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Abstract

Alicia anisopetala and Callaeum psilophyllum are two closely related species that belong to the christianelloid clade of the
family Malpighiaceae. Both species are pollinated by oil-collecting bees and exhibit variations at specimen and population
level in the number of elaiophores per flower. These floral glands that secrete non-volatile oils constitute an ancestral trait
for the family. There is evidence that the observed variations in the number of elaiophores can be the result of processes of
connation or reduction associated with differences in their vascularization. In order to identify which process occurs in each
species, we conducted an anatomical study in natural populations of both species distributed along a wide range of their
geographical distributions in Argentina. We collected flowers of different individuals, counted the number of elaiophores
per flower, carried out exomorphological observations, and used conventional histological techniques to examine the vascu-
larization of these glands. The floral anatomy of both species does not show any modifications in other whorls related to the
fusion or reduction of elaiophores. Our results indicate that the process of loss of elaiophores in A. anisopetala is caused by
incomplete connation and in C. psilophyllum by reduction, suggesting that the processes that lead to the loss of elaiophores
in Malpighiaceae are homoplastic and would not reflect phylogenetic signals.
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Introduction

Most Malpighiaceae species exhibit a fascinating evolution-
ary trait characterized by the presence of floral glands called
elaiophores, which secrete non-volatile lipid as rewards to
pollinators (Vogel 1974; Renner and Schaefer 2010). These
glands play a crucial role in pollen transference since these
species are associated with a particular syndrome of pollina-
tion with oil-collecting bees (Anderson 1979; Vogel 1990;
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Renner and Schaefer 2010; Martins and Melo 2016; Torretta
et al. 2017; Carneiro and Machado 2023).

This family is distributed in tropical and subtropical areas
of the New and Old World, with most genera and species
occurring in the Neotropic (Anderson 1990; Vogel 1990;
Davis and Anderson 2010). The general morphology of the
flowers of Neotropical Malpighiaceae species is conserved,
especially in relation to attraction and reward to pollina-
tors (floral conservatism, Anderson 1979). In most species,
elaiophores are located in pairs on the abaxial face of the
sepals (Anderson 1979; Vogel 1990). Although the ancestral
characteristic of the family is the presence of 10 elaiophores
in pairs in all five sepals (Souto and Oliveira 2013), the most
frequent current condition is the presence of 8§ elaiophores:
four pairs on anterior-lateral and posterior-lateral sepals,
while the anterior sepal usually lacks elaiophores (Aliscioni
et al. 2022). However, in some Neotropical species, the
number of elaiophores per flower is reduced [e.g., Lophop-
terys floribunda W.R. Anderson and C. Davis has a single
gland on lateral sepal; (Sanches et al. 2023)] or is null [e.g.,
Diplopterys lutea (Griseb.) W.R. Anderson and C. Davis;
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(Sigrit and Sazima 2004)] or the glands are very reduced in
size and considered as residuals [e.g., Galphimia australis
Chodat; (Gotelli et al. 2023)]. There are also species (or
specimens) with glandular (with elaiophores) and eglandu-
lar (without elaiophores) floral morphs [e.g., Heteropterys
intermedia (A. Juss.) Griseb. (cited as H. aceroides Griseb,
Sazima and Sazima 1989) and Pterandra pyroidea A. Juss.
(Cappellari et al. 2011)]. In contrast, most Old World spe-
cies have flowers with eglandular sepals and are pollinated
by pollen or/and nectar-collecting bees (Vogel 1990; Zhang
et al. 2016).

The loss of elaiophores is considered a derived condi-
tion in Malpighiaceae (Anderson 1990), and appears to have
occurred at least 14 times, seven of them in the Neotropical
region (Bonifécio et al. 2021). Previous studies suggest that
these losses and the resulting variations in the number of
elaiophores per flower may result from two processes: fusion
or reduction of the glands. In the cases of fusion, conna-
tion and/or adnation processes may be involved, depending
on the studied species (Souto and Oliveira 2013; Bonifa-
cio et al. 2021). The process of fusion implies the union
between epidermis, parenchyma, and vascular bundles from
two organs shaping into a single organ (Puri 1951; Gifford
and Foster 1989). If the organs belong to the same floral
whorls, as for example sepal-sepal, the process is defined
as connation. On the other hand, the process of reduction
implies the loss of vascular bundles and organs, without
fusion between them, sometimes with the gradual reduction
on size of the organ and in other occasions with no gradual-
ness (Puri 1951; Gifford and Foster 1989).

