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Summary. Actin organization was observed in m-maleimidobenzoic
acid N-hydroxysuccinimide ester(MBS)-treated maize embryo sacs
by confocal laser scanning microscopy. The results revealed that
dynamic changes of actin occur not only in the degenerating syn-
ergid, but also in the egg during fertilization. The actin filaments
distribute randomly in the chalazal part of the synergid before fer-
tilization; they later become organized into numerous aggregates in
the chalazal end after pollination. The accumulation of actin at this
region is intensified after the pollen tube discharges its contents.
Concurrently, actin patches have also been found in the cytoplasm
of the egg cell and later they accumulate in the cortical region. To
compare with MBS-treated maize embryo sacs, we have performed
phalloidin microinjection to label the actin cytoskeleton in living
embryo sacs of Torenia fournieri. The results have extended the pre-
vious observations on the three-dimensional organization of the
actin arrays in the cells of the female germ unit and confirm the
occurrence of the actin coronas in the embryo sac during fertiliza-
tion. We have found that there is an actin cap occurring near the
filiform apparatus after anthesis. In addition, phalloidin microinjec-
tion into the Torenia embryo sac has proved the presence of inter-
cellular actin between the cells of the female germ unit and thus
confirms the occurrence of the actin coronas in the embryo sac
during fertilization. Moreover, actin dynamic changes also take
place in the egg and the central cell, accomplished with the interac-
tion between the male and female gametes. The actin filaments ini-
tially organize into a distinct actin network in the cortex of the
central cell after anthesis; they become fragmented in the micropy-
lar end of the cell after pollination. Similar to maize, actin patches
have also been observed in the egg cortex after pollination. This is
the first report of actin dynamics in the living embryo sac. The results
suggest that the actin cytoskeleton may play an essential role in the
reception of the pollen tube, migration of the male gametes, and
even gametic fusion.
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Introduction

In flowering plants, fertilization involves a complex
sequence of events, in which one sperm fuses with egg
and another sperm fertilizes the central cell, leading to
the formation of the zygote and endosperm (Jensen
1974, Russell 1992). In most species the prominent
features of this process include the following: the
degeneration of one of the synergids, its subsequent
penetration by the pollen tube, discharge of the pollen
tube cytoplasm and male gametes into the synergid,
migration of sperm cells to the fusion site between the
egg, synergid and central cell, and fusion of each sperm
with a female target cell (Russell 1992). These
processes are believed to be accomplished through a
complex series of events induced by the interaction
between the male and female gametes, in which the
cytoskeleton appears to play an important role
(Russell 1996).

In plant reproduction, a considerable amount of
information has been collected concerning the male
reproductive system. Cytoskeletal elements have been
found to participate in pollen tube elongation,
organelle transport, and the descent of generative and
sperm cells (Palevitz and Tiezzi 1992, Pierson and
Cresti 1992). In contrast to the male reproductive cells,
the information concerning the organization and pos-
sible involvement of the actin cytoskeleton in female
reproductive cells is still scarce (Bednara et al. 1990,
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Huang et al. 1993, Huang and Russell 1994, Webb and
Gunning 1994).

The involvement of the cytoskeleton during fertil-
ization has only been examined in a few species includ-
ing Plumbago zeylanica (Huang et al. 1993), Nicotiana
tabacum (Huang and Russell 1994), and Zea mays
(Huang and Sheridan 1998). Previous studies have
revealed that changes of the actin cytoskeleton occur
during fertilization. The prominent feature is the
formation of two actin coronas: one overarching
the chalazal periphery of the degenerating synergid
and the other overarching the interface between the
egg and central cell, and between the egg and syn-
ergids (Huang and Russell 1994, Huang and Sheridan
1998). The presence of these actin coronas, however,
raises additional questions. How do these actin
coronas form and how do their dynamic changes
proceed? Is this dynamic change of actin an indepen-
dent event occurring only in the degenerating synergid
or is the egg cell also involved? How does fertilization
trigger the reorganization of actin in the cells of the
“female germ unit”? What is the role of the actin
cytoskeleton in the reception, migration of male
gametes, and fusion between the male and female
gametes?

