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a  b  s  t  r  a  c  t

Ultrastructural  studies  on the female  gametophyte  are  restricted  to species  at relatively  derived  positions
in the  angiosperm  phylogenetic  tree.  Therefore,  this  topic  remains  mostly  unknown  for  the  early-
divergent  lineages,  in which  a four-celled  megagametophyte  is common.  Here,  ultrastructure  of the
megagametophyte  and micropylar  nucellar  epidermis  was  investigated  in Cabomba  caroliniana  A.  Gray
(Cabombaceae),  Nymphaea  gardneriana  Planch.  and  Victoria  cruziana  Orb. (Nymphaeaceae).  The  micropy-
lar nucellar  epidermis  of  the  studied  species  differentiates  into  an  epistase.  These  cells have  metabolically
active  cytoplasm  and thickened  inner  tangential  walls.  Epistase  ultrastructure  is  compatible  with  a trans-
fer cell  specialization.  This  tissue  may  play  an adaptive  role  in the  secretion  of  chemotropic  substances
to  direct  the  pollen  tube  growth  toward  the  female  gametophyte.  The  cytological  characteristics  of
the female  germ  unit  in members  of  Cabombaceae  and  Nymphaeaceae  are  generally  similar  to  other
angiosperms  that  develop  a typical  seven-celled,  eight-nucleate  female  gametophyte;  however,  they
differ  in  some  specific  points.  In V. cruziana  and  N. gardneriana,  the micropylar  end  of  the  synergids

develops  a  rudimentary  filiform  apparatus  with  slight  inward  projections.  By  contrast,  the  synergids
lack  a filiform  apparatus  in  C.  caroliniana.  Unlike  most  studied  angiosperms,  the  filiform  apparatus  in
the  clade  Cabombaceae-Nymphaeaceae  is underdeveloped  or absent,  therefore  character  state  transfor-
mations  have  occurred  within  basal  angiosperms.  The  potential  evolutionary  shifts  of  this  reproductive
feature  are  highlighted.

© 2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Ultrastructural studies on the female gametophyte have been
onducted among species occupying relatively high positions in the
hylogenetic tree of extant angiosperms, i.e., Malvaceae (Jensen,
965), Asteraceae (Newcomb, 1973), Solanaceae (Mogensen and
uthar, 1979), Fabaceae (Folsom and Peterson, 1984; Folsom and
ass, 1989; Galati et al., 2006), Passifloraceae (Amela García et al.,
003), Poaceae (Jane, 1997; Lovisolo and Galati, 2007) and Ama-

anthaceae (Coimbra and Salema, 1999). Those studies contributed
ith highly valuable knowledge, providing clues into the crucial

spects of the female gametophyte at all stages of the reproductive

∗ Corresponding author.
E-mail address: lmelisa.zini@yahoo.com.ar (L.M. Zini).

ttp://dx.doi.org/10.1016/j.flora.2016.02.006
367-2530/© 2016 Elsevier GmbH. All rights reserved.
process. The female germ unit, defined as the minimum num-
ber of cells required for double fertilization, is composed of the
egg cell, the central cell, and the synergids (Huang and Russell,
1992). The components of the female germ unit have distinctive
structures that are closely related to their crucial functions. For
example, the ultrastructural organization of the synergids, cells
that were described as metabolically active, among other features,
were experimentally demonstrated in recent years to be linked
with the secretion of chemicals for the attraction of pollen tubes
(Higashiyama et al., 2001, 2003). Moreover, the cell wall of the two
synergid cells is typically thickened at the micropylar end to form
the filiform apparatus, which enables the transport of metabolites
or chemo-attractants into the female gametophyte (Jensen, 1965;

Jensen, 1973; Tilton and Lersten, 1981; Huang and Russell, 1992;
Higashiyama, 2002; Higashiyama et al., 2003; Punwani and Drews,
2008).

