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Abstract

The family Malpighiaceae, particularly in the Neotropic, shows a similar floral morphology. Although floral attrac-
tion and rewards to pollinators are alike, stigmas and styles show more diversity. The stigmas were described
covered with a thin and impermeable cuticle that needs to be ruptured by the mechanical action of the pollinators.
However, this characteristic was only mentioned for a few species and the anatomy and ultrastructure of the stigmas
were not explored. In this work, we analyze the morphology, anatomy, and ultrastructure of the stigma and style of
Callaeum psilophyllum. Moreover, we identify the potential pollinators in order to evaluate how the disposition of
the stigmas is related with their size and its role in the exposure of the receptive stigmatic surface. Our observations
indicate that Centris flavifrons, C. fuscata, C. tarsata, and C. trigonoides are probably efficient pollinators of
C. psilophyllum. The three stigmas are covered by a cuticle that remained intact in bagged flowers. The flowers
exposed to visitors show the cuticle broken, more secretion in the intercellular spaces between sub-stigmatic cells
and abundant electron-dense components inside vacuoles in stigmatic papillae. This indicates that the stigmas pre-
pares in similar ways to receive pollen grains, but the pollinator action is required to break the cuticle, and once
pollen tubes start growing, stigmatic and sub-stigmatic cells release more secretion by a granulocrine process.
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Introduction

The floral morphology is assembled to fit with the pollinators
physically, to provide the reward appropriately and guarantee
the transference of pollen. Particularly, the structure of the
stigmas and styles can be very diverse, although some of its
functions as capture and germination of pollen, maintain hy-
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dration, and offer entry points to guide pollen tubes growth are
common to all species, regardless to the form.

The structure of the stigma is generally correlated with
taxonomic subdivision and reinforces the idea of coevolution
between pollen and the structure of the stigma (Edlund et al.
2004). On this basis, it could be supposed that some
morphological/anatomical patterns of styles/stigmas would
be uniform among different members of a particular natural
group of species, especially if they share pollinators and show
the same floral syndrome. For example, the monophyletic and
large genus Solanum, whose floral morphology (particularly
the androecium) is uniform and all their species are pollinated
by bees that buzz poricidal anthers (Knapp 2010). However,
the Malpighiaceae are contrasting in this aspect. This family,
particularly in the Neotropical genera, shows a relatively
similar floral morphology especially in floral attraction and
orientation and reward to pollinators, but the intrafloral posi-
tion of sexual organs are more diverse. The gynoecium pre-
sents mostly 3 (2-4) carpels, and principally, the stigmas and
styles show great diversity (Anderson 1979).
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Most species of neotropical Malpighiaceae offer floral
oil secreted from glands in the calyx named elaiophores,
and Vogel (1974) established a new pollination system,
the “oil flower syndrome.” In these species, the arrange-
ment of stamens and stigmas in the center of the flower
favors the contact of pollinators with both structures simul-
taneously during their visits (Sigrist and Sazima 2004).
Females of numerous species of bees collect the floral oil
for nest construction (mixed with other materials) and pro-
tection and/or jointed with pollen mass for larval food
(Vinson et al. 1996). The effective pollinators of the
Neotropical species of Malpighiaceae often hold the claw
of the posterior petal with their mandibles and insert their
front and middle legs between the petal claws to reach and
gather oil from glands on the sepals. In this way, they con-
tact the reproductive organs with the ventral surfaces of
their bodies (Possobom and Machado 2017).

The pollination and reproductive biology of some species
of the genera Banisteriopsis, Dicella, Heteropterys,
Mascagnia, Stigmaphyllon, and Tetrapterys of the family
Malpighiaceae, were studied in detail by Sigrist and Sazima
(2004). These authors demonstrated that stigmas are covered
with a thin and impermeable cuticle that prevents pollen from
adhering, hydrating, or germinating. The stigmatic exudates
are accumulated under a cuticle and released by rupture of this
protective stigmatic cover, produced by the mechanical action
of the pollinators. However, the anatomy and ultrastructure of
the stigmas are not studied (Sigrist and Sazima 2004).

Likewise, the internal structure of the styles in spe-
cies of Malpighiaceae is very little known. To mention
a few examples, the studies on Byrsonima sericea
(Guimardes et al. 2014) and species of Janusia,
Mascagnia, and Tetrapterys (Souto and Oliveira 2013),
indicate that styles are solid; and although this would
probably be the ancestral condition for the family, the
information is very scarce to generalize that hypothesis.

