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Carpellary appendages in Nymphaea and Victoria
(Nymphaeaceae): evidence of their role as osmophores
based on morphology, anatomy and ultrastructure
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In flowers of Nymphaea and Victoria, carpellary appendages are regarded as structures related to pollination by deceit
of night-blooming species. In this study, the anatomy, histochemistry and ultrastructure of carpellary appendages were
analysed to investigate their possible role in the production of volatile compounds in nocturnal species Nymphaea
amazonum, N. gardneriana, N. prolifera (Nymphaea subgenus Hydrocallis) and Victoria cruziana, and in diurnal
species N. caerulea (Nymphaea subgenus Brachyceras). Carpellary appendages were studied using light microscopy
and scanning and transmission electron microscopy from pre-anthesis to the second day of anthesis. Anatomical and
ultrastructural features are characteristic of osmophores. In all species, the most frequent components in secretory
cells are amyloplasts, lipid bodies, mitochondria, rough endoplasmic reticulum and elaioplasts. The epidermis and
multilayered parenchyma accumulate abundant starch grains and lipophilic substances, both of which vanish during
anthesis. Amorphous substances are deposited between the plasmalemma and the outer cell wall of epidermal cells,
and are then released by cuticular diffusion. Odour production in carpellary appendages might be an ancient role of
primary importance both in diurnal and nocturnal species that are pollinated by deceit. Olfactory and visual cues of
small carpellary appendages in Nymphaea subgenus Brachyceras correspond to bee pollination, and large carpellary
appendages in subgenus Hydrocallis and Victoria represent parallel functional specializations of the flowers to the
attraction and reward for exclusive beetle pollination.

KEYWORDS: amyloplast — Brachyceras — histochemistry — Hydrocallis — lipophilic substances — pollination
modes — scent glands.

INTRODUCTION Barclaya Wall., Victoria Lindl. and Nymphaea L. in its
traditional circumscription (Conard, 1905; Schneider
& Williamson, 1993), each carpel develops a dorsal
prolongation termed carpellary appendage or stylar
process. Diversity in size, shape and colour of carpellary
appendages occurs at lower systematic levels. They
are short and ovate or cordate in Barclaya, short and
triangular in Nymphaea subgenera Brachyceras (Casp.)
Conard and Nymphaea and large, clavate or linear in
Nymphaea subgenera Hydrocallis (Planch.) Conard
and Lotos (DC.) Conard and in Victoria (Conard, 1905;
Wiersema, 1987; La-ongsri, Trisonthi & Balslev, 2009).
In evolutionary terms, a single origin of the carpellary
*Corresponding author. E-mail: Imelisa.zini@yahoo.com.ar appendages in the family has been suggested (Lohne

Nymphaeaceae comprise five genera and c. 64 species
(Borsch, Lohne & Wiersema, 2008; Lohne, Wiersema
& Borsch, 2009; Endress & Doyle, 2015) and are
included in the aquatic order Nymphaeales, one of
the early divergent lineages of angiosperms (APG
1V, 2016). The flowers of Nymphaeaceae species are
solitary, perfect, actinomorphic and protogynous; they
have numerous perianth organs and stamens and
a gynoecium consisting of five (or three) to 40 fused
carpels forming a unique cupped stigmatic surface. In
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et al., 2009). However, phenotypic variation has been
postulated to reflect selection pressures on floral
traits resulting from interactions between flowers
of Nymphaeaceae and different functional groups of
pollinators. The most prominent carpellary appendages
are found in night-blooming species of Nymphaea and
Victoria, which are exclusively pollinated by beetles
(Scarabaeidae, Cyclocephalini), whereas in day-
blooming species with melittophilous or generalist
floral syndromes, appendages are inconspicuous or
absent (Schneider, 1982a; Wiersema, 1988; Williamson
& Schneider, 1994; Les et al., 1999; Borsch et al., 2008;
Lohne et al., 2009). Large carpellary appendages
have been associated with primary attraction and
reward during beetle pollination. Scent production
and nutritional function were suggested for carpellary
appendages of N. amazonum Mart. & Zucc. (Prance,
1980) and heat production for those of V. lotus L. (Hirthe
& Porembsky, 2003) and Victoria spp. (Lamprecht
et al., 2002; Seymour & Matthews, 2006). Conversely,
no function was suggested for small appendages in
species with diurnal anthesis.

