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† Background and Aims Although much is known about the vegetative traits associated with early monocot evol-
ution, less is known about the reproductive features of early monocotyledonous lineages. A study was made of
the embryology of Tofieldia glutinosa, a member of an early divergent monocot clade (Tofieldiaceae), and
aspects of its development were compared with the development of other early divergent monocots in order to
gain insight into defining reproductive features of early monocots.
† Methods Field-collected developing gynoecial tissues of Tofieldia glutinosa were prepared for histological
examination. Over 600 ovules were sectioned and studied using brightfield, differential interference contrast,
and fluorescence microscopy. High-resolution digital imaging was used to document important stages of
megasporogenesis, megagametogenesis and early endosperm development.
† Key Results Development of the female gametophyte in T. glutinosa is of a modified Polygonum-type. At maturity
the female gametophyte is seven-celled and 11-nucleate with a standard three-celled egg apparatus, a binucleate
central cell (where ultimately, the two polar nuclei will fuse into a diploid secondary nucleus) and three binucleate
antipodal cells. The antipodal nuclei persist past fertilization, and the process of double fertilization appears to yield
a diploid zygote and triploid primary endosperm cell, as is characteristic of plants with Polygonum-type female
gametophytes. Endosperm development is helobial, and free-nuclear growth initially proceeds at equal rates in
both the micropylar and chalazal endosperm chambers.
† Conclusions The analysis suggests that the shared common ancestor of monocots possessed persistent and proli-
ferating antipodals similar to those found in T. glutinosa and other early-divergent monocots (e.g. Acorus and
members of the Araceae). Helobial endosperm among monocots evolved once in the common ancestor of all mono-
cots excluding Acorus. Thus, the analysis further suggests that helobial endosperm in monocots is homoplasious
with those helobial endosperms that are present in water lilies and eudicot angiosperms.

Key words: Tofieldia, Tofieldiaceae, Alismatales, monocots, embryology, female gametophyte, antipodals, development,
endosperm.

INTRODUCTION

Collectively, monocots are a remarkably diverse (Cronquist,
1988; Davis et al., 2004, 2006; Soltis et al., 2005, 2007)
and ancient clade of flowering plants (Dahlgren et al.,
1985, Cronquist, 1988; Friis et al., 2004; Soltis et al.,
2005). From this perspective, reconstructing the biological
features that defined the first or ancestral monocots might
be viewed as a daunting task. Nevertheless, probable syna-
pomorphies of monocots include a long list of vegetative
features: the presence of a single cotyledon in the mature
embryo, rhizomatous growth, shoot-borne roots, loss of a
vascular cambium (and secondary growth), loss of vessel
elements in stems and leaves, a dissected stele (atactostele)
and parallel leaf venation (Arber, 1925; Dahlgren et al.,
1985; Cronquist, 1988; Stevens, 2001; although see
Stevens, 2006, for discussion of some disputed synapo-
morphic characters).

In contrast to the numerous vegetative synapomorphies
of monocots, far less is known about the reproductive fea-
tures that defined the first monocots. Helobial endosperm
development is more common in monocots than in
‘dicots’ (Palser, 1975; Dahlgren et al., 1985) but does not
occur in the shared common ancestor of all monocots

(Floyd and Friedman, 2000; Stevens, 2001). Septal nec-
taries are restricted to the monocots, and appear early in
the evolution of this clade (Igersheim et al., 2001).
Successive wall formation during microsporogenesis can
be traced back to the shared common ancestor of monocots
(Furness et al., 2002), and early monocots (like the majority
of angiosperms) inherited Polygonum-type female gameto-
phyte development from their shared common ancestor
with eudicots, magnoliids and Chloranthaceae (Dahlgren
et al., 1985; Williams and Friedman, 2004).

To shed further light on the origin, early evolution and
diversification of embryological characters within mono-
cots, Tofieldia glutinosa (Tofieldiaceae) was chosen for
the present examination. Recent phylogenetic analyses
place Tofieldia in or closely allied with the Alismatales,
an early-diverging clade within monocots (Soltis et al.,
2000, 2007; APG II, 2003; Davis et al., 2004, 2006;
Graham et al., 2006), with a fossil record extending back
110 to 120 million years (Friis et al., 2004). Within
Alismatales, Graham et al. (2006) place Tofieldiaceae as
sister to all remaining alismatids, and Soltis et al. (2007)
place Tofieldiaceae as sister to all alismatids except the
Araceae. Davis et al. (2004) provide the most detailed phy-
logeny of the Alismatales (sensu lato), placing
Tofieldiaceae as sister to all alismatids except the* For correspondence. E-mail ned@colorado.edu
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Araceae, while Davis et al. (2006) present an unresolved
polytomy involving Tofieldiaceae, Araceae, and a clade
that includes Acorales and the remaining alismatids (see
Graham et al., 2006, for discussion of conflicting phyloge-
netic signals in the rbcL and atpA data sets of Davis et al.,

