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Abstract

Ovule morphology, megasporogenesis, and megagametogenesis processes were examined in Hydrocleys nymphoides, Alisma
plantago-aquatica, and Sagittaria montevidensis. Each of these species belongs to a different clade within the Alismataceae
family. It is worth mentioning that the genus Hydrocleys previously belonged to the Limnocharitaceae family but is now
classified within the Alismataceae. Flowers in different developmental stages were processed following classical histological
methods for their observation with bright-field microscope. The three species present an anatropous and bitegmic mature
ovule. This is tenuinucellate in A. plantago-aquatica and S. montevidensis and pseudo-crassinucellate in H. nymphoides.
Although all three species have the same type of megasporogenesis, they differ in the megagametogenesis and in the total
number of nuclei and cells that form the mature gametophyte. H. nymphoides has a female gametophyte composed of four
cells and four nuclei, while A. plantago-aquatica and S. montevidensis have a female gametophyte of five cells and six
nuclei. The results are discussed according to the phylogenetic position of each of the species. Moreover, new types of
megagametophyte development are described: Hydrocleys and Sagittaria types. The reduction of the female gametophyte
with respect to the Polygonum type is found in families belonging to the ANA grade and in other aquatic families within the
order Alismatales. We infer that the reduction in the number of cells and nuclei in the female gametophyte is characteristic
of species that inhabit aquatic environments. Future studies in aquatic species belonging to other families would be neces-
sary to confirm this hypothesis.

Keywords Ovule development - Megasporogenesis - Megagametogenesis - Female gametophyte - Sagittaria - Hydrocleys -
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Introduction

The order Alismatales is one of the most primitive divisions
within the phylogeny of monocots (Davis et al. 2004; Givnish
et al. 2006; Qiu et al. 2006; Ruhfel et al. 2014; Ross et al.
2016). It includes the largest clade of aquatic angiosperms, a
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group of 12 exclusively hydrophytic families (Les and Tippery
2013). Between them, the Alismataceae family, is considered
one of the oldest lineages, and plays an important role both
in the systematics and in the knowledge of the evolutionary
processes of flowering plants (Soltis et al. 2005).

According to Haynes et al. (1998), the Alismataceae
family comprises 12 genera with approximately 80 species
(Les et al. 1997). However, APG III also includes genera
previously considered in Limnocharitaceae within this fam-
ily, to maintain the family as a monophyletic group. There-
fore, at present, Alismataceae comprises 17 genera, with
approximately 113 species (Les and Tippery 2013). Chen
et al. (2012) carried out a phylogenetic analysis based on
multiple DNA sequences. The results support the fusion
of Limnocharitaceae with Alismataceae as a single family.
These authors described two well-supported clades based on
the combined ITS data set, psbA, rbcL, and matK. Clade B
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consists of Luronium, Damasonium, Baldellia, and Alisma,
and clade A is formed by the remaining genera of Alis-
mataceae and Limnocharitaceae. Recently, Li et al. (2022)
identified three clades based on the analysis of 78 protein-
coding genes (PVGs) from each of the chloroplast genomes.
The results showed that clade B is composed of the genera
Butomopsis, Hydrocleys, and Limnocharis. On the other
hand, clade C is formed by the genera Alisma, Baldellia,
Damasonium, Burnatia, and Luronium. Finally, clade A
is composed by the remaining genera of the Alismataceae
family. In Argentina, there are six genera: Hydrocleys and
Limnocharis (clade B), Alisma (clade C), and Sagittaria,
Helianthium, and Echinodorus (clade A).

The classification of Alismataceae based on morphologi-
cal characters remains controversial today (Rogers 1983).
This is probably because of morphological reduction and
phenotypic plasticity of aquatic plants in various environ-
ments (Les et al. 2005, 2006). However, the embryological
characters are stable and are less affected by the environ-
ment. Therefore, embryological characters are of consider-
able importance for taxonomy (Pandey 1997). The contri-
butions of embryology to systematic can be considered as
significant as those offered by other disciplines. It is con-
sidered a relevant tool to identify taxon relationships at all
levels (Herr 1984).

The characteristics of the ovule and the female game-
tophyte development of Hydrocleys nymphoides (Willd.)
Buchenau were described by Suessenguth (1920) and later
by Johri (1938). Ward (1880) described for the first time
the development of the embryo sac of Alisma plantago-
aquatica L. and Bessey (1898) studied the development of
the ovule. Other authors also investigated the development
of the female gametophyte of this species: Fischer (1880),
Schaffner (1896), Nitzschke (1914), Dahlgren (1928), and
Johri (1936); however, the results obtained are controversial.
Schaffner (1897) described the development of the embryo
sac and the female gametophyte of Sagittaria latifolia. Cook
(1907) described it for S. lancifolia and Dahlgren (1934)
for S. sagittifolia. Johri (1935) compiled the information
described by the previous authors and incorporated the
results obtained by him in S. guayanensis and S. graminea in
1936. The most recent study of embryology within the genus
belongs to S. guayanensis subsp. lappula (Wang et al. 1997).