In this study we have used confocal microscopy to
examine the three-dimensional organization of
the actin cytoskeleton in m-maleimidobenzoic acid
N-hydroxysuccinimide ester (MBS)-treated maize
embryo sacs to address some of the aforementioned
questions. We have found that dynamic changes of the
actin cytoskeleton occur not only in the synergid, but
also in the egg cell and the central cell during fertil-
ization. The dynamic changes of the actin filaments
within the cells of the female germ unit may reflect a
series of events essential for fertilization. We have also
shown the organization and changes of actin filaments
in the living embryo sacs of Torenia fournieri by
microinjection in order to compare the actin dynam-
ics with those of the MBS-treated embryo sacs in
maize.

Material and methods

Plant material

Plants of maize were grown as previously described (Huang and
Sheridan 1994). When the silks emerged, the ears were hand-
pollinated and collected 16 to 18h after pollination and then
processed for embryo sac isolation, m-maleimidobenzoic acid N-
hydroxysuccinimide ester (MBS) treatment, and rhodamine-
phalloidin staining as described below.
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Torenia fournieri was grown in the greenhouse under a 14h
photoperiod at 25 °C in the Department of Biology, University
of Massachusetts at Amherst. The flowers were collected at two
days after opening, and the ovules were then dissected for
microinjection.

Isolation of embryo sacs and staining of actin filaments
Aldehyde fixation method

Embryo sacs were processed for actin labeling by aldehyde fixation
and then treated with MBS as described previously (Sonobe and
Shibaoka 1989, Huang et al. 1993) and modified as below. The
ovaries were cut and immediately fixed in the mixture of fixa-
tive consisting of 4% paraformaldehyde, 10% dimethylsulfoxide,
400 uM MBS (Sigma, St. Louis, Mo.,, US.A.) in PMEG buffer
(50 mM piperazine-N,N'-bis(2-ethanesulfonic acid), pH 6.9, 2 mM
MgSO,, 5mM ethylene glycol-bis(B-aminoethylether)-N,N,N’ )N'-
tetraacetic acid [EGTA], and 4% glycerol) for 2 h at room temper-
ature, Ovules were then incubated for 45 min at 37 °Cin an enzyme
solution containing 1% cellulysin (Calbiochem, La Jolla, Calif,
US.A.), 1% pectinase, and 0.3 % pectolyase mixed in PMEG
buffer containing 2 mM phenylmethylsulfony! fluoride, 25 uM pep-
statin, 25 uM leupeptin as protease inhibitors. After rinsing with
PMEG buffer, the materials were incubated for 40 min in a
solution of 0.33 uM rhodamine-phalloidin (Molecular Probes,
Eugene, Oreg., US.A.) and 1 pg of Hoechst 33258 per ml. Prepara-
tions were subsequently mounted in Slowfade solution (Molecular
Probes).

MBS crosslinking method

Ovules were dissected directly into a solution of 0.6 M sorbitol con-
taining 400 uM MBS and protease inhibitors (2 mM phenymethyl-
sulphonyl fluoride, 25 uM pepstatin, 25 uM leupeptin) for 2 h. MBS
was prepared with dimethylsulfoxide in a 100x stocking solution.
The embryo sacs were partially isolated by direct dissection using a
Leitz DM IRB inverted microscope. The isolated embryo sacs were
then incubated in a solution of 0.33 uM rhodamine-conjugated
phalloidin (Molecular Probes) for 3 h. The preparations were sub-
sequently mounted in a sorbitol solution and observed with a Leica
TCS NT confocal microscope. Three-dimensional images of the
actin cytoskeleton in the embryo sacs were recorded by the Leica
TCS NT confocal-microscopy software.