2004, 2006). These molecular phylogenetic accounts stand
in contrast to previous (morphologically based) classifi-
cations that placed Tofieldia within the Melanthiaceae
(now Liliales; Dahlgren et al., 1985) and Petrosaviaceae
(now Petrosaviales; Tamura, 1998). The currently accepted
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FI G. 1. Megasporogenesis in Tofieldia glutinosa produces a single functional megaspore. (A) Megasporocyte surrounded by two cell layers of nucellus.
(B) First meiotic division of megasporocyte. Arrows indicate nuclei derived from meiosis I. (C) Dyad stage. The chalazal dyad cell, with nucleus in pro-
phase (arrow) is significantly larger than the micropylar dyad cell. (D) Completion of meiosis II in the chalazal dyad to produce a functional megaspore.
The micropylar dyad cell is arrested in prophase II. (E) Tetrad stage in which meiosis II was completed in both the micropylar and chalazal dyad cells. The
chalazal-most cell is the functional megaspore. (F) Functional megaspore with three crushed and degenerated megaspores (arrows). All figures are
oriented such that the micropylar pole is at the top and the chalazal pole is at the bottom. All sections were stained with the DNA fluorochrome
DAPI and visualized with differential interference contrast (DIC) and fluorescence optics. Images are composites of two micrographs of the same
section (one with fluorescence and one with DIC). cdc, Chalazal dyad cell; fm, functional megaspore; mdc, micropylar dyad cell; msc, megasporocyte;

nfm, nonfunctional megaspore; nu, nucellus. Scale bars ¼ 10 mm.
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phylogenetic position of Tofieldia makes it ideal for the
examination of evolutionary patterns among early divergent
monocots and the reconstruction of defining characteristics
of the first monocots.

In this report, an account of female gametophyte
development in Tofieldia glutinosa is provided, with
special attention given to megasporogenesis, the behaviour
of the antipodals, the fertilization process, and early endo-
sperm development. Tofieldia had been studied previously
by Seelieb (1924) and Sokoloska-Kulczycka (1980,
1985), but as will be demonstrated, some features of its
embryology may have been mischaracterized. In addition
to the embryological examination of Tofieldia, several
reproductive features that are likely to have characterized
the common ancestor of the Alismatales, as well as other
early-divergent clades of monocots, are reconstructed.
The overriding goal in this phylogenetically based com-
parative analysis of monocot female gametophyte and
endosperm patterns of development is to identify the
embryological features that defined and shaped the early
evolution and diversification of this remarkable clade.

MATERIALS AND METHODS

Tofieldia glutinosa is a small, perennial herb native to North
America from Alaska south to Oregon and Wyoming
(Hitchcock, 1944a, b; Packer, 1993). It is synonymous
with Narthecium glutinosum Michx. and Triantha glutinosa
(Michx.) Baker. Tofieldia species have hermaphroditic

flowers with three partially fused carpels (carpels are post-
genitally united, and congentially united only at the base;
Igersheim et al., 2001), each containing numerous ovules,
surrounded by a whorl of anthers. Flowers and buds at
various stages of development were collected in July
2006, June 2007 and July 2007 from South Prairie Bog
(Gifford Pinchot National Forest) in Washington (US
Department of Agriculture – Forest Service permit
number 42-M03966-G).

Flowers were fixed for 24 h in 3 : 1 (95 % ethanol:acetic
acid) and stored in 70 % ethanol or fixed in ‘triple fix’ (2 %
formaldehyde, 1 % glutaraldehyde, 2 % acrolein in Pipes
buffer), rinsed, and stored in Pipes buffer (pH 6.8, with
5 mM EGTA and 1 M MgSO4). Gynoecial tissues were
dehydrated through a graded ethanol series, then infiltrated
and embedded with glycol methacrylate (JB-4 embedding
kit; Electron Microscopy Sciences, Hatfield, PA, USA).
Embedded tissue was serially sectioned into 4-mm-thick
ribbons and mounted onto slides. Slides were stained with
either 0.1 % toluidine blue or 0.25 mg mL21 of DAPI
(40,6-diamidino-2-phenylindole) in 0.05 M Tris (pH 7.2).
A Zeiss Axiophot microscope (Carl Ziess, Oberkochen,
Germany) equipped with a Zeiss Axiocam digital camera
was used for digital imaging using brightfield, DIC and flu-
orescence optics. Fluorescence was visualized with an HBO
100-W burner with excitation filter (365 nm, band pass
12 nm), dichroic mirror (FT395; Zeiss) and barrier filter
(LP397; Zeiss). Images were processed with Adobe
Photoshop CS2 (Adobe Systems, San Jose, CA, USA).

A B C D

FI G. 2. Syncytial development of the female gametophyte in Tofieldia glutinosa. (A) Two-nucleate stage with nuclei (arrows) located at each pole of the
female gametophyte and separated by a large central vacuole. Degenerated megaspores are still visible, but not discernable from one another. (B)
Transition to a four-nucleate female gametophyte. The two nuclei (arrows) at the micropylar pole are emerging from telophase while the two sets of
chromosomes (arrows) at the chalazal pole are still in telophase. Note that the mitotic divisions are perpendicular to one another. (C) Four-nucleate
(arrows) female gametophyte. (D) Eight-nucleate female gametophyte prior to cellularization and migration of polar nuclei. All sections were stained
with toluidine blue. The red box indicates digital superposition of the nucleus from the adjacent histological section. cv, Central vacuole; dm, degenerate

megaspores; int, integument; nu, nucellus; pn, polar nucleus. Scale bars ¼ 10 mm.
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All Photoshop operations were applied to the entire image
except as noted in figure captions.

Parsimony analyses were performed using the program
MacClade (Sinauer, Sunderland, MA, USA). The phylo-
genies used in the present analyses are based on publi-
cations by Graham et al. (2006) and Soltis et al. (2007).

RESULTS

Megasporogenesis

Previous studies suggested that megasporogenesis in
Tofieldia calyculata is variable, yielding either one or
two functional megaspores (Sokolowska-Kulczycka, 1980,
1985). Consequently, the female gametophytes of

T. calyculata were reported to be of the bisporic
Allium-type, the Veratrum Lobelianum-type (a variant of
the Allium-type), or the monosporic Polygonum-type
(seven-celled, eight-nucleate). Bisporic types of female
gametophytes were reported to develop approximately
twice as frequently as the monosporic Polygonum-type
(Sokolowska-Kulczycka, 1980, 1985). However, no evi-
dence of bisporic female gametophyte development in the
related species T. glutinosa was found after examining
110 ovules in various stages of megasporogenesis.