dx.doi.org/10.1016/j.flora.2016.02.006
http://www.sciencedirect.com/science/journal/03672530
http://www.elsevier.com/locate/flora
http://crossmark.crossref.org/dialog/?doi=10.1016/j.flora.2016.02.006&domain=pdf
mailto:lmelisa.zini@yahoo.com.ar
dx.doi.org/10.1016/j.flora.2016.02.006
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Fig. 1. Structure of the female gametophyte in Cabombaceae and Nymphaeaceae with bright field microscopy. Cabomba caroliniana. (A–C) Three serial sections showing the
central cell with a polar nucleus (Pn), egg cell (Ec), the two  synergids (Sy1 and Sy2), and also the cells forming the epistase (Ep). Nymphaea gardneriana. (D) Detail of the
micropylar apex of the ovule, showing the epistase (Ep), the two synergids (Sy1 and Sy2) and the central cell with a polar nucleus (Pn). Victoria cruziana. (E) Section showing
detail  of the epistase (Ep) and the egg apparatus with the synergids (Sy1 and Sy2) and the egg cell (Ec). (F) Detail of the polar nucleus (Pn). Scale bars: (A–C) 30 �m,  (D, E)
25  �m,  (F) 50 �m.
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Fig. 2. Nymphaea gardneriana, ultrastructure of epistase and female gametophyte. (A) Details of the epistase with conspicuous ingrowths of the cell walls (cw); pollen tube
( f a syn
o etail o
A plasm

t
o
n
f
E
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pt)  growing between nucellus cells and reaching the tip of filiform apparatus (Fa) o
f  the egg cell appears disorganized and organelles are almost indiscernible. (D) D
bbreviations: d: Dyctiosome, Lg: lipid globules, m:  mitochondria, RER: rough endo

The order Nymphaeales, along with Amborellales and Aus-
robaileyales, is one of the three lineages that have diverged prior
rigin of main groups of other extant angiosperms (monocots, mag-
oliids and eudicots) (APG III, 2009). Nymphaeales comprises the
amilies Nymphaeaceae (Nuphar Sm., Barclaya Wall., Nymphaea L.,
uryale Salisb., and Victoria Buc’hoz), Cabombaceae (Cabomba Aubl.
nd Brasenia Schreb.) (Ito, 1987; Les et al., 1999; Podoplelova and
ergid (Sy); the egg cell (Ec). (B) Detail of the cytoplasm of a synergid. (C) Cytoplasm
f the central cell with polar nucleus (Pn) and cytoplasm full of amyloplasts (am).
ic reticulum. Scale bars: (A, D) 2 �m, (B, C) 0.2 �m.

Ryzhakov, 2005) and Hydatellaceae, which was  recently placed
as the sister group of the clade Cabombaceae-Nymphaeaceae by
molecular phylogenetic analyzes (Saarela et al., 2007). The early-
divergent angiosperms are of great interest to the study of ancestral

states and diversification of reproductive traits in extant flower-
ing plants (Friedman, 2001). Developmental and structural studies
of the female gametophyte in these clades of angiosperms are
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ig. 3. Cabomba caroliniana, ultrastructure of epistase and female gametophyte. (A)
howing dyctiosomes (d), endoplasmic reticulum (ER), and mitochondria (m). Abbr
eticulum, SN: synergid nucleus. Scale bars: (A) 1 �m,  (B) 0.5 �m.

onfined to descriptions based on light microscopy, and very few
ransmission electron microscopy investigations were conducted
Friedman, 2006; Friedman and Ryerson, 2009).

Species of the Austrobaileyales and Nymphaeales have a four-
elled and four-nucleate female gametophyte consisting of only
he female germ unit (Galati, 1985; Battaglia, 1986; Winter and
hamrov, 1991; Orban and Bouharmont, 1998; Friedman et al.,
003; Williams and Friedman, 2004; Tobe et al., 2007; Friedman,
008; Rudall et al., 2008; Zini et al., 2015; Povilus et al., 2015). The
emale gametophyte of these orders follows a common ontoge-
etic pattern that receives the denomination of Schisandra type
ecause it was described for first time in species of Schisandra
Schisandraceae, Austrobaileyales) by Batygina et al. (1980) (Zini
t al., 2015). The same pattern of development was referred as vari-
nt of Oenothera type in Cabombaceae (Galati, 1985), and as variant
f Polygonum type (Orban and Bouharmont, 1998) or Nuphar type
n species of Nymphaeaceae (Friedman and Williams, 2003). How-
ver, according to the priority, the denomination of Schisandra type
f female gametophyte should be validated to both Nymphaeales
nd Austrobaileyales (Tobe et al., 2007; Zini et al., 2015), in the
ame way that the Polygonum type is applied to numerous orders
nd families of angiosperms.