Animal-pollinated flowers typically have scent
glands (Vogel, 1990). In nocturnal species, however,
scent is especially important when visual signals
become inefficient and long-distance olfactory
signals are needed to attract a pollinator (Proctor,
Yeo & Lack, 1996; Détterl et al., 2012). In, species
of Nymphaeaceae pollinated by beetles, flies or
bees, scent can be emitted through the perianth
organs, staminodes and connective appendages.
These secretory structures were detected only via
neutral red staining (Valla & Cirino, 1972; Hirthe
& Porembsky, 2003; Zini, Galati & Ferrucci, 2017)
or olfactory tests (Prance, 1980; Wiersema, 1987;
Hirthe & Porembsky, 2003), but there are no records
ofanatomical or ultrastructural studies. Carpellary
appendages have been proposed as possible sites

of synthesis and release of volatile compounds
(Prance, 1980; Hirthe & Porembsky, 2003). Here,
the anatomy, histochemistry and ultrastructure
of such appendages were investigated for the
first time, under the hypothesis that prominent
carpellary appendages of Nymphaea subgenus
Hydrocallis and of Victoria would display
morphological and anatomical differences, but
would conserve functional aspects associated
with a similar pollination mode, whereas small
carpellary appendages of subgenus Brachyceras
would reveal a lower degree of specialization.
Finally, an overview on the distribution of these
structures in Nymphaeaceae in relation to the
proposed functions, phylogeny and pollination
strategies is provided.

MATERIAL AND METHODS
PLANT MATERIAL

Investigated species were collected and vouchers
were deposited at the Northeast Institute of Botany
Herbarium (CTES), Corrientes, Argentina. Details are
provided in Table 1.

LIGHT MICROSCOPY (LM)

For anatomical characterization, the material was
processed by dehydration through an ethanol series
with a pre-impregnation rinsing with tertiary butyl
alcohol (Gonzalez & Cristébal, 1997) and infiltration
in Histoplast paraffin (Biopack, Buenos Aires,
Argentina), according to Johansen (1940). Flowers
were sectioned transversely and longitudinally (12 um
thick) with a rotary microtome; the sections were
stained with Astra blue—safranin (Luque, Sousa &
Graus, 1996) and mounted in synthetic Canada balsam

Table 1. Taxa of Nymphaea and Victoria studied and voucher information

Genus/subgenus Taxon

Voucher

Nymphaea subgenus
Hydrocallis (night bloomers)

N. amazonum Mart. & Zucc.
subsp. pedersenii Wiersema

N. gardneriana Planch.

N. prolifera Wiersema

Nymphaea subgenus
Brachyceras (day bloomer)

N. caerulea Savigny

Victoria (night bloomer)

V. cruziana Orb.

Argentina, Province of
Corrientes, Zini et al. 17

Zini et al. 10.

Zini et al. 19

Zini et al. 16

Argentina, Province of
Chaco, Zini et al. 18
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(Biopur, Buenos Aires, Argentina). In addition, carpel
appendages of N. caerulea, N. gardneriana, N. prolifera
and V. cruziana were pre-fixed in 1% glutaraldehyde,
4% formaldehyde in phosphate buffer (pH 7.2) for 2 h
and were post-fixed in 1.5% OsO, at 2 °C in the same
buffer for 3 h. Dehydration was made using ascending
graded series of acetone. Samples were embedded in
Spurr’s resin and sectioned using a Reichert—Jung
ultramicrotome. Sections of 1 ym were stained with
toluidine blue.

For the histochemical characterization, living
carpellary appendages in three stages (immediately
prior to anthesis, first day of anthesis and second
day of anthesis) were transversally hand-sectioned
and subjected to the following tests: cresyl blue
for detecting mucilage; eosin Y for proteins; FeCl,
for phenolic compounds (Johansen, 1940); Lugol’s
reagent for starch grains (Johansen, 1940); Sudan
IV for lipophilic substances (Johansen, 1940) and
0.1% xylidine Ponceau 2R for total proteins (Ruzin,
1999). For all tests the control samples were
observed. Temporary slides were mounted in water-
glycerine and were observed and photographed
using a Leica DM LB2 compound microscope
(Leica, Wetzlar, Germany), equipped with a digital
camera.

TRANSMISSION ELECTRON MICROSCOPY (TEM)

For ultrastructural studies, samples in Spurr’s resin
were cut (70 nm thick) and stained with uranyl acetate
and lead citrate (Zarlavsky, 2014). The ultrastructure
was examined and photographed with a Phillips EM
301 TEM.

SCANNING ELECTRON MICROSCOPY (SEM)

Fixed flowers were dissected and dehydrated
through a series of increasing ethanol solutions.
The carpellary appendages were then critical point-
dried with solvent-substituted liquid carbon dioxide
and coated with a thin layer of gold palladium.
Photomicrographs were obtained using a JEOL 5800
LV at 20 kV (JEOL USA, Peabody, MA, USA).

NEUTRAL RED TEST

For each species, putative sites of fragrance
production in carpellary appendages were analysed
by submerging entire flowers in an aqueous
solution of neutral red (1:10 000, Vogel, 1990) for
one hour. The flowers were collected and tested
in the afternoon of the first day of anthesis.
Morphological traits were observed with a Leica
MZ6 stereomicroscope.

RESULTS
MORPHOLOGY

Nymphaea amazonum, N. gardneriana, N. prolifera and
Victoria cruziana have a syncarpous gynoecium consisting
of congenitally fused carpels. In N. caerulea, the carpels
are congenitally fused only at their bases. The distal
part of each carpel is elongated into an appendage. In all
Nymphaea spp., carpellary appendages are free, whereas in
V. cruziana the dorsal side is adnate to the inner staminodia
and to the hypanthium (Fig. 1A-E). In the night-blooming
species N. gardneriana, N. prolifera, N. amazonum and
V. cruziana, the appendages are reddish, whereas in the
day-blooming N. caerulea they are yellow (Fig. 1F—J). In
N. prolifera and N. amazonum, multicellular uniseriate
papillae resembling the stigmatic ones extend for a short
distance on the appendage (Fig. 2A).