Most current embryological studies within the fam-
ily date from the beginning of the twentieth century and
lack photomicrographs that back their descriptions. There-
fore, the objective of this work is to update and expand the
embryological information of species representing each of
the clades. Consequently, the study of the development of
the female gametophyte of Hydrocleys nymphoides (Humb.
& Bonpl. ex Willd.) Buchenau (Clade B), Alisma plantago-
aquatica L (Clade C), and Sagittaria montevidensis Cham.
& Schltdl (Clade A) was carried out. Our hypothesis is that
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embryological characters will be relevant to support the cur-
rent molecular phylogeny and will help to clarify the evolu-
tionary processes.

Materials and methods

Flowers from populations of Hydrocleys nymphoides,
Alisma plantago-aquatica, and Sagittaria montevidensis
cultivated under natural conditions in the Lucien Haumann
Botanical Garden, located in the Faculty of Agronomy of the
University of Buenos Aires, Buenos Aires City, Argentina,
were selected and collected. All species flowered during late
spring and summer: H. nymphoides from December to Feb-
ruary, A. plantago-aquatica from November to February,
and S. montevidensis from November to March. Three suc-
cessive samplings were carried out between the years 2020
and 2022. In each sampling, approximately 300 flowers were
collected for each species in different stages of development,
for their subsequent fixation in FAA (formol-acetic acid-
alcohol). Vouchers of H. nymphoides (29758 BAA), A. plan-
tago-aquatica (29755 BAA), and S. montevidensis (29757
BAA) were deposited in the Herbarium Gaspar Xuarez.
The pistils were subjected to classical histological tech-
niques: ascending serial dehydration of alcohols (ethyl alcohol-
xylol), paraffin embedding, 10-pm-thick longitudinal sections
with a rotary microtome, safranin-fast-green double stain-
ing, and finally mounting on synthetic resin (D”Ambrogio de
Argiieso 1986). The photomicrographs were taken with a Motic
microscope with a built-in digital camera DMWB1-223ASC.

Results
Ovule

The mature ovules of H. nymphoides, A. plantago-aquatica,
and S. montevidensis are of the anatropous type. The ovules
are initiated by periclinal divisions of the subdermal layer
of the placental meristem, giving a small ovule primor-
dium covered only by the anticlinally dividing dermal layer
(Fig. 1A). The body of the ovule is curved 180°, so that the
funicle is elongated, it is soldered on one side of the nucellus
constituting the raphe, and the chalaza is opposite the hilum
and the micropyle (Fig. 1B-E).

The three species are bitegmic, the internal integument
develops first, and the development of the external integu-
ment begins later, in both cases through the periclinal divi-
sion of the dermal layer. The two integuments present two
layers of cells thick. The external integument does not par-
ticipate in the formation of the micropyle, so it is constituted
only by an endostome (Fig. 1F-H).
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Fig. 1. Light microscopy (LM) photomicrographs of ovules at suc-
cessive stages of development in A. plantago-aquatica (A-F), S.
montevidensis (F), and H. nymphoides (H-J). A Ovule primordium.

In S. montevidensis and A. plantago-aquatica, the mega-
spore mother cell develops just below the nucellar epidermis
defining a tenuinucellate type of ovule, while in H. nym-
phoides, the nucellar epidermis divides once periclinally
giving a type of pseudo-crassinucellate ovule (Fig. 1I).

In the mature ovule of H. nymphoides, a group of cells of
the nucellus, close to the chalaza and in direct contact with
the female gametophyte, is distinguished by its thicker walls
that stain intensely with the fast-green dye (Fig. 1J), thus
constituting a hypostasis.

Megasporogenesis

In H. nymphoides, S. montevidensis, and A. plantago-
aquatica, the archesporic cell at the apex of the nucellus
acts directly as the megaspore mother cell (MMC). This is
distinguished by its larger volume and prominent nucleus
compared to the surrounding nucellus cells (Fig. 2A).
Meiotic division I of the MMC results in a dyad, with a
chalazal cell larger than the micropylar (Fig. 2B-D). The lat-
ter progressively aborts until the start of meiotic division II
(Fig. 2E-F), which only occurs in the chalazal cell, resulting

B-E Ovule curvature process. F-H Mature ovule. I Periclinal divi-
sion of the nucellar epidermis (arrow). J Detail of the hypostasis (h).
Scale bar = 60 pm (A-E, H-J); scale bar= 100 pm (F-G)

in two nuclei without cytokinesis (Fig. 2G), thus forming a
binucleate coenomegaspore (Fig. 2H).