In plants, the vascularization is more conserved than
external morphological characteristics and can provide
insights into evolutionary steps preceding external changes
(Puri 1951; Gifford and Foster 1989; Souto and Oliveira
2013). Comparative analyses on the vascularization of elaio-
phores were effective in elucidating which of these two pro-
cesses (fusion or reduction) are related to variation in the
number of these glands in flowers of Malpighiaceae species
(Souto and Oliveira 2013; Bonifacio et al. 2021).

Therefore, studying the floral vascularization could help
to understand the evolutionary changes that lead to the
variation in the number of elaiophores in Malpighiaceae
species (Souto and Oliveira 2013; Bonifécio et al. 2021).
Souto and Oliveira (2013) analyzed the floral vasculature
in three Malpighiaceae of species that belong to differ-
ent phylogenetic clades: Janusia mediterranea (Vell.)
W.R. Anderson, Mascagnia cordifolia (A. Juss) Griseb.,
and Tetrapterys chamaecerasifolia A. Juss. These authors
observed variations in the process of the loss of elaio-
phores in the anterior sepal: connation in M. cordifolia
flowers and reduction in those of J. mediterranea and T.
chamaecerasifolia. On the other hand, based on specimens
from herbaria, Bonifacio et al. (2021) studied three species
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belonging to the acmantheroid clade which is a basal line-
age of the family; this clade comprises three genera with
variations in the number of elaiophores. These authors
studied one species of each genus: Acmanthera latifolia
(A. Juss.) Griseb. (three specimens with 10-glandular
flowers), Coleostachys genipifolia A. Juss. (three speci-
mens with eglandular flowers), and Pterandra pyroidea
A. Juss. (three specimens with 8-glandular flowers and
three specimens with eglandular flowers). Bonifacio et al.
(2021) propose two different hypotheses to explain eglan-
dular sepals: reduction in some flowers of P. pyroidea and
connation between adjacent elaiophores from lateral sepals
in C. genipifolia. However, for this last species, the succes-
sive processes that led to the complete loss of elaiophores
are difficult to interpret. Despite many studies focused on
the anatomy and/or morphology of elaiophores (Vogel
1974; Mamede 1993; Cocucci et al. 1996; Castro et al.
2001; Possobom 2008; Possobom et al. 2015; Araujo and
Meira 2016; Possobom and Machado 2017; Possobom and
Machado 2017; Arévalo-Rodrigues et al. 2020; Aliscioni
et al. 2022), few have considered their variations at speci-
men and population level (Sazima and Sazima 1989; Car-
valho et al. 2005; Bonifacio et al. 2021; Aliscioni et al.
2022; Gotelli et al. 2023), and only two studies focused on
floral vascularization (Souto and Oliveira 2013; Bonifacio
etal. 2021).

The Malpighiaceae family represents a highly supported
monophyletic group (Davis and Anderson 2010), with
well-supported major clades, except the tetrapteroid, stig-
maphylloid, and malpighiod clades that still need resolu-
tion of the internal relations among genera that compose
them (Davis and Anderson 2010). Alicia W.R. Anderson and
Callaeum Small are two sister genera of the christianelloid
clade included in the major tetrapteroid clade, according to
phylogeny proposed by Davis and Anderson (2010). Alicia
anisopetala (A. Juss.) W.R. Anderson and Callaeum psilo-
phyllum (A. Juss.) D.M. Johnson are the unique two species
of this clade present in Argentina. The flowers of these spe-
cies exhibit marked morphological differences, especially
in the corolla size and petal morphologies (Fig. 1): in A.
anisopetala, flowers are small (1.2—1.5 cm) and the posterior
petal is much larger than the four lateral ones (Anderson
2006) and in C. psilophyllum, flowers are big (2.5-2.8 cm),
and the posterior petal is smaller than the four lateral ones
(Johnson 1986). In relation to the number of elaiophores,
variations were reported among flowers of the same plant
in C. psilophyllum (Aliscioni et al. 2022) but there are no
reports for A. anisopetala. These variations raise questions
about the underlying mechanisms that govern the develop-
ment of elaiophores in these plants. Based on this, the pre-
sent study proposes a comparative analysis of floral mor-
phology and vascularization of elaiophores in A. anisopetala
and C. psilophyllum in natural populations of Argentina at
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Fig. 1 Distribution of the popu-
lations of the two species in
Argentina, white area for Alicia
anisopetala and black area for
Callaeum psilophyllum (two
arrows to a photograph of each
correspond flower). The squares
represent the places where A.
anisopetala was found, the cir-
cles represent the places where
C. psilophyllum was found, and
the stars where both species
coexisted

specimen and population level to explain which processes
are responsible for the loss of these oil-rewarding glands.