Appendages are clavatein N. prolifera, N.amazonum,
and V. cruziana, linear in N. gardneriana and conical
in N. caerulea (Figs 1A—dJ, 2A-C). Victoria cruziana and
N. caerulea have the largest and shortest appendages,
respectively. The principal morphological characters of
the appendages are summarized in Table 2.

On the first day of anthesis (female phase), the
appendages are extended, mostly hidden under the
innermost tepals (Fig. 1A, B). On the second day of
anthesis, when the flower is fully open (male phase),
the appendages bend inwards and almost cover
the stigmatic surface (Fig. 1C). This movement of
carpellary appendages was not observed in V. caerulea
or V. cruziana. In all species, fragrance is perceivable
from pre-anthesis up to the second day of anthesis.

After immersion of the flowers in neutral red,
scent-producing regions in carpellary appendages
were difficult to locate. Although a diffuse reaction
was observed in N. gardneriana, N. prolifera,
N. amazonum and V. cruziana, the deep pigmentation
of these appendages masked the stain (Fig. 1F-H,
J). In N. caerulea, neutral red stained the tip of the
carpellary appendage (Fig. 11).

The cuticle is multipapillate in Nymphaea spp. and
smooth to striate in V. cruziana (Fig. 2D-H). Stomata
and hydropotes are present only in the appendages
of Nymphaea, although the former are absent in
N. caerulea (Fig. 2D, E). Each hydropote is four-celled.
In SEM, deposits that resemble epicuticular waxes
are rarely observed in N. gardneriana, N. prolifera
and N. amazonum (Fig. 2D-F). The cuticle remains
uninterrupted after anthesis; it is intact in all Nymphaea
spp. and forms irregular swellings in V. cruziana (Fig. 2I).

ANATOMY

Carpellary appendages are mostly aerenchymatic,
with thick-walled cells in N. prolifera, N. amazonum
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Figure 1. A-E, Location of carpellary appendages in the flower at anthesis in the studied species. A, Nymphaea
gardneriana, male phase; B, longitudinal section of the flower of N. prolifera in female phase; C, N. amazonum, male phase
with appendages covering the stigmatic cup; D, N. caerulea, diurnal species with short appendages; E, longitudinal section
of the flower of Victoria cruziana in female phase and F-J, tests with neutral red, untreated (left) and treated (right)
carpellary appendages. F, N. amazonum; G, N. gardneriana; H, N. prolifera; 1, N. caerulea and J, V. cruziana. ca, carpellary
appendage; is, inner staminodia; s, stigma. Scale bars = 5 mm (F—J).
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Figure 2. Micromophology of carpellary appendages. Scanning electron micrographs. A, Nymphaea prolifera; B,
N. gardneriana and C, N. caerulea. Carpellary appendage boundary with dashed line; D, epidermis with a hydropote in
N. gardneriana; E, epidermis with stomata in N. prolifera, inset showing wax-like deposits; F, detail of the wax-like deposits
on epidermis of N. amazonum; G, multipapillate cuticle in N. caerulea; H, epidermal cells at the base of the appendage of
Victoria cruziana and I, cuticular blisters at second day of anthesis in V. cruziana. c, cuticle; h, hydropote; sp, stigmatic
papillae; st, stomata. Scale bars = 10 ym (E, F), 20 pm (D, G), 50 pm (H), 200 pm (C, I), 1 mm (A, B).

and V. cruziana, and well supplied with collateral
vascular bundles (Fig. 3A-K). In transverse sections,
epidermal cells are quadrangular or rectangular. The
external periclinal wall may be slightly convex in
N. gardneriana, N. prolifera and N. amazonum or flat
in N. caerulea (Fig. 3G—J). Epidermal cells are radially
elongated in V. cruziana and their external periclinal
wall is notably thicker than in Nymphaea spp. (Fig.
3K-M). In post-anthetic stages, the cell wall becomes

lax and cuticular blisters are formed, but the latter
show no secretions (Fig. 3M). In the middle and at the
apex of carpellary appendages, just before anthesis
and during anthesis, parenchyma cells have secretory
characteristics (dense cytoplasm, conspicuous nucleus
and vacuoles of different sizes; Fig. 3A-G, I-K). In
carpellary appendages of flowers on the second day
of anthesis, these cells present a less dense cytoplasm
and larger vacuoles than in previous stages (Fig. 3H,
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Table 2. Comparison of principal morphological characters of the carpellary appendages of the studied species of

