central core

spheroidal,
tricolporate,
sincolpate, with a
thin exine without
conspicuous
sculptures

cantharophily
syndrome (Ferrer
et al., 2011; Sato,
2015)

ARGENTINA Prov. Misiones:
San Ignacio and Salto Tabay;
Sato 114:27◦16′27.6"S/
55◦31′34.0"W, Sato 421, 422,
423: 26◦59′49.9"S
55◦10′48.6"W (CTES)

Langsdorffia
hypogaea

3 pieces of perianth,
3 stamens fused into a
synandrium, anther
dithecous and
tetrasporangiate

extrorse and
longitudinal

1 layer,
underdeveloped
lignified thickenings

secretory spheroidal,
ellipsoidal to
ovoid

large:
4.81 - 6.42
(X: 5.86, SD:
0.48)
wide:
3.99 - 4.91
(X: 4.39, SD:
0.26)

it was not possible to
determine whether
they are solid type or
with central core

isopolar,
tetraporate,
equinulate

cantharophily
syndrome (da
Silva Freitas et al.,
2017)

BRAZIL. Minas Gerais: São Joao
do Rio Preto, Mota 2862:
20◦25′59.34′’S/
43◦30′23.26′’W, (BHCB)

Ombrophytum
subterraneum

lack perianth parts, 2
free stamens, anther
dithecous and
tetrasporangiate

longitudinal 1-3 layers, well-
developed lignified
thickenings

secretory absent absent absent spheroidal,
tricolporate with
an almost smooth
exine

cantharophily
syndrome

ARGENTINA Prov. Jujuy:
Rodeo, Yavi department,
Gómez Villafañe & Sato 4, 9, 17,
18, 30: 22◦17′47.60"S/
65◦55′9.73"W (JUA)

Helosis
cayennensis

3 tepals,
3 stamens fused into a
synandrium, with 9
pollen sacs (Gonzalez
et al., 2013)

3 apical
longitudinal
grooves

absent, dehiscence
due to epidermal
and parietal layers
rupture

secretory absent absent absent spheroidal,
tricolpate, granular
exine (Gonzalez
et al., 2013)

unknown ARGENTINA Prov. Corrientes:
Apipé Grande Island, Ituzaingó
department, Gonzalez & Popoff
239, Gonzalez & Sato 470:
27◦26’49.5’’S/ 56◦56’50.5’’W
(CTES)
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óm
ez
Villafañe
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thick sections. It was coloured using safranin - fast-green (Johansen,
1940) and with safranin-astra blue combination (Luque et al., 1996). It
also included material in synthetic resin (Historesin Leica) prior dehy-
dration in increasing ethanol series (O’Brien et al., 1981). Cuts of 7 µm
thick were made and stained with toluidine blue (O’Brien et al., 1964).
Histochemical tests were performed in these cuts with Lugol for
detecting starch, and Sudan III for lipid substances (Ruzin, 1999). The
observations were made with an LEICA DMLB2 light microscope
equipped with a polarizing filter and recorded with a LEICA ICC50HD
digital camera.

2.3. Scanning electron microscopy (SEM)

The material fixed in FAA was dehydrated in ascending acetone se-
ries, dried at critical point with CO2 (Denton Vacuum LLC, DCP-1) and
metalized with palladium gold (Denton Vacuum, Desk II). A MEB Jeol
LV5800 (Electron Microscopy Service of the Universidad Nacional del
Nordeste, Corrientes, Argentina) and a Jeol LV6480 (Electron Micro-
scopy Service of the Universidad Nacional de Salta, Salta, Argentina)
were used for observations.

2.4. Transmission electron microscopy (TEM)

Observations using this equipment could only be made on Lopho-
phytum species. Three anthers of each specimen of Lophophytum in
different stages of development were fixed in 4% glutaraldehyde in 0.1
M phosphate buffer (pH 7.2) and post-fixed in OsO4 at 2◦C in the same
buffer. In the fixation protocol, the pH value was adjusted to a value of
7.2 after several trials to observe these species. Dehydration was carried
out in acetone and embedded in Spurr synthetic resin. With ultrami-
crotome Sorvall MT1 ultrathin sections (750 nm to 900 nm) were made,
which were contrasted with uranyl acetate and lead citrate (O’Brien &
McCully 1981) and observed with TEM Zeiss EM 109T equipped with
digital camera Gatan ES1000W from the Laboratorio Nacional de
Investigación y Servicios de Microscopía Electrónica de la Universidad
de Buenos Aires (Argentina).