The megasporocyte of T. glutinosa contains a large, con-
spicuous nucleus (Fig. 1A). Meiosis I produces two dyad
cells (Fig. 1B, C). In the majority of cases, the micropylar
dyad cell is smaller from its inception (Fig. 1C). Meiosis II
proceeds normally in the chalazal dyad cell, producing two
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FI G. 3. Development of egg apparatus and central cell in Tofieldia glutinosa. (A) and (B) Serial sections of synergid cells and egg in recently cellularized
female gametophyte (prior to fusion of the polar nuclei). At this stage, cells of the egg apparatus are confined to a narrow region between the central cell
and the micropylar pole of the female gametophyte. syn 2 refers to the same synergid in (A) and (B). (C) Polar nuclei just prior to their fusion. (D) Mature
egg apparatus containing an egg cell, two synergids and a rudimentary filiform apparatus. Cells of the egg apparatus are much larger at this stage than in
previous stages. (E) Mature central cell containing a secondary nucleus, seen in close proximity to the antipodals. (F) Post-fertilization egg apparatus
containing a zygote, two synergids, a pronounced filiform apparatus, and a tube nucleus (from a pollen tube). (G) Post-fertilization central cell containing
a large primary endosperm nucleus. All sections were stained with the DNA fluorochrome DAPI and visualized with differential interference contrast
(DIC) and fluorescence optics. Images are composites of two micrographs of the same section (one with fluorescence and one with DIC). The white
box indicates digital superposition of the nucleus from the adjacent histological section. ant, Antipodal cell; cc, central cell; egg, egg cell; fa, filiform
apparatus; nu, nucellus; pen, primary endosperm nucleus; pn, polar nucleus; sn, secondary nucleus; syn, synergid cell; tn, tube nucleus; zyg, zygote.

Scale bars ¼ 10 mm.
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unequally sized megaspores, of which the chalazal-most cell
is larger (Fig. 1D). In the micropylar dyad, meiosis II
frequently aborts during prophase II. In these instances,

condensed chromosomes can be seen as long as the cell
remains distinctly visible, up to and through the earliest
stages of female gametophyte development (Fig. 1D).
When meiosis II is completed in both the micropylar and cha-
lazal dyads, a tetrad of megaspores is produced. Of these only
the chalazal-most megaspore is functional (Fig. 1E). Thus,
the development of the female gametophyte of T. glutinosa
is strictly monosporic. The remaining three (or two, if
meiosis II aborts in the micropylar dyad) nonfunctional
megaspores (Fig. 1F) are only visible as distinct cells until
the first free-nuclear mitotic division of the functional mega-
spore, at which point the degenerating megaspores become
indistinguishable from one another and appear only as a dark-
staining mass (Fig. 2A). The functional megaspore is approx.
35–50 mm long and 12–20 mm wide.

Female gametophyte development

Syncytial development of the female gametophyte of
T. glutinosa is fundamentally similar to that of most angio-
sperms with a Polygonum-type female gametophyte. The
female gametophyte becomes polarized following the first

A B C D

FI G. 4. Pollen tube growth in Tofieldia glutinosa. (A) Pollen tube growing out of a pollen grain on the stigma. (B) Numerous pollen tubes grow through
the stylar canal. (C) Pollen tube growth through the micropyle. This image is a composite of three serial histological sections of the same ovule. Red boxes
indicate digital superposition of pollen tube and surrounding tissue from adjacent histological sections. (D) Penetration of the nucellus by a pollen tube.
Pollen tube growth through the nucellus is intercellular. (E) Pollen tube growth through the nucellus and into the filiform apparatus of the female game-
tophyte. The red box indicates digital superposition of the pollen tube and surrounding tissue from the adjacent histological section. All sections were
stained with toluidine blue. fa, Filiform apparatus; int, integument; nu, nucellus; pg, pollen grain; pt, pollen tube; st, style; stc, stylar canal; stg,

stigma. Scale bars ¼ 10 mm.

A B

FI G. 5. Post-fertilization egg apparatus in Tofieldia glutinosa. (A)
Remnants of the pollen tube are visible at the micropylar pole of the
female gametophyte. (B) A well-developed filiform apparatus inside the
degenerated synergid cell. The tube nucleus is still visible at this stage.
Sections were stained with toluidine blue and visualized with DIC
optics. cc, Central cell; fa, filiform apparatus; nu, nucellus; syn, synergid

cell; tn, pollen tube nucleus; zyg, zygote. Scale bars ¼ 10 mm.
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free nuclear mitotic division of the functional megaspore,
with one nucleus situated at the micropylar pole of the
female gametophyte, and the other at the chalazal pole
(Fig. 2A). The two nuclei border a large central vacuole
that fills virtually all of the space between them
(Fig. 2A). At this stage, the female gametophyte is
approx. 50–65 mm in length and 20–30 mm in width. A
second wave of free nuclear mitosis (Fig. 2B) yields a
pair of nuclei at each pole of the female gametophyte
(Fig. 2C). These mitotic divisions occur perpendicular to
each other (Fig. 2B). At the four-nucleate stage, the
female gametophyte ranges from 65 mm to 85 mm in
length and 25 to 35 mm in width. All four nuclei undergo
a third mitotic division to produce four nuclei at each
pole of the female gametophyte (Fig. 2D).