Megagametogenesis
Hydrocleys nymphoides

The chalazal nucleus of the coenomegaspore is smaller and
progressively aborts. Only the micropylar nucleus of the
coenomegaspore undergoes two mitotic karyokinesis giving
rise to a pentanucleate embryo sac (Fig. 3A). After cytokine-
sis, the embryo sac differentiates into a five-nucleate female
gametophyte composed of the egg cell, two synergids, a cell
with a single polar nucleus, and the chalazal nucleus with
signs of abortion. This latter is no longer observed when the
gametophyte is fully mature, so the female gametophyte is
tetranucleate and tetracellular (Fig. 3B—F).

The synergids have a large vacuole located in the chalazal
region and the nucleus at the micropylar end; meanwhile,
in the egg cell, the vacuole is in the micropylar region with
the nucleus at the chalazal pole. The central cell has a single
polar nucleus.
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Fig.2. LM photomicrographs of megasporogenesis in Hydrocleys
nymphoides. A Detail of the megaspore mother cell (MMC). B Pro-
phase I of the MMC. C Metaphase 1 of the MMC. D Telophase I of

Alisma plantago-aquatica and Sagittaria montevidensis

The coenomegaspore presents the chalazal nucleus smaller
than the micropylar (Fig. 4B—C). A first mitotic karyokinesis
occurs in both nuclei, giving rise to a tetranucleate embryo
sac with two micropylar nuclei of greater volume than the
chalazal ones (Fig. 4D). The two micropylar nuclei undergo
further mitotic karyokinesis resulting in a six-nucleated
embryo sac (Fig. 4E-F). After cytokinesis, the mature
female gametophyte consists of the egg apparatus formed
by two synergids and an egg cell: a central cell with two
polar nuclei and a single antipodal cell. One of the polar
nuclei is located near the egg apparatus, while the other is
close to the only antipodal cell, both separated by a large
vacuole (Fig. 4G).

Fertilization
After discharge of both male gametes through the pollen
tube, one of them fertilizes the oosphere and the other to the

polar nucleus in H. nymphoides. In S. montevidensis and A.
plantago-aquatica, the two polar nuclei are not fused, and the
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the MMC. E The micropylar cell of the diade progressively aborts. F
The chalazal megaspore in metaphase II. G The chalazal megaspore
in telophase II. H Binucleate coenomegaspore. Scale bar = 30 pm

male gamete fertilizes only the one closest to the micropyle. In
the chalazal zone, the single antipodal cell divides mitotically,
giving rise to two cells. The remaining polar nucleus becomes
polyploid by endomitosis. This nucleus is not fertilized and
therefore is not part of the endosperm nucleus (Fig. 4H).

Discussion
Ovule

The ovule of the three species studied is anatropous and
bitegmic. According to the position of the megaspore mother
cell, the ovule is tenuinucellate in S. montevidensis and A.
plantago-aquatica and pseudocrassinucellate in Hydrocleys
nymphoides. This is consistent with previous studies by Johri
(1938) on Hydrocleys nymphoides, Bessey (1898) on Alisma
plantago-aquatica, and Schaffner (1897) and Cook (1907)
on selected species of the genus Sagittaria.

The presence of a hypostasis in the ovule of H. nym-
phoides was described in the present study. This constitutes
the first report on the presence of this ovular structure for
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Fig.3. LM photomicrographs of the female gametophyte development
in H. nymphoides. A Five-nucleate stage of the embryo sac (arrows).
B-D Three serial longitudinal sections of the mature 4-celled female
gametophyte. E Detail of the egg cell, one of the synergids, and polar
nucleus. F Detail of the two synergids and egg cell. Scale bar = 30pm
(ec, egg cell; n, nucleus; pn, polar nucleus; s, synergid)

the family. Hypostasis is defined as a set of cells with thick-
ened cell walls located between the region of the embryo
sac and the chalaza, forming a relatively impermeable bar-
rier between both regions (Rudall 2021). This structure
delimits the growth of the female gametophyte, which rep-
resents a critical factor in its development.

