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ABSTRACT

The genus Zeyheria (Bignoniaceae) comprises only two species, both of which have been described as possessing a
reduced and non-functional nectary disk. Despite the importance of this evolutionary change in the floral nectary,
these functional assumptions have been based on disk size and on the distribution, abundance and histochemistry
of corolla-borne trichomes. By combining methods on light and electron microscopy, here we investigated the
functionality of the reduced nectary disk and describe all of the tissues and structures of the nectar chamber in order
to determine the sites of floral nectar secretion in both Zeyheria species. . Our data find the floral nectary traits of
both species to be very similar, although differing in their cellular contents. Subcellular evidence in both species
indicated that disk, stipe and petal axils were, predominantly, involved in hydrophilic secretion, while capitate glandular
trichomes produced lipophilic secretion and papillae produced mixed secretion. Our study shows that in spite of its
reduced size, the reduced disk functions in nectar secretion in both species of Zeyheria. This kind of nectary system
is a novelty for Bignoniaceae, since it comprises several tissues and structures functioning in an integrated fashion.
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Introduction

Nectar is an aqueous solution produced by specialized
structures (nectaries), largely distributed among
angiosperms (Fahn 1979; Smets 1986; Nepi et al. 2009).
The ontogenetic origin, size, shape or position of floral
nectaries is variable among eudicotyledonous flowers
(Pacini et al. 2003; Evert 2006; Bernardello 2007), and
show no particular patterns associated with taxa, habitat
or pollinator type (Herrera et al. 2006; Canto et al. 2007,
Agostini et al. 2011; Wilmer 2011). Despite being referred
to as a poorly elaborated carbohydrate-based solutions,

nectar production requires extensive processing by the
nectary cells, whose subcellular features reflect its final
composition (Nepi 2007).

Nectar has been considered the most important resource
available to anthophilous animals in angiosperms (Galetto
& Bernardello 2005; Willmer 2011). Bignoniaceae species
are predominantly zoophilous (Gentry 1974; Alcantara
& Lohmann 2010) and the floral nectar production has
been commonly attributed to a conspicuous nectary,
characterized as a disk that surrounds the ovary base
(Gentry 1992; Galetto 1995; 2009; Rivera 2000). This
nectariferous disk is usually composed by a secretory
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epidermis and secretory parenchyma, predominantly
supplied by phloem (Galetto 1995; Thomas & Dave 1992;
Rivera 2000; Guimaries et al. 2016). However, in some
genera as Clytostoma, Cydista, Phryganocydia (now treated
as Bignonia according to Lohmann & Taylor 2014) and
Lundia the nectariferous disk is absent, and these nectarless
flowers are supposed to be pollinated by deceit (Gentry
1980). Remarkably, Lundia cordata, a Bignoniaceae species
that possesses a vestigial and non-secretory disk, offers
nectar as trophic resource, which production was assigned
to the corolla-borne trichomes (Lopes et al. 2002). A similar
pattern was described for Zeyheria montana, for which a
functional disk is supposedly lacking (Gentry 1992) and
floral nectar secretion was also attributed to the corolla-
borne trichomes placed on the nectar chamber’s inner
corolla wall (Bittencourt & Semir 2004). So, for species
in which the disk is absent or reduced, as L. cordata and
Z. montana, the trichomes’ carpet was considered as a
substitute nectary (sensu Vogel 1997) considering that this
type has evolved secondarily, after the disk lost its secretory
function (Lopes et al. 2002; Bittencourt & Semir 2004).
Despite the importance of this evolutionary change in the
floral nectary in Bignoniaceae, these functional assumptions
have been based only on disk size and on the distribution,
abundance and histochemistry of corolla-borne trichomes in
the nectar chamber. However, ultrastructural and chemical
analyses are essential to investigate relationships between
structure and cell functions (Fakan 2004).

Zeyheria genus is characterized as possessing a vestigial,
non-functional nectary disk (Gentry 1992). This genus
comprises only two species and both differ on their
pollinators. Zeyheria montana is hummingbird-pollinated
and produces copious diluted nectar (Bittencourt & Semir
2004), while Z. tuberculosa is bee-pollinated and produces a
more concentrated nectar in smaller amounts (Souza 2015).
Carrying-out a study on gynoecium secretory trichomes
of Zeyheria montana (Machado et al. 1995; 2006) authors
observed abundant starch grains in the reduced disk
and presence of vascular tissues close to the disk. These
observations led us to question the non-functionality of the
reduced disk, since such attributes have been associated with
nectar production (Fahn 1979; Nepi 2007). Additionally to
the already described involvement of corolla-borne glandular
trichomes in nectar secretion (Bittencourt & Semir 2004),
we observed signs of secretory activity in other tissues and
structures of the nectar chamber, which suggest that, in
this species, floral nectary may comprise more than one
site of secretion.