Although modern embryological studies have been documented
n basal angiosperms, there is no ultrastructural knowledge of

emale germ unit in the Nymphaeales. Amborella Baill., the only
arly-divergent taxon that has been examined at the ultrastruc-
ure level, produces a unique female gametophyte, eight-celled,
ine-nucleate (Friedman, 2006; Friedman and Ryerson, 2009). The
l of a cell of the epistase (Ep) and a synergid (Sy). (B) Detail of cytoplasm of egg cell,
ons: cw:  cell wall, EN: epistase nucleus, lg: lipid globules, RER: rough endoplasmic

evolutionary analyzes of the female gametophyte reveals that the
ancestral condition for angiosperms has not been resolved because
any of the eight-celled (Amborella type), seven-celled (Polygonum
type) or four-celled (Schisandra type) female gametophyte could
be considered plesiomorphic. However, strong arguments are pre-
sented besides the grounds of parsimony to suggest that the
four-celled and four-nucleate female gametophyte should be inter-
preted as the ancestral state for angiosperms (Friedman and
Williams, 2004; Williams and Friedman, 2004; Friedman and
Ryerson, 2009).

Ultrastructural aspects of the four-celled female gametophyte
may  provide valuable information about its functional aspects and
new bases for tracing the evolution of reproductive traits within the
angiosperm clade. Hence, a detailed structural study of the female
gametophyte in Cabombaceae and Nymphaeaceae was  conducted
using transmission electron microscopy. Since the nucellar epider-
mal  cells at the micropylar region differentiate in the epistase, an
additional aim of this study was  to provide an ultrastructural char-
acterization of this tissue.

2. Materials and methods

Three species of the Nymphaeales were studied: Cabomba car-
oliniana A. Gray, Galati 27847 (BAA), Nymphaea gardneriana Planch.,

Zini et al., 10 (CTES), and Victoria cruziana Orb., Zini et al., 15 (CTES).
Flowers of C. caroliniana and N. gardneriana derived from individu-
als growing in the botanical garden of the Facultad de Agronomía,
Universidad de Buenos Aires (Argentina), whereas those of V.
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Fig. 4. Cabomba caroliniana, ultrastructure of female gametophyte. (A) Polar nucleus and part of the cytoplasm. (B) Detail of cytoplasm of central cell with rough endoplasmic
r ) with
p arrow
b
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eticulum (RER) and dyctiosome (d). (C) Micropylar region of synergids (Sy1, Sy2
ortion  of a synergid showing cytoplasmic connections with the central cell (CC) (
ars:  (A) 1 �m,  (C, D) 0.5 �m,  (B) 0.2 �m.

ruziana were collected from a natural population that grows at
he province of Chaco (Argentina).

For transmission electron microscopy, flowers at second-day
tage of anthesis were collected. Numerous ovules were pre-fixed
n 1% glutaraldehyde, 4% formaldehyde in phosphate buffer (pH 7.2)

or 2 h. The fixation of ovules of N. gardneriana was  made from two
ndividuals cultivated, isolated from each other, and in two differ-
nt moments because they have differed in the anthesis time. The
out filiform apparatus; both cells are connected by plasmodesmata (arrows). (D)
s). Abbreviations: lg: lipid globules, m:  mitochondria, N: nuclei, n: nucleoli. Scale

ovules were then post-fixed in 1.5% OsO4 at 2 ◦C in the same buffer
for 3 h. They were dehydrated using an ascending graded series of
acetone and embedded in Spurr’s resin. Sections 1 �m thick were
made on a Reichert-Jung ultramicrotome, stained with toluidine
blue, and photographed with a Motic digital bright-field micro-

scope. Ultrathin sections (750–900 nm)  were made and stained
with uranyl acetate and lead citrate (Zarlavsky, 2014). These sec-
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Fig. 5. Victoria cruziana, general view of a synergid, a portion of the other synergid
and two epistase cells (Ep). Note the plasmodesmata (arrow) and distribution of
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Fig. 6. Victoria cruziana, ultrastructure of synergids. (A) Detail of the cytoplasm
at  the chalazal region. (B) Detail of the micropylar region with a rudimentary fil-
ytoplasmic organelles in the synergids. Abbreviations: FA: filiform apparatus, m:
itochondria, N: nuclei, p: plastids, RER: rough endoplasmic reticulum. Scale bar:

