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Abstract

Unusual nectaries were anatomically described as being usual traits for Gentianaceae. They are small, avascularized, and
formed by 3 to 5 rosette cells with labyrinthine walls around one central cell. Such as nectaries have been reported for stems,
petals, and sepals of different species of the family, however, there is no information on the mechanisms involved with the
synthesis and release of secretion. Thus, this work aimed to unravel the mechanism of secretion and exudation of nectar for
these curious nectaries using Calolisianthus speciosus as a model. Samples were processed according to standard methods for
light and electron microscopy. Leaf and sepal nectaries were described, as were those of the apex of petals where ants were
observed patrolling a darkened region. The enzymatic method was used for the detection of sugars, proteins, and amino acids
in leaf and sepal exudates. The nectaries of petals of C. speciosus are similar to those of its leaves, sepals, and stem, although
their activities are asynchronous. Polysaccharides were detected on the labyrinthine walls of rosette cells and protein in the
opposite region of the cytoplasm. Labyrinthine walls increase the contact surface between rosette cells and the central cell,
allowing for the transfer of secretion. After accumulation, the secretion is released to the subcuticular space of the central
cell through disruption of the cuticle. The secretion and exudation of nectar were elucidated and involve distinct organelles.
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Introduction of 25 species (Dalvi et al. 2014, 2017; Guimaries et al.
2013). The presence of glands visible to the naked eye in the

Nectaries are considered useful structures for Gentian-  calyx has been cited as a common trait of Gentianaceae and

aceae taxonomy (Delgado et al. 2011b; Guimardes et al.
2013; Dalvi et al. 2013, 2017) and have been anatomically
described for the leaves of 33 species (Delgado et al. 2011a,
b; Dalvi et al. 2013, 2014; Guimardes et al. 2013) and stems
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considered taxonomically relevant (Struwe and Albert 2002;
Dalvi et al. 2020). However, such structures have been ana-
tomically described for only Irlbachia Mart. (Vogel 1998),
Calolisianthus pedunculatus (Cham. & Schltdl) Gilg. (Dalvi
et al. 2020), and Chelonanthus viridiflorus (Mart.) Gilg (El
Ajouz et al. 2022). The presence of glands on the external
surface of the calyx was mentioned for Hockinia montana
Gardner (monospecific genus) (Gilg 1895) yet only nectar-
ies dispersed throughout the leaf and on the stem surface
have been anatomically described (Dalvi et al. 2013, 2014).
Glands present on the external surface of the calyx of C.
pedunculatus and C. viridiflorus have been classified as
extrafloral nectaries (Dalvi et al. 2020; El Ajouz et al. 2022),
although these nectaries are on the floral part. In addition,
the position of nectaries on the leaf blade can vary and has
been considered a taxonomically useful feature for Gentian-
aceae (Delgado et al. 2011a, b; Dalvi et al. 2013).
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Despite morphoanatomical variation, nectaries are usu-
ally macroscopic structures that are mostly vascularized by
phloem, and the nectar they produce is exuded via necta-
rostomata (stomata that lost the ability to close the ostiole)
or by partial or total rupture of the cuticle from epidermal
secretory cells (Pacini and Nepi 2007). The mechanism of
nectar exudation in epidermis devoid of stomata has been an
issue of extensive debate (Gaffal 2012), with a new recently
proposed model to explain this mechanism (Paiva 2017).

The nectaries described for Gentianaceae were consid-
ered unusual (Delgado et al. 2011a, b; Dalvi et al. 2013,
2014, 2017, 2020; El Ajouz et al. 2022). They are very tiny
and avascularized structures, being formed by only 3 to 5
cells with labyrinthine walls and are arranged in a rosette
around one central region. This central region was first
described as a central channel with a pore (Delgado et al.
2011a, b), but later was observed to contain one cell — the
central cell (Dalvi et al. 2013, 2014, 2017, 2020; El Ajouz
et al. 2022). Nonetheless, the mechanism of secretion of this
unique structure, the role of labyrinthine walls of the rosette
cells, and the involvement of the central cell in the exudation
of nectar have not been clarified.