These observations motivated us to investigate, in a
comparative way, the chemical and subcellular features of
the reduced disk, aiming to determine its functionality, in
both Zeyheria species since they differ in nectar volume and
concentration. In addition, we investigated all the nectar
chamber’s tissues and structures in order to determine the
functional role of each one and to characterize the floral
nectary in both species.
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Materials and methods

Plant species, sampling and study site

Zeyheria montana Mart. and Z. tuberculosa (Vell.) Bureau
ex Verl. differ in relation to habit, type of vegetation,
pollinators and nectar attributes (Gentry 1992; Rizzini
1997). Zeyheria montana is a typical shrubby species,
hummingbird-pollinated with diluted and copious nectar,
that occurs in the Brazilian savanna (Bittencourt & Semir
2004). Zeyheria tuberculosa is a tree species, bee-pollinated
with little and more concentrated nectar that occurs in
seasonal semi deciduous forests in Brazil (Souza 2015).

This study was conducted from 2008 to 2015 on five
adult specimens of Z. montana and five of Z. tuberculosa
growing in savanna and forest areas, respectively, at
Botucatu municipality, Sdo Paulo State, Brazil (22'55’S
48°30'W). Anthesis in Z. montana lasted about six days
and around four days in Z. tuberculosa and in both species
nectar production started in pre-anthesis buds. From
each individual four pre-anthesis buds and four first-day
functional flowers (n = 20 samples per species), both stages
showing nectar production, were collected. The flowers
were observed and dissected under a stereomicroscope.
Then, 20 samples of each stage were fixed for anatomical
(five samples) and histochemical (five samples) studies on
light microscopy (LM) and for ultrastructural studies on
scanning (SEM) (five samples) and transmission (TEM)
(five samples) electron microscopy.

Voucher of Z. montana (number 28469-28470) and of
Z. tuberculosa (number 30818-30819) are deposited on
BOTU Herbarium.

Scanning electron microscopy (SEM)

For SEM, the samples (n = 10 plants) were fixed in
2.5% glutaraldehyde (GA) in 0.1 M phosphate buffer (pH
7.2), dehydrated in an ethanol series, dried by the critical
point method using liquid CO,, and sputter-coated with
approximately 10 nm of gold (Robards 1978). The materials
were observed in a FEI Quanta 200 SEM (FEI, Hillsboro,
OR, USA) at 20 kV.

Light microscopy (LM)

For LM, the samples were fixed in FAA 50 (formaldehyde,
acetic acid, and 50% ethanol 1:1:18 v/v) (Johansen
1940), dehydrated in an ethanol series, and embedded in
methylmethacrylate-based resin. Semi-thin sections (5-6
pum) were cut with disposable steel razors on a RM2255
(Leica) rotary microtome, mounted on glass slides and
stained with 0.05% Toluidine Blue O (pH 4.3) (O’Brien et
al. 1964). Fresh hand-cut sections and semi-thin sections
were treated with Sudan III (Johansen 1940) for total lipids;
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Lugol’s reagent for starch grains (Johansen 1940); NADI
reagent for terpenes (David & Carde 1964); Dragendorff
reagent for alkaloids (Svendsen & Verpoorte 1983); mercuric
bromophenol blue to detect total proteins (Mazia et al.
1953); Fehling’s solution to detect reducing sugars (Purvis
etal. 1964). Samples treated with aluminium trichloride and
lead neutral acetate (Charriére-Ladreix 1976) were analysed
under fluorescence microscope for flavonoids. Standard
control procedures were carried out simultaneously.
Starch grains and calcium oxalate crystals were detected
using polarized light. The preparations were examined
and photographed using an Olympus BX-51 microscope
(Olympus, Tokyo, Japan) with Image-ProExpress software
(Media Cybernetics Inc., Silver Spring, Maryland, USA).

Transmission electron microscopy (TEM)

For conventional ultrastructural analysis, samples of
pre-anthesis buds and first-day functional flowers were fixed
in glutaraldehyde (2.5% with 0.1 M phosphate buffer, pH
7.3, for 6-8 h at 4 °C), post-fixed with 1% osmium tetroxide
(OSO ) aqueous solution in the same buffer, for 2h at room
temperature. Samples were then dehydrated using a graded
acetone series and embedded in Araldite resin at room
temperature. Polymerization was performed at 60 °C for
48 h. Ultra-thin sections were stained with uranyl acetate
and lead citrate (Reynolds 1963), and examined with a
TEM Tecnai Spirit (FEI) at 60 kv. In addition, samples were
treated with ZIO method (zinc iodide—osmium tetroxide)
to improve the visualization of endomembranes (Reinecke
& Walther 1978).

Results

The micromorphology, histochemistry, anatomy and
ultrastructure of the reduced disk and of all the other tissues
and structures that comprise the nectar chamber were
characterized in this study. The similar results are presented
for the two studied Zeyheria species and the differences
between them were highlighted in the text. Additionally,
due to anatomical, histochemical and ultrastructural
similarities, the data from disk and stipe were grouped
and presented together. As no differences were found in
any of the secretory tissues and structures between pre-
anthesis and first-day functional flowers, the results were
presented only for functional flowers.

Nectar chamber micromorphology

Both Zeyheria species had similar nectar chamber
morphology (Fig. 1), showing four regions with secretory
features: the reduced disk (Fig. 2), the stipe (Fig. 3), the
petals’ axils (Fig. 4) and the floral tube internal wall (Figs.
5,6).
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The tubular flowers of both Zeyheria species accumulated
nectar, since pre-anthesis stage, in a chamber located at the
base of the floral tube, which was delimited by an upper
constriction formed by the thickened bases of epipetalous
filets disposed around the ovary (Fig. 1A).