2.5. Orbicules analysis

The orbicules measurements were performed using free image
analysis software ImageJ® (Rasband, 2023; Gonzalez, 2018). The mean
(X) and standard deviation (SD) were calculated based on the mea-
surement of 100 orbicules taken at random from one anther of at least
five different flowers of each species. Measurements were taken from
SEM and TEM images for Lophophytum and LM and SEM for Langsdorffia.

3. Results

Table 1 summarizes the characteristics of staminate flowers,
androecium, anther wall, orbicules and pollen grains in the five Bal-
anophoraceae species analyzed, compiling information from the present
work and also from previous research.

The inflorescence of Lophophytum mirabile and L. pyramidale have a
primary rachis bearing secondary rachises densely covered with uni-
sexual flowers (Fig. 1A-B). The pistillate flowers are located in the
proximal third and the staminate flowers in the distal part of the primary
rachis. Staminate flowers of both species are reduced to two stamens and
pieces of perianth of fleshy nature, one piece in L. mirabile and two in
L. pyramidale, they do not cover the anthers, leaving these exposed
throughout development (Fig. 2A-B). The anthers are dithecous, tetra-
sporangiate (Fig. 2C) and their dehiscence is longitudinal. In the trans-
versal section of a young anther, a tapetum of secretory type overlaying
the pollen sacs can be seen (Fig. 2D-E). This tapetum is composed of a

single layer of uninucleate cells with a dense cytoplasm. Mature anther
wall is formed by epidermis and one to three layers of endothecium with
well-developed lignified thickenings (Fig. 2C, F).

The orbicules are attached to the inner walls of the tapetum and are
visible from the free microspore stage. They remain evident even in
dehiscent anthers with mature pollen grains (Fig. 2F). TEM observations
of anthers in microspore-free stages revealed spheroid corpuscles of
different electron density in the cytoplasm of the tapetal cells, corre-
sponding to pro-orbicules (Fig. 2G). The already formed orbicules are
first associated with invaginations of the plasmatic membrane of the
tapetal cells and then they can be observed along the walls of the tapetal
cells (Fig. 2H). With LM, small orbicules can be observed and have
identical coloration to the microspore wall (Fig. 2E). At the pollen grain
stage, the orbicules of both Lophophytum taxa are of spheroidal type,
small in size ranging from 0.27 μm to 0.41 μm (X: 0.34 μm, SD: 0.047),
without prominent surface features with a central core of low electron
density (Fig. 2H-I).

Pollen grains are spheroidal, tricolporate, sincolpate, with a thin
exine without conspicuous sculptures (Fig. 2E-F). Pollen grains are
released from the anther at the bicellular stage, with orbicules still
present above the remnants of the tapetal membrane, where the cells
have already collapsed.

In Langsdorffia hypogaea the inflorescences are unisexual, staminate
flowers are monochlamydeous, generally trimerous (less common
dimerous and tetramerous), formed only by perianth and stamens
(Fig. 3A, 4A). The androecium is formed for 3 stamens (less often 1-2)
fused into a synandrium (Fig. 3A-B, E). Anthers are bithecal and tetra-
sporangiate, with extrorse longitudinal dehiscence (Fig. 3E). When
pollen sacs have free microspores, the anther wall consists of epidermis,
a layer of underdeveloped endothecium without thickenings and a
secretory-like tapetum (Fig. 3D). At the time of dehiscence, the tepals
covering synandrium open and recurve, the walls of anthers break
longitudinally because of the wall weakness, not specifically by the ac-
tion of poorly developed endothecium, both in cell size measured in
radial development as in the presence of lignified thickenings (Fig. 3C).