Floral and extrafloral nectaries secrete nectar that is
involved in the interaction between plants and animals
(Rudgers 2004; Oliveira and Freitas 2004; Nicolson 2007,
Do Nascimento and Del-Claro 2010), acting as a resource for
pollinators and/or defensive insects, mainly ants (Torezan-
Silingard 2012; Del-Claro et al. 2016). Nectar composi-
tion can vary according to the location and function of the
nectary (Cruden et al. 1983), containing mainly glucose,
fructose, and sucrose in different proportions (Fahn 1979b;
Nicolson and Thornburg 2007; Nepi 2017). There is also a
direct relationship between nectar composition and visitation
events (Baker and Baker 1977; Cruden et al. 1983; Nicolson
2007). Thus, chemical characterization of secretion provides
important data for ecological studies that aim to evaluate the
interaction between plants and visiting animals (pollinators
or defenders). Chemical characterization is also important
for distinguishing secretory structures that occur in the same
region, such as the presence of colleters and nectaries on the
leaf blade, as shown for Euphorbiaceae by Feio et al. (2016)
and Meira et al. (2020). Since nectar is a costly energy
resource for plant metabolism, asynchrony among nectaries
can promote the presence of nectar for longer periods at a
lower cost (Cardoso-Gustavson et al. 2013).

Nectaries in Calolisianthus speciosus (Cham. & Schitdl.)
Gilg were described as clusters of structures on leaves and
sepals (Delgado et al. 2011a, b), as well as on the surface
of the stem (Dalvi et al. 2017). Delgado (2008) described
the glands on the surface of the leaf and calyx of C. spe-
ciosus as being composed of secretory units, denominated
nectarioles, consisting of 3-8 cells disposed in a rosette with
a mid-channel. Field observations recorded ants patrolling
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the apices of pre-anthesis and anthesis flower petals of C.
speciosus, suggesting the existence of secretory structure(s)
in this region (EI Ajouz et al. 2022).

The present work aimed to describe the ontogeny of
the nectaries of C. speciosus, and determine the type of
secretory structure(s) present in the apices of the petals
and whether there is asynchrony in the secretory phase of
the nectaries. In addition, this work aimed to chemically
describe the exudate nectar and evaluate the relationship
between nectar composition and visitors. Ultrastructural
analyses are used to unravel the mechanism of secretion and
exudation of nectar, as well as to identify the cell organelles
involved, correlating the function of the labyrinthine walls
of the rosette cells and the involvement of the central cell in
the transport and exudation of nectar.

Material and methods
Sampling and collection

Leaf samples were collected from the third node towards
the apex and sepal and petal samples from floral buds and
expanded flowers of Calolisianthus speciosus in Serra do
Ouro Branco, municipality of Ouro Branco, state of Minas
Gerais, Brazil. The area in Serra de Ouro Branco is part
of a 7520-hectare state park environmental protection area,
where rocky field vegetation predominates (IEF 2022).

Field expeditions were carried out in both the dry period
(from May to October) and the rainy period (from November
to April). Exudate from sepals and leaves of C. speciosus
was collected in the field for chemical analysis. Ants seen
feeding on exudate were photographed with a Nikon model
D7000 camera with a resolution of 16.2 megapixels. No
exudation was observed in petals during field expeditions,
despite ants being seen patrolling the apex. Voucher material
was deposited in the herbarium of Universidade Federal de
Vigosa under the number VIC 49,368.

Light microscopy

For anatomical and histochemical analyses, samples of fully
expanded leaves, sepals, and petals were fixed in neutral
buffered formalin (Lillie 1965) and conserved in 70% etha-
nol (Jensen 1962). Samples of these materials were trans-
versely sectioned using a table microtome (model LPC;
Rolemberg & Bhering Trade and Bhering LTDA, Belo
Horizonte, Brazil) and the sections subjected to tests for
the detection of phenolic compounds with ferric trichloride
(Johansen 1940); for lipids compounds with both Sudan
Black B and Sudan IV (Pearse 1951, 1980). The sections
were mounted on slides with glycerinated gelatin. Fresh
samples were also sectioned, and the sections submitted to
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vanillin—hydrochloric acid for tannins (Mace and Howell
1974). Respective controls were processed simultaneously
for the histochemical tests using standard procedures. Sam-
ples not subjected to reagents (white) were also analyzed.

For structural characterization, part of the material was
dehydrated in an ethanol series and embedded in meth-
acrylate (Historesina Leica Microsystems Nussloch GmbH,
Heidelberg, Germany). Cross and longitudinal sections of
5 um thickness were obtained using an automatic rotary
microtome (model RM2155, Leica Microsystems Inc.,
Deerfield, USA). The sections were stained with toluidine
blue at pH 4.7 (O’Brien et al. 1964). Some of these sections
were subjected to the following histochemical tests: xyli-
dine Ponceau (O’Brien and McCully 1981) and coomassie
blue (Fisher 2004) for total proteins; periodic acid — Schiff
(PAS) (O’Brien and McCully 1981) for total polysaccha-
rides; ruthenium red for pectins and mucilage (Johansen
1940); Lugol reagent (IKI) (Pearse 1972) for starch. Slides
were mounted with synthetic resin (Permount, Fisher Sci-
entific, Fair Lawn, NJ).