Microinjection of living embryo sacs in T. fournieri
Preparation of microinjecion

Ovules were dissected and immediately immobilized in a micro-
scope slide chamber in a thin layer of 1% low-temperature-gelling
agarose, type VII (Sigma), containing 0.025% Triton X-100, and then
cultured in the growth medium as described by Valster and Hepler
(1997). An aliquot of 5 ul of Alexa-phalloidin (Molecular Probes)
stock solution in methanol (6.6 uM) was used for preparation of
the injection solution. Methanol was evaporated under vacuum for
30 min, then the preparation was resuspended in 20 ul injection
buffer (100 mM KCl, 2mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid at pH 7.0) to make a final concentration of
1.67 uM Alexa-phalloidin solution. The co-injection solution for la-
beling actin filaments and nuclear DNA was prepared with the in-
jection buffer to a final concentration of 2 uM Alexa-phalloidin and
20 pg of propidium iodide (PI) per ml. The injection solution was
centrifuged at 20,000 rpm for 15 min at room temperature and its
supernatant was then loaded in the capillaries of the microinjector.
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Microinjection and microscopy

Since the embryo sac of T. fournieri protrudes from the micropyle
of ovules after blooming (Higashiyama et al. 1997), it is easily acces-
sible for microinjection. The microinjection was carried out follow-
ing the procedure described by Valster and Hepler (1997) and
Vos and Hepler (1998). The injection solution was loaded in the
capillary glass needle with a 1 mm diameter (World Precision
Instruments, Sarasota, Fla., U.S.A.) and mounted in a pressure
syringe system (Eppendorf, Brinkmann Instruments, Westbury, N.Y.
and Gilmount Instruments, Barrington, IIl., US.A.). The cells of the
embryo sac were pressure injected with precision micromanipula-
tors (Narishige, Greenvale, NY., U.S.A.) mounted on the inverted
Nikon microscope equipped with a x40 wide-angle oil immersion
lens. The cells were examined with a Bio-Rad MRC-600 confocal
scanning microscope or a Leica TCS NT confocal scanning micro-
scope. Both DIC and fluorescent images of the embryo sacs were
collected by the MRC-600 COMOS software or the Leica TCS NT
software. Images were further processed by Adobe Photoshop 4.0
(Adobe, San Jose, Calif,, US.A.).

Results

Organization and dynamic changes of the actin
cytoskeleton in the maize embryo sac before and
during fertilization

A typical mature embryo sac of maize consists of an
egg apparatus, a central cell, and a variable number
of antipodal cells (Huang and Sheridan 1994). Figures
1a and 2a show the partially isolated maize embryo
sacs, in which the central cell and antipodal cells could
be clearly observed. The distribution of actin filaments
in the egg cell is illustrated in Fig. 1 b and c. A dense
array of actin filaments is found at the chalazal end of
the egg cell at the median plane of the embryo sac
(Fig. 1b, ¢). Abundant actin filaments emanate from
the nucleus of the central cell and extend to the trans-
vacuolar strands (Fig. 2b), where they are organized
into a network (Fig. 2¢). In the cortex of the central
cell, actin filaments are transversely oriented, which
are perpendicular to the long axis of the embryo sac
(Fig. 2d). Actin filaments in the antipodal cells display
a reticulate arrangement in the cytoplasm. These cells
also contain a number of vacuoles (Fig. 3a, b).
Syngamy is most prevalent from 16-19 h after pol-
lination in maize (Huang and Sheridan 1998). Before
the tip of the pollen tube arrives at the receptive syn-
ergid, notable changes of the actin cytoskeleton occur
in the central cell. Actin filaments become organized
into a meshwork in the cytoplasm of the central cell,
while transversely aligned actin filaments appear
somewhat sparser in the micropylar cortex (Fig. 4a,b).
Several vacuoles fill the cavity of the central cell, thus
restricting the distribution of the actin filaments to
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cytoplasmic strands and to the cortical region. This is
particularly conspicuous at the cytoplasm-rich chalazal
region (Fig, 5a—c). Some of the actin filaments become
organized into a complex network in the cortical
region (Fig. 5b, ¢).

Figure 6a shows the actin labeling in the egg cell of
a partially isolated embryo sac at the median plane.
Since a large vacuole occupies most of the micropylar
end of the egg cell, the actin cytoskeleton is mainly
restricted to the chalazal cytoplasm. Changes in the
actin filaments also occur in the egg cell during fertil-
ization, including (1) a prominent band located in the
cortex (Fig. 6a), and (2) discrete actin patches distrib-
uted in the cytoplasm. The latter appear to be more
concentrated near the micropylar end (Fig. 6b, c).