Nymphaea and Victoria

Night bloomers

Day bloomers Night bloomer

Nymphaea subgenus Hydrochallis

Nymphaea subgenus Brachyceras  Victoria

N. amazonum  N. gardneriana  N. prolifera N. caerulea V. cruziana
Shape clavate linear clavate conical clavate
Length 12-20 mm 10-15 mm 8-15 mm 1.5 mm ~30 mm
Colour reddish reddish reddish yellow reddish
Cuticle multipapillate multipapillate = multipapillate multipapillate smooth to striate
Waxes Yes Yes Yes No No
Stomata Yes Yes Yes No No
Hydropotes Yes Yes Yes Yes No

M). There are simple or branched acicular sclereids in
N. gardneriana (base of the appendage) and N. prolifera
(subepidermal), and astrosclereids in V. cruziana (Fig.
4A-C). Calcium oxalate crystals in the form of druses
occur in N. amazonum and N. caerulea, and prismatic
crystals occur in N. gardneriana, N. prolifera and
N. caerulea (Figs 3G, 4D).

HISTOCHEMISTRY

Compound starch grains were observed in
N. gardneriana under polarized light (Fig. 4E).
Treatments with Lugol reagent revealed starch grains
along the entire appendage of mature buds and open
flowers in all five species (Fig. 4F-I). In N. caerulea
and N. gardneriana, starch grains are concentrated
at the apex of the appendage. Sudan IV stained
the cuticle and lipid droplets within numerous cell
layers in mature buds and open flowers of the five
studied species (Fig. 5A-K). The lipid substances are
especially abundant in the middle and apical regions
of the carpellary appendages, but they are scarcer in
epidermal cells because the central vacuole occupies
most of the cytoplasm (Fig. 5A, G, I). The carpellary
appendage of N. gardneriana at anthesis presents
amorphous lipid substances (Fig. 5B). In V. cruziana
there are lipid substances on the epidermis surface
(Fig. 5K). After the first day of anthesis, the starch
grains and lipids decrease both in the epidermis and
underlying parenchyma. These substances continue to
decrease or are almost absent after the second day of
anthesis (Fig. 5C, F).

With light microscopy, proper epidermal cells and
subsidiary cells of the stomata and hydropotes react
positively with neutral red. The terminal cell of the
hydropote may be lens-shaped or finger-like and
deciduous; it reacts positively with cresyl blue and
neutral red, revealing a mucilaginous substance
(Fig.6A,B).In N. gardneriana, the stain accumulates in

the vacuoles and in V. cruziana, it mainly accumulates
in the cytoplasm (Fig. 6B, C). The night-blooming
species have anthocyanins in the epidermis vacuoles
(Fig. 6E, F).

Ferric chloride stains polyphenols in epidermal cells
of N. gardneriana, N. prolifera and V. cruziana and in
idioblasts of the secretory parenchyma of N. prolifera
and V. cruziana, even at pre-anthesis stage (Fig.
6D-F). As a unique feature, the upper boundary of the
carpellary appendage of V. cruziana exhibits several
phenolic cell layers stained with FeCl, at anthesis
(Fig. TA—C). In second-day flowers, phenolic cell layers
become loose and separate into individual cells (Fig.
7C). Protein corpuscles are detected with eosin in some
parenchyma cells of N. prolifera (Fig. 7D). Xylidine
Ponceau stains the cytoplasm of parenchyma cells in
V. cruziana (Fig. TE).