The reduced nectary disk, in both species of Zeyheria, was
flattened, protuberant, and occurred at the base of the stipe
(Fig. 1A-O), butin Z. montana it was more conspicuous (Fig.
1B). The disk’s surface was sparsely covered with trichomes
in both species (Fig. 1B-C), while the stipe was densely
covered by glandular and non-glandular trichomes (Fig.
1A-C). In both species, prominent modified stomata were
distributed throughout the disk’s surface and remnants
of the flocculent secretion could be observed especially
around the stomata (Fig. 1D). The inner surface of the nectar
chamber was lined with glandular capitate-type trichomes
(Fig. 1A, E-H) distributed among papillae (Fig. 1F-G), except
on the corolla tube’s base, which was glabrous (Fig. 1E).
The papillae exhibited variable sizes and verrucose cuticle
(Fig. 1F-G). Cuticle blisters resulting from subcuticular
secretion accumulation in the distal region of the capitate
trichomes’ head cells (Fig. 1H) were registered since the
pre-anthesis stage.

Histochemistry

The histochemical tests revealed the presence of
flavonoids, starch grains, reduced sugars, terpenes/ resin
and total lipids in both species (Tab. 1). Disk-stipe and
petal’s axil reacted positively for starch grains, reduced
sugars, and total lipids. Only capitate trichomes’ head cells
reacted positively to terpenes/ resin and total lipids tests.
Papillae reacted positively to total flavonoids and lipids.
Proteins were detected only in Z. montana, which occurred
in the disk-stipe and papillae.

Nectar chamber histology and ultrastructure

The reduced disk (Fig. 2) and the stipe (Fig. 3) were
composed by a uniseriate epidermis and covered by a thin
cuticle, a nectary parenchyma formed by isodiametric and
compactly arranged voluminous cells, and a subnectary
parenchyma constituted by larger loosely arranged cells
and vascularized mainly by phloem, showing well-developed
intercellular spaces (Fig. 2A). Xylem was abundant in the
junction of the disk’s base to the petals’ axils (Fig. 2A).

By TEM, both epidermal and parenchyma cells of the
disk (Fig. 2B) and stipe (Fig. 3A) presented similar features.
Inboth Zeyheria species these cells had conspicuous nuclei
with evident nucleolus, abundant cytoplasm and vacuoles
of variable sizes (Figs. 2B, 3A). Big starch grains occurred
in all the disk and stipe cells showing a clear decrease in
abundance and size from the parenchyma towards the
epidermis (Figs. 2B, 3A-C). Epidermal and parenchyma cells
exhibited dense cytoplasm with abundant ribosomes (Figs.
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Figure 1. Characterization of Zeyheria montana and Z. tuberculosa nectar chamber. (A = Light microscopy, B-H = SEM). (A) Longitudinal
section through basal portion of the flower tube of Z. tuberculosa showing the nectar chamber (hatched area) that comprises the
reduced nectary disk, the stipe covered with abundant ramified non-glandular trichomes, the petals axil and the base of corolla
covered with abundant glandular trichomes. (B) Glabrous nectary disk in Z. montana. (C) Glabrous nectary disk in Z. tuberculosa. (D)
Stomata on the nectary disk in Z. montana, note the flocculent material around the stomata. (E) Corolla base of Z. tuberculosa showing
the glabrous petal’s axils (arrow) and the upper region lined with glandular trichomes. (F) Detail of the nectar chamber showing the
capitate glandular trichomes and papillae in Z. montana. (G) Detail of the nectar chamber showing the capitate glandular trichomes
and papillae in Z. tuberculosa. (H) Detail of the capitate glandular trichomes of variable sizes showing the cuticle blisters (arrow head)
in the apical region of secretory head in Z. tuberculosa. Scale bars = 200 pm (A), 100 pm (B, C), 20 pm (D), 150 pm (E), 50 pm (E, G),
25 pm (H). Abbreviations: as, adnate stamen; gt, glandular trichome; nc, nectar chamber; nd, nectary disk; ov, ovary; pa, papilla;
pt, petal; sp, sepal; st, stipe.

2C, 3B), mitochondria (Figs. 2D, 3B), endoplasmic reticulum
(Figs. 2F-H, 3B, G), Golgi bodies (Figs. 2D, G, I, 3B-D) and
round plastids (Figs. 2B-C, 3A-C), which contained big
starch grains and lipid droplets in both species, and protein
bodies in Z. montana (Fig. 2C). Plastids with residual starch
grains occurred in subepidermal parenchyma cells (Fig. 3E).
Endoplasmic reticulum (Fig. 2G-H) and Golgi bodies and
associated vesicles (Figs. 2G, I, 3C-D) were better viewed
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with the use of the ZIO method. In addition, parenchyma
and epidermal cells showed juxtaposed vesicles with plasma
membrane (Figs. 2F, 3G), cytoplasmic oil bodies (Figs. 2E, H,
K, 3C, E, G), and multivesicular bodies (Fig. 2F, J). Protein
bodies were abundant in Z. montana disk and stipe cells,
occurring inside plastids (Fig. 2C) and scattered in the
cytoplasm (Fig. 2C, J), while these inclusions were absent
in Z. tuberculosa. The vacuoles contain finely flocculent
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Table 1. Histochemistry of nectar chamber tissues and structures from first day flowers of Zeyheria montana (Z. m.) and Z. tuberculosa

(Z.t.) (Bignoniaceae).