Upon cellularization, the egg apparatus, which is com-
prised of a single egg cell and a pair of synergids, is con-
fined to a relatively small space between the central cell
and the nucellus at the micropylar pole of the female game-
tophyte (Fig. 3A, B). All three cells of the egg apparatus are
densely cytoplasmic and each has a wall in contact with
the micropylar boundary of the female gametophyte
(Fig. 3A, B), although in non-median sections, the egg
cell often appears to be positioned below the synergids.
The two polar nuclei, which are initially positioned at oppo-
site poles, migrate toward the centre of the female gameto-
phyte and meet along the periphery of the central cell,
approximately one-half to two-thirds of the distance from
the micropylar end of the female gametophyte (Fig. 3C).
When the polar nuclei meet, the female gametophyte is
approx. 80–100 mm long and 30–40 mm wide. As the
female gametophyte grows, the egg apparatus also
expands, protruding into the central cell (Fig. 3D). A rudi-
mentary filiform apparatus is recognizable inside the syner-
gids at this stage (Fig. 3D). The polar nuclei fuse prior to
fertilization to form a large secondary nucleus with a
single large nucleolus (Fig. 3E). This fusion occurs near
the spot where the polar nuclei initially come in contact

with each other, and is followed by the migration of the sec-
ondary nucleus towards the chalazal end of the central cell.

At maturity (as denoted by a secondary nucleus in the
central cell), the egg cell is highly vacuolate compared
with the synergids, which remain densely cytoplasmic
(Fig. 3D, F). The egg nucleus, which is initially positioned
in the centre of the egg cell (Fig. 3D), occupies the periph-
ery of the egg cell by the time fertilization occurs. The
zygote nucleus is also seen in this position, close to
the cell wall (Fig. 3F). Following fertilization (see below)
the primary endosperm nucleus (the result of a fusion
event involving the secondary nucleus and a second
sperm nucleus; Fig. 3G) is located in close proximity
to the antipodal cells at the extreme chalazal end of
the central cell. At the time of fertilization, the female
gametophyte measures as much as 205 mm long and
110 mm wide.

Double fertilization

Following pollination, numerous pollen tubes can be seen
penetrating the stigma (Fig. 4A) and growing through the
stylar canal (Fig. 4B). Upon entering the ovary, pollen
tubes radiate in all directions until they reach receptive
ovules, at which point individual pollen tubes grow
through the micropyle (Fig. 4C) and penetrate the nucellus
of ovules (Fig. 4D). Pollen tube growth through the nucellus
is intercellular (Fig. 4E). The pollen tube enters the female
gametophyte through one of the two synergids, where it
deposits two sperm. The remnants of the pollen tube, a
single tube nucleus, and the filiform apparatus (which
becomes much more elaborate in advance of fertilization)
remain visible inside the degenerating synergid for some
time after fertilization (Fig. 5A, B; also see Fig. 3F). The
zygote nucleus typically contains two nucleoli (Fig. 5B)
and remains undivided during the early stages of endosperm
development (see below).

A B C

FI G. 6. Double fertilization in Tofieldia glutinosa. (A) Fertilization of the egg nucleus. The sperm nucleus is still visible within the egg nucleus and the
tube nucleus is present in the adjacent synergid. (B) Fertilization of the secondary nucleus by the second sperm nucleus. The sperm nucleus is still visible
(with nucleolus) within the secondary nucleus. (C) Second fertilization event involving two unfused polar nuclei and a sperm nucleus. All sections were
stained with the DNA fluorochrome DAPI and visualized with differential interference contrast (DIC) and fluorescence optics. Images are composites of
two micrographs of the same section (one with fluorescence and one with DIC). egg, Egg cell; pn, polar nucleus; sn, secondary nucleus; sp, sperm

nucleus; syn, synergid cell; tn, tube nucleus. Scale bars ¼ 10 mm.
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Three fertilization events and over 100 fertilized female
gametophytes were observed. One sperm nucleus fuses
with the egg nucleus (Fig. 6A) and the second sperm
nucleus fuses with the secondary nucleus (Fig. 6B).
Double fertilization appears to be synchronous, since in
those three fertilization events neither the central cell nor
the egg cell was found to be fertilized when the other
was not. Although the polar nuclei usually fuse prior to fer-
tilization, one instance was observed in which the second
fertilization event involved the triple fusion of two
unfused polar nuclei and a single sperm nucleus (Fig. 6C).

Early endosperm development

After the first mitotic division of the primary endosperm
nucleus (Fig. 7A), a wall forms between the two daughter

nuclei and partitions the former central cell into two
chambers: a large micropylar chamber and a significantly
smaller chalazal chamber (Fig. 7B, C). Free-nuclear
mitosis is initiated at near-equal rates in each chamber
(Fig. 8). This differs slightly from endosperm development
in T. calyculata, where free-nuclear development in the
chalazal chamber is limited from the onset in the vast
majority of cases (Sokolowska-Kulczycka, 1980). Despite
initially near-equal rates of free-nuclear development, the
chalazal chamber, which is more densely cytoplasmic,
remains the smaller of the two chambers. Endosperms
containing up to 64 nuclei (32 in each chamber) were
observed in this study, and at that stage, the zygote had
not yet divided.