The orbicules are observed both at the free microspore stage
(Fig. 3D), as in dehiscent anthers with mature pollen grains, where
remnants remain adhered to the inner walls of the pollen sacs (Fig. 3C).
Conspicuous orbicules are observed on the inner wall of the pollen sacs
and also scattered between the pollen grains (Fig. 3C-D). They have
spherical, ellipsoidal to ovoid shapes (Fig. 4C-D). Its size is 4.81 µm to
6.42 µm in length (X: 5.86 µm, SD: 0.48) and 3.99 µm to 4.91 µm in
width (X: 4.39 µm, SD: 0.26). They have the same reaction to the dyes as
the exine (Fig. 3D); they have negative reactions to the starch and lipid
substances. Given the inability to obtain adequate samples for process-
ing with TEM, it was not possible to determine whether they are solid
type or with central core. The pollen grains are dispersed in a bicellular
state, they are isopolar, tetraporate, equinulate, and they measure from
15 µm to 22 µm (Fig. 4B).

In Ombrophytum subterraneum the inflorescences are formed by a
primary subterranean rachis carrying numerous secondary rachises on
which the unisexual flowers are arranged (Fig. 1C-D). The primary
rachis have pistillate flowers in the proximal part and staminate flowers
in the distal third. Inflorescences with only pistillate flowers have also
been found. The staminate flowers lack perianth parts and each flower is
composed of two stamens, with longitudinal dehiscence (Fig. 5A). The
anthers are dithecous and tetrasporangiate. The wall of the mature
anther consists of epidermis, one to three layers of endothecium with
conspicuous lignified thickening and secretory tapetum type (Fig. 5B-C).
The anthers do not have orbicules, in any of the stages analyzed (Fig. 5B-
D). The pollen grains are spheroidal, tricolporate and have an almost
smooth exine (Fig. 5C-D).

In Helosis cayennensis the inflorescence is covered with bracts
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(Fig. 1E-F). The unisexual flowers are embedded in a dense mass of
phyllaries. The pistillate flower is reduced to a pistil. Staminate flowers
have a perigonium formed by three tepals, androecium with filaments

and three anthers with three thecae each welded in synandrium
(Fig. 5E). The anther wall possesses epidermis, parietal layers, and a
secretory tapetum, lacks endothecium. No orbicules were detected

Fig. 1. Habitat of the different species. L. mirabile (A), L. pyramidale (B), O. subterraneum (C-D), H. cayennensis (E-F). (A-B) inflorescences at the stage of drooping
scales emerging from the soil surface. (C) Plant recently collected in a locality of the Puna. (D) Recently excavated individual, showing tuber (t), inflorescence (if) and
host root (h). (E) three inflorescence emerging from the ground litter. (F) Detail of an inflorescence with drooping scales exposing its flowers. Scales bars = (A, E) 10
cm; (B-D, F) 5 cm.
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(Fig. 5F-G). Dehiscence occurs through three apical longitudinal grooves
that converge at the apex and then open toward the base of the synan-
drium, and is caused by lysis of the epidermis and parietal layers. Pollen
grains are spheroidal, tricolpate, the exine is granular type (Fig. 5G).

4. Discussion

Orbicules presence have been observed in the most primitive taxa,
the ANITA group (the earliest diverged grade) and even within

pteridophytes, gymnosperms and angiosperms (Moon, 2018). Thus
orbicules have been suggested to have a positive correlation with the
primitive, secretory tapetum type (Huysmans et al., 1998; Verstraete
et al., 2014). Nevertheless, it has been confirmed the presence of orbi-
cules in species with plasmodial or non-invasive syncytial tapetum type
and also the absence of orbicules in species with secretory tapetum type
(Strittmatter et al., 2000; Galati et al., 2007; Moon, 2018; Gotelli et al.,
2023).