ULTRASTRUCTURAL FEATURES

A similar ultrastructure is observed in the carpellary
appendages of N. caerulea,N. gardneriana and V. cruziana.
Immediately before anthesis, parenchymatous and
epidermal cells appear metabolically active and in
secretory phase. The cells exhibit a lobed nucleus and a
dense cytoplasm occupied by numerous amyloplasts, lipid
globules which usually coalesce, mitochondria with well-
developed cristae, free ribosomes, abundant RER profiles
and some dictyosomes with a few associated vesicles
(Fig. 8A-F). Abundant plasmodesmata connecting
parenchymal cells are observed, and the latter in turn
connect with the epidermal cells (Fig. 8C). In epidermal
cells, electron-dense and amorphous lipophilic substances
between the plasmalemma and the outer cell wall are
observed (Fig. 8F). On the first day of anthesis, the most
notable cytological changes are the depletion of starch
reserves occurring concomitantly with the accumulation
of plastoglobuli in the stroma of the plastids and the
reduction of lipid globules in the cytoplasm (Fig. 9A-F).
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Figure 3. Anatomy of carpellary appendages with bright field microscope. A, B, longitudinal sections of basal and apical
parts, respectively, just prior to the first day of anthesis in Nymphaea gardneriana; C, longitudinal section with part of the
base and apex of the clavate appendage of N. amazonum at pre-anthesis; D, longitudinal section of carpellary appendage
of N. caerulea; E, F, epidermis and parenchyma of the base and apex, respectively, in N. gardneriana; G, H, transverse
sections of epidermis and parenchyma at first and second day of anthesis, respectively, in N. gardneriana; in G, inset with
a druse under polarized light; I, longitudinal section of epidermis and parenchyma at anthesis of N. prolifera; J, epidermis
and parenchyma at anthesis in N. caerulea; K, detail of transversal section of epidermis and parenchyma in pre-anthesis in
Victoria cruziana and L, M, sections (1 pm) showing cuticle and epidermal cells in pre-anthesis and in second-day flowers,
respectively, in V. cruziana. as, astrosclereid; ¢, cuticle; cw, cell wall; h, hydropote; s, stigma; vb, vascular bundle. Scale
bars = 500 pm (A, B, C), 200 pm (D), 20 pm (G, H, L, M), 50 pm (E, F, I, J).
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Figure 4. Anatomy and histochemical features of carpellary appendages. A-E, Polarized light. F-I, Lugol. A, acicular
sclereids in Nymphaea gardneriana; B, subepidermal acicular sclereids in V. prolifera; C, astrosclereid in Victoria cruziana;
D, druses and prismatic crystals in N. caerulea; E, starch grains at the apex at anthesis in N. gardneriana; F; parenchyma
with starch grains (arrows) at anthesis in N. amazonum; G, Parenchyma of the apex with positive reaction to Lugol at
anthesis in N. caerulea; H, transverse section of the apex stained with Lugol in V. cruziana and I, detail of starch grains
(arrows) in V. cruziana. d, druse. Scale bars = 50 pm (A-D, F, G, I), 100 ym (E), 500 pm (H).
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Figure 5. Histochemical features of carpellary appendages. A-K, Sudan IV. A, epidermis and parenchyma at pre-anthesis
showing vacuoles with dark contents and positive reaction of lipid globules in section (1 pm) of Nymphaea gardneriana
(arrows); B, epidermis and parenchyma cells filled with lipid droplets at first day of anthesis in N. gardneriana; amorphous
substance is seen between the radial cell walls of epidermal cells (dashed rectangle); C, lipid droplets at second day of anthesis of
N. gardneriana; D, epidermis and parenchyma with positive reaction to Sudan IV, except for the vascular bundle in V. prolifera;
E, epidermis and parenchyma with weaker positive reaction to Sudan IV at second day of anthesis in the same species; F, tissue
with negative reaction to Sudan IV after the second day of anthesis in N. prolifera; G, cuticle and parenchyma with positive
reaction for lipophilic substances at first day of anthesis of N. amazonum; H, detail from the apex with positive reaction to
Sudan IV at first day of anthesis in V. caerulea; I, transverse section of the apex on the first day of anthesis in Victoria cruziana;

dJ, detail of epidermis showing the cuticle and lipid substances in the cell (arrow) in V. cruziana and K, lipid substances on the
surface of the appendage (arrows) in V. cruziana. c, cuticle; vb, vascular bundle. Scale bars = 20 pm (A, J, K), 50 pm (B-I).

As at the pre-anthesis stage, numerous mitochondria
and some dictyosomes are observed (Fig. 9E).

link these peculiar structures with sites of scent
emission. The exposed secretory structures in the
floral organs specialized in the biosynthesis and
emission of volatile attractants for pollinators were
termed osmophores by Vogel (1963). These glands
may be structured by a secretory cell layer and one or
more layers of cells functionally related to synthesis

DISCUSSION
THE OSMOPHORE ROLE OF CARPELLARY APPENDAGES

¥20Z J9qUIaAoN 1 U0 1sonB Aq 06.2019G/1Z1//L 61 /810IME/UBSULIFOC/WOD dNO"DIWSPEo.)/:SARY WO} POPEOJUMOQ

AND OTHER ASSIGNED FUNCTIONS

In this study, the anatomical, histochemical and
ultrastructural features of the carpellary appendages
in Nymphaea and Victoria provide evidence to

and storage.

The neutral red test is traditionally used for
macroscopical localization of scent-producing organs,
although it is not specific for this type of secretory tissue
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Figure 6. Histochemical features of carpellary appendages observed with bright field microscope. A, epidermis of
Nymphaea prolifera stained with cresyl blue reveals mucilage in the terminal cell of the hydropote (inset); B, epidermis
of N. gardneriana stained with neutral red; the terminal cell of the hydropote (inset) and some subsidiary cells stain; C,
epidermis of V. cruziana stained with neutral red; D, surface view of epidermis with positive reaction to FeCl, for polyphenols
in N. gardneriana; E, idioblasts with positive reaction to FeCl, in epidermis and parenchyma (arrows) at pre-anthesis in
N. prolifera and F, epidermal and parenchyma cells with positive reaction to FeCl, (arrows) at anthesis in V. cruziana. Scale
bars = 50 pym (A-F).
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Figure 7. Scanning electron micrographs of Victoria cruziana. A—C, Histochemical features of carpellary appendages and
D, E, under a bright field microscope. A, detail of longitudinal sections of the apex of the carpellary appendage at pre-
anthesis; phenolic cell layers are indicated with dashed circle; B, phenolic cell layers at post-anthesis (dashed circle); C, the
cells of this layer have positive result with FeCl, (inset); D, cytoplasm of secretory cells stained with xylidine Ponceau in
V. cruziana; E, parenchyma cells stained with eosin reveal protein contents (arrows) at anthesis in Nymphaea prolifera. as,
astrosclereid; pc, phenolic cells; pl, phenolic cell layers. Scale bars = 20 pm (D, E), 200 ym (C), 1 mm (A, B).

