
&p.1:Abstract The ultrastructure of the egg apparatus of the
sexual (aestivum)-Salmon line (aS) and the isogenic but
alloplasmic (kotschyi)-Salmon line (kS) of the Salmon
system of wheat was studied by transmission electron mi-
croscopy 3 days before and during anthesis. Additionally,
the zygotic stage of aS, 17 h after pollination, was includ-
ed. Metabolic activity of egg cells from the sexual line aS
was low 3 days before anthesis and increased dramatical-
ly after pollination and fertilization. This timing of in-
creased activity was evident because of changes occur-
ring in the egg cell nucleus and nucleolus, polysomes, en-
doplasmic reticulum and Golgi apparatus, and the com-
pletion of the cell wall around the zygote. In contrast to
the sexual line, the egg cell of the parthenogenetic line
showed high activity 3 days before anthesis. The meta-
bolic and ultrastructural characters observed in the nucle-
us and cytoplasm of the kS line 3 days before and during
anthesis corresponded with those of the isogenic sexual
line aS during anthesis and 17 h after pollination, respec-
tively. High metabolic activity observed in the persistent
synergid of kS may be connected with the occurrence of
additional embryos in seeds (twins) of this line.
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Introduction

Apomixis offers the potential for fixation of heterosis.
However, to harness apomixis for agriculture, more
knowledge is needed about the cellular and molecular
events that control the individual steps of apomictic seed

formation. In contrast to the meiotic/zygotic pathway in
sexual plants, embryogenesis in apomictic plants follows
an apomeiotic/parthenogenetic pathway. The two types
of apomeiosis - apospory and diplospory - have been
analysed by ultrastructural studies in several Poaceae
(Naumova 1993; Naumova et al. 1993; Naumova and
Willemse 1995; Osadtchiy and Naumova 1996). Such
data are lacking for parthenogenesis in apomictic spe-
cies. There is only limited data concerning the autono-
mous embryo development of reduced egg cells from a
barley mutant (Mogensen 1982) and from in vitro culture
of ovules from sexually reproducing sunflowers (Yan et
al. 1989).

The Salmon system of wheat provides a suitable mod-
el system for studying the transition from the gameto-
phytic to the sporophytic generation in vivo by compar-
ing the initiation of embryo development in sexual and
parthenogenetic isogenic lines (Matzk 1996). The genet-
ic characteristics associated with haploid parthenogene-
sis of the alloplasmic Salmon lines were described by
Tsunewaki and Mukai (1990). We improved the system
and increased the parthenogenetic capacity from
originally 20% to 90% in both isogenic lines (caudata)-
Salmon and (kotschyi)-Salmon (Matzk et al. 1995). Au-
tonomous embryo development was independent of fer-
tilization of the polar nuclei as shown by the auxin test
and by pollination experiments before and after anthesis.
Although initiation of parthenogenesis probably began
before or during anthesis, the highest capacity was real-
ized during anthesis. Twins were formed at a frequency
of about 20%. The twin plants usually had different
ploidy levels; one was haploid (parthenogenetic path-
way) and the other diploid (zygotic pathway). On the
molecular level, there were only small differences be-
tween the three isogenic but alloplasmic lines (Bäumlein
et al. 1996; Matzk et al. 1995). However, one embryo-
sac-specific α-tubulin probably involved in initiation of
embryo formation in the parthenogenetic lines could be
identified (Matzk et al. 1997).

In this work, we compare the ultrastructure of the egg
apparatus in the sexual line with that of the parthenoge-
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netic isogenic line before and during anthesis and dis-
cuss these results with respect to the molecular, cytologi-
cal, and phenotypical data already obtained for this mod-
el system.

Materials and methods

Plant material

Plants of the two lines (kotschyi)-Salmon (kS) and (aestivum)-
Salmon (aS) were grown in pots in the greenhouse with a 16-h
photoperiod and day/night temperatures around 22/12°C during
the reproductive phase. Only the amphidiploid plants (2n=42)
were used from the parthenogenetic line kS. Polyhaploid seedlings
(2n=21) were eliminated after determination of ploidy level of leaf
cell nuclei by flow cytometry.