Materials and methods
Study species and material collection

Alicia anisopetala and Callaeum psilophyllum are both
woody vines. Alicia anisopetala has a wide distribution
spanning from Peru, Bolivia, Brazil, Paraguay to Argentina.
Its flowers present pink petals, and are grouped in pseu-
doracemes. On the other hand, C. psilophyllum is distributed

188

across Brazil, Bolivia, Paraguay, Uruguay, and Argentina.
Its inflorescences are umbels or short racemes composed
of 4-6 flowers with lemon-yellow petals. In Argentina, the
geographic distributions of these two species are partially
overlapped, A. anisopetala is restricted to Misiones province
and northeast of Corrientes province, while C. psilophyllum
is distributed from Misiones, Corrientes, Entre Rios to the
northeast of Buenos Aires provinces (Fig. 1). It was also
registered in Jujuy and Salta provinces, in the northwest of
Argentina.

Field trips were carried out between 2018 and 2023, dur-
ing flowering time of A. anisopetala and C. psilophyllum
(from December to March) across the entire geographical

@ Springer



S.D.Reposi et al.

distributions in Argentina (Fig. 1) at the provinces of Buenos
Aires, Entre Rios, Corrientes, and Misiones to locate natu-
ral populations and collect flowers of each specimen found.
Sampling was carried out during consecutive years, but not
all sites were visited on each. Visits to each located popula-
tion consisted of 1-2 days of data collection.

Flowers in pre-anthesis (n=10 to 50), anthesis (n=10
to 50), and post-anthesis (n=10 to 50) from each speci-
men were fixed in FAA (formalin-acetic acid-alcohol mix-
ture). In the field, to confirm that the glands on each flower
were elaiophores, fresh flowers for some specimen were
submerged in an aqueous solution of 0.1% neutral red and
Sudan III for 1-8 h to locate metabolically active zones and
the presence of lipids, respectively (Zarlavsky 2014).

Exomorphological description and variations
at specimen and population level of number
of elaiophores per flower

In the laboratory, the fixed material was meticulously exam-
ined under a magnifying glass to determine the number of
elaiophores per flower. This approach allowed us to assess
the elaiophore morphologies and variations in the number
of elaiophores per flower in species at population level and
to observe if there is a variation at specimen level. To deter-
minate the variations in both species, we counted the number
of elaiophores from 10 flowers of each revealed specimen.
Then, we calculated the percentages of the different elaio-
phore numbers per flower for each species at specimen and
population level.

Elaiophore vascularization

To study the vascularization of the elaiophores, five fixed
flowers from each population of each species with variable
numbers of elaiophores were dehydrated in an ascending
ethanol series, transferred to xylene, and embedded in par-
affin (58 °C). Then with a rotating microtome, longitudinal
and transverse 7-um-thick seriated sections were performed.
Finally, histological samples were stained with Safranin-Fast
Green and mounted in Canada balsam (Zarlavsky 2014) for
observation under a Motic bright-field microscope. Photo-
micrographs were taken using Motic images plus. Diagrams
were made from selected photomicrographs with “PhotoS-
tudio6” software.

Results

We located and evaluated 11 specimens for Alicia aniso-
petala and 25 specimens for Callaeum psilophyllum. The
studied specimens/populations of A. anisopetala were
located in Iguazi National Park (Dept. Iguazi), Teyt Cuaré
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Provincial Park, and Natural Reserve Osunund (Dept. San
Ignacio), province of Misiones and Bahia Caraya (Dept.
Ituzaing6), province of Corrientes (Fig. 1). The specimens/
populations of C. psilophyllum were located in San Ignacio
(Dept. San Ignacio), provincial route 223 and Cuiia-Pira
river (Dept. Libertador General San Martin) and Iguazd
National Park (Dept. Iguazi), province of Misiones, Yap-
eyu (Dept. San Martin), province of Corrientes, El Palmar
National Park (Dept. Colon) and San Carlos Park, Concor-
dia, (Dept. Concordia) province of Entre Rios, and the mul-
tipurpose Martin Garcia Natural Reserve Island (Dept. San
Isidro) province of Buenos Aires (Fig. 1, Table 1).