 �m.

ions were examined using a JEOL 1200 Ex II transmission electron
icroscope.
For observations of mature female gametophytes in paraffin

ections, the samples were fixed in formalin–acetic acid–alcohol
:1:3 (FAA). The material was dehydrated and embedded in paraf-
n following standard methods, using the technique of Johansen
1940). Longitudinal sections 12 �m thick were made with a rotary

icrotome, then stained with Astra blue-safranin (Luque et al.,
996), and mounted with synthetic Canada balsam. Slides were
bserved and photographed with a Motic digital bright-field micro-
cope. To detect callose the sections were stained with 0.05% aniline
lue, which imparts a yellow fluorescence (O’Brien and McCully,
981). Samples were observed with a Zeiss Axioplan epifluores-
ence microscope (excitation wavelength of 395 nm).

For the analysis of character evolution using parsimony, three
nordered character states of the filiform apparatus were deter-
ined from the embryological reports. The ancestral state was

etermined using TNT 1.1 software (Goloboff et al., 2003). Character
as mapped onto a synthetic molecular phylogeny for angiosperms

s circumscribed APG III (2009). All images were processed with
hotoStyler 5.5.
. Results

In C. caroliniana, N. gardneriana and V. cruziana, the mature
emale gametophyte contains a three-celled egg apparatus with
iform appatarus (FA). Abbreviations: d: Dyctiosomes, m: mitochondria, N: nucleus,
p:  plastid, RER: rough endoplasmic reticulum, V: vacuoles. Scale bars: 1 �m.

two synergids and one egg cell, and the central cell with a sin-
gle polar nucleus at the chalazal end of the female gametophyte
(Fig. 1A–F). This cell is homologous with the central cell of game-
tophytes of the Polygonum type.

Epidermal cells at the apex of the nucellus and close to the egg
apparatus form a tissue called epistase. These cells are sometimes
elongated radially and exhibit thickened walls predominantly on
the internal tangential face of the cells (Fig. 1A, B, D–F). The cells of
the epistase at the mature stage of the female gametophyte did not
show fluorescence when stained with aniline blue, indicating that
there is no callose in their walls.

3.1. Ultrastructure of the epistase

The cells of the epistase have conspicuous wall thickening
and invaginations on their inner tangential side in N. gardneriana
(Fig. 2A) and in V. cruziana (Fig. 5), notably increasing the surface of
the plasma membrane, but in C. caroliniana the thickening of these
cells is less developed and the wall ingrowths are absent (Fig. 3A). In
all species, the cytoplasm of the epistase cells shows organelles in a
perinuclear position. There are abundant mitochondria, endoplas-
mic  reticulum, lipid globules, vacuoles, dictyosomes and plastids
with starch grains (Figs. 2A, and 3A). Many ovules examined of
N. gardneriana exhibit pollen tubes entering the micropyle and,

interestingly, the pollen tube grows between the cells of the epis-
tase, subsequently branching and reaching the tip of the filiform
apparatus of a synergid (Fig. 2A).
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.2. Ultrastructure of the four-celled female gametophyte

.2.1. Synergids
Each synergid contains a large nucleus located near the mid-

le or at the micropylar region of the cell, and some vacuoles
istributed at the chalazal end (Fig. 5). The ultrastructure of the
ytoplasm is similar among the species studied; the cytoplasm
s rich in organelles that are randomly distributed, such as mito-
hondria with well-defined cristae, rough endoplasmic reticulum,
ictyosomes and free ribosomes. Plastids with starch grains and

ipid globules are relatively less abundant (Figs. 2B, 3A and 4C–D,
A–B). Synergids are connected with each other and with the egg
ell through plasmodesmata (Figs. 4C and D, 5, 7B). The micropy-
ar end of the synergids of V. cruziana and N. gardneriana has a
hickened cell wall exhibiting slight inward projections that form a
liform apparatus (Figs. 2A, 5 and 6B). By contrast, the synergids of
. caroliniana do not have a thickened wall with inward projections
t the micropylar end (Fig. 4C). The synergid wall of all the stud-
ed species has a fibrillar structure and a low electron-density. This

all thins slightly to the chalazal region, stretching considerably at
ome points or disappearing and leaving the plasma membranes of
he synergid and the central cell in close contact (Fig. 4D).