Antipodal proliferation

At the end of the syncytial phase of female gametophyte
development, three antipodal nuclei occupy a narrow,
densely cytoplasmic pocket at the chalazal end of the
female gametophyte (Fig. 9A). Their nuclei stain darkly
and each contains a pronounced nucleolus (Fig. 9).
Cellularization of the chalazal region yields three uninucle-
ate antipodal cells (Fig. 9B). As the female gametophyte
matures, each of the three antipodal cells undergoes a
single free-nuclear division (Fig. 9C–E). These nuclear
divisions occur prior to fertilization and are usually asyn-
chronous. The order in which antipodal nuclei divide
seems to be irregular, and on only one occasion were all
three antipodal nuclei seen dividing simultaneously.
Additional cell divisions do not occur, so the number
of antipodal cells remains fixed at three. Of the 396
mature prefertilization female gametophytes examined, 90

A
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FI G. 7. Helobial endosperm development in Tofieldia glutinosa. (A) The
first mitotic division of the primary endosperm nucleus occurs in the
bottom half of the central cell. (B) Two-celled, two-nucleate endosperm.
A wall (arrow) forms between the two daughter nuclei of the primary endo-
sperm nucleus partitioning the central cell into a large micropylar chamber
and a smaller chalazal chamber. (C) Post-fertilization female gametophyte
with binucleate chalazal endosperm chamber and binucleate (one nucleus
is visible in this section) micropylar endosperm chamber. The zygote is
visible at the micropylar pole. One synergid, the filiform apparatus, and
four of six antipodal nuclei are also visible in this section. All sections
were stained with DAPI and visualized with DIC and fluorescence
optics. All images are composites of two micrographs of the same
section (one utilizing fluorescence optics and one utilizing DIC optics).
an, Antipodal nuclei; chc, chalazal chamber of endosperm; en, endosperm
nucleus; fa, filiform apparatus; mic, micropylar chamber of endosperm;

nu, nucellus; syn, synergid cell; zyg, zygote. Scale bars ¼ 10 mm.
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contained three antipodal nuclei, 39 contained four nuclei,
58 contained five nuclei, and 208 contained a full comp-
lement of six antipodal nuclei. Just prior to fertilization,
the female gametophyte of T. glutinosa is seven-celled
and ten-nucleate (the two polar nuclei in the central cell
having fused to yield a single secondary nucleus). The
binucleate antipodal cells (Fig. 9F) persist past fertilization
and are still visible when endosperm begins to develop
(Fig. 7). On one occasion, eight antipodal nuclei were
observed, and, in this instance, there were two binucleate
cells and a single cell containing four nuclei.

After the endosperm proceeds through three or four
rounds of mitosis, the antipodal nuclei become less discern-
able from one another, and are often small and irregularly
shaped. Degenerate antipodals are visible in the female
gametophyte for some time after fertilization. Very little
is left of the antipodals by the time endosperm development
reaches the two-celled, 64-nucleate stage.

Female gametophyte length directly correlates with the
number of antipodal nuclei found inside the gametophyte
(r2 ¼ 0.7381; Fig. 10). In addition, there is a burst of
female gametophyte growth associated with the fertilization
process (Fig. 10). In several instances however, large

female gametophytes with only three antipodal nuclei
were found (Fig. 10). It is unlikely, however, that antipodal
nuclei in these female gametophytes did not proliferate
since gametophytes with three antipodal nuclei occur in
two significantly different size ranges (t-test; P ¼ 4.6 �
10222; Fig. 10). Thus, the presence of three antipodal
nuclei in large female gametophytes is likely to be the
result of either nuclear fusion within the antipodal cells
or a complete degeneration of one nucleus in each cell.

DISCUSSION

Female gametophyte development in Tofieldia

The mature female gametophyte is seven-celled and
11-nucleate, although after the two polar nuclei fuse to
produce a diploid secondary nucleus, the gametophyte con-
tains ten nuclei. Nevertheless, development of the female
gametophyte of T. glutinosa is essentially Polygonum-
type with subsequent amplification of the nuclear contents
of the three antipodals. The present results are largely in
agreement with Seelieb’s embryological study of
T. calyculata (Seelieb, 1924), but contrast with the studies

A
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FI G. 9. Proliferation of antipodal nuclei in Tofieldia glutinosa. (A) Three antipodal nuclei (arrows) prior to cellularization of the female gametophyte.
(B) Three uninucleate antipodal cells (arrows) following cellularization of the female gametophyte. (C) Antipodal nucleus in mitosis (arrow). Mitotic
divisions of the antipodals are usually asynchronous. (D) Single binucleate antipodal and two uninucleate antipodals. (E) Two binucleate antipodals
and a single uninucleate antipodal. (F) Three binucleate antipodal cells. The secondary nucleus is also visible in this section. All sections were
stained with toluidine blue. Red boxes indicate digital superposition of nuclei from adjacent histological sections. cc, Central cell; cv, central

vacuole; nu, nucellus; sn, secondary nucleus. Scale bars ¼ 10 mm.
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of Sokolowska-Kulczycka (1980, 1985) who reported con-
siderable variation in female gametophyte development
of T. calyculata during megasporogenesis. According
to Sokolowska-Kulczycka (1980, 1985), monosporic
Polygonum-type female gametophytes occur in slightly
less than one-third of all ovules, while the majority of
female gametophytes are bisporic, and develop according
to either the Allium-type or a variant referred to as the
Veratrum Lobelianum-type (seven-celled, eight-nucleate,
derived from the chalazal dyad in both types). However,
no evidence of bisporic female gametophyte development
was found in T. glutinosa.

Sokolowska-Kulczycka (1980) did not directly observe
several key stages of megasporogenesis. Instead, the dis-
tinction between monospory and bispory was made on the
basis of the number of degenerated megaspores identified
adjacent to the developing female gametophyte (two or
three). This approach can be problematic, since fully
degenerated megaspores can be difficult to discern from
one another, and often appear simply as a crushed necro-
tic mass of tissue (Fig. 2A). Furthermore, in many taxa
with Polygonum-type female gametophytes, including
T. glutinosa, the micropylar dyad cell may abort prior
to or during the second meiotic division process, such
that only two degenerated cells are observable upon
initiation of the functional megaspore (Maheshwari,
1950; Bouman, 1984; Johri et al., 1992; Russell, 2001).
The present data show that in T. glutinosa early degener-
ation of the micropylar dyad cell occurs in approx. 30 %
of ovules. Thus, a monosporic female gametophyte
could easily be mistaken for a bisporic female gameto-
phyte if the distinction is made solely on the basis of
the number of degenerated cells formed during
megasporogenesis.