Observations and photographic documentation were per-
formed using a light microscope (AX70TRF, Olympus Opti-
cal, Japan) equipped with an image capture system (Ax Cam,
Zeiss, Germany). Diagrams were drawn based on pictures
of anatomical sections.

Electron microscopy

For scanning electron microscopy (SEM), samples from
secretory regions of fully expanded sepals and petals of C.
speciosus were fixed in FAA (formalin, glacial acetic acid,
50% ethanol at 1:1:18), dehydrated in an ethanol series, and
subjected to critical point drying using CO, (model CPD
030 Bal-Tec, Balzers, Liechtenstein). The materials were
then mounted on stubs with double-sided adhesive tape and
sputter-coated with gold (model SCA 010, Bal-Tec, Balz-
ers, Liechtenstein). Observations and photographic record-
ings were performed using a scanning electron microscope
(model LEO 1430 VP-Zeiss, Cambridge, England).

For transmission electron microscopy (TEM), samples
of secretory regions of the sepals of C. speciosus were fixed
in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer
pH 7.2 (10-12 h), post-fixed in 1% osmium tetroxide for
2 h, dehydrated in an ethanol series, and embedded in LR
White acrylic resin (Sigma Aldrich). Sections of 50-60-nm
thickness were obtained using an ultramicrotome (Leica EM
UC6, Vienna, Austria). These sections were collected on
copper grids and contrasted with 5% uranyl acetate aqueous
solution and lead citrate (Reynolds 1963). Observations and
images were obtained using a Zeiss EM 109 transmission
electron microscope (Carl Zeiss Microscopy, Jena, Ger-
many) at 80 kV at NMM/UFV.

Chemical analysis of nectar

Exudate from sepals and leaves of C. speciosus was col-
lected in microtubes, frozen in liquid nitrogen, and kept in
an ultra-freezer at — 80 °C until analysis. The sepal exudate
was collected in April, the month of high flowering, and the
leaf exudate in November, when the exudate in this region
is more intense. Sugars (glucose, fructose, and sucrose),
proteins, and amino acids were chemically evaluated. Five
microliters of secretion were transferred to a microtube con-
taining 5 pL of 70% ethanol. A 5-pL aliquot of this volume
was taken for reaction in medium containing NAD +, ATP,
imidazole buffer, and glucose-6-phosphate dehydroge-
nase. The concentrations of hexoses (glucose, fructose, and
sucrose), total amino acids, and proteins (Bradford method)
were quantified in three steps by adding the enzymes hexoki-
nase, phosphoglucoisomerase, and finally invertase, with the
reduction of NAD +to NADH being quantified (Praxedes
et al. 2006).

Results
Nectary visitors and exudate appearance

In C. speciosus, clusters of microscopic nectaries form
structures visible to the naked eye on the external surface of
the calyx (Fig. A—B), petal apices (Fig. 1A, C), leaf blade
base, and leaf blade apex (Fig. 1D). These regions were vis-
ited by ants that feed on the accumulated droplets which
had aggressive and ongoing behavior during the dry and
the rainy periods. The activity of floral and extrafloral nec-
taries is asynchronous. During the floral phenophase, there
was greater visitation to the sepals and petals, where nectar
drops were more voluminous, than to the leaves. During the
vegetative phenophase, exudation from leaf nectaries was
abundant, especially for young leaves.

Sepal, petal, and leaf nectaries and exudate
composition

Nectaries observed on sepals, petals, and leaves of C. spe-
ciosus have a diameter approximately of 50 pm, and they are
made up of 3 to 5 cells with prominent nuclei and invagi-
nated walls — labyrinthine walls — around a central cell,
forming a rosette configuration (Fig. 1E) and the glandular
tissue are non-vascularized (Fig. 1F).

Nectary origin is common for all organs since they are
formed by protodermal activity (Fig. 2). The initial stage is
marked by a set of cells that become radiated, which have
prominent nuclei, dense cytoplasm, and thin, pectocellu-
losic walls (Fig. 2A). Three to four cells begin to arrange
themselves in a radiated way with their nuclei facing
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Fig. 1 Leaf and flower nectaries
of Calolisianthus speciosus.