The structural features of the stigma and style and their
physiological characteristics are related to the reproductive
success of the plants. Few of these aspects were explored in
some species of Malpighiaceae (Sigrist and Sazima 2004), and
they are not described for Callaeum psilophyllum. The struc-
ture of the stigma and style and its relation with potential
pollinators will contribute to the knowledge of the reproduc-
tion biology of the family.

Based on the proposal of Sigrist and Sazima (2004) about
that the pollinators are necessary to break the stigmatic cuticle
in Malpighiaceae, we studied the traits of the stigma and style
of C. psilophyllum in open pollination (not bagged) vs. virgin
flowers (bagged), in order to associate these data with the
activity of specialized pollinators. Our aims are as follows:
(1) to analyze the morphology, anatomy, and ultrastructure
of the stigma and style, (2) to know the potential pollinators
in a population located in the southernmost distributional area,
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(3) to evaluate how the disposition of the stigmas is related
with the size of pollinators, and (4) to study the pollinator’s
role in the exposure of the receptive stigmatic surface.

Materials and methods
Studied species and study site

Callaeum psilophyllum grows as climbing or prostrate woody
vine in forest edges, riverbanks, and rocky slopes, with yellow
flowers grouped in umbels or short racemes, with few flowers
(Aliscioni and Torretta 2017). Field work was conducted dur-
ing the period December 2013—February 2014 to locate a
natural population of this species in the multipurpose
“Martin Garcia” Natural Reserve island, Buenos Aires
Province, Argentina (34° 10’ S, 58° 14’ W).

Fresh flowers (n = 100) from five individuals of the natural
population were collected in anthesis (flowers open pollina-
tion), then were fixed in FAA (formalin-acetic acid-alcohol
mixture) for 48 h and stored in 70% alcohol.

To evaluate if the presence of pollinators was obligatory to
break the stigmatic cuticle, some floral buds (n = 80) random-
ly chosen from four individuals were bagged with cloth bags
to avoid contact with floral visitors (bagged flowers). During
the anthesis, these virgin flowers were fixed in FAA to be
observed and analyzed in the lab.

Floral visitors and potential pollinators

We observed and captured species of oil-collecting bees in
flowers of C. psilophyllum, on 2-3 days per trips (a total of
four visits), at different times of day (between 8.00 and 19.00
hours). Bee species that contacted reproductive structures
while foraging were recorded as legitimate pollinators (i.e.,
discriminating pollinators from floral visitors). To achieve
this, we conducted 10-min censuses on a known number of
flowers (cumulative time = ca. 3060 min) and we captured
all floral visitors.

The captured insects were sacrificed in situ and preserved
to be determined later. Taxonomic determination was carried
out to specific level in the lab (Roig Alsina 2000; Torretta and
Roig Alsina 2017). All captured specimens are preserved in
the Entomological Collection of the General Botany Unit
(FAUBA) at the Faculty of Agronomy, University of Buenos
Aires. Also, vouchers of the vegetal specimen were deposited
in herbarium BAA (Torretta 44, 45).

Relation of flowers of C. psilophyllum and potential
pollinators

To estimate the association between the stigmatic surfaces in
flowers of C. psilophyllum with different captured species of
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bees, some measures were taken. To perform that, digital pho-
tographs in frontal view of open pollination flower (n=20)
were taken after being visited. The photographs were used to
measuring the distances between the three stigmas; imaginary
lines were drawn from the center of each receptive area (the
regions were the cuticles showed broken), joining the three
stigmas (Fig. 1a).

Centris are medium-sized to very large (Michener 2007).
The bee species captured were assigned to size groups de-
pending on their intertegular spans (Cane 1987): medium
ITS <4 mm, large 4-6 mm, and very large > 6 mm). For the
visitor bees, digital photographs in ventral view (n =5 indi-
viduals per species) were taken, and we measure the ventral
area delimiting a triangle included among posterior area
procoxal and area postmetacoxal (Fig. 1b). The distances of
flowers and bees were estimated using ImageJ software.