A partially isolated unfertilized embryo sac, where
the synergid and the egg could be identified in the
micropylar end, is shown in Fig. 7a. In the synergid,
actin filaments are found to be randomly aligned in the
chalazal part (Fig. 7b). This pattern of actin distribu-
tion could be seen either before pollination or after
pollination. However, dramatic changes of the actin
cytoskeleton take place when the synergid degener-
ates. During fertilization the actin cytoskeleton in the
degenerating synergid appears to produce numerous
punctate aggregates, which are distributed throughout
the cell. The aggregates accumulate at the chalazal end
of the degenerated synergid and at the interface
between synergid and egg cell, and between egg cell
and central cell, forming two distinct actin coronas
(Fig. 8a, b), which could be also visualized by staining
with rhodamine-phalloidin in aldehyde-fixed embryo
sacs (Fig. 9a). During fertilization, the sperm cells
appear to pass along these corona bands and eventu-
ally fuse with the egg and central cell (Fig. 9b) (also
see Huang and Sheridan 1998). The corona bands in
the embryo sac disappear before the division of the
zygote (Huang and Sheridan 1998).

Three-dimensional organization and dynamic
changes of the actin cytoskeleton in living female
germ unit of T. fournieri

The localization of the actin cytoskeleton has also
been examined by microinjection of Alexa-phalloidin
into living embryo sacs. Due to the inaccessibility of
maize embryo sacs and technical difficulties in
performing the microinjection, we have conducted
these experiments with the naked embryo sacs of
T. fournieri. The cells of the female germ unit are
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accessible because the embryo sacs protrude from the
micropyle after anthesis.

Like other typical embryo sacs, the female germ unit
in 7. fournieri consists of an egg apparatus and a
central cell. The two synergids occupy the micropylar
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end of the embryo sac and contain a distinct filiform
apparatus, which is attached to the basal wall of the
synergids and extends from the common wall between
two synergids (Higashiyama et al. 1997). The synergid
is polarized and characterized by a large vacuole
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located at the chalazal end (Fig. 10a). Due to the
specific location of synergids and the thick cell wall at
the filiform apparatus, microinjection of the synergid
appears to be a technical challenge. This barrier has
been overcome by microinjecting the synergids
through the micropyle of the embryo sac and the
middie lamella of the synergid common wall. Micro-
injection of Alexa-phalloidin into the synergid cell of
the embryo sac before pollination has revealed
sparse actin filaments distributed at the chalazal end
(Fig. 10b), where they are aligned randomly at the
cortex (Fig. 10c¢). In the micropylar cytoplasm of the
cell, however, some of the actin filaments become
organized into thick bundles (Fig. 10d).

The egg cell is spherical in shape (Fig.11a) and
its nucleus is located in the center of the cell
(Higashiyama et al. 1997). The egg is located adjacent
to the synergid and characterized by the presence of
cytoplasmic strands emanating from the nucleus
(Higashiyama et al. 1997). In comparison to the syn-
ergid and central cell, the egg cell appears to be mostly
inaccessible. Therefore, the microinjection of the egg
cell has to be carried out either by penetrating via the
middie lamella between the two halves of the filiform
apparatus or at the micropylar lateral region of the
embryo sac. Due to this technical difficulty, the rate of
success is low (3-5%). However, microinjection of
Alexa-phalloidin has revealed the existence of a
network of actin filaments in the egg cell that is dis-
tributed throughout the cytoplasm (Fig. 11b).
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Most of the central cell is visible as it protrudes from
the ovular tissue at two days after flower opening.
Before fertilization the secondary nucleus is located
in the chalazal or central region of the central cell,
where cytoplasmic strands are seen to emanate from
it (Fig. 12). Since the central cell is easily accessible,
the rate of success for microinjection was up to 60%.
Microinjection of Alexa-phalloidin into the central cell
of the embryo sac before pollination revealed a promi-
nent network of actin in the cortical region (Fig. 13
a-c) and some sparse, transversely aligned actin
filaments at the micropylar end (Fig. 13a, c). Actin
filaments could also be seen in the cytoplasmic strands
at the median plane (Fig. 13d).