Target d m Disk and stle Petals’ axil Capitate tnchomes
eagents arget compounds ------

Dragendorff Alkaloids Brownish
Lead neutral acetate Flavonoids Yellowish
Mercuric bromophenol blue Proteins Blue

Lugol Starch grains Black
Fehling Sugars Reddish
NADI Terpenes/ resins  Violet-blue
Sudan III Total lipids Orange-red

- negative, + positive

material (probably the polysaccharides previously detected
with histochemical tests) and electron-lucent material
(oils), besides membranous material (Figs. 2E, J, K, 3E,
G). Sieve tube elements of large calibre with companion
and parenchyma cells were registered in the parenchyma of
the disk and stipe (Fig. 2L; 3F). Wall protuberances coated
with the plasma membrane were observed on the entire
inner wall surface of the stipe parenchyma cells (Fig. 3B).
The anticlinal walls of epidermal cells showed primary
pit fields with abundant plasmodesmata (Fig. 2E, M).
Accumulations of dense material traversing the inner and
outer periclinal walls, in the cytoplasm and vacuoles besides
lipid drops on the cuticle surface were commonly observed
in epidermal cells (Fig. 2M). Developed periplasmic space
containing dense or flocculent material was observed in the
epidermal (Fig. 2F, M) and parenchyma cells (Figs. 2G, 3E,
G). Intercellular spaces, variable in extension and width,
filled with finely flocculated material (polysaccharides),
were observed in the parenchyma tissue (Figs. 2N, 3G).

The petals’ axils (Fig. 4) exhibited uniseriate epidermis
composed by small cells irregular in shape, covered by a
smooth and thin cuticle, and subepidermal parenchyma
composed by compactly arranged small cells of various
shapes (Fig. 4A). Ultrastructurally, epidermis and
parenchyma cells were characterized by presenting thickened
walls, conspicuous nuclei, dense cytoplasm and vacuoles of
different sizes (Fig. 4B). Amyloplasts filled with conspicuous
starch grains (Fig. 4B-C), endoplasmic reticulum (Fig. 4D-
F), hyperactive well-developed Golgi bodies (Fig. 4C-D) and
mitochondria (Fig. 4C) were the most evident organelles in
these cells. Conspicuous oil bodies occurred scattered in the
cytoplasm (Fig. 4D, F). The vacuoles presented flocculent
material and membrane debris (Fig. 4C). Images of vesicle
juxtaposed to the plasma membrane (Fig. 4D), which was
sinuous in outline (Fig. 4D-F), were frequently observed in
these cells. Flocculent material occurred in the periplasmic
space of those cells (Fig. 4D-F). Just in the petal junction
to the disk, the thickness of epidermal cells’ walls was
remarkable (Fig. 4E). The swelling of the middle lamellae
and its posterior dissolution along the anticlinal walls of
the epidermal cells originated channels that exhibited
accumulated secretion (Fig. 4E).
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The glandular capitate trichomes (Fig. 5) were composed
by an epidermal basal cell, a uniseriate stalk formed by 1-5
cells, and a secretory head with 12-24 cells concentrically
disposed in one or two layers. Trichomes, with a variable
number of cells in the stalk and secretory head, occurred
side-by-side (Fig. 1F-H). The glandular trichomes were
covered with a thick cuticle that was thicker on the lateral
walls of the stalk cells (Fig. 5A-B). Cuticle blisters, originated
by the secretion accumulation between the cell walls and
cuticle, were more evident in the distal pole of the secretory
head (Figs. 1H, 5B, G). Prior to the accumulation of secretion
in the subcuticular space, the outer periclinal walls of the
head cells showed a homogenous polysaccharide inner
stratum that was followed by a dense intermediate fibrous
layer, which protruded towards the cuticle layer forming a
network of electron-dense ramifications in this cuticle region
(Fig. 5C). The dissolution of the intermediate polysaccharide
layer preceded the cuticle detachment from the outer cell
wall (Fig. 5F). The cells from the secretory head showed a
central and spherical nucleus, vacuoles of variable sizes
and shapes, and dense, abundant cytoplasm (Fig. 5A-B).
Polyribosome (Fig. 5C, E-F), globular mitochondria with
a well-developed cristae (Fig. 5F, G), scarce Golgi bodies
(Fig. S5E), extensive profiles of rough endoplasmic reticulum
(Fig. 5F) and dilated smooth endoplasmic reticulum (Fig.
5C, G), and modified plastids (Fig. 5G-I) characterized the
cytoplasm of the head cells. The plastids were large, round
(Fig. 5H) or oval (Fig. 5I) and filled with tubular electron-
dense structures and osmiophilic inclusions of different
sizes. In the head cells, it was remarkable the abundance of
scattered electron-lucent droplets (Fig. 5D) and electron-
dense inclusions (Fig. 5D-H), previously identified as lipids.
Some head cells exhibited a developed periplasmic space
with irregular contour and accumulations of heterogeneous
materials (Fig. 5SF-G, I). These cells had sinuous walls with a
loose aspect (Fig. 5F). Subcuticular space occurred through
all the extension of the head cells (Fig. 5B, F), although it
was more developed in the apical pole of the secretory head
(Fig. 5B, G). The subcuticular space contained abundant
lipid accumulations and some flocculated material (Fig. 5G).