(Vogel, 1990; Weryszko-Chmielewska & Stpiczynska, due to the natural deep red colour of the carpellary

1995; Effmert et al., 2005; Amela Garcia, Galati & Hoc, appendages in representatives of Nymphaea subgenus
2007). In the present study, this test was not efficient =~ Hydrocallis and Victoria.

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 191, 421-439

202 J9qUWBNON 1| U0 158nB AQ 06201 9G/LZ¥//L6L/9101IE/UBBUUINOG/WOO"dNO"dILBPEOE/:SA]Y WOI) POPEOJUMOQ



432 L.M.ZINIETAL.

Figure 8. A-D, Ultrastructure of carpellary appendages in Nymphaea gardneriana, and E, N. caerulea and Victoria cruziana at
pre-anthesis. A, Parenchyma cell filled with amyloplasts and lipid globules; B, detail of cytoplasm of A; C, detail of plasmodesmata
between two parenchyma cells; D, detail of cytoplasm with a dictyosome; E, cytoplasm of parenchyma cell with coalescing lipid
globules and numerous mitochondria and F, accumulation of electron-dense substances between the plasmalemma and cell wall
(arrows) of epidermal cell. a, amyloplast; d, dictyosome; lg, lipid globule; m, mitochondrion. Scale bars = 1 pm (B, D); 2 ym (A, C, E, F).

© 2019 The Linnean Society of London, Botanical Journal of the Linnean Society, 2019, 191, 421-439

20 19qWIBAON | U0 183N Aq 06.01.9G/LZ1//L6/2I01E/UBSUUII0G/WOY"dNO"DIWSPEDE//:SA)Y WOy PAPEOJUMOQ



OSMOPHORES IN NYMPHAEACEAE 433

Figure 9. A-C, Ultrastructure of carpellary appendages of Nymphaea gardneriana and D-E, N. caerulea on the first day of
anthesis. A, B, cytoplasm with predominance of lipid globules of different electron-densities and mitochondria; C, cytoplasm
containing plastids devoid of starch grains but with osmiophilic globules; D, cytoplasm with lipid globules and plastids; E,
detail showing mitochondria with well-developed cristae and dictyosome and F, detail of cytoplasm showing lipid globules and
plastids with osmiophilic globules. a, amyloplast; d, dictyosome; 1g, lipid globule; m, mitochondrion; p, plastid. Scale bars = 1 ym.
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The parenchyma cells of the carpellary appendages
have a large nucleus, dense cytoplasm predominantly
with mitochondria, rough endoplasmic reticulum,
dictyosomes in variable quantities and abundant
plasmodesmata. These are all typical organelles of
secretory cells (Fahn, 1988). Nevertheless, the most
remarkable features of osmophores are the abundant
starch reserves in the plastids, which are used
during early anthesis, and lipophilic materials that
disappear during the phases of fragrance emission, as
in Apocynaceae, Araceae, Malphigiaceae, Orchidaceae
and Passifloraceae (Vogel, 1990; Stpiczyrnska, 1993,
2001; Buchen, 1998; Hadacek & Weber, 2002; Amela
Garcia et al., 2007; Melo, Borba & Paiva, 2010). Other
features here observed, associated with osmophores,
are the presence of large intercellular spaces and a
cytoplasm containing lipid droplets and elaioplasts
(Pridgeon & Stern, 1983; Stern, Curry & Pridgeon,
1987; Curry et al., 1988; Vogel, 1990; Stpiczynska, 1993,
2001; Buchen, 1998; Melo et al., 2010; Kowalkowska
et al., 2012; Sanguinetti et al., 2012; Stpiczynska &
Davies, 2016; Marinho et al., 2018; Wisniewska et al.,
2018; Tolke et al., 2019).

The lipophilic substances may be considered physical
equivalents of the volatile compounds (Pridgeon &
Stern, 1983; Stern et al., 1987), and can be localized in
different cellular compartments. In all Nymphaea spp.
and in V. cruziana, lipid bodies are mainly scattered
in the cytoplasm, as in osmophores of some species of
Araceae, Orchidaceae, Passifloraceae and Apocynaceae
(Vogel, 1990; Amela Garcia et al., 2007; Ptachno, Swiatek
& Szymczak, 2010). Elaioplasts in the species studied
here were detected after anthesis or at late anthesis,
but there are cases in which these plastids prevail
over other organelles in the active phase, e.g. in Arum
L. (Araceae; Buchen, 1998), Maxillaria polyphylla Rchb.f.
(Orchidaceae; Davies & Stpiczynska, 2017), Fabaceae
(Marinhoet al.,2018) and Apocynaceae (T6lkeet al.,2019).
According to Dudareva et al. (2013), the most common
ultrastructural feature of scent-producing organs is the
presence of plastids, which are involved in the synthesis
of volatile compounds, especially terpenoids, and in
precursors of fatty acid derivatives and aromatics.