Morphological, anatomical, and ultrastructural
observations

The fixed open pollinated (not bagged) and virgin
(bagged) flowers were observed using stereomicroscope
in the lab. We selected flowers in complete anthesis and
without damage. We removed the gynoecia and proc-
essed these materials to obtain samples for bright field
microscope and scanning electron microscopy (SEM).
Samples were dehydrated in an ethanol series, trans-
ferred to xylene, embedded in paraffin (58 °C), and
sectioned at a thickness of 6—7 um on a rotary micro-
tome (Leitz Wetzlar), using conventional methods
(Zarlavsky 2014). Histological sections were stained
with Safranin-Fast Green and mounted in Canada bal-
sam (Zarlavsky 2014). Observations were made using a
Motic bright field microscope. Photomicrographs and
measurements were taken using Motic images plus 2.0.

To obtain samples for SEM, complete gynoecia were
dehydrated and subjected to critical-point drying using liquid
CO,. The material was then sputter-coated with gold and ex-
amined using a Philips XL 30 TMP microscope at an acceler-
ating voltage of 80 kV.

To analyze ultrastructural differences between visited
(not bagged) and virgin flowers (bagged), the gynoecia
were prefixed in 2.5% glutaraldehyde in 0.1 mol/L
phosphate buffer for 3 h at room temperature, and then,
we proceeded in a conventional manner for observations
with transmission electronical microscope (TEM). The
stigmas and the apical portion of the styles were
washed in buffer, and then postfixed in 1.5% osmium
tetroxide with the same buffer for 2 h, dehydrated in
ethanol series, and embedded in Spurr resin. Ultrathin
sections were obtained with glass knives, stained with
uranyl acetate followed by lead citrate, and examined

and photographed in a JEOL-JEM 1200 EX II TEM at
85.0 kV.

Results
Disposition of stigmas in flowers of C. psilophyllum

The stigmas of C. psilophyllum are separated and disposed in
a triangle. One of the stigmas (the anterior) faces the center of
the flower while the others (the posterior) are oriented up-
wards (Fig. 2a). The distance between the two posterior stig-
mas resulted 3.25 +£0.76 mm (mean + SD); distance between
the right posterior stigma and the anterior stigma resulted 2.66

+0.63 mm and distance between the left posterior stigma and
the anterior stigma) was 2.69 +0.72 mm (Table 1). In frontal
view, the disposition of stigmas shows an inverted scalene
triangle (Fig. 1a).

Pollinators and floral visitors

We captured four species of Centris (Apidae: Centridini), and
one species Paratetrapedia (Apidae: Tapinotaspidini). During
the field observations, 12 individuals of Centris trigonoides, 8
of C. tarsata (both medium-size species), 5 of C. fuscata
(large species), and 4 of C. flavifrons (very large species) were
captured. Also, five specimens of Paratetrapedia nigrispinis
were captured, but they were not contacting stigmas neither
stamens in the flowers.

Related to pollen deposition area in oil collecting bees, size
triangle varies between the Centris species (Table 1). In ven-
tral view, the pollen deposition area occupied an inverted sca-
lene (medium-size species) or equilateral (large and very large
species) triangles (Fig. 1b). Paratetrapedia nigrispinis were
considered as illegitimate floral visitors and were not
measured.

Morphological, anatomical, and ultrastructural
observations

The stigmatic surface is concave and covered by a thick cuti-
cle (Fig. 2a, b). Epicuticular crystalloids are observed as small
irregular plates (Fig. 2b, ¢). In flowers exposed to visitors, the
cuticle breaks to release the secretion (Figs. 2b and 3a). Pollen
grains are observed immerse in the secretion between stigmat-
ic papillae and sub-stigmatic cells (Fig. 3b).