A. Field specimen and details
of the clustering of nectaries

of sepals (B), petals (C), and
leaves (D). Anatomy of the
sepal nectaries in frontal view
(staining with toluidine blue).
Note the more intense staining
in the region of the labyrinthine
walls (asterisk) and the central
cell (arrowhead). F. Sepal
nectary in longitudinal section.
n, nucleus; np, nectariferous
parenchyma. Bars=A, C-D:

1 cm; B: 0.5 cm; E-F: 30 pm

centrally. The central portion contains one tiny cell with
dense cytoplasm and no labyrinthine walls (Fig. 2B). In
the next stage, the externally located cells become larger
than the central cell and, after the displacement of their
nuclei to the opposite pole, each forms a labyrinthine wall
in the portion facing the central cell (Fig. 2C). In the last
stage, the external, or rosette, cells become even larger,
with most of their cytoplasm volume being occupied by
their labyrinthine wall while their nucleus settles at a posi-
tion opposite to the central cell (Fig. 2D). The cell walls
of the central cell are thicker than those of the cell walls
of the rosette cells (Fig. 2D).

Floral (sepals and petals) and extrafloral (leaves) nec-
taries reacted similarly to the histochemical tests (Table 1).
The only exception was a positive test for starch in the
rosette cells and the central cell only of leaf nectaries
(Fig. 3A). The test for polysaccharides (PAS) showed a
strong reaction in the cytoplasm, especially where the
labyrinthine wall is arranged (Fig. 3B). Pectins/mucilage
were detected in a manner similar to that for polysaccha-
rides (Fig. 3C). The most intense reaction for proteins was
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in the cytoplasmic region opposite to the labyrinthine wall
(Fig. 3D).

Ultrastructural complexity of the nectary

The largest rosette cells are in direct contact with the tiny
central cell (Fig. 4A). The walls of the rosette cells that
have contact with the central cell are labyrinthine; the walls
between rosette cells are thin, with evident middle lamella
and some plasmodesmata (Fig. 4B, C). Mitochondria and
granular endoplasmic reticulum (GER) accompany the
ingrowths of the labyrinthine wall (Fig. 4D). The nucleus of
each rosette cell is in the region opposite the labyrinth wall
and shows decondensed chromatin (Fig. 4E). Many small
vacuoles are present in the cytoplasm and are concentrated
close to the adjacent walls of rosette cells (Fig. 4B, E).

The central cell possesses a large vacuole containing
granular material (Fig. 4A, F), causing the other cytoplas-
mic organelles and the nucleus to occupy a parietal posi-
tion (Fig. 4E, F). The wall of the central cell is thick and
exhibits a striated appearance by the loosening of structural
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Fig. 2 Illustration of the ontog-
eny of floral and extrafloral
nectaries of Calolisianthus
speciosus. A. Common epider-
mal cells. B. Arrangement of
radiating secretory cells delimit-
ing the central cell (arrowhead).
Note the nuclei of the rosette
cells facing the central cell. C.
Beginning of the development
of labyrinth wall and the shift of
the nucleus to the opposite pole,
note the relatively diminutive
size of the central cell compared
to the rosette cells. D. Final
stage of nectary differentiation
with rosette cells larger than the
central cell, labyrinthine walls
occupying much of the rosette
cells and numerous vacuoles.
ec, epidermal cell; lw, labyrin-
thine wall; n, nucleus; rc, rosette
cell; v, vacuole. Bars =30 pm

Table 1 Results of histochemical tests performed on nectary of
Calolisianthus speciosus

Compounds Leaf nectary  Sepal nectary  Petal nectary
Starch + - -
Phenolic compounds  — - -
Lipids - - -
Pectins + + +
Polysaccharides + + +
Proteins + + +

+ (positive reaction); — (negative reaction)

features not observed in the rosette cells (Fig. 4G). Secretion
is directed to the labyrinthine walls of rosette cells to cross
the wall of the central cell (Fig. 4G).

The mechanism of nectar secretion and exudation

Different compartments are involved in the secretion process
of nectaries of C. speciosus (Fig. 5). Mitochondria (Fig. 5A,
B, C, D), free ribosomes (Fig. 5C, D), GER (Fig. 5C, D),
and dictyosomes (Fig. 5D, F) are present in the cytoplasm of
rosette cells and are involved with the synthesis of polysac-
charides and proteins (as histochemically detected), pack-
aging (Fig. 5F), and the granulocrine pathway (Fig. SE) of
exocytosis of nectar from rosette cells to the central cell
(Fig. 5C, E).