Reports of bisporic female gametophyte development are
frequently inaccurate. Maheshwari (1955) reviewed 58
families in which bispory was reported to occur and con-
cluded that, in at least 29 of these families, findings of bis-
poric female gametophyte development were not justified.
Maheshwari (1955) attributed many of these inaccuracies
to incomplete observations during megasporogenesis, and
to misinterpretation of the triad stage (in which the
chalazal-most cell – the functional megaspore – is mista-
ken for an undivided chalazal dyad cell). More recently,
reports of bispory have been refuted in Illicium (Williams
and Friedman, 2004), Kadsura (Battaglia, 1986; Friedman
et al., 2003) and Epipactis (Fredrikson, 1992). While it is
possible that interspecific (and intraspecific, in the case of
T. calyculata) variation in female gametophyte develop-
ment exists in Tofieldiaceae, this is unlikely to be the
case. Far more probable is that there is variation within
Tofieldia species with respect to the completion of
meiosis II in the micropylar dyad cell.

Antipodal proliferation in Tofieldia and other monocots

Proliferation of antipodal nuclei during female gameto-
phyte maturation is the only deviation from the plesio-
morphic Polygonum-type developmental pattern in
T. glutinosa. It is unclear at this point whether the behaviour
of the antipodals in T. glutinosa is anomalous or represen-
tative of Tofieldiaceae. Seelieb (1924) describes and illus-
trates a normal Polygonum-type female gametophyte in
T. calyculata and does not suggest that the antipodals pro-
liferate. Sokolowska-Kulczycka (1980) specifically reports
that increased numbers of antipodal nuclei or cells were
not found in T. calyculata, although no images of mature
female gametophytes were published. Clearly, variation
in antipodal behaviour in different species of Tofieldia is
possible. However, the preponderance of antipodal prolifer-
ation within other members of the Alismatales as well as
in Acorus (Table 1) suggests that antipodal proliferation
is probably plesiomorphic in Tofieldiaceae based on
current interpretations of angiosperm phylogeny (Fig. 11).
Thus, the reported lack of antipodal proliferation in
T. calyculata could represent a character reversion or
simply have resulted from inadequate sampling of develop-
mental stages.

In many angiosperm lineages, especially within the
monocots, antipodals, once formed, continue to develop
(Table 1; see also Williams and Friedman, 2004) through
a free nuclear proliferation (as is the case in T. glutinosa),
a cellular proliferation, or both. Among monocots, antipo-
dal proliferation has been reported in Acorus and
members of the Alismatales, Arecales, Asparagales,
Liliales, Pandanales, Poales and Zingiberales (for a com-
plete list of references, see Table 1). In extreme cases (as
in the Poaceae or Pandanaceae), several hundred antipodal
cells may be formed (Cheah and Stone, 1975; Anton and
Cocucci, 1984; Johri et al., 1992). In other lineages, such
as Acorus calamus, only five antipodal cells are produced
(Buell, 1938).

Williams and Friedman (2004) discussed variations in
antipodal development in early divergent monocots,
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eudicots, magnoliids and Chloranthaceae. They were not,
however, able to trace the evolutionary transition between
non-proliferating and proliferating antipodals to a specific
node on the angiosperm phylogeny (Williams and
Friedman, 2004). Parsimony analysis reveals that antipodal
proliferation is likely to be the ancestral condition for
monocots (Fig. 12). Depending on the phylogenetic pos-
ition of Chloranthaceae, which remains uncertain (Qiu
et al., 1999; Graham and Olmstead, 2000; Graham et al.,
2000; Soltis et al., 2000; APG II, 2003; Hilu et al., 2003;
Davis et al., 2004; Graham et al., 2006; Qiu et al., 2006;
Moore et al., 2007), antipodal proliferation may even be a
synapomorphy of the common ancestor of monocots, mag-
noliids, eudicots and Chloranthaceae, although this would
require a reversion in magnoliids and early eudicots

(Fig. 12A). Alternatively, if Chloranthaceae is sister to the
magnoliid clade as some recent studies suggest (Stevens,
2001; Hansen et al., 2007), antipodal proliferation in
Chloranthaceae could be homoplasious with the similar
phenomenon in monocots (Fig. 12B). The present analysis
further suggests that modest proliferation of the sort seen in
early-divergent monocots like Tofieldia, Acorus (Buell,
1938) and members of the Araceae (Campbell, 1903,
1905; Gow, 1908, 1913; Coulter, 1908), in which only a
few supernumerary antipodals or antipodal nuclei are
formed, is the ancestral condition among monocotyledo-
nous plants.

In angiosperms, the antipodals are perhaps the most vari-
able component of the mature female gametophyte (Johri
et al., 1992). They may be ephemeral, degenerating soon

TABLE 1. Reports of antipodal proliferation in basal eudicots, magnoliids and monocots

Clade Family
Antipodal

proliferation type Sources

Unplaced angiosperms Chloranthaceae Cellular Yoshida (1957); Johri et al. (1992)
Basal eudicots Buxaceae, Cellular and nuclear Wiger (1935), Johri et al. (1992)

Menispermaceae, Nuclear Joshi (1939); Johri et al. (1992)
Nelumbonaceae, Cellular and nuclear Batygina et al. (1982)
Papaveraceae, Cellular Berg (1967); Johri et al. (1992)
Ranunculaceae Cellular and nuclear Mottier (1895); Coulter (1898); Tilton and Lersten (1981)

Magnoliids Lauraceae Cellular Bambacioni-Mezzetti (1935); Sastri (1963); Johri et al. (1992)
Monimiaceae Celluar Davis (1966); Johri et al. (1992)
Piperaceae Cellular Kanta (1962); Johri et al. (1992)