The style is heart shaped in transverse section (Fig. 3¢). Itis
solid and consists of an epidermis, a parenchyma, and a
horseshoe-shaped transmitting tissue. The parenchyma oc-
cupies most of the style while the transmitting tissue is placed
underneath the furrow (Fig. 3d).
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Fig. 1 Relation between stigmas
and potential pollinators. a
Frontal view of the flower of
Callaeum psilophyllum. a and b,
posterior stigmas; ¢, anterior
stigma; PP, posterior petal; C,
claw. b Centris flavifions; white
triangle delimits posterior area
procoxal and area postmetacoxal.
a-b, posterior area procoxal; c,
area postmetacoxal. Scale bars: a
3.5mm, b 3 mm

Virgin flowers (bagged)

Stigmatic papillae present a thick cuticle and thick primary
walls with fibrillar aspect. The cuticle consists of an amor-
phous outer region and a reticulate inner region. Cuticle pro-
jections between anticlinal walls of adjacent epidermal cells
form cuticular pegs (Fig. 4a). Cavities of different sizes, some
with low electrondense content, can be distinguished in the
cell wall, between the cell wall and the cuticle, and in the
cuticle (Fig. 4a). Similar low electrondense content is ob-
served between the plasmalemma and the cell wall (Fig. 4a,
b). A large central vacuole occupies most of the cell protoplast

Fig.2 Scanning electron microscope. a General aspect of the gynoecium,
one of the stigma facing the center of the flower (arrow). b Stigmatic
surface covered by a broken thick cuticle (arrow). ¢ Detail of the rugous
cuticle and epicuticular waxes. Scale bars: a 1000 nm, b 200 nm, ¢ 50 nm

@ Springer

(Fig. 4a), and in the periphery of the cytoplasm many mito-
chondria, rough endoplasmic reticulum, a few dictyosomes,
and many large plastids are present (Fig. 4a, b). These plastids
contain starch and lipids observed as small high electrondense
globules (Fig. 4b).

The wall of sub-stigmatic cells is thickened at the corners
and small cavities are observed in them (Fig. 4c).
Plasmodesmata connecting these cells are observed in tangen-
tial walls in a longitudinal section (Fig. 4c). Sub-stigmatic
cells present a dense cytoplasm with a conspicuous nucleus,
few lipid globules, rough endoplasmic reticulum, and several
mitochondria (Fig. 4c, d). Many large plastids which contain
starch grains and inner membranes that resemble grana are
observed (Fig. 4c, d’). There are also abundant dictyosomes
with numerous associated vesicles (Fig. 4d—f). Content with
low electron density is observed between the plasmalemma
and the cell wall (Fig. 4f).

Open pollinated flowers (not bagged)

The outer tangential wall of the stigmatic papillae in trans-
verse section is thickened and covered by a conspicuous
amorphous and reticulate cuticle (Fig. 5a). In these flowers,
cavities of different sizes were also observed in the cuticle,
between the cell wall and the cuticle, and in the cell wall (Fig.
Sa, b). The cytoplasm of these cells is characterized by the
presence of large vacuoles with electron-dense contents (Fig.
Sa), dictyosomes, mitochondria, lipid globules, rough endo-
plasmic reticulum, and several plastids (Fig. 5c). These plas-
tids are large and contain starch and lipids (Fig. 5¢).

A transverse section of the sub-stigmatic region shows iso-
diametric cells. Large intercellular spaces are filled with secre-
tion (Fig. 5d). The primary wall is thinner than in stigmatic
papillae but light wall ingrowths are also present (Fig. 5d).
Distended middle lamella is observed in the corners of the
transmitting tissue cells (Fig. 5e). Large plastids, some with
starch, occupy most of the cytoplasm of these cells.
Mitochondria and dictyosomes with associated vesicles are
also observed (Fig. 5e). Content with low electron density is
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Table 1  Distances measured among stigmas in flowers of Callaeum psilophyllum and ventral areas of potential pollinator species

Plant species

Between posterior
stigmas (mm)

Between right posterior
stigma and anterior stigma (mm)

Between left posterior stigma
and anterior stigma (mm)

Pollinator species

Callaeum psilophyllum
Centris trigonoides
Centris tarsata

Centris fuscata

Centris flavifrons

Posterior area
procoxal (mm)

325+0.76
243+0.10
2.82+0.03
491+0.12
5.58+0.17

Between right posterior procoxal
and postmetacoxal areas (mm)

2.66+0.63
2.94+0.09
3.10+0.05
4.54+0.16
5.45+0.07

Between left posterior procoxal
and postmetacoxal areas (mm)

2.69+0.72
2.92+0.07
3.10+0.05
4.55+0.17
5.46+0.02

observed between the plasmalemma and the cell wall (Fig.
Se).