Papillae (Fig. 6) were covered with a thick and folding
cuticle forming tall, deep sulci at the cell surface (Fig. 6A).
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Figure 2. Nectary disk of Zeyheria montana and Z. tuberculosa flowers in the first day of anthesis. (A = Light microscopy, B-N = TEM).
(A) Longitudinal section through the Z. tuberculosa corolla tube base showing the nectary disk composed by uniseriate epidermis and
nectary parenchyma. The hatched area shows abundant xylem in the junction region of corolla base and nectary disk. (B) A general
view of Z. tuberculosa disk showing the uniseriate epidermis and nectary parenchyma cells with conspicuous nuclei, vacuoles of
variable sizes, starch grains and phloem elements. Note that starch grains decreased in size and abundance from nectary parenchyma
toward epidermis. (C) Nectary parenchyma cell of Z. montana showing plastids containing starch grains, protein inclusions an oil
drops and protein bodies scattered in the cytoplasm (*). (D) Nectary parenchyma cell of Z. montana showing hyperactive Golgi bodies
and mitochondria. (E) Epidermal cells of Z. tuberculosa disk showing vacuoles filled with finely flocculent material, oil bodies and
membrane debris. Note abundant plasmodemata in the hatched area. (F) Epidermal cells of Z. tuberculosa disk showing sinuous
plasma membrane, abundant ribosomes, and endoplasmic reticulum and mutivesicular bodies. Note vesicles (head arrows) close to
the plasma membrane. (G, I) Golgi bodies and vesicles and (G, H) tubules of endoplasmic reticulum marked with ZIO methods in the
nectary parenchyma cells of Z. montana. (J) Nectary parenchyma cell of Z. montana exhibiting vacuole with multivesicular bodies and
protein inclusions in the cytoplasm. (K) Oil bodies in the epidermal cells of Z. tuberculosa. (L) Phloem cells in the nectary parenchyma
of Z. montana. (M) Epidermal cell of Z. tuberculosa with dense accumulations in the walls and periplasmic space, oil drops scattered
in the cytoplasm and on the cuticle (arrow head). Arrows indicate plasmodesmata in the inner periclinal cell wall. (N) Intercellular
space with accumulations of flocculent material in the nectary parenchyma of Z. tuberculosa. Scale bars = 150 ym (A), 5 um (B), 0,5
pum (C, G, H, J,N), 0,4 pm (D, I), 0,7 pm (E), 0,2 pm (F, K), 2 pm (L), 1,5 pm (M). Abbreviations: cc, companion cells; cw, cell wall; er,
endoplasmic reticulum; Gb, Golgi body; is, intercellular space; mb, multivesicular body; mi, mitochondria; nd, nectary disk; nu, nuclei;
ol, oil body; pc, parenchyma cells; pl, plastid; pt, petal; sg, starch grains; st, stipe; ste, sieve tube elements; va, vacuole.
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Figure 3. Stipe of Zeyheria montana and Z. tuberculosa flowers in the first day of anthesis (TEM). Z. tuberculosa (A-B, E-G) and Z.
montana (C-D). (A) A general view of the epidermis and parenchyma cells with conspicuous nuclei (nu), vacuoles of variable sizes,
oil bodies, and amyloplasts with starch grains. Arrows indicate phloem elements. Note that the starch grains decreased in size and
abundance from nectary parenchyma toward epidermis. (B) Detail of parenchyma cells showing nuclei, Golgi bodies, mitochondria,
endoplasmic reticulum, plastid with large starch grains and vacuoles containing finely flocculent material and membrane debris. Note
the wall protuberances (*). (C) Detail of cytoplasm from the parenchyma cell showing Golgi body, amyloplasts and oil drop. (D) Golgi
bodies cisterns and vesicles marked with ZIO method. (E) Subepidermal parenchyma cells showing cytoplasmic oil bodies, plastids
with residual starch grains and vacuoles filled with flocculent material. (F) Phloem comprised by sieve tube elements with large caliber,
companion cells and parenchyma cells. (G) Parenchyma cells with abundant ribosomes, extensive endoplasmic reticulum, cytoplasmic
oil bodies, and developed periplasmic space. Observe vesicles merged with plasma membrane (arrows) and intercellular space filled with
flocculent content. Scale bars = 4 um (A, F), 0,5 pm (B, C), 0,4 pm (D), 1 um (E), 0,8 pm (F). Abbreviations: cc, companion cells; cw,
cell wall; er, endoplasmic reticulum; Gb, Golgi body; is, intercellular space; mi, mitochondria; nu, nuclei; ol, oil body; pc, parenchyma
cells; pl, plastid; sg, starch grains; ste, sieve tube elements; va, vacuole.