As shown in Fig. 6, pre-nectar is derived from photoas-
similates, water, and mineral salts that are transported by
xylem and phloem. As the nectary is non-vascularized, these
components are transported by both symplastic and apo-
plastic pathways, cell by cell, to rosette cells. After entering
the cytoplasm of rosette cells, the pre-nectar is modified
into nectar, after which it is transferred to the central cell
via labyrinthine walls. The ingrowing of the labyrinthine
wall increases the surface area in contact with cytoplasm,
allowing the transportation of a large amount of nectar to the
central cell. Once in the central cell, the secretion accumu-
lated in vacuoles presses the cytoplasm against the cell wall.

Nectaries occur in small depressions on the surface
(Fig. 7A). The cuticle on the external wall of the central cell
becomes separated from the wall (Fig. 7B—F) and, in some
regions of the cuticle, a pore (Fig. 7B, E) and/or slit can be
seen (Fig. 7C, D). In some regions, overlapping cuticular
layers are evident (Fig. 7F). Fungal hyphae were common on
the nectaries of both older leaves and older sepals (Fig. 7A,
B).

Chemical composition of the nectar

Droplets exuded by both sepal and leaf nectaries of C.
speciosus are colorless and translucent. However, discrep-
ant variations in sugar concentration were detected by the
chemical analyses (Table 2). The overall concentration of
sugars in the secretion of sepals is 25 times higher than that
of the secretion of leaves (Table 2). This difference may be
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Fig.3 Positive results (asterisk)
of histochemical tests performed
on sepal nectaries of Calolisian-
thus speciosus. A. Presence of
starch in both rosette cells and
central cell evidenced by Lugol
reagent. B. Strong PAS reaction
in the region of labyrinthine
wall (asterisk). C. Pectins
stained pink in the region of
labyrinthine wall (asterisk),
especially in the region facing
the cytoplasm, evidenced by
ruthenium red reagent. D.
Cytoplasmic content rich in
proteins (asterisk) evidenced
by xylidine Ponceau reagent.
cc, central cell; ec, epidermal
cell; Iw, labyrinthine wall; n,
nuclei; rc, rosette cell; s, starch.
Bars=30 pm

correlated with the higher viscosity of the secretion pro-
duced by sepals compared to the secretion produced by
leaves (more liquid), as it was noticed in the field. Glucose
was not detected in leaf exudate, but was in sepal exudate,
with 100.53 g/L of glucose, the highest concentration among
all the sugars analyzed. Fructose concentration was 1.39
times higher in sepal compared to leaf exudate, and sucrose
was much higher in sepal than in leaf exudate. Although
proteins were not detected in any exudate, equivalent con-
centrations of amino acids were present in both sepal and
leaf exudates, being just 1.10 times higher in the former
(Table 2).

Discussion

The nectaries present in the leaves, sepals, and petals of
Calolisianthus speciosus are anatomically similar and pos-
sess a general structure previously described for other spe-
cies of Gentianaceae (Vogel 1998; Delgado et al. 2011a, b;
Dalvi et al. 2013, 2014, 2017, 2020). Dejean et al. (2011)
observed such structures on the petal apex and calyx exte-
rior of Chelonanthus alatus (Aubl.) Pulle (Gentianaceae),
and classified them as stomatal pores through which nec-
tariferous secretion is exuded. However, the observations
of the present study indicate that this classification seems
to be improper. From the characteristics observed to be in
common between Chelonanthus alatus and Calolisianthus
speciosus, it is possible to infer, as is widely observed in
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Gentianaceae, that these structures of C. alatus are stomata-
free nectaries.

The anatomical studies of the nectaries of C. speciosus
presented here reveal that the walls of the central cell are
twice as thick as those of the rosette cells. Labyrinthine
walls function to increase the absorption area and more effi-
ciently promote a series of intense short-distance transports
(Gunning and Pate 1969). This thinner wall of rosette cells
may favor the transport of material to be exuded. In general,
the plasma membrane follows the arrangement of the laby-
rinthine walls.