Megasporogenesis

In the three described species, megasporogenesis
is coincident, since after meiosis, two binucleated
coenomegaspores are formed. The micropylar aborts, and
the chalazal stands out for presenting a larger micropylar
nucleus. Nevertheless, disparities were noted in comparison
to earlier research. The first works in Hydrocleys nymphoides
(Suessenguth 1920), in Sagittaria latifolia (Schaffner 1897),
and S. laurifolia (Cook 1907) describe the formation of a
linear megaspore tetrad that responds to the development
of the Polygonum-type embryo sac. On the other hand,
Johri (1935, 1936, 1938) described for H. nymphoides,
S. guayanensis, and S. graminea the formation of two
coenomegaspores with the abortive micropylar, coinciding
with the development of the Allium-type embryo sac.

Many authors depict contradictory results in A. plan-
tago-aquatica (Ward 1880; Fischer 1880; Schaftner 1896).
According to Nitzschke (1914), the megaspore mother cell
produces four free nuclei, of which three degenerate. Dahl-
gren (1928) describes the formation of a dyad of coeno-
megaspores. This observation was supported by Johri (1936)
and our own findings.

Megagametogenesis

Suessenguth (1920) described the development of the
embryo sac of H. nymphoides as Polygonum type, with
7 cells and 8 nuclei. Later, Johri (1938) defined the
development of the embryo sac as a variant of the reduced
Allium type, with only five nuclei instead of eight and
five cells instead of seven. This author describes the
formation of the embryo sac from a coenomegaspore
with the micropylar nucleus of greater volume than the
chalazal. The latter does not divide further and gives rise
to a single ephemeral antipode. The micropylar nucleus
after two mitotic divisions gives rise to the egg apparatus
and the single polar nucleus. The results obtained in
this work coincide partially with what was reported by
Johri (1938). The embryo sac is bisporic, taking into
account the type of megasporogenesis described, but the
megagametogenesis studied presents some differences. The
mature megagametophyte is composed of only 4 nuclei
and 4 cells, because antipodal differentiation does not take
place due to rapid abortion of the chalazal nucleus of the
coenomegaspore. The formation of the embryo sac starts
from a binucleated coenomegaspore like the “Allium”
type, but the later events in its formation are completely
different, so it is considered appropriate to define it as the
“Hydrocleys” type.

The development of the mature female gametophyte of
Sagittaria montevidensis was not previously described.
Schaffner (1897) and Cook (1907), respectively, describe
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Fig.4. LM photomicrographs of the female gametophyte develop-
ment in A. plantago-aquatica (A—G) and fertilization in S. monte-
vidensis (H). A Megaspore mother cell in metaphase. B-C Coeno-
megaspores with detail of the aborted megaspore in the micropylar
region. D Tetranucleate embryo sac. E The two micropylar nuclei in

the development of the mature gametophyte of S. latifo-
lia and of S. laurifolia as Polygonum type with ephemeral
antipodes. Johri studied the formation of the embryo sac
of S. guayanensis (1935) and S. graminea (1936), which
starts from a chalazal coenomegaspore giving rise to mature
gametophytes with 6, 7, or 8 nuclei. This is the result of the
last mitosis of development, which can occur only in the two
micropylar nuclei, or in the two micropylar and one chalazal,
or in the two micropylar and the two chalazal. Dahlgren
(1934) observed the same embryo sac development with
cases of 6, 7, and 8 nuclei for S. sagittifolia. More recently,
Wang et al. (1997) found in S. guayanensis subsp. lappula a
single type of mature gametophyte made up of eight nuclei
and seven cells. Since the antipodes divide mitotically after
fertilization, the variation in the number of nuclei could be
expected. According to the observations made in this work,
the mature gametophyte of S. montevidensis has six nuclei
and five cells previous fertilization.

Nitzschke (1914) observed an eight-nucleated embryo
sac for Alisma plantago-aquatica. Dahlgren’s (1928)
described the formation of the embryo sac from the chalazal
coenomegaspore giving rise to a mature six-nucleated
gametophyte. Johri (1936) confirmed these observations,
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metaphase. F Three of the four micropylar nuclei. G Mature female
gametophyte. H Bicellular proembryo stage polyploid polar nucleus
near the two antipodal cells. Scale bar = 60 pm (A); scale bar=
30 um (B-G); scale bar= 15 pm (H) (a, antipodal; ec, egg cell; n,
nucleus; pn, polar nucleus; s, synergid)

which coincide with what was described in the present
study. The mature gametophyte of this species consists of
six nuclei and five cells.

Sagittaria montevidensis and Alisma plantago-aquatica
coincide in the characteristics of the megagametophyte.
Until now, it was considered that it presented an Allium-
type development because they start from a chalazal
coenomegaspore. However, the Allium type has three
antipodes, while S. montevidensis and A. plantago-aquatica
have only one, with the two polar nuclei differing in size
and position. Due to this, it is suggested to define the
development of the megagametophyte of these species as
“Sagittaria” type.