Exomorphological description and variations
at specimen and population level of elaiophores

All found specimens of Alicia anisopetala and Callaeum
psilophyllum have flowers with glands that reacted positively
with Sudan III solution (for the presence of lipids) and with
neutral red (signs of metabolic activity), confirming their
classification as elaiophores. No specimen presents eglan-
dular flowers.

In both species, the oil glands are typically arranged in
pairs on the abaxial face of the sepals. However, variability
in the number of elaiophores was registered. The number of
glands per flower in both species displays light differences
between species and variation at population level, with dif-
ferent percentages of flowers with variable numbers of elaio-
phores among populations (Table 1, Figs. 2a—f and 3a—f).

The flowers of Alicia anisopetala display eight (81.9%),
nine (12.2%), or ten (5.9%) exomorphologically recognized
elaiophores (Table 1, Fig. 2a—c). These variations are the
result of the degree of (or the lack of) fusion between some
pairs of elaiophores. There are flowers that externally seem
to present complete fusion of two pairs of elaiophores, in
which each pair comprises one elaiophore from the anterior
sepal and the other ones from the lateral one (Fig. 3a, result-
ing in 8 elaiophores flower), or complete fusion of one pair
and the partial unification or approximation of other pair
of elaiophores (Fig. 3b, resulting in 9 elaiophores flower),
and even flowers without fusion of elaiophores (Fig. 3c, 10
elaiophores flowers).

The flowers of Callaeum psilophyllum mainly exhibit
eight elaiophores (83.3%), but show high variation in the
number of oil glands: we observed flowers with six (0.3%),
seven (4.7%), nine (3.3%), and ten (8.4%) elaiophores
(Fig. 2d-f) (Table 1). However, in El Palmar National Park
population, the most common configuration was ten elaio-
phores per flower (two on each sepal). This means that there
are flowers in which both elaiophores on the anterior sepal
are absent (Fig. 3d), flowers in which only one elaiophore on
the anterior sepal disappears completely (Fig. 3e), flowers
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Table 1 Variation in the number of elaiophores expressed in percentage for each population

Species Province Population Geographical coordinates # of Percentage of the number of
speci-  elaiophores per flower for
mens  each population

6 7 8 9 10

Alicia anisopetala Corrientes Ituzaing6, Bahia Caraya 27°31'35.1"S 56°31'46.0"W 3 80.0 16.7 3.3

Misiones Iguazi National Park 25°41'14.2"S 54°26'53.4"W 80.0 10.0 10.0
San Ignacio 27°15'41.4"S 55°32'33.1"W 7 85.7 10.0 43
TOTAL 11 819 122 5.9
Callaeum psilophyllum Buenos Aires Martin Garcia Natural Reserve  34°10'51.5”S 58°1521.8"W 3 6.7 933
Island
Entre Rios El Palmar National Park 31°52'04.2"S 58°12'36.2"W 10 20 3.0 34.0 120 490
Concordia, San Carlos Park 31°22'16.1"S 57°59'52.6"W 2 10.0  90.0
Corrientes Yapeyu 29°28'41.4"S 56°49'13.3"W 5 96.0 4.0
Misiones Iguazu National Park 25°41'14.2"S 54°26'53.4"W 1 100.0
Route 223 and Cuila-Pird river ~ 27°0229.2"S 55°01'54.8"W 1 10.0  90.0
San Ignacio 27°16'43.7"S 55°34'43.2"W 3 33 80.0 6.7 10.0
TOTAL 25 03 47 833 33 84

Fig.2 Elaiophores variation. a—c¢ Flowers of Alicia anisopetala. d—
f Flowers of Callaeum psilophyllum. a, d Flowers with typical num-
ber of elaiophores (8 elaiophores). b, e Flowers with nine oil glands.
¢, f Flower with the ancestral characteristic of ten elaiophores. as,
anterior sepal (usually eglandular); e, elaiophore; pp, posterior petal
(flag petal). Scale bars: a—f 1 cm

with all elaiophores (Fig. 3f), and a few flowers that also lost
one or both elaiophores of the anterior-lateral sepals.