Discussion

The arrangement of the stigmas in a triangle as we observed in
C. psilophyllum seems to be the most common condition in
Malpighiaceae; among 12 species studied by Sigrist and
Sazima (2004), 9 show this characteristic. In C. psilophyllum,
the stamens accompanies this disposition; the three posterior
stamens (out of ten) are shorter and with smaller anthers
(Johnson 1986), coinciding with the position of claw of the

Fig. 3 Bright field microscope. a
Longitudinal section of the stigma
with broken cuticle (arrow). b
Detail of the stigma, showing the
cuticle (arrow), and a pollen grain
(pg) immersed in the secretion (s).
¢ Transverse section of the solid
style. d Detail of the transmitting
tissue (tt) and the furrow (arrow).
Scale bars: a, ¢ 125 um; b, d

50 um

posterior petal. Although no analysis of pollen viability was
carried out here, we observed that these posterior anthers pro-
duce pollen grains.

The species of Centris observed in flowers of Callaeum
psilophyllum are oil-collecting bees, and the behavior to re-
move the reward favors the contact of the ventral area of the
bee with the stigmas, probably producing the rupture of the
cuticle and the exposition of the stigmatic surface. The com-
parison between the ventral area of the bees and the triangle
formed by the three stigmas shows that this coupling is pos-
sible because the values are very similar. This indicates that
these Centris species are probably efficient pollinators of
C. psilophyllum in the Martin Garcia Island. However, large

@ Springer
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Fig. 4 Transmission electron
microscopy. Flowers not exposed
to visitors. a Stigmatic papillae
cytoplasm, cell wall with cavities
(white arrows) and cuticle. b
Detail of the cytoplasm of a
stigmatic papilla, cavities in the
cell wall (white arrows). ¢
Longitudinal section of sub-
stigmatic cells. d—f Detail of the
cytoplasm of sub-stigmatic cells.
d’ detail of a plastid showing
grana (white arrow). ¢, cuticle; a,
amorphous region; r, reticulate
region; cp, cuticular peg; cw, cell
wall; p, plastids; d, dictyosome;
m, mitochondria; rer, rough
endoplasmic reticulum; er,
endoplasmic reticulum; v, vesicle;
lg, lipid globule; n, nucleus; arrow
heads, cavities; black arrows,
plasmodesmata. Scale bars: a

2 um, b1 um, d’ 0.5 pm

species of Centris (C. flavifrons and C. fuscata) can simulta-
neously contact the three stigmas in each visit, while in the
medium-size bees (C. tarsata and C. trigonoides), the ventral
area is lightly lesser than the stigmatic triangle. On the other
hand, the genus Paratetrapedia includes some species that
collect oil and pollen of Malpigihaceae. When these bees col-
lect oil, they crawl outwardly around the flower and do not
contact the reproductive sexual organs, but while they collect
pollen, they can break the stigmatic cuticle and deposit small
loads of pollen (Sigrist and Sazima 2004). Species of
Paratetrapedia were suggested as potentially legitimate pol-
linators of small flowered genera of Malpighiaceae (Steiner
1985; Vogel 1990), but studied population of Callaeum
psilophyllum presents flowers of 10—14 mm (Torretta, person-
al observation); therefore, P. nigrispinis would be rejected as a
potential pollinator for this species of Malpighiaceae.

The presence of cuticle in the three stigmas of
C. psilophyllum covering the receptive areas, probably avoids
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the possibility of spontanecously self-pollination. Moreover, the
intact cuticle and the absence of pollen grains over stigmas
observed in the bagged flowers, reinforce the idea that this
species is dependent on pollinator.