Alismatales sensu lato
(Monocots)

Acoraceae Cellular Buell (1938)

Araceae Cellular Campbell (1903), (1905); Gow (1908, 1913); Coulter (1908)
Hydrocharitaceae Cellular and nuclear Wylie (1904)*; Johri et al. (1992)†

Juncaginaceae Cellular Hill (1900); Johri et al. (1992)
Potamogetonaceae Cellular Tilton and Lersten (1981); Johri et al. (1992)†

Tofieldiaceae Nuclear Reported here
Arecales (Monocots) Arecaceae Nuclear Rao (1959); Johri et al. (1992; under ‘Palmae’)
Asparagales
(Monocots)

Anthericaceae Nuclear Cave (1948)

Amaryllidaceae Cellular Johri et al. (1992)
Convallariaceae Cellular McAllister (1909)
Hypoxidaceae Cellular Johri et al. (1992)
Iridaceae Cellular Haeckel (1930); Rudall et al. (1984)
Orchidaceae Cellular Proddubnaya-Arnoldi (1967); Johri et al. (1992)

Liliales (Monocots) Colchicaceae Cellular and nuclear Sulbha (1954); Johri et al. (1992; under ‘Liliaceae’)
Liliaceae Cellular and nuclear Schnarf (1931); Davis (1966); Johri et al. (1992)
Melanthiaceae Cellular and nuclear Eunus (1951); Sokolowska-Kulczycka (1973); Tilton and Lersten (1981)

Pandanales
(Monocots)

Pandanaceae Cellular and nuclear Campbell (1909, 1910); Cheah and Stone (1975); Johri et al. (1992)

Poales (Monocots) Anarthriaceae Nuclear Linder and Rudall (1993)
Bromeliaceae Cellular Lakshmanan (1967); Johri et al. (1992)
Centrolepidaceae Cellular Hamann (1962); Johri et al. (1992)
Poaceae Cellular and nuclear Weatherwax (1926); Yamaura (1933); Sass (1946); Cass and Jensen (1970);

Tilton and Lersten (1981); Rao et al. (1983); Saini et al. (1983); Anton and
Cocucci (1984); Aulbach-Smith and Herr (1984); Crane and Carman (1987);
Johri et al. (1992); Jane (1999)

Rapateaceae Cellular Johri et al. (1992)
Restionaceae Cellular Borwein et al. (1949); Kircher (1986); Rudall and Linder (1988)

Zingiberales
(Monocots)

Marantaceae Cellular and nuclear Mauritzon (1936); Johri et al. (1992)

‘Antipodal proliferation type’ refers to either nuclear proliferation (resulting in extra antipodal nuclei) or cellular proliferation (resulting in extra
antipodal cells). All family/ordinal assignments conform to the recommendations of APG II (2003). NB In most cases, only a few taxa within a given
lineage have been examined. Taxa not mentioned here either have not been studied, or are reported to lack proliferating antipodals.

* The extra antipodal reported by Wylie (1904) is more likely to be the chalazal endosperm chamber.
† Johri et al.’s (1992) report of no antipodal proliferation conflicts with other reports cited here.
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after their formation, as in Arabidopsis (Murgia et al., 1993;
Rojek et al., 2005) and many other taxa, or may persist to
and even well beyond fertilization (Johri et al., 1992;
Williams and Friedman, 2004). Parsimony analyses have
demonstrated that in those lineages diverging above the
paraphyletic basal grade of Amborella, Nymphaeales and
Austrobaileyales, persistence of the antipodal cells is the
ancestral condition (Williams and Friedman, 2004). The
present parsimony analysis shows this to be the case for
monocots as well (Fig. 13). Ephemeral antipodals appear
to be a derived condition most commonly found in higher
eudicots (e.g. Violaceae, Cucurbitaceae, Solanaceae,
Rutaceae, Malpighiaceae, etc.; Johri et al., 1992).

The physiological role (or roles) of antipodals has not
been definitively demonstrated, but there is reasonable
support for the idea that antipodals may be important in
the transfer of nutrients from the sporophyte to the female
gametophyte and endosperm (Westermaier, 1890; Riddle,
1898; Ikeda, 1902; Lloyd, 1902; Schnarf, 1929; Brink
and Cooper, 1944; Coe, 1954; Kapil and Bhatnagar,
1981; Mogensen, 1981; Johri et al., 1992). The position
of antipodals at the interface of the sporophytic tissue and
the female gametophyte and endosperm is certainly congru-
ent with this view, as is the presence of wall ingrowths in
the antipodals of certain taxa (Westermaier, 1890;
Mogensen, 1981). Nevertheless, for now it is unclear
whether modest levels of antipodal proliferation (as in
Tofieldia) are adaptive (e.g. represent a functional benefit
to the seed) or are a neutral variation of female gameto-
phyte structure.

Helobial endosperm

Helobial endosperm development is common in mono-
cots (Table 2; see also Swamy and Parameswaran, 1963;

Palser, 1975), but ab initio cellular endosperm is the ances-
tral condition of this clade, a feature most likely inherited
from the shared common ancestor of all angiosperms
(Floyd and Friedman, 2000). Endosperm development in
Acorus, Amborella, most Nymphaeales and
Austrobaileyales, and early-divergent eudicots is of the cel-
lular type (Buell, 1938; Johri et al., 1992; Floyd and
Friedman, 2000). However, parsimony analysis reveals
that in monocots the transition from cellular to helobial
endosperm occurred after the divergence of Acorus, assum-
ing that Acorus is sister to all other monocots (Chase et al.,
1993, 1995, 2000; Duvall et al., 1993; Davis et al., 1998;
Doyle and Endress, 2000; Graham and Olmstead, 2000;
Graham et al., 2000, 2006; Hilu et al., 2003; Soltis et al.,
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2007), and helobial endosperm should be considered the
ancestral condition for all monocots excluding Acorus
(Fig. 14).