To study cellular events associated with the initiation of em-
bryo development, three ovaries were analysed from the partheno-
genetic and sexual lines 3 days before and during anthesis, respec-
tively. Developmental stages of the ovaries were determined for
the individual florets of a spike; only the upper two florets of each
spikelet were considered. Ovules from both lines were fixed for
each stage between 9:00 a.m. and 10:30 a.m. The stage 3 days be-
fore anthesis was calculated as 10 days after the first meiotic divi-
sion, which was determined in pollen mother cells of both lines by
microscopic inspection. Anthesis occurred 13 days after meiosis in
our experiments. Anthesis was defined in both lines as the time in-
dividual florets were opening, which is characterized by swelling
of the lodicule and spreading of the feathery stigma. It corre-
sponds to 30 min before to 30 min after self-pollination in the sex-
ual male-fertile plants. Ovaries of the kS line were unpollinated
during anthesis because the line is male sterile. Additionally,
ovules of the sexual line were fixed 17 h after pollination to com-
pare the phases of highest activity of egg cell/zygote; for this ex-
periment, florets were emasculated and hand-pollinated. Single
ovules of each line were analysed 3 days after anthesis to confirm
parthenogenetic and sexual embryo formation. This time frame
was the same one used for cytological and molecular studies by
Matzk et al. (1995, 1997).

TEM technique

Ovules were dissected from ovaries and fixed in 3.5% glutaralde-
hyde in 0.05 M cacodylate buffer at pH 7.2 for 4 h at room tem-
perature; this was followed by three buffer rinses. The ovules were
then postfixed overnight with 2% OsO4 in 0.025 M cacodylate
buffer, dehydrated in an acetone series and embedded in epon-
araldite embedding medium. Ultrathin sections were made with a
diamond knife on a Reichert Ultracat-S ultramicrotome and post-
stained with uranyl acetate and Reynold’s lead citrate. Semi-thin

sections were stained with toluidine blue. An Amplival light mi-
croscope and ZEISS-902 transmission electron microscope were
used for these investigations.

Results

Ultrastructural characteristics of the egg
apparatus in the sexual line (aestivum)-Salmon

Three days before anthesis

The egg cell was round and larger than the synergids.
The spherical nucleus occupied a central position within
the egg cell (Fig. 1A). The chromatin structure of the nu-
cleus was rather homogenous. No dense heterochromatin
was observable. The nuclear envelope revealed relatively
few pores. A few ribosomes were attached to the outer
nuclear membrane (Fig. 1B). The nucleolus was large,
contained numerous nucleolar vacuoles and the granular
component predominated (Fig. 1C).

In the cytosol of the egg cell, most organelles were
situated close to the nucleus. Vacuoles occupied the cell
periphery (Fig. 1A). The cytoplasm contained a relative-
ly small number of free ribosomes and a few polysomes.
The endoplasmic reticulum (ER) of the short cisternal
phase sporadically extended through the cytosol. ER
membranes were rarely associated with ribosomes
(Fig. 1B). The plasma membrane was flat. Plastids and
mitochondria were numerous. Plastid stroma appeared
less transparent than the mitochondrial matrix. Starch
granules occurred in plastids (Fig. 1B). The internal mi-
tochondrial matrix formed a number of cristae (Fig. 1B).
Lipid bodies were distributed randomly in the cytosol.
The cell wall of the egg cell appeared thick at the micro-
pylar end and was thin and partly interrupted by a plas-
ma membrane at the chalazal region (Fig. 1D).