The cuticles of the stigmatic receptive parts are adapted to
the role played by the stigma in the interaction with pollen
(Heslop-Harrison and Heslop-Harrison 1980; Li-Beisson et al.
2009; Zinkl et al. 1999; Javelle et al. 2011; Jessen et al. 2011;
Borisjuk et al. 2014). There is a considerable variation in the
structure of wet stigma cuticles (Heslop-Harrison and Heslop-
Harrison 1982). In general, the dominant feature of plant cu-
ticular membrane is an amorphous matrix that may present
other components such as lamellae and fibrillae. Therefore,
the cuticular matrix may be amorphous, lamellate, reticulate,
or combined. Based on this, Holloway (1982) described six
types of cuticular membranes. The stigmatic cuticle of
Callaeum psilophyllum corresponds to type 3: outer region
amorphous, inner region mainly reticulate. It is believed that
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Fig. 5 Transmission electron
microscopy. Flowers exposed to
visitors. a Stigmatic papillae
cytoplasm, cell wall with cavities
(white arrows) and cuticle. b, ¢
Detail of the cytoplasm of a
stigmatic papilla. d Transverse
section of sub-stigmatic cells. e
Transmitting tissue cells. c,
cuticle; a, amorphous region; r,
reticulate region; cp, cuticular
peg; cw, cell wall; p, plastids; d,
dictyosome; m, mitochondria; rer,
rough endoplasmic reticulum; v,
vesicle; Ig, lipid globule; 1, lipid;
ml, middle lamella; S, secretion;
asterisk, electrondense contents in
vacuoles. Scale bars: a, c—e 2 um,
b I um

the reticulate appearance occurs when polysaccharides mix
with the cutin (Fich et al. 2016). This thick and stratified
cuticle would require a more specific mechanism for its rup-
ture, such as that exercised by the oil-collecting bees, which
agrees with our observations for this species.

It is well known that dictyosomes are involved in the pro-
duction of polysaccharides (Liittge and Schnepf 1976;
Meyberg 1988; Young et al. 2008; Paiva 2009; Mercadante-
Simoes and Paiva 2013). Stigmatic and sub-stigmatic cells of
C. psilophyllum present great amount of dictyosomes with
associated vesicles in the periphery of the cytoplasm and fused
with the plasma membrane. Starch is commonly present in the
parenchyma surrounding the transmitting tissue and is degrad-
ed during pollen tube growth (Rosenfeldt and Galati 2000,
2009; Gotelli et al. 2012, 2017a). Starch is a source of energy
for intensive metabolic cellular processes (Pacek and
Stpiczynska 2007; Aliscioni et al. 2009). In C. psilophyllum,
many large plastids with starch grains are observed in all tis-
sues described, and plastids with grana are found in sub-
stigmatic cells. Considering the stigma is green, these are
probably chloroplasts. According to Fahn (1988), plastids
with thylakoids and smooth endoplasmic reticulum are asso-
ciated to the secretion of lipidic substances. Lipidic compo-
nents seem to be essential for pollen tube penetration in the
stigma and ulterior growth through the style (Lush et al. 1998;
Wolters-Arts et al. 1998) while carbohydrates are a source of
nutrients indispensable for pollen tube growth (Herrero and

Dickinson 1979) or for the development of the ovary and
ovules (Arbeloa and Herrero 1991).

Raghavan (1997) claims metabolically active cells
have abundant ribosomes, mitochondria, endoplasmic re-
ticulum, dictyosomes, and amyloplasts. A dense cyto-
plasm with those organelles and plasmodesmata are fea-
tures of secretory cells (Gotelli et al. 2017b). These
characteristics are present in stigmatic, sub-stigmatic,
and transmittion tissue cells of C. psilophyllum. In this
species, secretion is represented by the substances in the
thickened cell wall and cuticle of stigmatic papilla, in
the intercellular spaces of sub-stigmatic cells in flowers
that were exposed to visitors, and in the distended mid-
dle lamella of the transmitting tissue. The ultrastructure
of the transmitting tissue cells reported here is similar to
the structure of other species of angiosperms in general
(Johri and Rao 1984; Raghavan 1997; Pandey 1997).

The presence of wall ingrowths in cells with high metabolic
activity, as the ones we describe for Callaeum psilophyllum, is
a common trait of transfer cells (Gunning and Pate 1969; Pate
and Gunning 1972). These localized wall expansions were
also found in the stylar epithelial cells of species of diverse
genera as Ornithogalum (Tilton and Horner 1980), Citrus
(Ciampolini et al. 1981), and Discaria (Gotelli et al. 2012),
and in the transmitting tissue cells of the style of Petunia
(Herrero and Dickinson 1979), Oxalis (Rosenfeldt and
Galati 2009), Colletia, Hovenia, Ziziphus, and Paliurus
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(Gotelli etal. 2017a). In two species of Oxalis (Rosenfeldt and
Galati 2009) and in some species of Rhamnaceae (Gotelli
et al. 2012, 2017a), the wall ingrowths have lower electron
density than the primary wall as described in this work.
According to Rosenfeldt and Galati (2009), these wall in-
growths could correspond to a secondary wall.