Two days after anthesis, at the stage in which the
flower has a freshly opened stigma, two synergids and
an egg cell are evident at the micropylar end of the
embryo sac (one of the synergids is not in the focal
plane) (Fig. 14 a). Phalloidin microinjection of the syn-
ergid has revealed an actin cap near the region of the
filiform apparatus at the micropylar end of the syn-
ergids, where the distribution of actin is dense (Fig. 14
b). It disappears after the pollen tube penetrates the
degenerated synergid (unpubl. obs.). At about 5 h after
pollination, but before pollen tube arrival, one of the
synergids has begun to degenerate. The egg cell is dis-
tinct with a nucleus in the center. The egg cell oc-
cupies most of the micropylar end of the embryo sac
(Fig. 15a). Microinjection of Alexa-phalloidin into the
degenerated synergid reveals that there is a distinct

Figs. 1-3. Localization of actin cytoskeleton in the maize embryo sac before fertilization

Fig. 1a—c. Three-dimensional organization of the actin cytoskeleton in a partially isolated embryo sac before fertilization, visualized by
staining with rhodamine-phalloidin in MBS-treated embryo sac. a A partially isolated embryo sac with the micropylar end towards the
bottom of the field. Note that most part of the embryo sac was exposed after microdissection. CC Central cell, A antipodal cell, Nc nucel-
lus. Phase contrast. b A confocal image of the same embryo sac as shown in a. Note that transverse actin filaments (arrowheads) are aligned
in the cortical region of the central cell (CC) and a dense array of actin filaments in the egg cytoplasm (E). ¢ A median confocal section
of the same embryo sac as in a, showing a dense actin array (arrowhead) at the chalazal periphery of the egg cell (E) and a large vacuole
in the micropylar region of the cell. Bars: 50 pm

Fig. 2a-d. Three-dimensional organization of the actin cytoskeleton in the central cell before fertilization visualized by staining with
rhodamine-phalloidin in MBS-treated embryo sac. a A partially isolated embryo sac. Note that half of the chalazal part of the embryo sac
(at the top end of the picture) is exposed after being microdissected. Phase contrast. A Antipodal cell, CC central cell, Nc nucellus. b A
median confocal optical section of the same embryo sac as in a. Actin bundles are evident throughout the cytoplasmic strands and par-
ticularly dense in the perinuclear region (arrowheads) of the central cell (CC). ¢ An optical section of the same embryo sac as in a, showing
transversely aligned actin filaments in the cortex (arrowhead) and dense actin bundles in the transvacuolar cytoplasmic strands (arrow) in
the central cell (CC). V Vacuole. d An optical section at the periphery of the same embryo sac as in b, showing transversely aligned actin
filaments in the cortex of the central cell (arrow). Bars: 50 pm

Fig. 3a,b. The organization of actin filaments in the antipodal cells. a A confocal optical image of the antipodal cells in one of the isolated
embryo sacs. Note that reticulate actin filaments (arrowhead) are distributed in the cytoplasm. A number of vacuoles (V) are present
throughout the cells. b A different optical section of antipodal cells (A) as shown in a. An actin network is evident in the cytoplasm (arrow-
head) in this section. Bars: 10 um
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Figs. 4 and 5. Localization of the actin cytoskeleton in the fertilized maize embryo sac

Fig. 4a, b. Organization of the actin cytoskeleton in the embryo sac during fertilization, a An embryo sac during fertilization. Note that
the actin aggregates (arrow) are accumulated at the chalazal end of the degenerated synergid (DS§). An anastomosing network (arrow-
head) is evident in the cytoplasm of the central cell (CC). b A different optical section of the same embryo sac in a, showing transversely
aligned actin filaments (arrowhead) in the cortex of the central cell (CC) in the micropylar end. Bars: 50 um