.2.2. Egg cell
In V. cruziana, the egg cell has a vacuole located at the chalazal

nd, and a large nucleus slightly nearer the micropylar end. The cell
alls of the egg and of the synergid have a similar structure. The cell
all gradually thins and becomes incomplete at its extreme cha-

azal side (Fig. 7A and B). Its cytoplasm is rich in plastids, but it rarely
ontains starch grains. Mitochondria and rough endoplasmic retic-
lum are scanty (Fig. 7A and B). In contrast, the cytoplasm of the
gg cell in C. caroliniana has numerous mitochondria, smooth endo-
lasmic reticulum with dilated cisternae, and dictyosomes (Fig. 3B).

In N. gardneriana, the egg cell from all ovules analyzed dif-
ers noticeably because it appears more electron-dense than the
ynergid cells, and scarce membrane structures can be observed.
he key morphological difference between the egg cell and syn-
rgids is the presence of a filiform apparatus in the second, thus
otential existence of degenerating synergids was ruled out. Most
rganelles of the egg cell are disintegrated and only the remains
f endoplasmic reticulum can be recognized. The phenomenon
escribed above coincides with the arrival of pollen tubes derived
rom the same flower. Although pollen tubes properly penetrated
he micropylar region, the ovules examined remain unfertilized
Fig. 2A and C). The processing of ovules derived from the single
ower at anthesis of an individual which was isolated, under con-
rolled conditions, ensures that the only pollen present belong that
ame flower.

.2.3. Central cell
This cell is mainly occupied by large vacuoles, hence, its cyto-

lasm is confined to a small region around the polar nucleus
Fig. 2D) and to a parietal position. In V. cruziana, the cell with polar
ucleus has diverse cytoplasmic contents such as mitochondria
ith expanded cristae, rough endoplasmic reticulum sometimes
ith dilated cisternae, amyloplasts, lipid globules, and dictyosomes
ith associated vesicles (Fig. 8A–D), whereas in N. gardneriana this

ell contains principally amyloplasts (Fig. 2D). In C. caroliniana the

ost abundant organelles observed are mitochondria and rough

ndoplasmic reticulum with dilated cisternae; lipid globules are
lso present (Fig. 4A and B). There are plasmodesmata connecting
he cell containing the polar nucleus with the synergids (Fig. 4D).
0 (2016) 25–36 31

4. Discussion

This is the first ultrastructural analysis of the female gameto-
phyte in Cabombaceae and Nymphaeaceae. The present findings
about cytological characteristics of the female germ unit in these
two families is generally in accordance with the knowledge from
other angiosperms that develop, for example, a typical seven-
celled, eight-nucleate female gametophyte. However, they differ
at some specific points which will be treated in the following dis-
cussion.