Elaiophore vascularization
Flowers of Alicia anisopetala show a central eustele at the

base of the receptacle with little secondary growth and the
outlines of the calyx glands (Figs. 4a and 5a). A median

(2] ()

as

Fig.3 Diagram of oil calyx glands. a—c Variation in the number of
elaiophores of Alicia anisopetala. d-f Variation in the number of
elaiophores of Callaeum psilophyllum. Calyx with ten (a, d), nine (b,
e), and eight (c, f) elaiophores. as, anterior sepal

vascular trace and two laterals are emitted from the eustele
to each sepal. Then, each lateral one innervates one gland.
Five central petal traces are observed but there is no sepal-
petal complex. A vascular trace is emitted to each stamen
and traces towards the ovary are also found. One central
trace and two lateral traces are emitted per carpel. In the
apex of the ovary, three bundles are individualized to each
carpel (Fig. 4a—c). A genuinely eglandular sepal is not pre-
sent. However, elaiophores next to the anterior sepal may
not be individually distinguished by external morphology.
In such cases, the anterior sepal possesses a central vascu-
lar bundle that bifurcates into the two adjacent elaiophores
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Fig.4 Vascularization of the
flower in Alicia anisopetala,
longitudinal (a, b) and transvers
sections (c). a Diagram of a
flower showing vascular traces
of the different whorls. b Pic-
ture showing vascular traces
from the central vascular bundle
towards the different whorls.

¢ Vascular traces of the elaio-
phores (e), sepals (s), petals (p),
base of the androecium (a), and
gynoecium (g). Grey: central
vascular bundle and gynoecium
vascular traces. Green: vascular
traces of sepals and elaiophores.
Purple: vascular bundle of

the petals. Yellow: Vascular
bundle of stamens. Scale bars:
a2.5cm;b1cm;c430 pm

Fig.5 Vascularization of the elaiophores in Alicia anisopetala. Note
the position of the anterior sepal (as) (a—e) Cross sections of pic-
tures with bright-field microscope. a General aspect of a flower with
ten exomorphologically distinct elaiophores. b General aspect of a
flower with nine exomorphologically distinct elaiophores. ¢ General
aspect of a flower with eight exomorphologically distinct elaiophores.
d Detail of the vascularization of elaiophores adjacent to the anterior

independently of the degree of fusion (Fig. Sa—f). In flow-
ers that exomorphologically present eight, nine, or 10
elaiophores, 10 glands can always be anatomically distin-
guished at some proximal point (Fig. Sa—c). This is due to
the different grades of fusion between the elaiophores of
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sepal in a flower with ten elaiophores. e Detail of the vascularization
of the elaiophore adjacent to the anterior sepal in a flower with nine
exomorphologically distinct glands, a vascular trace can be observed
for each elaiophore. f Diagram of the vascular traces towards sepals
and glands in flowers with eight exomorphologically distinct glands.
Scale bars: a—c, £ 900 pm; d, e 600 pm

the anterior sepal and the adjacent lateral sepal. This means
that by slicing the same flower, we can identify the ten elaio-
phores at the base, while at the top of the calyx, the four
elaiophores furthest from the flag petal may present different
degree of fusion, forming what seems two large elaiophores.
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Vascularization is observed in the anterior sepal indepen-
dently of the number of elaiophores exomorphologically rec-
ognized (Fig. 5d—f); the anterior sepal has a central vascular
trace that bifurcates into the glands (Fig. 5d). Therefore,
the elaiophore formed by the partial fusion of two adjacent
elaiophores is innerved by two central vascular bundles of
the anterior sepal and the one next to it (Fig. Se—f). This does
not vary between populations.