The synergids were pyriform. The receptive synergid
was already in the process of degradation. The cell or-
ganelles tended to aggregate but the membranes of the
individual organelles were still discernible. Large vacu-
oles appeared in various parts of the cell. Processes of
degeneration were less pronounced in the persistent syn-
ergid: the cell organelles were still intact but a large
amount of lipid was already present in the cell (Fig. 1E).
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Table 1 Characteristics of the
egg apparatus of the sexual
(aS) and parthenogenetic (kS)
Salmon lines of wheat before
and during anthesis. Three em-
bryo sacs from each line were
examined at each stage&/tbl.c:&tbl.b:

Stage and characteristic aS kS

Three days before anthesis
Egg cell diameter, µm ~43 ~75
Egg cell surface (median plane), µm2 ~1900 ~4400
Metabolic activity of egg cell Low High
Cell wall of chalazal part Partly interrupted Absent
Persistent synergid Degradation beginning Metabolic activity

During anthesis
Egg cell diameter, µm ~76 ~80
Egg cell surface (median plane), µm2 ~4200 ~5000
Metabolic activity of egg cell High Very high
Cell wall of chalazal part Absent Absent
Persistent synergid Degenerating Metabolic activity

&/tbl.b:



123

Fig. 1A–E Egg cell of the sexual line (aS) 3 days before anthesis.
A Survey of the egg cell. ×2100. B Details of nucleus and cyto-
plasm: homogenous chromatin network within the nucleus, rare
nuclear pores in nuclear envelope, endoplasmic reticulum of
short cisternal phase and sporadically extending in the cytosol,
plastids containing starch, mitochondrial matrix poorly developed.
×30 000. C Granular component within the peripheral part of nu-
cleolus, without ribosomal subunits, ×66 000. D Chalazal part of
the egg cell wall becoming interrupted. ×66 000. E Fragment of
persistent synergid. ×10 000&/fig.c:

Abbreviations(for all figures) CC central cell, CWcell wall, E em-
bryo, EC egg cell, ER endoplasmic reticulum, G Golgi apparatus,
L lipid body, M mitochondria, N nucleus, Nc nucellar epidermis,
Ne nuclear envelope, NU nucleolus, P polysomes, PL plastid, PM
plasma membrane, PN polar nuclei, PSypersistent synergid, RSri-
bosomal subunits, RSyreceptive synergid, Sysynergid, Z zygote



Fig. 2A–D Egg cell and proembryo of the sexual (aS) and parthe-
nogenetic (kS) lines. A Egg cell of the sexual line during anthesis.
×1400. B Egg cell, persistent synergid and polar nuclei of the par-
thenogenetic line 3 days before anthesis. ×800 (the diameter of

this egg cell corresponds to those in A). C Sexual two-celled em-
bryo 3 days after anthesis. ×700. D Parthenogenetic three-celled
embryo 3 days after anthesis, ×700&/fig.c:
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During anthesis

The egg cell was larger in size than at 3 days before an-
thesis (Table 1). This was mainly the consequence of vac-
uolization (Fig. 2A). The egg cell was expanded towards
the chalaza, and located chalazally to the synergids. The
mature egg cell revealed ultrastructural changes in the nu-
cleus, nucleolus and cytoplasm when compared to 3 days
earlier (compare Fig. 1B, D with Fig. 3A,B). The nucleus
and nucleolus approximately doubled in diameter. Nucle-
ar pores in the nuclear envelope became more frequent
(Fig. 3B). New ribosomal subunits were obviously pres-
ent in the nucleus (Fig. 3A,B). Short as well as large cis-
ternae of the ER were swollen (Fig. 3A,B). In a few cases
the ER lumen was in direct contact with the lumen of the
nuclear envelope and with the cis-Golgi compartments,
which displayed only a few small vesicles (Fig. 3B).
Starch granules in plastids and lipid bodies were abun-
dant (Fig. 3A). A regular cell wall was absent at the cha-
lazal end. Only a plasma membrane separated the egg and
central cell.

The synergids showed progressive ultrastructural
changes. The receptive synergid was highly degraded.
Cell organelles were no longer identifiable, and no mem-
branes were visible. The persistent synergid was strongly
vacuolized, numerous lipid bodies were present, and on-
ly the membrane remnants of mitochondria could be de-
tected (Fig. 3C).