The micropylar nucellar epidermis forms the epistase in the
three species examined. Maheshwari (1950) defined the epistase
as a special modification of the nucellar epidermis, consisting of
radially elongated cells with thickened or suberized walls; how-
ever, there is still little or no information about its function among
the few plant groups where it was  reported, within the families
Commelinaceae (Johri et al., 1992), Nymphaeaceae (Cook, 1902,
1906; Khanna, 1964, 1967; Winter and Shamrov, 1991; Povilus
et al., 2015; Zini et al., 2015) and Zingiberaceae (Mangaly and
Sworrupanandan, 1977). In N. gardneriana and V. cruziana, ultra-
structural characteristics of the epistase correspond to those of the
transfer cell. Transfer cells are distinguished to have secondary
wall ingrowths in association with a cytoplasm reflecting high
metabolic activity, given by the prevalence of well-developed mito-
chondria and endoplasmatic reticulum (Gunning and Pate, 1969).
Transfer cells occurrence is widespread in plant tissues, including
ovular tissues such as integuments and nucellar cells that surround
the female gametophyte and embryo (Jensen, 1965; Schulz and
Jensen, 1968; Gunning and Pate, 1969; Tilton, 1980; Cass et al.,
1986; Sumner and van Caeseele, 1989; Olesen and Bruun, 1990;
Johansson and Walles, 1994; Galati et al., 2006). In N. gardneri-
ana and V. cruziana, the epistase showed thickened cell walls with
numerous ingrowths and a metabolically active cytoplasm, there-
fore, it can be recognized as transfer cells. The same patterning
was already reported for V. cruziana in previous studies with trans-
mission electron microscope (Zini et al., 2015) and for Nymphaea
thermarum Eb. Fisch. with bright field microscope observations
(Povilus et al., 2015). In N. gardneriana and V. cruziana callose is
not present in the inner tangential cell walls of the epistase at the
mature stage of the female gametophyte. This is a notable differ-
ence with N. thermarum in which a layer of callose accumulates in
that region up to anthesis time (Povilus et al., 2015).

In the literature, transfer cells are considered to play a central
role in substances absorption or secretion by increasing enor-
mously the surface area of the plasma membrane, hence facilitating
high rates of material transport (Gunning and Pate, 1969; Offler
et al., 2003). Previously, some authors associated transfer cells of
the nucellar cap with a secretory activity responsible for the guid-
ance of pollen tubes toward the female gametophyte (Tilton, 1980;
Tilton and Lersten, 1981; Bruun and Olesen, 1989). In line with the
above hypothesis, and given that transfer cells in N. gardneriana
and V. cruziana are in close proximity with the mature egg appa-
ratus, a participation of the epistase in secretion of chemotropic
substances for pollen tube attraction may  be suggested. Although
there are no cell wall ingrowths in the epistase of C. caroliniana,  the
ultrastructure of these cells also suggests high metabolic activity,
so the function could be similar to that of the other two species.
The epistase can be considered as synapomorphic for the clade
Cabombaceae-Nymphaeaceae.

The egg cell ultrastructure differs among the studied species.
V. cruziana showed several plastids with starch and few mito-
chondria, whereas no endoplasmic reticulum or dictyosomes were

observed as in C. caroliniana. Variations in the organelles com-
posing the cytoplasm of the egg cell and in organelle frequency
were commonly described among other plants, but few studies
reported the usual occurrence of dictyosomes and smooth endo-



32 L.M. Zini et al. / Flora 220 (2016) 25–36

F ic org
n y2) wi
n

p
1
t
(
s
Q
w

c
m
s
n
e
t
o
o
s
a

ig. 7. Victoria cruziana, ultrastructure of egg cell. (A) General aspect and cytoplasm
ucleus (black arrow). (B) Detail of cell walls of the egg (Ec) and synergids (Sy1, S
ucleolus, p: plastids. Scale bars: (A) 2 �m,  (B) 1 �m.

lasmic reticulum (reviewed in Huang and Russell, 1992; Russell,
993), as observed in C. caroliniana. For example, abundant dic-
yosomes were found in the mature egg cell of Lotus glaber Mill.
Galati et al., 2006), and a great amount of both dictyosomes and
mooth endoplasmic reticulum were only noted in the zygote of
uercus gambellii Liebm. in correlation with formation of its cell
all (Mogensen, 1972).

The egg cell of N. gardneriana revealed signs of cell death,
oncomitantly with the entrance of self-pollen tubes into the
icropyle. In Cabombaceae and Nymphaeaceae, the temporal

eparation of sexes through protogyny appears as a common phe-
omenon to promote allogamy (Schneider and Jeter, 1982; Thien
t al., 2009). However, the observations above mentioned suggest
hat in N. gardneriana the stigma remains receptive at second day

f anthesis and the pollen tubes of the same flower may  reach the
vules, although they had no signs of fertilization. Mechanisms of
elf-sterility are not well documented in the Nymphaeales (Allen
nd Hiscock, 2008). It is known that Nuphar may  have a post-zygotic
anelles. Note the thinning of the wall in the area of contact with the cell with polar
th plasmodesmata (white arrow). Abbreviations: m:  Mitochondria, N: nucleus, n:

system of self-sterility because species of this genus produces
deformed fruits after self-pollination (Schneider and Moore, 1977).
In contrast, Wiersema (1987) found via crosses that N. gardneriana
lacks autogamous seed production. Thus, self-pollination is capa-
ble in that species, but a mechanism of self-incompatibility may  be
acting at a relative late stage, to prevent fertilization.