Flowers of Callaeum psilophyllum show at the base of
the receptacle the floral vasculature is organized as a central
eustele. The receptacle increases rapidly in diameter and
glands become defined with independent vascular traces
(Figs. 6a and 7a). A bundle from the central eustele branches
towards the sepal and it emits two lateral traces that inner-
vate the glands. Further above, the same bundle from the
central eustele branches again to innervate the petal. It con-
tinues to branch and for each stamen one vascular bundle is
found simultaneously with the individualization of the three
intercarpellary complexes, each with one central bundle and
two lateral ones (Fig. 6a—g). Flowers with different number
of elaiophores present differences on the vascularization
(Fig. 7a—i). Flowers with ten elaiophores present the anterior
sepal with their central vascular bundle which innervates
both glands (Fig. 7a, d, g). Transverse sections of flowers
with nine elaiophores show a different pattern. In this case,
the anterior sepal presents only one gland (Fig. 7b, e). This

Fig.6 Vascularization of flow-
ers in Callaeum psilophyllum,
longitudinal (a—e) and transvers
sections (f-g). a Diagram of

a flower showing vascular
traces of the different whorls.

b Picture showing vascular
traces from the central vascular
bundle towards the different
whorls. ¢ Vascular traces of the
ovary. d Vascular traces of the
sepal and elaiophore. e Vascular
traces of the elaiophore, sepal,
petal, and stamen. f Vascular
traces of the sepals (s), petals
(p), base of the androecium (a),
and gynoecium (g). g Transvers
section showing elaiophores
(e), vascular traces of the sepals
(s), petals (p), and base of the
androecium (a). Grey: central
vascular bundle and gynoecium
vascular traces. Green: vascular
traces of sepals and elaiophores.
Purple: vascular bundle of the
petals. Yellow: Vascular bundle
of stamens. Scale bars: a 2 cm;
b,c, £, g430 pm; d, e 130 pm

sepal presents a central vascular bundle which only branches
towards the persistent gland but not towards the absent one
(Fig. 7e, h). Furthermore, flowers with eight elaiophores
present the anterior sepal eglandular (Fig. 7c). The vascular
bundle supplying the eglandular sepal does not emit traces
or leaves rest of them towards the absent glands (Fig. 7f, 1).

As consequence of the fusion or reduction of elaiophores,
we did not observed any modifications in the anatomy of the
flowers of both species in other whorls related.

Discussion

The flowers of Alicia anisopetala and Callaeum psilophyl-
lum exhibit variations in the number of elaiophores, being
the presence of eight elaiophores the more common condi-
tion and these variations were observed at specimen and
population level. Our results agree with those reported for
other species of Malpighiaceae (Gates 1982; Sazima and
Sazima 1989; Castro et al. 2001; Carvalho et al. 2005;
Costa et al. 2006; Cappellari et al. 2011; Possobom et al.
2015; Possobom and Machado 2017; Bonifacio et al. 2021;
Aliscioni et al. 2022).

In the description of genus Alicia, Anderson (2006)
reported flowers with eight elaiophores for its species,
but our observations showed that exomorphologically this
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Fig.7 Vascularization of
elaiophores in Callaeum
psilophyllum. Note the posi-
tion of the anterior sepal (as)
(a—f) Cross sections of pictures
with bright-field microscope.

a General aspect of a flower
with ten elaiophores. b General
aspect of a flower with nine
elaiophores. ¢ General aspect of
a flower with eight elaiophores.
d Detail of the vascularization
of elaiophores adjacent to the
anterior sepal in a flower with
ten elaiophores. e Detail of

the vascularization of the only
elaiophore adjacent to the ante-
rior sepal in a flower with nine
glands. f Detail of the central
vascular bundle of the anterior
eglandular sepal of a flower
with eight elaiophores. g—i Dia-
gram of the vascular traces
towards sepals and glands in
flowers with (g) ten elaiophores,
(h) nine elaiophores, and (i)
eight elaiophores. Scale bars:
a—c, g—i 90 pm; d, f 30 pm;

e 110 pm

number varies from eight to ten at specimen and population
level. Moreover, our anatomical observations revealed that
ten elaiophores are always present since they can be individ-
ualized at some point. This means that the number of elaio-
phores per flower that are exomorphologically observed in
this species respond to a different degree of fusion between
some elaiophores, which is never totally complete. Given
that the fusion occurs between organs of the same floral
whorl, this species exhibits an incomplete connation pro-
cess. According to Puri (1951), the fusion of any two organs
begins with the epidermis, followed by the parenchyma, and
finally the vascular tissues. Therefore, vascular traces are
expected to be found in this species, where elaiophores are
undergoing a connation process. Our anatomical observa-
tions support the presence of vascular traces of ten elaio-
phores in flowers of A. anisopetala.