The association between the presence of orbicules and the secretory

Fig. 2. Staminate flower, anther wall and Orbicules of Lophophytum. L. mirabile (A, H), L. pyramidale (B-G, I). SEM (A-B), LM (C-F), TEM (G-I). (A-B) Staminate
flowers showing: one perianth piece (p) and anthers (a). (C) Cross section of indehiscent anther. (D) Detail of the anther wall layers in microspores mother cell stage,
epidermis (e), middle layers (n), tapetum (t), microspores mother cell (m). (E) Anther cross section in the unicellular pollen stage showing: tapetum (t) with orbicules
(o) in its internal tangential wall (arrow). (F) cross section of mature anther in bicellular pollen stage, anther wall showing: epidermis (e), 2-layered endothecium
with characteristic lignified thickenings (n), secretory tapetum degraded (t), pollen grains (pg). (G) Detail of cell tapetum to its internal tangential wall showing the
pro-orbicules (po). (H) Orbicules (o) and its central core (cc) on the inner wall of the tapetum, emerging from invaginations of the cell membrane of the tapetum (iv).
(I) Orbicules showing central core of low electron density (cc). Scales bars = (A-B) 1 mm; (C) 0.5 mm; (D-F) 10 µm; (G) 1 µm; (H-I) 0.25 µm.
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tapetum described by Pacini et al. (1985) was observed in three of the
five taxa studied in this work, since all of them have a secretory tapetum
but Langsdorffia hypogaea and both Lophophytum species possesses
orbicules and O. subterraneum y Helosis cayennensis lack orbicules.

The description of the presence of orbicules in L. pyramidale, L.
mirabile and Langsdorffia hypogaea represent the first record for the
Balanophoraceae family, they are absent in O. subterraneum and
H. cayennensis. As these are a very specialized group among angiosperms
(currently located in the Santalales order), it highlights the fact that
orbicules are not limited to certain taxonomic groups in particular.
However, for several angiosperm orders, no data on orbicules are
available. What has been described for Balanophoraceae reinforces the
fact that further study is necessary to investigate the occurrence of
orbicules and their characters.

In regard to the function of orbicules, numerous initial hypotheses
were proposed (Huysmans, 1998). Two primary theories were put forth:
one suggesting that orbicules are a mere byproduct of tapetal meta-
bolism, and another that they serve as a transport system for sporopol-
lenin between the tapetum and microspores (Maheshwari, 1950;
Heslop-Harrison and Dickinson, 1969; Christensen et al., 1972; Ver-
straete et al., 2014). The Lophophytum and Ombrophytum species exhibit
a remarkable endothecial development, with up to three distinct layers
and a precisely defined stomium region. This intricate structure enables
anther dehiscence, as evidenced in previous research (Sato and Gonza-
lez, 2013; this study). It should be noted, however, that in Lophophytum
the orbicules are clearly small, while in Ombrophytum they are not
present. In Langsdorffia, however, the endothecium has a low partici-
pation in the process of opening anthers; it is limited to a single and

underdeveloped layer. Orbicules in Langsdorffia are large and are
observed in high numbers during pollen grain development. They are
even present on the tapetal membrane after pollen release. In Helosis, as
in Langsdorffia, the anthers are welded in a synandrium, but the dehis-
cence is produced by rupture of the apical portion of the anther
(Gonzalez et al., 2013). However, the endothecium and the orbicules are
absent in Helosis, so that the function of pollen dispersal cannot be
attributed to the orbicules.

Galati et al. (2010) studied the relationship between the orbicule
morphology and the pollination system. This type of orbicules would
suggest melittophily for the Lophophytum species. However, in this genus
there exists strong evidence that supports cantharophilous syndrome
(Ferrer et al., 2011; Sato, 2015). On the other hand, there have also been
meliponines collecting and transporting pollen from Lophophytum
flowers, but without the possibility of acting as effective pollinators
(Sato, 2015; Sato and Gonzalez, 2022). Nevertheless, it is important to
emphasize that in the studies of reproductive anatomy carried out in
both species of Lophophytum and in Helosis, the existence of apomixis
was proposed, justified by the formation of endosperm and embryo in
the absence of pollen tube formation and double fertilization (Sato and
Gonzalez, 2016, 2017, Gonzalez et al., 2019). For the type of Langs-
dorffia orbicules, correspondence to any of the types of pollination
proposed by Galati et al. (2010) was not found, but a Nitidulidae
(Coleoptera) is known to be responsible for pollination, also presenting
cantharophily syndrome (da Silva Freitas et al., 2017). In
O. subterraneum the presence of Coleoptera as floral visitors has been
observed (pers. obs.), so as well as the other species mentioned above, it
could present cantharophily. Nevertheless some authors have raised the