350 Acta Botanica Brasilica - 31(3): 344-357. July-September 2017



A reduced, yet functional, nectary disk integrates a complex system
of floral nectar secretion in the genus Zeyheria (Bignoniaceae)

Figure 4. Petals’ axils of Zeyheria tuberculosa flowers in the first day of anthesis. (A = Light microscopy, B-F = TEM). (A) Longitudinal
section trough the corolla tube base showing the petal’s axils (hatched area) comprised by smaller epidermal and parenchyma cells,
compactly arranged. (B) A general view showing epidermis and parenchyma cells of variable size and shape with conspicuous nuclei,
dense cytoplasm with amyloplasts, and vacuoles of variable sizes. (C) Detail of epidermal cell showing plastids containing starch
grains of variable sizes, mitochondria and Golgi body. Note the vacuoles presenting flocculent materials and membrane debris. (D)
Detail of cytoplasm of epidermal cell showing RER profiles, hyperactive Gogi bodies with numerous adjacent vesicles and conspicuous
oil bodies. Note the vesicles close to the plasma membrane (arrowhead). (E) Epidermal cell in the junction of the petal and the disk
presenting a very thick cell wall, dense and abundant cytoplasm rich in membranous organelles. Note the formation of channels in
the thickened middle lamellae along the anticlinal cell walls (arrows). (F) Detail of the previous figure showing cytoplasmic oil body,
polyribosomes, proliferate RER and SER, vesicles close to the plasma membrane and flocculent material in the periplasmic space. Scale
bars: 80 pm (A), 5 pm (B), 2 pm (C) 1 pm (D), 2,5 pm (E), 0,5 pm (F). Abbreviations: cw, cell wall; Gb, Golgi body; mi, mitochondria;
nu, nuclei; o, oil body; pl, plastid; rer, rough endoplasmic reticulum; ser, smooth endoplasmic reticulum; sg, starch grains; va, vacuole.
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Figure 5. Capitate trichomes of Zeyheria montana and Z. tuberculosa flowers in the first day of anthesis (TEM). (A-B) A general view
of the capitate trichomes showing the basal cell, wide stalk cell and secretory head covered with a thick cuticle of Z. tuberculosa and Z.
montana, respectively. Note the subcuticular space (arrow) in the apical region of the secretory head in (B). (C) Detail of Z. tuberculosa
head cell showing the thick cuticle presenting a cuticle layer containing a dense fibrillar network. Note abundant and dilated smooth
endoplasmic reticulum in the cytoplasm. (D) Detail of Z. montana head cell showing electron-lucent and electron-dense bodies in the
cytoplasm. (E) Part of cytoplasm of Z. tuberculosa head cell showing abundant polyribosomes, Golgi body and electron-dense inclusion.
(F) Detail of head cell of Z. montana showing sinuous loose cell wall and secretion accumulated in the subcuticular and periplasmic
space. Note extensive RER and globular mitochondria in the cytoplasm. (G) Apical region of secretory head of Z. tuberculosa showing
the proliferated SER with dilated cisterns. Note the presence of globular plastids, cytoplasmic dense bodies and mitochondria. Observe
the large periplasmic space and subcuticular space with oil accumulation. (H-I) Globular plastid with electron-dense tubules and
dark granules in the stroma in Z. tuberculosa and Z. montana, respectively. Scale bars = 5 um (A, B), 0,5 um (C, H-I), 1 pm (D), 0,7
pm (E, F), 2 pm (G). Abbreviations: bc, basal cell; ct, cuticle; cw, cell wall; Gb, Golgi body; mi, mitochondria; ol, oil body; pl, plastid;
ps, periplasmic space; rer, rough endoplasmic reticulum; st, stalk cell; sh, secretory head; ser, smooth endoplasmic reticulum; ss,
subcuticular space; va, vacuole.
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Figure 6. Papilla of Zeyheria montana flowers in the first day of anthesis (TEM). (A) A general view of the papilla showing thick
folding cuticle, abundant cytoplasm, small vacuoles and cytoplasmic dense inclusions, previously identified as flavonoids. Arrows
indicate Plasmodesmata in the inner periclinal cell wall. (B) Detail of cytoplasm exhibiting polyribosomes, globular mitochondria
containing black granulations, plastids with electron-dense inclusions, and scattered oil drops. (C) Part of two cells showing dense
cytoplasm with Golgi body, mitochondria, rough endoplasmic reticulum, multivesicular bodies and plastid containing protein inclusion
(*), osmiophilic granulations and oil inclusion. Note rough endoplasmic reticulum profiles juxtaposed to the plasma membrane. (D)
Conspicuous protein bodies in the cytoplasm and inside plastid (*). Note flavonoids scattered in the cytoplasm and attached to the
inner surface of the tonoplast. Scale bars = 3 pm (4), 0,7 pm (B, D), 0,5 pm (C). Abbreviations: ct, cuticle; fl, flavonoid; Gb, Golgi body;
mb, multivesicular body; mi, mitochondria; ol, oil bodies; pl, plastid; rer, rough endoplasmic reticulum; va, vacuole.
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These cells exhibited sinuous thin walls interconnected
by abundant plasmodesmata (Fig. 6A). Cytoplasm was
abundant (Fig. 6A) and rich in polyribosomes, globular
mitochondria, plastids (Fig. 6B-D), Golgi bodies, rough
endoplasmic reticulum and multivesicular bodies (Fig. 6C).
Mitochondria showed well-developed cristae and black
granulations (Fig. 6C). Plastids lacking inner membrane
and exhibiting inclusions of different aspects, including
deeply electron-dense bodies (flavonoids), electron-
lucent drops (oils) and granular material (proteins) were
registered (Fig. 6B-D). Figures suggesting the fusion of rough
endoplasmic reticulum profiles with the plasma membrane
were commonly registered (Fig. 6C). Osmiophilic bodies,
previously identified as flavonoids, occurred inside plastids
(Fig. 6B-D), attached to the inner tonoplast surface (Fig.
6D) and scattered through the cytoplasm (Fig. 6A, D).
Conspicuous protein bodies occurred inside plastids (Fig.
6C-D) and scattered through the cytoplasm (Fig. 6D).