Fig, 5a-c. Three-dimensional organization of actin filaments in the central cell during fertilization. a A fertilized embryo sac stained with
rhodamine-phalloidin showing an actin meshwork in the chalazal cytoplasm (arrowhead) of the central cell (CC) and a dense actin array
in the cortex (arrow). V Vacuole. Bar: 50 um. b The same embryo sac as in a reveals a meshwork of actin filaments (arrowheads) in the
cytoplasm of the central cell (CC). Note the delimiting circumferential actin bundles near the cortex (arrow). Bar: 20 um. ¢ A different
optical section of the same central cell as in b. Note that actin bundles are aligned in the transvacuolar strand (small arrow) and a promi-
nent network is distributed throughout the cytoplasm (arrowhead). Dense actin bundles are evident in the cortex of the cell (large arrow).
Bar: 20 pm

actin band at the interface of the degenerated syn-
ergid and egg cell. Actin is profusely distributed in the
degenerated synergid. Some actin appear to aggregate
into a dense mass (Fig. 15b). After the pollen tube has
penetrated and discharged its contents into the degen-
erated synergid (Fig. 16a, pollen tube is not in the

focal plane), abundant actin aggregates accumulate at
the interface between the degenerated synergid and
the persistent synergid (Fig. 16b). These observations
are consistent with the previous findings in Nicotiana
tabacum (Huang and Russell 1994) and maize (Huang
and Sheridan 1998: figs. 8a, b and 9a), indicating that
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Fig. 6a—c. Dynamic changes of actin cytoskeleton in the egg cell during fertilization. a Staining with rhodamine-phalloidin in a fertilized
embryo sac reveals a prominent actin band (arrow) at the periphery of the egg cell (E). Nc Nucellus. Bar: 50 um. b An optical image of
actin cytoskeleton in the same egg cell as in a. Note that actin patches (arrow) are distributed in the chalazal cytoplasm of the egg cell (E).
V Vacuole. Bar: 20 um. ¢ A serial confocal image of the same cell shown in b indicates that the actin patches (arrow) are accumulated at

the periphery of the cell. V Vacuole. Bar: 20 pum

changes in the actin cytoskeleton accompany the inter-
action between the male and female gametes. At about
5h after pollination, before the arrival of the pollen
tube, intercellular actin can also be observed by
microinjection of Alexa-phalloidin into the intercellu-
lar space between the egg and central cell. It emerges
as a distinct corona (Fig. 17a,b). Sometimes two actin
bands could be observed (dependent on the site of
penetration of the microinjection needle) in the inter-
cellular space between the cells of the female germ
unit. One band appears in the intercellular space
between synergid and egg and the other between egg
and central cell (Fig. 17¢). Similar to maize, the actin
cytoskeleton in the Torenia egg also displays remark-
able changes after pollination. Microinjection of
Alexa-phalloidin into the egg cell after pollination
reveals that there are numerous actin patches in the
cortex of the egg cell (Fig. 18). The dynamic change of
the actin cytoskeleton also occurs in the central cell
after pollination. Microinjection of the central cell at
two days after flowering reveals that the central cell
displays a prominent actin network at the cortex,
which is particularly dense in the perinuclear region
of the secondary nucleus and also at the micropylar
end (Fig. 19a). However, at 5h after pollination the
dynamic changes of actin in the central cell become
more evident. The actin network becomes fragmented
in the micropylar end of the central cell (Fig. 19b).

When nuclear fusion occurs between a sperm nucleus
and the secondary nucleus, the actin network com-
pletely depolymerizes into punctate structures. This
involves a series of very complex events which will be
reported in another communication.