Fig. 3. Staminate flower, anthers and pollen grain from Langsdorffia hypogaea. SEM (A), LM (B-E). (A) Flower showing three tepals (p) and anthers (a). (B) Lon-
gitudinal section of an anther showing: one tepal (p) and anthers synandrium with microspores (a). (C) Cross section of mature dehiscent anther showing: epidermis
(e), endothecium with lignified thickening (n), degraded tapetum with abundant orbicules (o) and pollen grains (pg). (D) Cross section of young anther showing the
wall layers: epidermis (e), endothecium (n), tapetum (t) with orbicules (o) and pollen grains (pg). (E) Cross section showing full staminate flower, three tepals (p),
synandrium of three anthers (a) and connective tissue (t). Scales bars = (A) 5 mm; (B, E) 200 µm; (C) 10 µm; (D) 20 µm.
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possibility that it reproduces asexually as Balanophora (Kuijt, 1969;
Murata, 1990) due to its totally subterranean life.

The orbicules of L. pyramidale and L. mirabile are spheroidal, small
(average 0.68 µm), with a smooth surface and a central core; whereas
the orbicules in Langsdorffia hypogaea are ellipsoid to ovoid and large
(average 5.8 µm x 4.4 µm), according to the classifications of Galati
(2003) and Ruggiero and Bedini (2020).

It is notable that the two species of Lophophytum under consideration
have identical orbicules, while those of Langsdorffia hypogaea are sub-
stantially different. Furthermore, the anthers of O. subterraneum and
H. cayennensis have no orbicules. This is consistent with findings in other
angiosperms, where numerous studies have been conducted analyzing
the taxonomic value of orbicules in different groups (Banerjee, 1967;
Heslop-Harrison and Dickinson, 1969; Christensen et al., 1972; Raj and
El-Ghazaly, 1987; El-Ghazaly, 1989; El-Ghazaly and Chaudhary, 1993;
Vinckier et al., 2000; Schols et al., 2001; Vinckier and Smets, 2002a–c,
2003; Galati, 2003; Rosenfeldt and Galati, 2008; Lovisolo and Galati,
2012). It has been generally observed that all major (informal) groups of
angiosperms, such as magnoliids, monocots, basal eudicots, rosids and
asterids, show a mixed picture with both positive and negative obser-
vations. However, the magnitude of these variations decreased consid-
erably at the family and genus level, in which orbicule distribution data
are surprisingly constant (Verstraete et al., 2014; Moon, 2018). Thus
orbicules may have predictive value and potential for systematically
oriented research questions, given the intergeneric variations and the
consistency at generic level observed in the taxa here analyzed, in
agreement with what was previously observed by Verstraete et al.
(2014) and Moon (2018). In this regard, it is of great interest to consider
the case of the family Rosaceae, that was reported as a consistent
occurrence group of orbicules (Verstraete et al., 2014), but recent
studies showed the distribution patterns are varying according to the
taxa with consistent trend at generic level (Song et al., 2016, 2017a,

2017b), as well as we report in Balanophoraceae.
If we relate the phylogeny of the family Balanophoraceae

(Sanchez-Puerta et al., 2023) with the evolutionary trend towards a
reduction in size of orbicules along a phylogenetic tree that might have
led to the absence of orbicules in most late-branching clades, reported by
Verstraete et al. (2014) and Ruggiero and Bedini (2020), we can spec-
ulate that: (1) in the monophyletic group, recognized as the subfamily
Balanophoroideae, Langsdorffia maintained the character of the pres-
ence of orbicules, which are of large size; (2) on the other hand, in the
monophyletic group represented by Lophophytum and Ombrophytum
(named subfamily Lophophytoideae), orbicules were only preserved in
Lophophytum, which are of small size, and in Ombrophytum they seem to
have been lost since they are absent; (3) in the subfamily Helosidoideae,
sister clade of subfamily Lophophytoideae, Helosis had not maintained
the presence of orbicules either.