Discussion

Our data support that the reduced disk, stipe, petals’
axils, glandular trichomes and papillae have subcellular
evidences of secretory activity. In both species, disk, stipe
and petals’ axils are involved in hydrophilic secretion, while
capitate glandular trichomes in lipophilic secretion and
papillae in mixed secretion. We present strong evidence that
although reduced in size, the nectary disk is functional in
nectar secretion in both Zeyheria species. It is important
to emphasize that the disk-stipe differ in the cellular
contents. In Z. montana proteins are predominant, while
in Z. tuberculosa lipids droplets are more abundant. Lipids
and proteins, or their derivatives, as amino acids, have been
described as nutritionally valuable nectar componentes
that contribute to its attractiveness for various mutualistic
animals (Baker & Baker 1983; Gonzalez-Teuber & Heil
2009).

Our study clearly showed that the disk, in spite of
the reduced dimensions, has a functional vascularized
parenchyma that storages and hydrolyses starch, besides
presenting typical cellular features associated to nectar-
producing tissues, including large mitochondria, rough
endoplasmic reticulum (RER), well-developed Golgi bodies
and abundant vesicles (Fahn 1979; 1988; Roshchina &
Roshchina 1993; Nepi 2007). These evidences show that the
disk in the Zeyheria genus is functional in nectar secretion.
This finding differ from Bittencourt & Semir (2004) that
referred the disk in flowers of Z. montana as vestigial, non-
functional and ascribing nectar secretion to the corolla-
borne glandular trichomes.

As both, disk and stipe, were similar in ultrastructure
and histochemistry we considered them as a functional
unity involved in nectar secretion, herein called ‘disk-stipe’.
We hypothesized that nectar production in the stipe may
compensate for the disk’s reduced size, since there is a
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considerable increase in area of tissues with secretory
activity. In fact, a considerable amount of nectar is produced
from the pre-anthesis buds, mainly in Z. montana (Machado
et al. 2006). Nectar release may occur through modified
stomata placed only at the disk, similar to what is reported
for other Bignoniaceae species (Guimares et al. 2016)
and through the intact cuticle, as reported by Nepi (2007)
for several other plant species, since we didn’t find cuticle
pores. The dense trichomes coverage in the stipe did not
allow us to verify the occurrence of modified stomata in
this region. The presence of amyloplasts with voluminous
starch grains was remarkable in the disk-stipe parenchyma
cells of both Zeyheria species. These starch grains showed
a gradual reduction in size and in abundance from the
parenchyma cells toward the epidermis. Other authors,
like Nepi (2007 and references therein) have described a
similar pattern in different species and believe that starch
grains’ hydrolysis in the nectary parenchyma contributes
directly to nectar carbohydrate’s supply, which reinforces
our findings about the disk-stipe functionality. We detected
an abundance of proteins in the cellular contents of Z.
montana. In fact, proteins and amino acids were detected in
the floral nectar of this plant species (E. Guimaries unpubl.
res.). The presence of proteins in nectar has been registered
since the 1930’s and several functions have been ascribed
to them (Beutler 1935; Pryce-Jones 1944; Baker & Baker
1975). The proteins and amino acids registered in the floral
nectar of several plant species may represent a nitrogen
source for nectarivorous pollinators (Nicolson & Thornburg
2007), as the hummingbirds that feed on the nectar of Z.
montana flowers.