Seventeen hours after pollination

Fusion of the male and female nuclei was complete and a
second nucleolus was formed. The nucleus was irregular
in shape and contained an active nucleolus (Fig. 3E).
Condensation of the chromatin in preparation for nuclear
division was observed in the zygote (Fig. 3E). Ribo-
somes and polysomes were numerous in the cytoplasm
(Fig. 3F). The ER occurred more frequently and formed
wide, long and branching cisternae (Fig. 3F). Contacts
between the ER and nuclear envelope lumena were com-
mon. Many Golgi stacks connected to the ER were now
present in the cytoplasm. Vesicles of varying size were
numerous in the cytosol. The mitochondrial matrix had a
high electron density. Fewer starch and lipid bodies were
present than at anthesis (Fig. 3D). The cell wall was now
completed in the chalazal region.

Ultrastructural peculiarities
of the parthenogenetic line (kotschyi)-Salmon

Three days before anthesis

The egg cell, its nucleus and nucleolus were larger in the
(kotschyi)-Salmon (kS) than in the (aestivum)-Salmon
(aS) line. The size of the kS egg cell at this stage was
comparable to that of the aS egg cell at anthesis
(Fig. 2A,B; Table 1). Large vacuoles occupied the chala-

zal region of the cell. Numerous pores were observed in
the nuclear envelope. Ribosomes were frequently ob-
served at the outer nuclear membrane and ribosomal sub-
units were located in the nuclear matrix close to the nu-
clear pores (Fig. 4A). In contrast to the aS egg cell, a
second nucleolus of small size with nucleolar vacuoles
and predominating granular components appeared in the
kS egg cell (Fig. 2B).

Ribosomes were abundant in the cytosol of the egg
cell and mostly aggregated into rosette-like polysomes.
They were found either free or attached to the ER mem-
brane. The ER developed long and branching tubules
with a wide lumen space (Fig. 4A). Contact of the ER lu-
men with the lumen of nuclear envelope and with the cis-
Golgi cisternae occurred frequently. A few plastids con-
tained starch granules; lipid bodies were rare (Fig. 4A).
The cell wall was absent for a long distance in the chala-
zal part of the egg cell where only a plasma membrane
was found (Fig. 4B).

The persistent synergid in the kS line was functional-
ly active. Processes of cell organelle degradation were
not observed. The receptive synergid showed an ad-
vanced degree of degradation. The polar nuclei were lo-
cated close to the egg apparatus (Fig. 2B).

During anthesis

The egg cell, its nucleus and nucleolus continued to in-
crease in size and were also larger at this stage in the kS
line than in the aS line (Fig. 5). The nucleus was located
in the centre and the vacuoles were concentrated at the
cell periphery. The nuclear envelope had numerous pores
(Fig. 4D). Many ribosomes and polysomes were either
bound to the nuclear membrane and the membranes of
the ER or found free in cytosol. The long cysternal pro-
files of the ER were abundant and contacted the nuclear
envelope and Golgi apparatus frequently (Fig. 4D,E).
The organization of the egg cell organelles of the parthe-
nogenetic kS line during anthesis was comparable to that
of the zygote of the sexual aS line 17 h after pollination
(Fig. 4C,D,E). The cell wall, however, differed between
the two lines at these developmental stages. While the
cell wall was complete around the zygote, it was absent
at the chalazal end of the egg cell of the kS line at anthe-
sis (Fig. 4F).

▲

Fig. 3A–F Details of the egg cell/zygote and synergids of the sex-
ual line (aS) at anthesis (A–C) and 17 h after pollination (D–F).
A Clustered mitochondria and plastids (some with starch granules)
are near the nucleus, ×9000. B Ribosomal subunits are present in
the nuclear matrix, pores are frequently found in the nuclear enve-
lope, ER is characterized by enlarged cisternal profiles, the ER lu-
men is rarely in contact with the lumen of nuclear envelope, a lipid
body is present in cytosol. ×42 000. C Persistent synergid, ×5000.
D Chalazal part of the zygote. ×3750. E Nucleus with nucleolus.
×3750. F Cytoplasm with a plastid, a long, branching ER cisterna,
mitochondria, and numerous ribosomes and polysomes. ×30 000&/fig.c:
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Fig. 4A–F Details of the egg cell of the parthenogenetic (kS) line
3 days before anthesis (A,B) and during anthesis (C–F). A Nucle-
us and cytoplasm: plastids, mitochondria, lipid bodies, long
branching tubules of ER, Golgi stacks, ER lumen in contact with
lumen of nuclear envelope and with cis-Golgi cisternae. ×30 000.
B Only a plasma membrane is seen where the cell wall is absent
over a long distance at the chalazal end. ×42 000. C Nucleus