Chemical analysis of exudate collected on sepals and
leaves of studied species demonstrated the presence of sug-
ars and amino acids in varying concentrations. Glucose was
not detected in the nectar secreted on leaves, while fructose
and sucrose showed concentrations of 4.81 and 0.02 pM,
respectively. Delgado et al. (2011a) also chemically analyzed
nectar exuded from the leaves of C. speciosus and found the
concentrations of glucose, fructose, and sucrose to be 3.34,
3.38, and 1.04 uM, respectively. The different composition
of sugars found in the nectar produced by foliar nectaries
of this species may be due to the difference in collection
procedure, as well as to environmental factors, since both
studies collected nectar in November. In the present work,
drops of nectar were collected from directly on the leaf and
immediately transferred to microtubes, which were stored
in a thermal container with liquid nitrogen. This procedure
prevents the breakdown of sucrose into glucose and fruc-
tose (Vollhardt and Schore, 2013). The drops collected by



Unraveling the secretion mechanism of the curious nectaries in Gentianaceae

643

Fig.4 Anatomy and ultrastructure of calyx nectaries of Calolisian-
thus speciosus. A. Radiated arrangement of rosette cells with laby-
rinthine walls around the central cell, with the accumulation of nectar
(asterisk). B. Rosette cells with numerous vacuoles and thin primary
walls communicating by plasmodesmata (C). D. Detail of a rosette
cell showing numerous mitochondria and GER accompanying the
labyrinthine wall. E. Overview of rosette cell showing numerous
vacuoles in parietal position and the nucleus surrounded by laby-

rinthine wall. F. Longitudinal section of nectary with nectar exuda-
tion evidenced by the arrowhead (toluidine blue staining). G. Secre-
tion (asterisk) directed by the labyrinthine wall to cross the cell wall
towards the central cell. cc, central cell; cw, cell wall; ger, granular
endoplasmic reticulum; gm, granular material; lw, labyrinthine wall;
m, mitochondria; n, nuclei; v, vacuole. Bars=A: 30 pm; B, D-E:
5 pm; C: 500 nm
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Fig.5 Ultrastructure of calyx nectaries of Calolisianthus speciosus
evidencing the cytoplasm of rosette cells. A. Rosette cells in contact
with parenchymal vacuolated cells. B. Region of the nectary where
the labyrinth wall cannot yet be seen but the central cell is evident.
C-D, F. Rosette cells in high metabolic activity evidenced by asso-
ciations between mitochondria, a large amount of GER, ribosomes,
and dictyosomes with numerous vesicles plus the nucleus with decon-
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densed chromatin. C, E. Cytoplasm of rosette cell rich of GER, free
ribosomes, vacuoles, mitochondria, and some plastids. cc, central
cell; cw, cell wall; d, dictyosome; ger, granular endoplasmic reticu-
lum; m, mitochondria; ml, middle lamella; n, nuclei; r, ribosomes; p,
plastid; v, vacuole; vs, vesicles. Bars: A—-C, E=2 pm, D=1 pm,
F=500 nm
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Fig.6 Model proposed for understanding the routes of photoassimi-
lates from parenchyma cells to rosette cells and nectar exudation in
the nectaries of leaves, sepals, and petals of Calolisianthus specio-
sus. Pre-nectar from the parenchyma is transferred to rosette cells
via apoplast (blue arrow) and symplast (red arrow), where it will be
converted into nectar. The nectar is then conducted through the laby-
rinthine wall to the central cell (green arrow). The accumulation of
secretion in the subcuticular space of the central cell causes the cuti-
cle to rupture and subsequently release nectar into the external envi-
ronment (orange arrow)

Delgado et al. (2011a) were subjected to dilution to proceed
with the analysis and samples were not frozen immediately
after collection, which may have caused a breakdown of
sucrose. The high dilution in water may have also influenced
the results. Thus, these procedural differences may explain
the presence of glucose in the analyses of Delgado et al.
(2011a) and its non-detection in the present study for nectar
secreted by leaves at the same time of the year. In the sepal
nectaries, glucose, fructose, and sucrose were detected at
concentrations of 100.53, 6.73, and 16.38 pM, respectively,
a higher concentration compared to the nectar collected
in the leaf nectaries. The composition of nectar is highly
variable among species, in addition to being influenced by
several environmental factors (Nicolson 2007; Nicolson
and Thomburg 2007). Petal nectaries of C. speciosus of the
present study accumulated insufficient nectar for collection.