The disk-stipe was supplied predominantly by phloem,
and, probably, the pre-nectar flows away from the sieve
tubes through an apoplastic route via intercellular spaces
reaching the modified stomata (e.g. Wist & Davis 2006). In
fact, we observed intercellular spaces filled with flocculent
material in the nectary parenchyma tissue of both species.
Furthermore, a symplastic pathway of pre-nectar can
also occur in the floral nectary via the plasmodesmata,
which connects phloem and nectary cells (Wist & Davis
2006; Vassilyev 2010). Additionally, stipe’s parenchyma
cells presented a peculiar feature, e.g. the presence of
protuberances along the inner surface of the cell wall, which
characterizes them as transfer cells. These protuberances
are surrounded by plasma membrane and greatly enlarge
the protoplast’s surface, favouring transport by apoplast
and symplast (Taiz & Zeiger 2013). Transfer cells were
reported for several hydrophilic glands such as salt glands
and nectaries (Fahn 1979). Moreover, the considerable
plastid-juxtaposed mitochondria population observed in
these cells is evidence of a secretion mechanism that requires
enhanced energy, which is typical of transfer cells (Razem
& Davis 1999).

The presence of oil droplets in plastids, inside vacuoles
and dispersed in the cytoplasm of the nectary cells of all
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tissues and structures suggest that it may participate in
the enrichment of floral nectar with lipids (Gilbert & Raven
1975), similar to reported for other Bignoniaceae species
(Baker & Baker 1975; Guimaraes et al. 2016).

The petals axil’s cells have a similar subcellular pattern
observed in the disk-stipe in both studied species. The
presence of amyloplasts with signs of starch grains
degradation, rough endoplasmic reticulum and hyperactive
Golgi bodies in the petals axil’s cells is typical of nectar
secreting cells (Fahn 1979; 1988). RER and polyribosomes
are evidence of enzymes synthesis that may act in the middle
lamellae dissolution (Turner & Croteau 2004), besides
contributing to the enrichment of floral nectar. In addition,
the epidermal cells’ variation in size and shape originates an
irregular surface and amplifies the area of nectar release in
this region of the nectar chamber. So, the petals’ axils seem
to have an important role in nectar release, in addition to
the modified stomata.

The present study suggests that glandular capitate
trichomes are involved in lipophilic secretion, instead of
nectar secretion, as previously reported by Bittencourt
& Semir (2004). The extensive development of plastids
containing tubular osmiophilic structures and electron-
dense droplets, together with the proliferation of smooth
endoplasmic reticulum, have been described in many
lipophilic secretory structures, particularly in those secreting
terpenes (Cheniclet & Carde 1985; Figueiredo & Pais 1994;
Ascensio et al. 1997; Monteiro et al. 1999; Turner et al.
1999; Machado et al. 2006; Possobom et al. 2015; Sa-Haiad
et al. 2015). Terpenes were histochemicaly detected in
capitate glandular trichomes in both Zeyheria species, which
may participate in the attraction of mutualists or in the
deterrence of antagonists (Harborne 1997; Nishida 2002;
Raguso 2004; Machado et al. 2006; Guimaraes et al. 2008).

The presence of polyribosomes, Golgi bodies and rough
endoplasmic reticulum elements in these cells can be related
to the increased cytoplasmic enzyme synthesis needed for
cell metabolism and terpene biosynthesis (Turner & Croteau
2004). Furthermore, such organelles are also associated
to the synthesis of the pectinases and cellulases involved
in the wall degradation processes during the subcuticular
space development (Ascenséo et al. 1997; Machado et al.
2006). In fact, in both studied species, we observed sinuous,
loose walls together with cuticle detachment in the head
secretory cells.

Some papillae ultrastructural features from both Zeyheria
species, such as abundant cytoplasm with modified plastids,
abundance of RER, and presence of osmiophilic drops and
protein bodies are consistent with secretion activity. We
believe that the osmiophilic inclusions observed in the
plastids, cytoplasm and vacuoles may be flavonoids, since
these compounds were histochemically identified in the
papillae. Flavonoids are a remarkably diverse group of
polyphenolic secondary metabolites with a vast array of
biological functions, such as defense against pathogenes,
cell cycle inhibition, chemical messengers, control of auxin
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transport and stress protection (Roshchina & Roshchina
1993; Petrussa et al. 2013). Flavonoids are synthesized
by a cytosolic multienzyme complex loosely associated to
membranes of different organelles, such as the cytoplasmic
face of the endoplasmic reticulum, vacuoles, plastids and
nucleus (Petrussa et al. 2013). We hypothesize that the
papillae contributes, in some way, for nectar secretion or
nectar enrichment.

This study showed that all structures and tissues of the
nectar chamber have secretory activity and we suggest that,
in some way, all of them are involved in nectar secretion,
characterizing a complex and integrated system of floral
nectar production in Zeyheria species. This kind of nectary
system is a novelty, since it comprises several tissues and
structures functioning in an integrated fashion. Thus, in
spite of its reduction in size, the disk is functional in nectar
secretion in both Zeyheria species. This finding contradicts
the previous general assumptions that reduced disks in
Bignoniaceae are non-functional in nectar secretion.
Therefore, the use of routine methods together with
ultracytochemical techniques in transmission electron
microscopy allowed us to investigate more accurately the
relationship between cell structure and function. Our
results highlight the importance of detailed cytological
and cytochemical studies in order to assess the functionality
of floral nectaries with different developmental degrees in
Bignoniaceae. Therefore, other Bignoniaceae genera are
under study to verify if our findings on Zeyheria genus can
be extended to other species with reduced nectary disk.
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