Aromatic substances or benzenoids are reported
as constituents of volatile compounds involved in
pollinator attraction (Jiirgens, Webber & Gottsberger,
2000; Jirgens, Dotterl & Meve, 2006; Dotterl et al.,
2012; Leguet et al., 2014; Kowalkowska et al., 2018;
Wisniewska et al., 2018). Similarly, aromatics are
the dominant category of floral volatile compounds
of Nymphaea and Victoria, followed by C5-branched
chain esters and finally sesquiterpenes, which are
reported for Nymphaea subgenus Brachyceras (Kite,
Reynolds & Prance, 1991; Maia et al., 2014). Despite
variations in the composition of volatile compounds
between diurnal and nocturnal species (reviewed in

Maia et al., 2014), no differences in the osmophores
were detected at the ultrastructural level in this study.

Starch grains are considered the source of energy for
the synthesis of fragrance or the secretory process, since
they are quickly mobilized during active fragrance
emission (Stern et al., 1987; Vogel, 1990; Tolke et al.,
2019). However, the great abundance of amyloplasts
associated with numerous mitochondria in carpellary
appendages of the studied nocturnal species could
also be related to the phenomenon of thermogenesis
(Lamprecht et al., 2002; Hirthe & Porembsky, 2003;
Seymour & Matthews, 2006). Thermogenesis occurs
as a consequence of the metabolic activity for massive
synthesis and structural transformation of volatile
compounds, and this may enhance the volatilization
of fragrances when increases in temperature and
scent emission are correlated (Vogel, 1990). In Victoria
amazonica (Poepp.) Klotzsch, carpellary appendages
produce 67% of the heat in the flower during the
first night (Seymour & Matthews, 2006). Heat is an
energetic reward during the visits of scarab beetles
because it maintains their body temperatures
(Seymour & Matthews, 2006). The dynamics of
reserves of carpellary appendages in Victoria suggest
that high secretory activity in the female phase may
correspond with the high levels of thermogenesis
to attract beetles and direct them towards the floral
chamber. In contrast, the cell protoplast being poor in
reserves in the male phase indicates that carpellary
appendages are no longer effective in scent emission;
similarly, Seymour & Matthews (2006) reported the
cease of thermogenesis in that phase.

The epidermis of osmophores is most frequently
composed of different types of papillae (Vogel, 1990;
Stpiczynska, 2001; Teixeira, Borba & Semir, 2004,
Vogel & Hadacek, 2004;Ascenséo et al., 2005; Amela
Garcia et al., 2007; Melo et al., 2010; Gongalves-Souza
et al.,2017). However, rounded epidermal cells or flat
cells with cuticular ridges as in the studied species
were also previously described (Stern et al., 1987,
Vogel, 1990; Ascenséao et al., 2005; Marinho et al.,
2014, 2018). In Nymphaea and Victoria, the epidermis
is involved in the emission process and in the
storage of materials. The same phenomenon occurs
in osmophores of Ceropegia L. (Apocynaceae, Vogel,
1990), Ophrys L. (Orchidaceae, Vogel, 1990; Ascenséo
et al., 2005), Passiflora L. (Passifloraceae, Amela
Garcia et al., 2007) and some species of Fabaceae
(Marinho et al., 2014). The release of fragrance
substances outside the gland usually occurs through
microchannels in the cuticle (e.g. Apocynaceae,
Ptachno et al., 2010; Orchidaceae, Stern et al., 1987;
Kowalkowskaetal.,2012; Kowalkowska, Kozieradzka-
Kiszkurno & Turzynski, 2015; Sanguinetti et al.,
2012; Passifloraceae, Amela Garcia et al., 2007), by
rupture of the cuticle or through pores present in the
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cuticle (Orchidaceae: Restrepia Kunth, Pridgeon &
Stern, 1983; Gymnadenia R.Br., Stpiczynska, 2001;
Apocynaceae: Boucerosia Wight & Arn., Ptachno et al.,
2010), and in a few cases through stomata (Araceae:
Philodendron Schott, Gongalves-Souza et al., 2017,
Orchidaceae: Acianthera Scheidw., Melo et al., 2010).
Stomata were observed in carpellary appendages of
N. amazonum, N. gardneriana and N. prolifera, but
there is not enough evidence to confirm their role
in the transport of volatile substances. All studied
species exhibited both relatively thin cuticle areas
and an outer cell wall with loosely arranged cellulose
microfibrils. Cuticle thickness and ultrastructure
may not be involved in permeability, but chemical
composition is involved (Caissard et al., 2004).
Volatile compounds of low molecular weight may
be able to diffuse through the microfibrils and the
cutin due to their lipophilic nature (Té6lke et al.,
2019); therefore, this is the plausible route of release
of such substances from carpellary appendages. In
N. gardneriana, electron-dense corpuscles observed
in the cuticular layer suggest this release route.
On the other hand, a rapid volatilization would be
enhanced by the thermogenic property, preventing
massive accumulation of exudates on the epidermal
surface of these structures.