The evolutionary trend mentioned above has been observed in
families in which the presence of orbicules has been thoroughly studied,
such as Annonaceae (Huysmans et al., 2010) and Rubiaceae (Verstraete
et al., 2011). Therefore, it would be necessary to extend the present
study, incorporating more species of Balanophoraceae to achieve a
better understanding of the possible evolution of this character in this
group of holoparasitic plants.

5. Conclusions

The form and function of the orbicules cannot be analyzed separately
from the tapetum, because it is the tissue in which they originate. Thus,
the positive correlation between orbicules and secretory tapetum type
has been widely documented since the discovery of these tiny particles.
However, since two of the five species analyzed with a secretory
tapetum lacked orbicules, we consider that the presence of a secretory
tapetum type does not ensure the presence of orbicules.

Fig. 4. Staminate flowers and orbicules in Langsdorffia hypogaea. SEM (A-D). (A) Detail of open anthers (a). (B) Two pollen grains (g) surrounded by orbicules (o) on
the inner wall of the anther. (C) Orbicules (o) on the inner wall of the anther. (D) Magnification of orbicules (o) in (C). Scales bars = (A) 1 mm; (B-D) 5 µm.
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Based on the literature cited (orbicules as potential participants in
anther opening) and according to what we have observed in the Bal-
anophoraceae studied, we consider that there is no association between
the type of anther wall structure, orbicules and the mechanism of anther
dehiscence.

Pollination modes associated with a type of orbicules do not seem to
correspond to the studied species, although it is necessary to strengthen
pollination studies in this group of plants.

According to what we observed in this work in the species of the
family Balanophoraceae studied, the two species of Lophophytum have

the same type of orbicules, however two genera that belong to the same
subfamily and have similar life forms as Lophophytum and Ombrophytum
differ in the presence of orbicules, and another more distant genus as
Langsdorffia has orbicules with very different characteristics. Helosis
cayennensis (subfamily Helosiodoideae) lacks orbicules, although it has
an androecium with stamens welded onto a synandrium, similar to
Langdorffia. Given this variability among genera, a possible relationship
with the taxonomy of the family could be suggested, however studies in
more species are required.

Finally, we report for the first time the presence of orbicules in the

Fig. 5. Staminate flower and anther wall of Ombrophytum subterraneum (A-D) and Helosis cayennensis (E-G). LM (C, F), SEM (A-B, D-E, G). (A) Secondary axis bearing
staminate flowers showing anthers (a). (B) Cross section of mature anther showing the wall layers, epidermis (e), endothecium (n). (C) Cross section of mature anther
in bicellular pollen stage, anther wall showing: epidermis (e), 2-layered endothecium with characteristic lignified thickenings (n), pollen grains (pg). (D) Pollen
grains on the inner anther wall in the surface view. (E) Synandrium with apical dehiscence (arrows). (F) Cross section of anther in microspore stage showing parietal
layer (p), and secretory tapetum (t). (G) pollen grains. Scales bars = (A) 1 mm; (B-C) 50 µm; (D, F-G) 20 µm; (E) 0.5 mm.
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holoparasitic family Balanophoraceae belonging to the order Santalales,
in which there is scarce information available regarding the presence of
orbicules. Thus, it is necessary to study the presence and type of orbi-
cules in a greater number of species of Balanophoraceae to achieve a
better understanding of its function and its diagnostic value in
taxonomy.
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Demarco and Ana María Gonzalez.

The authors have no conflicts of interest to declare that are relevant
to the content of this article.

Acknowledgements

This work was supported by Secretaría de Ciencia y Técnica y
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Tesis doctoral Facultad de Ciencias Agrarias. Universidad Nacional del Nordeste,
Argentina.
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plantas vasculares de la Rep. Argentina II. Monographs in Systematic Botany from
the Missouri Botanical Garden 74: 353-354.

Zetter, R., Weber, M., Hesse, M., Pingen, M., 2002. Pollen, pollenkitt, and orbicules in
Craigia bronnii flower buds (Tilioideae, Malvaceae) from the Miocene of Hambach,
Germany. Int. J. Plant Sci. 163 (6), 1067–1071. https://doi.org/10.1086/342520.

Zuloaga, F.O., Morrone, O.N., Belgrano, M.J., Marticorena, C., Marchesi, E., 2008.
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