In the taxonomic revision of genus Callaeum, John-
son (1986) described flowers with eight elaiophores for
all its species, but our observations, in concordance with
Aliscioni et al. (2022), show variable number of elaio-
phores per flower at specimen and population level (from
six to ten). Souto and Oliveira (2013) described the way
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to distinguish the loss mechanism through the possible
remains of vascular traces. According to our anatomical
observations, the process of loss of these oil glands in the
anterior sepal (and some gland/s in lateral sepals) is reduc-
tion due to the absence of vascular traces in the eglandular
sepals. Moreover, we did not find elaiophores of smaller
size (data not reported), which might suggest that these
glands never developed.

Our results show that calyx vasculature is variable
between studied species. This agrees with those reported by
Bonifacio et al. (2021), who observed that the calyx vascu-
lature of three species from acmantheroid clade is complex
and is not uniform between genera, species, and floral mor-
photypes (glandular vs. eglandular). On the contrary, this
does not agree with results of Souto and Oliveira (2013),
who suggested that the information of the number of elaio-
phores per flower and their variations could be relevant to a
better resolution of the Malpighiaceae phylogeny. Although
there is little evidence, it would seem that the processes that
lead to the loss of elaiophores are homoplastic and would not
reflect phylogenetic signals. An increased number of species
studied in these aspects would give a more precise answer.
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This study suggests that it may be insufficient relying
solely on exomorphological observations to comprehend the
intricate processes influencing external morphology and it
underscores the necessity to extend beyond the analysis of
a single population or specimen. We believe that a compre-
hensive understanding requires the examination of diverse
populations, incorporating variability into both exomorpho-
logical and anatomical analyses. This holistic approach is
necessary given the diversity in the number of elaiophores
and the potential existence of populations lacking discern-
ible exomorphological variations.

Both studied species exhibit different loss processes that
result in diverse number of elaiophores per flower. These
variations can be influenced by genetic factors, hormo-
nal regulation, environmental conditions, and/or selection
pressures on their phenotypic expression associated to the
mutualistic relationship with oil bees (Sazima and Sazima
1989; Cappellari et al. 2011; Souto and Oliveira 2013;
Torretta et al. 2017; Bonifacio et al. 2021; Aliscioni et al.
2022). Other morphological characteristics were explored
in relation to potential factors underlying such diversity.
Torretta et al. (2017) examined elaiophore size variation in
two Stigmaphyllom species along the latitudinal gradient of
the plants’ distributions, suggesting that different selection
pressures influenced phenotypic appearance, associated with
pollinator size in one species and climate conditions in the
other ones.

Similarly to some flowers of Alicia anisopetala, the flow-
ers of Lophopterys floribunda present a single, large gland
on each glandular lateral sepal (the anterior sepal is eglan-
dular) that could result from the fusion of two elaiophores
within the same sepal (Sanches et al. 2023). These authors
quoted “Although no morphoanatomical evidence of fusion
has been observed, the single large sepalar gland suggests
a fusion event of two small glands, as observed in Acrido-
carpus (Guesdon et al. 2019)” suggesting complete fusion
among elaiophore pairs of each glandular sepals (Sanches
et al. 2023) and they propose that presence of large elaio-
phores could be a strategy to enhance visibility for pollinator
and to maximize oil resources performance, allowing more
secretion to be collectible by pollinating bees. However, it
seems that the loss of elaiophores by a fusion process does
not significantly affect the total oil production per flower as
was demonstrated for Stigmaphyllon paralais A. Juss (Car-
valho et al. 2005). Our findings further indicate that, for
certain species such as Alicia anisopetala and potentially
for S. paralias, these fusions do not necessarily result in
diminished oil output. One large elaiophore would produce
the same amount of oil as two smaller ones, since the first
is the result of the fusion of the two elaiophores. A possible
explanation for such adaptation could be that the proximity
of glands in adjacent sepals, followed by their fusion, ena-
bles these “large elaiophores” to be strategically positioned

in sepal areas that are more accessible to oil-collecting bees,
allowing easier foraging floral oil (Sanches et al. 2023).