In addition to the osmophore and thermogenic
functions of carpellary appendages in night-blooming
species of Nymphaea and Victoria, the role as food
reward for scarab beetles during the pollination event
was recorded (Prance & Arias, 1975; Schneider, 1979;
Hirthe & Porembski, 2003; Seymour & Matthews, 2006).
In the studied populations, no signs of feeding were
observed. Moreover, carbohydrates are consumed before
anthesis and lipids are less abundant during anthesis.
In the night-blooming species (Nymphaea subgenus
Hydrochallis and Victoria), polyphenolic substances are
accumulated in vacuoles of epidermal cells and idioblasts
of the parenchyma at anthesis. These substances are
considered to protect different organs against pathogen
infections, UV radiations and herbivory (Castro &
Demarco, 2008). Therefore, these appendages should not
be compared with other plant tissues that provide food
reward for insects (e.g. O’'Dowd, 1980).

FORMS AND FUNCTIONS OF CARPELLARY APPENDAGES
IN RELATION TO POLLINATION MODES

Selective pressures exerted by functional groups of
similar pollinators are a prevalent underlying feature
of floral diversification and convergent specialization
(Fenster et al., 2004). Thus, the overall morphological
and functional shifts of the carpellary appendages can
be understood as a response to shifts between functional
groups of pollinators (Schneider, 1982a; Wiersema, 1988;
Williamson & Schneider, 1994) in a current phylogenetic

framework (Fig. 10). However, the morpho-anatomical
organization of the carpellary appendages may be
also important in revealing phylogenetic relationships
at different hierarchical levels. This assumption is
supported by the strong similarities between two
closely related species, N. amazonum and N. prolifera,
and especially by the multipapillate epidermal cell
morphology, which is a phylogenetic signal for common
ancestry of the clade comprising Nymphaea subgenera
Hydrocallis, Lotos, Anecphya and Brachyceras (Zini
et al.,2017; Coiro & Barona Lumaga, 2018).

In Nymphaeaceae, pollination by deceit is an ancient
strategy to increase fitness by cross-pollination. It
consists of a combination of odour, heat, and coloured
tepals to attract and trap insects in the female phase,
when no direct reward is produced. Although bees are
major pollinators in the family, the exclusive pollination
by beetles in Nymphaea subgenera Hydrocallis
and Lotos and in Victoria is of secondary derivation
(reviewed by Thien et al., 2009; Endress, 2010). Barclaya,
Euryale Salisb. and Nymphaea subgenera Anecphya,
Brachyceras and Nymphaea have species of diurnal
anthesis. In these species, bees, beetles and flies are
attracted to bright-coloured (blue, purple, red, violet,
white, yellow) and fragrant flowers that do not produce
heat (Conard, 1905; Okada & Otaya, 1930; Meeuse &
Schneider, 1979; Schneider & Chaney, 1981; Schneider,
1982a,b; Capperino & Schneider, 1985). According to
Lohne et al. (2009), carpellary appendages evolved
once in the common ancestor of Barclaya, Nymphaea
s.l., Euryale and Victoria, and although this character
is retained in most species, it is lost independently in
derived lineages of the family. The absence of carpellary
appendages is in correspondence with cleistogamy in
Euryale and bee pollination in Nymphaea subgenus
Anecphya, together with the evolution of a nectariferous
floral apex in the latter (e.g. N. ondinea Lohne, Wiersema
& Borsch, Schneider, 1983). Based on our findings,
carpellary appendages in N. caerulea contribute to
olfactory and visual cues, which are compatible with
pollination by Hymenoptera. Similarly, the prominent
carpellary appendages of N. amazonum, N. gardneriana,
N. prolifera and V. cruziana are related to the provision of
chemical and visual cues for scarab beetles. Furthermore,
novel functions such as food and energetic rewards for
Nymphaea subgenus Lotos have also been suggested
(Hirthe & Porembsky, 2003).

Finally, scent production might be an ancient role of
carpellary appendages of primary importance in the
mechanism of pollination by deceit in both diurnal and
nocturnal species. The evolutionary shifts into large
structures in Victoria and the Nymphaea subgenus
Hydrocallis + subgenus Lotos clade is here considered
as parallel functional specializations to pronounced
scent and heat production in response to the
exclusive beetle pollination. The flower architecture
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Figure 10. Morphologies of carpellary appendages mapped onto the phylogenetic tree for Nymphaeaceae. The topology is a
combined molecular phylogenetic tree modified from Borsch et al. (2008) in which Nymphaea is paraphyletic, with Nymphaea
subgenus Nymphaea sister to a clade comprising the other four subgenera and the Euryale—Victoria clade. For practical
purposes, the appendages are classified in the categories large and small (if they are well-developed as to cover entire stigmatic
surface or not), respectively. Information on pollination biology of Cabombaceae (outgroup) was obtained from Schneider &
Jeter (1982) and that on the floral morphology of Nymphaea spp. from Conard (1905). See discussion for interpretations.

with distinctive low synorganization of its organs
(Endress, 2006) might also have greatly favoured the
morphological diversification of carpellary appendages
among species of Nymphaeaceae.
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