In the three species studied here, the central cell is rich
in endoplasmic reticulum, plastids, amyloplastids, mitochondria,
dictyosomes and ribosomes, suggesting that this cell is quite
active. Similarly, this characteristic is shared with the central
cell of numerous angiosperms (reviewed in Raghavan, 1997). In
this respect, Huang and Russell (1992) assume that the cen-
tral cell of gametophytes is well prepared to initiate endosperm
after fertilization and acquire the nutritional requirements of the

embryo. Nevertheless, it is known that the central cell in Cabomba,
Nymphaea and Victoria gives rise to a small amount of endosperm
after fertilization process (whose function is not yet understood),
but instead copious perisperm is the embryo-nourishing tissue
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ithin the seed in those genera (Cook, 1906; Khanna, 1967; Galati,
987; Floyd and Friedman, 2000; Floyd and Friedman, 2001; Povilus
t al., 2015).

In C. caroliniana,  N. gardneriana and V. cruziana, the cytoplas-
ic  components of the mature synergids reflecting high degree

f metabolic activity (i.e., abundant mitochondria with well devel-

ped cristae, rough endoplasmic reticulum, and dictyosomes) were
imilar to those of many other angiosperms described to date
reviewed in Willemse and van Went, 1984; Huang and Russell,
992; Higashiyama, 2002; Punwani and Drews, 2008). The typi-
of cytoplasm showing diverse components. Abbreviations: d: Dyctiosome, lg: lipid
eticulum, V: vacuole. Scale bars: (A) 2 �m, (B) 0.5 �m,  (C) 0.2 �m,  (D) 0.5 �m.

cal feature of synergids is the filiform apparatus, located at the
micropylar end of both cells. This structure displays variable
morphologies among different angiosperms, but in most stud-
ied species the filiform apparatus is an elaborated labyrinth of
ingrowths or well-developed finger-like forms (Maheshwari, 1950;
Jane, 1997; Huang and Russell, 1992). Nevertheless, the exception

to this generalization is in the clade Cabombaceae-Nymphaeaceae,
because transmission electron microscope observations provide
direct evidence for a relatively simple filiform apparatus with very
scarce finger-like projections of the cell wall in N. gardneriana and



34 L.M. Zini et al. / Flora 220 (2016) 25–36

F logen
g us, bu
a

V
c

t
a
h
i
2
F
s
n
c
p
S
A
e

t
i
a
1
p
m
n
m
m
g
n
T
w
a
H
o

ig. 9. Distribution of the filiform apparatus states onto a simplified angiosperm phy
ametophyte is likely to have had synergids with a well-developed filiform apparat
nd  in Austrobaileyales.

. cruziana, and demonstrate the absence of wall ingrowths in C.
aroliniana.

The structure of the filiform apparatus differs notably among
he angiosperms studied (Huang and Russel, 1992). The filiform
pparatus of Nymphaea and Victoria is electron-translucent and
omogeneous in structure. A similar characteristic was observed

n Helianthus L. and Cynara L. (Newcomb, 1973; Figueiredo et al.,
006). In Nicotiana L. (Mogensen and Suthar, 1979) and Taraxacum
.H. Wigg. (Płachno et al., 2014) there are a single phase containing
cattered electron-dense inclusions, but these components were
ot observed in Nymphaeaceae. In contrast, the filiform apparatus
onsists of both low electron-dense and medium electron-dense
hases in Gossypium L. (Jensen, 1965), Amaranthus L. (Coimbra and
alema, 1999), Eleusine Gaertn. (Lovisolo and Galati, 2007), Genlisea
.St.-Hil., Lotus L. (Galati et al., 2006), Passiflora L. (Amela García
t al., 2003), and Utricularia L. (Plachno, 2011).