On the other hand, Callaeum psilophyllum flowers exhib-
ited the general pattern of most Neotropical Malpighiaceae
species with four 2-glandular sepals and the eglandular
anterior sepal, due to a reduction process. However, in this
species, we observed a high variation in the number of elaio-
phores per flower. A possible explanation for this species is
that a reduction of elaiophores per flower might imply fewer
resources invested in the production of floral oil, since this
floral reward is expensive for plants to produce (Buchmann
1987). Numerous species of Malpighiaceae exhibit variabil-
ity in the number of elaiophores and the presence of glan-
dular and eglandular flowers in a same individual or among
individuals (Sazima and Sazima 1989; Aliscioni et al. 2022;
Castro et al. 2022; Queiroz et al. 2023). Sazima and Sazima
(1989) demonstrated that in individuals with glandular and
eglandular flowers, the latter attract and deceive oil-gath-
ering bees representing automimicry. We did not observe
eglandular flowers in C. psilophyllum in any of the popula-
tions studied; therefore, automimicry cannot be considered
for this species.

Almost half flowers of the individuals of the El Palmar
National Park population bear 10 elaiophores. The high
abundance of individuals in this population could allow the
pollen transference among them generating a population
with low genetic variability (Sazan et al. 2014; Avalos et al.
2021). On the other hand, this population also exhibits the
major variation in the number of elaiophores per flower. This
could also be explained by the large number of individuals
studied. Possibly, if in other populations the number of indi-
viduals found had been greater, we would also have found
this variability in the number of elaiophores per flower.

To sum up, variability in the number of elaiophores is
a recurrent characteristic in several Neotropical species
of Malpighiaceae (Sazima and Sazima 1989; Teixeira and
Machado 2000; Aliscioni et al. 2022; Castro et al. 2022;
Queiroz et al. 2023). Despite this variability, pollinators
in most cases are oil-collecting bees (Reposi et al. 2023),
as in our focal species: flowers of Alicia anisopetala are
legitimately visited by Centris bicolor Lepeletier, C. col-
laris Lepeletier, C. discolor Smith, C. mocsaryi Friese,
C. trigonoides Lepeletier, Epicharis affinis Smith and one
undetermined species of Monoeca (Reposi and Torretta
pers. obs.; Sigrist and Sazima 2004), while flowers of Cal-
laeum psilophyllum are legitimately visited by Centris fla-
vifrons (Fabricius) (Fig. 8), C. proxima Friese, C. tarsata
Smith, and C. trigonoides (Aliscioni et al. 2018; Torretta
et al. 2022; Reposi and Torretta pers. obs.). Moreover, we
observed females of oil-collecting bees of genera Para-
tetrapedia s.1. and Tetrapedia illegitimately foraging for
oil in flowers of both species (Aliscioni et al. 2022, Tor-
retta et al. 2022; Reposi and Torretta pers. obs.). However,
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Fig.8 Centris flavifrons visiting flowers of Callaeum psilophyllum.
The black arrow indicates the elaiophores of the flower

shifts in the composition of the pollinator pool have been
observed in other Neotropical species with eglandular
flowers. This is due to the absence of floral oil as reward to
pollinators and are accompanied by certain floral morpho-
logical changes, such as the presence of big anthers, high
amount of orbicules that could allow a rapid release of
pollen from the anthers, and absence of stigmatic cuticle,
as in the case of Galphimia australis (Gotelli et al. 2023).
Other particular case is reported for Pterandra pyroidea,
one species with populations with plants with oil-secreting
(glandular) flowers, plants with non-oil-secreting (eglan-
dular) flowers, or a mix of both plant types (Cappellari
et al. 2011). In this species, eglandular flowers do not act
as mimics of their oil-producing conspecifics to attract
pollinators, and both floral morphs are visited mainly by
pollen-collecting bumblebees (Bombus spp.).

Conclusion

This study examined processes involved in the exomor-
phological loss of elaiophores in two species of the chris-
tianelloid clade. Our results demonstrated that in both spe-
cies, the responsible processes were different: incomplete
connation of elaiophores in Alicia anisopetala flowers
and reduction of elaiophores in Callaeum psilophyllum
flowers. We also highlighted that these strategies should
be comprehensively examined, considering both exter-
nal morphology and internal anatomy. Finally, due to the
observed differences between these two closely related
species, we suggest that the processes that lead to the loss
of elaiophores are homoplastic and would not reflect phy-
logenetic signals.
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