Reduced gametophyte

The reduction of the mature gametophyte is observed
in a couple of families belonging to the Alismatales
order. Within the Butomaceae, Potamogetonaceae, and
Scheuchzeriaceae families, a development pattern like
that of the Polygonum type has been described. However,
it should be noted that in these last two families, the
existence of ephemeral antipodes is mentioned (Johri
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et al. 2013). This presence of ephemeral antipodes could
potentially indicate an incipient reduction process in the
mature gametophyte or the fact that the antipodes have not
been observed could be that they are not ephemeral, but
rather that they do not develop. More studies are necessary
to confirm it. In the case of Butomaceae, a family to which
the genus Hydrocleys once belonged, gametophytes with
8 nuclei and 7 cells and 6 nuclei and 5 cells, as well as 4
nuclei and 4 cells, respectively, were identified (Fernando
and Cass 1996).

Reduced gametophytes were also observed in some
basal angiosperms such as genera belonging to the orders
Nymphaeales and Austrobaileyales (Batygina et al. 1980;
Galati 1985; Battaglia 1986; Van Miegroet and Dujardin
1992; Orban and Bouharmont 1998; Friedman 2001;
Williams and Friedman 2004; Tobe et al. 2007; Zini et al.
2015). The female gametophytes of these orders exhibit
a specific monosporic pattern in which two synergids, an
egg cell and a cell, with a polar nucleus are found. This
pattern of development of the female gametophyte is
known as the Schisandra type, since it was first described
by Batygina et al. (1980) in species of the genus Schisandra
(Schisandraceae, Austrobaileyales). This four-nucleated,
four-celled female gametophyte has been considered an
ancestral character in flowering plants (Friedman 2001).
Alismatales is considered the second oldest clade of
monocots (Davis et al. 2004; Givnish et al. 2006; Graham
et al. 2006; Qiu et al. 2006; Ruhfel et al. 2014). The results
we obtained from the three species form different genus and
clades within the Alismataceae and show a clear reduction
in the number of cells that form the female gametophyte,
ranging from five cells and six nuclei (S. montevidensis
and A. plantago-aquatica) to four cells and four nuclei
(H. nymphoides) as in basal angiosperms. It is interesting
to note that in all these species, the endosperm would be
diploid, as a result of the fertilization of a single polar
nucleus. In S. montevidensis and A. plantago-aquatica,

Fig. 5. Composition of the
mature gametophyte and type
of ovule indicated in a shorted
phylogeny postulated by Li et al.
(2022). Composition of the
mature gametophyte (character
A), (0) 8 nuclei 7 cells, (1) 6
nuclei 5 cells, (2) 4 nuclei 4
cells; ovule type (character

B), (0) crassinucellate, (1)

Hydrochari A(0) B(O
A(O) B(O),i ydrocharitaceae A(0) B(0)
Butomaceae A(0,1,2) B(0)

A(1) B(2)

although there are 2 polar nuclei, only one is fertilized, so
the endosperm is also 2n.

It is possible to infer that the reduction in the number
of cells and nuclei that compose the female gametophyte
could be related to acceleration in its maturation as a con-
sequence of rapid floral development. This could result
in an adaptive advantage in the environment in which the
species develops, since the reduced gametophyte occurs in
species that inhabit aquatic or marshy environments. To
confirm this hypothesis, it is necessary to carry out studies
related to biology and floral phenology.

Conclusions

We can identify differences and similarities in the
development of the embryo sac and the characteristics
of the female gametophytes in a representative of each
clade of the family Alismataceae. The mapping of the
characters (Fig. 5) demonstrates a hypothetical common
ancestor to the three clades of the family with a possible
tenuinucelled ovule type and a number of cells of the
female gametophyte of six nuclei and five cells, with a
clear reduction of the gametophyte and change of ovule
type to pseudo-crassinucellate in clade B. Analyzing
the outgroup, a polymorphy of the character number of
cells of the gametophyte is observed in the Butomaceae
family. The study of other species belonging to the clades
is necessary to sustain the results achieved. These findings
are relevant to determine the inclusion of genera that
previously belonged to Limnocharitaceae in this family.
The results obtained reveal an identical megasporogenesis
in the three species and only A. plantago-aquatica
(clade C) and S. montevidensis (clade A) coincide in
megagametogenesis (Fig. 6).
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Fig. 6. Schemes of megasporogenesis and megagametogenesis in H. nymphoides, A. plantago-aquatica, and S. montevidensis
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