The elaborations of the synergid cell wall, whose universal func-
ion appears to be increasing the amount of secreted attractants, are
n general consistent with a transfer cell specialization (Gunning
nd Pate, 1969; Willemse and van Went, 1984; Huang and Russell,
992; Higashiyama, 2002). Kasahara et al. (2005) provide sup-
ort for the hypothesis mentioned above; they have identified a
utation of MYB98 gene in Arabidopsis thaliana (L.) Heynh. affects

otably the existence of wall-ingrowths in the filiform apparatus. In
yb98, the filiform apparatus consist of a relatively homogenous
ass of cell wall at the micropylar pole. Despite the pollen tube

uidance is also affected, the cytoplasm of the synergids function
ormally and the female gametophyte mutants can be fertilized.
hese authors conclude that a functional filiform apparatus (i.e.,
ith intricate wall-ingrowths) is necessary for pollen tube guid-
nce, but is not required for pollen tube entry into the synergid cell.
uang and Russel (1992) noted that the proportion and complexity
f the filiform apparatus seems to be consistent within the families
etic tree. The reconstruction based on parsimony suggests that the ancestral female
t this result is preliminary due to the absence of comparative data in Hydatellaceae

of angiosperms. Within the eudicots clade, trends to reduce the fil-
iform apparatus (absence of it or without intricate wall-ingrowths)
were documented only among some members of the families Len-
tibulariaceae (Plachno, 2011) and Asteraceae, in the last family
in association with an apomictic reproductive system (Newcomb,
1973; Kuroiwa, 1989; Figueiredo et al., 2006). It is important to note
that in Nymphaea and Victoria, the filiform apparatus is developed
only at the apical part of synergid cells, but in Genlisea, Utricularia
(Lentibulariaceae), Taraxacum and Cynara (Asteraceae), the thick-
ening also continues toward the lateral sides of both synergids
(Figueiredo et al., 2006; Plachno 2011; Płachno et al., 2014). There
is no apparent adaptive explanation for the simplistic morphology
of the filiform apparatus in N. gardneriana and V. cruziana. In these
cases, the function of the filiform apparatus in the pollen tube guid-
ance may  be compensated by the specialized cells in the epistase,
because they would contribute with the secretion of chemotropic
substances. On the other hand, the absence of filiform apparatus in
the synergid cells of C. caroliniana could be offset by the presence
of an egg cell with a more active cytoplasm that would contribute
to attracting pollen tube.

In the present work, a preliminary evolution of the filiform appa-
ratus was  assessed (Fig. 9). In this reconstruction, a well-developed
filiform apparatus seems to be an early specialization for the syn-
ergid cells of angiosperms, and could represent the plesiomorphic
condition. The female gametophyte of Amborella has three syn-
ergids, and each of these cells have thickened walls forming the
filiform apparatus (Friedman and Ryerson, 2009). This research on
Amborella exhibits transmission electron microscope image of a fil-
iform apparatus confined to the micropylar side of each synergid
cell, but consisting of numerous finger-like projections, which is in

contrast with the observations made in this work on the species of
Cabombaceae and Nymphaeaceae.
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It is hypothesized that there was a reduction of the filiform
pparatus in the ancestor of the Nymphaeales, and then a com-
lete loss in Cabomba. However, the character in the ancestor of
he order is ambiguous because there is no data about the fili-
orm apparatus in Hydatellaceae. Similarly, the data is coded as
nknown for the clade Austrobaileyales. Although there are some
ecent studies of the female gametophyte in the order (Friedman
t al., 2003; Williams and Friedman, 2004) neither of these works
how in fine detail the synergid cells micropylar end. We  con-
ider that additional electron microscopic studies of female germ
nit in early-divergent lineages will help to clarify the plesiomor-
hic condition of the filiform apparatus for extant angiosperms.
inally, morphological comparison of the filiform apparatus indi-
ates that remarkable transformations have occurred among three
arly-divergent families of angiosperms ultrastructurally exam-
ned to date, and this is in part consistent with previous studies
hat documented high degree of structural lability and develop-

ental experimentation for many embryological and floral traits
n basal angiosperms (Endress, 2001; De Craene et al., 2003; Zanis
t al., 2003; Soltis et al., 2005; Friedman, 2006; Rudall et al., 2008;
aylor et al., 2012).
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