The secretory activity of the nectaries occurs at an early
stage, which is easily observed in the field by the presence
of ants visiting floral buds to open flowers. Analysis of
anatomical development revealed that still undifferentiated
sepals have fully differentiated and functional nectaries.
The activity of nectaries in attracting ants fits the hypoth-
esis proposed by Del-Claro et al. (2016), whereby the plant

responds to ecological pressure exerted by herbivores in a
chemically defensive manner, secreting, through extrafloral
nectaries, food that will attract predators, such as ants, spi-
ders, or wasps. For C. speciosus, this hypothesis extends to
floral nectaries located in sepals and petals, which perform
the same function as leaf nectaries, attracting ants that for-
age uninterruptedly during flowering. Likewise, during the
vegetative period, leaf nectaries are visited continuously.

The secretory phase is asynchronous, with the extrafloral
nectaries being more active during the vegetative pheno-
phase, when there is no demand for photoassimilates to be
destined for fruit production at a high source-to-sink ratio.
On the other hand, from the beginning of flowering to the
complete senescence of the flowers, nectar exudation is vis-
ibly greater in sepals and petals in relation to leaves. The
increase in nectar production in floral organs attracts more
ants, widening the protection of flowers until seed produc-
tion. Despite the low production of nectar in leaves during
the flowering period, protection against herbivores is still
provided by ants.

Nectar composition also influences visitation events.
Studies suggest further hypotheses about the function of
nectar in its different compositions (Heil 2011). However, it
is known that secretion composition involves two main fac-
tors, namely, the mutualistic attraction or the repellence of
nectar robbers (Torezan-Silingard 2012). The diet of nectar
consumers varies, and it is the composition of the secretion
that determines the type of consumer (Nicolson 2007; Nepi
et al. 2012), with carbohydrates and amino acids contained
in nectar being most important in the attraction function.
Although some ant species lack invertase, the sucrose-cleav-
ing enzyme, thus opting for nectar without sucrose (Heil
et al. 2005; Martinez del Rio 1990), nectariferous ants gener-
ally prefer nectar with considerable amounts of sugars and
the presence of amino acids (Nicolson et al. 2007). How-
ever, according to Pacini et al. (2003), more watery nectar
is an important resource for visitors, such as ants, as in the
leaf nectaries of C. speciosus, which secrete nectar with
lower concentrations of sugars. The nectar exuded by the
floral nectaries of the species in the floral phenophase has a
25-times higher concentration of sugars than the nectar they
exude in the vegetative phenophase.

It is uncommon to observe floral nectaries not involved in
the pollination function. The present study highlights these
characteristics attributed to the floral nectaries present in
sepals, which present the same defense function offered by
ants that visit the extrafloral nectaries in leaves. It was not
possible to chemically analyze the nectar secreted in petals.
Observations of ants having the same behavior in leaf, sepal,
and petal nectaries indicate that the nectaries present in the
three organs have the same function in attracting ants that
protect the plant from possible attacks by herbivores. Pre-
vention of microorganism attack is related to the presence
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Fig.7 Nectaries of sepals (A, C, E) and petals (B, D, F) of Caloli-
sianthus speciosus visualized by scanning electron microscopy
(SEM) showing different stages of nectar exudation. A. Clusters of
nectaries in depressions on the external surface of the calyx. After the
secretory phase, the nectaries are blocked by hyphae. B. Accumula-
tion of secretion is evidenced by the distended cuticle. C-D. Cuticle

@ Springer

ruptured after the accumulation of secretion in the subcuticular space,
allowing secretion to be released to outside of the organ. E. Secre-
tion exudation (white arrow). F. Cuticle ruptured during the release
of accumulated nectar. bc, broken cuticle; dc, distended cuticle; ec,
epidermal cell; h, hyphae; n, nectary; ns, nectar secretion; pc, periph-
eral cell. Bars=A-B: 20 pm, C-F: 10 pm
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Table 2 Concentrations of

. SS Sugars (g/L) Proteins (mM) Amino
sugars, proteins, and general acids
amino acids exuded by nectaries Glucose Fructose Sucrose General (mM)
of Calolisianthus speciosus

Leaf ND 4.81 0.02 4.83 ND 2.06
Sepal 100.53 6.73 16.38 123.64 ND 2.28

ND, not detected

of secondary compounds and antimicrobial proteins (Heil
2011), although fungal spores still form hyphae.