There are some hypotheses that explain how secretory
products move from the cytoplasm towards the cell wall and
out of it. Fahn (1979) described two modes of secretion:
eccrine and granuloccrine. In the granulocrine secretion
membrane-bound vesicles are involved while in the eccrine
secretion, a molecular or ionic process is involved and sub-
stances are transported directly through the plasma membrane.
Therefore, cells rich in endoplasmic reticulum, dictyosomes,
and vesicles are often associated with granulocrine secretion
(Fahn 1979, 1988, 2000; Durkee 1983; Arumugasamy et al.
1990). On the other hand, dictyosomes and endoplasmic re-
ticulum are rare in eccrine secretion (Elias et al. 1975;
Eriksson 1977; Nepi et al. 1996; Razem and Davis 1999;
Stpiczynska 2003). According to the ultrastructure of the stig-
matic, sub-stigmatic, and transmitting tissue cells of Callaeum
psilophyllum, the secretion seems to be granulocrine.

These modes, however, do not describe the way accumu-
lated products move through the cell wall and out of it. The
cavities in the cell wall, as observed in stigmatic papillae of
C. psilophyllum, may facilitate the transport of hydrophobic
components across the hydrophilic cell wall (Kunst and
Samuels 2003). It is an unusual character which was de-
scribed for elaiophores of some members of Oncidiinae
(Pacek and Stpiczynska 2007; Stpiczynska and Davies
2008; Aliscioni et al. 2009) and for glandular trichomes of
Grindelia pulchella during and after the secretion process
(Bartoli et al. 2011). Recently, Paiva (2016) proposed a
more general and elaborated model of the cell cycle in
which changes in the volume of the protoplast are responsi-
ble for releasing the products of secretory activity contained
in the periplasmic space. He explains that the turgor pres-
sure exerted by the expanding protoplast provides the force
to the products accumulated needs to cross the cell wall.
Repeated cycles of contraction and expansion are needed
for this. In the initial state, vesicles derived from dictyo-
somes and the endoplasmic reticulum merge into
provacuoles and then into larger vacuoles, within which
the secretory product is temporarily accumulated. These
vesicles can transport secretory products to the plasma
membrane, fusing with it and releasing the products by a
granulocrine process, as observed in C. psilophyllum. This
accumulation of substances in the periplasmic space contin-
ually increases the pressure on the cytoplasm. As the pro-
cess of secretion continues and more products accumulate in
the protoplast, the pressure changes direction causing the
accumulated substances in the periplasmic space to be
pressed against the cell wall and forcing them to cross into

@ Springer

intercellular spaces. The accumulation of secretion products
inside subcuticular space can promote a pressure that per-
mits secretion products to cross a cuticular barrier, in most
cases by cuticle rupture, without a requirement of energy,
even against a concentration gradient (Paiva 2009;
Possobom et al. 2015). In Malpighiaceae, the cuticle rup-
tures by mechanical means, mostly by pollinator action, and
the secretion accumulated under it is then released (Sigrist
and Sazima 2004). In Callaeum psilophyllum, we observed
three main ultrastructural differences between flowers ex-
posed to visitors and flowers that were bagged: the rupture
of the cuticle, more secretion in the intercellular space be-
tween sub-stigamtic cells and electron-dense components
inside vacuoles in stigmatic papillae. It seems that the stig-
mas prepare in similar ways to receive pollen grains, the
pollinator action is required to break the cuticle, and once
pollen tubes start growing, stigmatic and sub-stigmatic cells
release more secretion, probably following the cell cycle
proposed by Paiva (2016).

The arrival of pollen to stigma is the beginning of the pro-
cess of sexual reproduction of angiosperms. However, this
does not ensure that the process is successful. In Callaeum
psillophyllum, additional studies about the reproductive sys-
tem (self-compatibility vs. self-incompatibility), pollinic via-
bility, etc. are necessary to understand reproductive biology of
this species.

Our results confirmed that the foraging activity of polli-
nators is necessary for the breakdown of the cuticle and that
pollen grains to reach the stigmatic receptive surface. These
data, together with those of Sigrist and Sazima (2004), for
other species of Malpighiaceae, suggest that this mecha-
nism would be generalized for the family.
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