and cytoplasm with several mitochondria, plastids, lipid bodies
and numerous free ribosomes, polysomes and vesicles. ×19 500.
D Long, swollen tubules of ER in contact with nuclear envelope,
transport of ribosomal subunits through the nuclear pores.
×66 000. E Golgi apparatus close to nucleus. ×30 000. F Cell wall
absent in chalazal part, only the plasma membrane separates the
egg cell from intercellular space and the central cell. ×66 000&/fig.c:
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Fig. 5 Egg apparatus of the parthenogenetic (kS) line during an-
thesis. The egg cell is located chalazally to the synergids, the per-

sistent synergid is metabolically active, and the receptive synergid
is in the process of degradation. ×1500&/fig.c:



Ultrastructural differences were also found in the syn-
ergids of the two lines. In contrast to the sexual line, the
persistent synergid of the kS line was metabolically ac-
tive and free of large vacuoles during anthesis. The nu-
cleus was rather large and of irregular shape. It occupied
the chalazal part of the cell. This is unusual for syner-
gids. The nucleolus was large and contained vacuoles.
Mitochondria and plastids were very abundant. No starch
was found, but lipid bodies were numerous (Fig. 5). The
receptive synergid was highly degraded; its cell organ-
elles were no longer recognizable.

Continuation of development of the zygotic and also
the parthenogenetic pathway was confirmed by the embry-
os found in both lines 3 days after anthesis (Fig. 2C,D).

Discussion

Results of the ultrastructural studies revealed significant
temporal differences in metabolic activation of the egg cell
between the sexual aS and parthenogenetic kS lines (Table
1). A precocious and pollination/fertilization-independent
metabolic activation of the egg cell was observed in the
parthenogenetic line 3 days before anthesis. Activation of
the egg cell is characterized by changes in the fine struc-
ture of cell organelles responsible for synthesis, metabo-
lism and transport of proteins. It is recognizable by an in-
crease in the size of the nucleus and nucleolus, the portion
of the granular component within the nucleolus, the abun-
dance of ribosomal subunits within the nucleoplasm and
their concentration close to the nuclear envelope, the num-
ber of nucleoli, the frequency of pores in the nuclear enve-
lope, the abundance of ER profiles and their contacts with
the nuclear envelope and Golgi apparatus as well as by an
increasing frequency of polysomes within the cytosol.

Vielle et al. (1995) also observed precocious activation
of egg cells in apomictic genotypes of Pennisetum ciliare;
additionally, a complete cell wall around the egg cell hin-
dered the fusion of the male and female gametes. No bar-
riers to fertilization were found in aposporous egg cells of
Panicum maximum(Naumova and Willemse 1995). For
the haploid initiator mutant of barley, Mogensen (1982)
assumed that entrance of the sperm into the egg is pre-
vented by some physiological means since there appears
to be no structural explanation for why this process is
halted. The cell wall structures around the egg cells of the
sexual (aS) line and the parthenogenetic (kS) line were
identical during anthesis. Only a plasma membrane was
present in the chalazal part of both lines. Therefore, the
possibility that a physical barrier hinders the fusion of the
male and female gametes in the parthenogenetic line may
be excluded. The precocious metabolic activation of the
egg cell is probably linked with loss of its receptivity
while fusion of one sperm with the polar nuclei is still
possible. As in previous histological studies (Matzk et al.
1997), proembryos did not occur in the embryo sacs of
the parthenogenetic line before or during anthesis. The
results of our ultrastructural studies match those of mole-
cular analyses in the Salmon system. An embryo-sac-spe-
cific α-tubulin was present in the parthenogenetic line

and absent in the sexual isogenic line during the period
from 3 days before until 1 day after anthesis (Matzk et al.
1997). In studies that are in progress, where sensitive sub-
tractive hybridization and messenger display techniques
are being used, one cDNA clone (MCM2) probably in-
volved in the initiation of DNA replication and cell cycle
regulation has been isolated (Bäumlein et al. 1996).