Histochemical tests detected the presence of polysaccha-
rides, including mucilage, both in the region of the labyrin-
thine walls and in the cytoplasm of the rosette cells of the
nectaries of the studied species. The more intense reaction
for polysaccharides in the region of the labyrinthine walls of
the rosette cells was expected since polysaccharides are the
main constituent of primary walls (Evert 2013). Mucilage
is a polysaccharide compound that has previously been indi-
cated in the composition of nectar and is related to higher
viscosity (Santos et al. 2017). Considering the environment
of the campos rupestres where the studied plants of C. spe-
ciosus were collected, the higher viscosity of the secretion
contributes to a decrease in the evaporation of water pre-
sent in nectar and, thus, makes it accessible to visitors for
a longer period of time. The present study detected starch
grains only in leaf nectaries in samples collected during the
floral phenophase, when leaf exudation was imperceptible
and sepal and petal exudation intense. Thus, it is possible
that the starch reserve in leaves guarantees the initial re-
establishment of secretion in leaves after the senescence
of flowers. Reserve starch can be broken down at any time
of day, ensuring rapid nectar production (Peng et al. 2004;
Nicolson et al. 2007). Proteins, as well as mucilage, can also
be nectar constituents (Paiva and Machado 2006; Rocha and
Machado 2009).

The strong reaction to proteins in the nectaries of C. spe-
ciosus indicates the intense metabolic activity of these cells
and corroborates the presence of amino acids detected in the
nectar. Experimental work by other researchers has shown
that ants prefer nectar with a high concentration of amino
acids (Lanza et al. 1995; Wagner and Kay 2002). Ants are
common visitors of leaf, sepal, and petal nectaries of C.
speciosus (Delgado et al. 201 1a) and the existence of amino
acids in nectar can act as an attractant for these animals.

Ultrastructural features similar to those observed by us
have been reported for nectaries of species belonging to
different families (Fahn 1979a, b), such as Leguminosae
(Davis et al. 1988) and Sapindaceae (Avalos et al. 2017).
Nectar production is influenced by environmental and physi-
ological factors such as insect visitation events and photo-
synthetic rates (Del-Claro et al. 2016; Pacini et al. 2003).
According to Peng et al. (2004), the center of the dynamic

transformation of nectar involves a combined complex of
amyloplasts and vacuoles, with the disappearance of amy-
loplasts being observed to the detriment of vacuolar growth
in floral nectaries of Cucumis sativus L., as evidenced in
the present study, where vacuoles are numerous and full of
granular content, and amyloplasts are not evident.

The transfer of nectar components from rosette cells to
the central cell through wall invaginations is an unusual
mechanism that has been reported for nectar exudation by
secretory trichomes (Fahn 1979a). Transfer cells have been
mentioned as occurring in secretory structures where active
transport occurs, in high amounts, over a short distance,
since the invaginations increase the contact surface with the
cytoplasm (Nguyen and McCurdy 2017). Thus, nectar that is
produced by rosette cells is transferred to the central cell and
then exuded from it. Although the ultrastructure of nectaries
of C. speciosus has been investigated previously, the role of
labyrinthine walls and the existence of a central cell have not
been addressed (Delgado et al. 2011a).

In our study, we show that in C. speciosus, the nectar that
accumulates in the subcuticular space of the central cell was
observed to be exuded by cuticle breakage. This form of
secretion and exudation is not common, as in most cases the
secretion release route involves modified stomata, palisaded
cells, or secretory trichomes (Fahn 1979a; Cruden et al.
1983; Nepi 2007). Although uncommon, this nectar exuda-
tion mechanism of the nectaries of C. speciosus is compat-
ible with the model proposed by Paiva (2017) for nectaries
devoid of nectarostomata, where the process is cyclic and
depends on accumulation in the central cell to enable the
elimination process by pressure.

Conclusion

All the studied secretory structures of Calolisianthus spe-
ciosus were recognized as nectaries. There is asynchrony
of the secretion phases of the species floral and extrafloral
nectaries. Evident differences were found in the concentra-
tions of sugars in the nectar of sepals and leaves. Amino acid
production in the exudate of leaf and sepal nectaries of C.
speciosus was similar, although proteins were not detected
in the analyses.
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The mechanism of secretion and exudation of nectar by
the nectaries of C. speciosus were elucidated, as was the
functional role of the central cell of this structure. Floral
and extrafloral nectaries of C. speciosus present a curious
nectar production and elimination mechanism that involves
the granulocrine pathway. Labyrinthine walls increase the
contact surface of rosette cells, which are responsible for
the transformation of pre-nectar into nectar. The central cell
accumulates nectar in the subcuticular space before elimina-
tion by cuticle rupture.
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