Floyd and Friedman (2000) recognized that the cellular
endosperm of Acorus was unique among early-divergent
monocots. However, the angiosperm phylogeny relied
upon in their analysis (Qiu et al., 1999) has undergone
revision, and they did not pinpoint the transition from
cellular to helobial endosperm to such an early phase of
monocot evolution. In monocots there is likely to be only
a single evolutionary origin of helobial endosperm
(Fig. 14), and occurrences of helobial endosperms in
some eudicots and magnoliids, and also in Cabomba are

certainly homoplasious with those of monocots (Floyd
and Friedman, 2000).

CONCLUSIONS

A detailed account of female gametophyte development has
been provided in Tofieldia glutinosa from the initiation of
megasporogenesis through fertilization and the early
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FI G. 13. Evolution of persistence of antipodals in monocots. In all cases
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on our analysis. The ancestral conditions within the Pandanales and the
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sistent antipodals. It is unclear whether the persistent antipodals in
Amborella evolved independently or were inherited from the common

ancestor of all angiosperms.

TABLE 2. Reports of helobial endosperm development in
monocots

Clade Family Source

Alismatales Alismataceae* Johri et al. (1992)
Aponogetonaceae Johri et al. (1992)
Araceae Grayum (1987, 1991)
Butomaceae Johri et al. (1992); Fernando and

Cass (1996)
Hydrocharitaceae Johri et al. (1992)
Tofieldiaceae Seelieb (1924);

Sokolowska-Kulczycka (1980);
reported here

Zosteraceae Dahlgren (1939); Johri et al.
(1992)

Asparagales Agavaceae Johri et al. (1992)
Alliaceae Johri et al. (1992); Berg (1996)
Anthericaceae Cave (1948)
Amaryllidaceae Coe (1953); Werker and Fahn

(1975); Johri et al. (1992)
Asparagaceae Lazarte and Palser (1979); Tilton

and Lersten (1981); Berg (2003);
Halada and Erdelska (2005)

Asphodelaceae Johri et al. (1992)
Blandfordiaceae Johri et al. (1992)
Hesperocallidaceae Cave (1948)
Hyacinthaceae Johri et al. (1992; under

‘Liliaceae’)
Hypoxidaceae Geerinck (1969); Johri et al.

(1992)
Iridaceae* Goldblatt (1990)
Ixiolirionaceae Johri et al. (1992)
Themidaceae Berg (2003)

Commelinales Haemodoraceae Browne (1961); Geerinck (1969);
Simpson (1988)

Philydraceae Johri et al. (1992)
Pontederiaceae Johri et al. (1992)

Dioscorleales Burmanniaceae Johri et al. (1992)
Nartheciaceae Browne (1961)

Liliales Campynemataceae* Patterson and Givnish (2002)
Melanthiaceae Johri et al. (1992); Patterson and

Givnish (2002)
Trilliaceae Swamy (1948); Johri et al. (1992)

Pandanales Cyclanthaceae Johri et al. (1992)
Poales Anarthriaceae Linder and Rudall (1993)

Bromeliaceae Rao and Wee (1979); Johri et al.
(1992)

Juncaceae Munro and Linder (1997)
Sparganiaceae Asplund (1973); Johri et al.

(1992)
Typhaceae Asplund (1972); Johri et al.

(1992)
Zingiberales Costaceae Kress (1990)

Zingiberaceae Sachar and Arora (1963); Kress
(1990)

All family/ordinal assignments conform to the recommendations of
APG II (2003).

* Nuclear endosperm has also been reported in these families
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stages of endosperm development. It can be said with cer-
tainty that the female gametophyte of T. glutinosa is mono-
sporic (Fig. 1), and produces seven cells and 11 nuclei (one
egg, two synergids, an initially binucleate central cell, and
three binucleate antipodals) (Figs 2, 3 and 9). Tofieldia
glutinosa produces a helobial endosperm (Fig. 7), whose
early growth occurs at equal rates in both the micropylar
and chalazal endosperm chambers (Fig. 8).

Based on the present study of T. glutinosa and the analy-
sis of the embryological literature pertaining to early-
divergent monocots, two important conclusions can be
drawn about the reproductive characters of ancestral mono-
cots. First, the ancestral monocot female gametophyte had
persistent antipodal cells that underwent a modest prolifer-
ation (Figs 12 and 13). Whether this proliferation was

nuclear or cellular in nature is unclear, but it was almost
certainly simple, producing only a few supernumerary anti-
podal cells or nuclei in contrast with the elaborate prolifer-
ation found in some highly derived monocot lineages.
Second, endosperm development in the first monocots
was of the cellular type (Floyd and Friedman, 2000), but
transitioned once to the helobial type after the divergence
of Acorus from the remainder of the monocot clade
(Fig. 14). Finally, we suggest that because of its prevalence
and early appearance within this clade, helobial endosperm
should be considered one of the more salient features of
early monocots.
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FI G. 14. Evolution of helobial endosperm development in angiosperms.
In all cases except for the Commelinales and eudicots, the character
state assigned to the group has been resolved as the ancestral condition
for that group based on the present analysis. The ancestral conditions
within Commelinales and eudicots are unresolved, and are classified here
as polymorphic. (A) Phylogeny of Soltis et al. (2007). (B) Phylogeny of
Graham et al. (2006). Parsimony analysis reveals that helobial endosperm
development evolved in the common ancestor of all monocots excluding

the Acorales.
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