Haploid parthenogenesis in the Salmon system is ge-
netically controlled (Tsunewaki and Mukai 1990). Auton-
omous embryo development occurs only in the absence of
the ‘parthenogenesis-suppressing gene’ (Spg) located on
the 1 BS-chromosome of wheat and in the presence of
both the ‘parthenogenesis-inducing gene’ (Ptg) located on
the 1 RS-chromosome of rye and a cytoplasmic factor of
certain Aegilopsspecies. We may speculate about whether
the high number and density of ribosomes observed in the
egg cell of the kS line before anthesis results from interac-
tion of the ptg gene with the alien cytoplasmic factor, and
whether the ribosomes are involved in the process of α-tu-
bulin formation within the embryo sac (Matzk et al. 1997).
In either case, the observed ultrastructure of the egg appa-
ratus represents intense genetic transcription in the parthe-
nogenetic line already at 3 days before anthesis.

The parthenogenetic pathway could be induced by al-
tered expression of a gene normally involved in sexual
reproduction rather than a new regulator gene. This hy-
pothesis was discussed by Nogler (1984) and Koltunow
(1992) for the genetic evolution of apomixis. Also, the
recently presented “duplicate-gene asynchrony hypothe-
sis” (Carman 1997) points in the same direction. The
precocious egg cell activation and the temporal shift of
α-tubulin formation may be caused by an asynchrony of
nuclear and cytoplasmic gene expression in the partheno-
genetic alloplasmic (kotschyi)-Salmon line.

Not only egg cells but also synergids differ with respect
to their structural features between the sexual aS and par-
thenogenetic kS lines. The patterns of synergids in the aS
line are similar to those described by You and Jensen
(1985) and Gao et al. (1992). However, in the kS line the
synergids were more active than in the aS line; the recep-
tive synergid degenerated later and the persistent synergid
remained active. The persistent synergid is similar to the
egg cell in being characterized by a chalazally positioned
nucleus, a micropylar vacuole, a very large nucleus and
nucleolus, many mitochondria, ER, polysomes and lipid
bodies. These conditions may explain the frequent occur-
rence of additional embryos (twins) in seeds of the parthe-
nogenetic line kS (Tsunewaki and Mukai 1990; Matzk et
al. 1995). The haploid partner of a twin probably origi-
nates from the precocious activated egg cell developed au-
tonomously and the diploid partner originates from the
egg-like synergid fertilized after anthesis. The haploid
seedlings are generally more vigorous than the diploids.

Ultrastructural data available about the megagameto-
phyte in sexual wheat are limited to the developmental
stages immediately before and after fertilization (You
and Jensen 1985, Gao et al. 1992). These results have
been confirmed for the sexual Salmon line (aS) at anthe-
sis and 17 h after pollination. Ultrastructural changes of
a wheat egg cell associated with its preparation for the
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transition from the gametophytic to the sporophytic gen-
eration were revealed for the first time by comparing the
developmental stages 3 days before anthesis and during
anthesis. Three days before anthesis, the egg cell of the
sexual line already shows a low metabolic activity that is
increased during anthesis. This metabolic activity is in-
dicated by the increase in size of the cell, nucleus and
nucleolus as well as higher amounts of ER, ribosomes,
dictyosomes, secretion vesicles and vacuoles. This is in
contrast to the metabolically inactive mature egg cells of
maize (Diboll and Larson 1966), barley (Mogensen
1982) or pearl millet (Taylor and Vasil 1995).
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