Discussion

Methods for labeling of actin cytoskeleton in
the embryo sacs: a comparison

Due to inaccessibility of the embryo sac and technical
difficulties involved with actin preservation in the
female reproductive cells, attempts to localize actin
filaments in the aldehyde-fixed cells with rhodamine-
phalloidin have only been partially successful in a few
species (Bednara et al. 1990, Huang et al. 1993, Huang
and Russell 1994, Webb and Gunning 1994, Ye et al.
1997). Since the embryo sac has a large volume and is
highly vacuolated, it requires a rapid and adequate
fixation. This is particularly true for the fertilized
embryo sac, which processes rapid and dynamic
events. Aldehyde fixation has been found to induce
significant morphological changes in cell integrity
during fertilization due to inadequate chemical
fixation (Russell 1982). The collapse of synergid and
egg cell sometimes has been observed in the fertilized
embryo sac of maize when fixed with paraformalde-



hyde (unpubl. obs.). Thus, paraformaldehyde fixation
gave images with sparse actin filaments due to the
poor preservation of actin cytoskeleton (Fig. 9a). Of
concern, the process of cell wall digestion with
enzymes and membrane permeabilization with dime-
thylsulfoxide and EGTA may result in deleterious
effects on the actin filaments (Heslop-Harrison and
Heslop-Harrison 1991, Doris and Steer 1996).

B.-Q. Huang et al.: Dynamics of actin cytoskeleton in embryo sac

Figs. 7-9. Dynamic changes of actin
cytoskeleton in the synergid during fer-
tilization in maijze

Figs. 7a, b, Organization of actin
cytoskeleton in the synergid after polli-
nation. a A partially isolated embryo sac.
Phase contrast image. Sy synergid, £ egg
cell, CC central cell, Ne Nucellus. b Stain-
ing of rhodamine-phalloidin of the same
embryo sac as in a, showing actin distri-
bution in the synergid before degenera-
tion. Note that the actin filaments (large
arrow) are randomly distributed at the
chalazal part of the synergid (Sy) and a
dense array of actin filaments is aligned
along the chalazal cortex (arrowhead).
A meshwork of actin filaments (smail
arrows) is present in the central cell
(CC). Bars: 20 jun

Fig. 8a, b. Dynamic changes of actin
cytoskeleton in the degenerating syner-
gid during fertilization. a A fertilized
embryo sac stained with rhodamine-
phalloidin showing abundant dots and
aggregates of actin distributed through-
out the degenerated synergid (Dsy). They
accumulate at the chalazal end of the
degenerated synergid, forming a distinct
corona band (arrowheads). b Two actin
coronas are present in the egg appara-
tus of the same embryo sac as in a.
One corona overarches at the interface
between egg cell (E) and central cell
(arrow) and another in the chalazal
end of the degenerated synergid (Dsy)
(arrowhead). Bars: 20 pm

Fig. 9a, b. Syngamy in the embryo sac.
a Staining of rhodamine-phalloidin in a
formaldehyde-fixed embryo sac showing
actin coronas (arrowhead) in the egg
apparatus. CC Central cell; Dsy degener-
ated synergid; £ egg cell. b Staining
with Hoechst 33258 in the same embryo
sac showing that one sperm cell (S)
approaches the egg cell (E), and the
second sperm cell fuses with the central
cell (CC). Dsy Degenerated synergid.
Bars: 50 pm

To circumvent aforementioned problems in labeling
actin cytoskeleton due to the conventional aldehyde
fixation method, we have introduced the MBS cross-
linking method to avoid using enzymes, EGTA, and
any detergent and to minimize deleterious effects on
the actin cytoskeleton. The partially isolated maize
embryo sacs were only treated with the mild protein-
cross-linking reagent MBS to stabilize filamentous (F)
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actin (Sonobe and Shibaoka 1989). With the aid of
confocal microscopy, we were able to clearly visualize
three-dimensional organization and dynamic changes
of the actin cytoskeleton in the maize embryo sac.
These changes not only occur in the synergid but also
in the egg cell during fertilization, and include the for-
mation of actin coronas in the egg apparatus and actin
patches in the egg cortex. Here we have shown further
by using the technique of microinjection of Alexa-
phalloidin that changes in the dynamics of the actin
cytoskeleton observed in maize embryo sacs also occur
in the living embryo sacs of T. fournieri. This indicates
that localization of the actin cytoskeleton in the maize
embryo sac by the MBS cross-linking method is not an
artifact of the treatment; however, adequate time must
be given during MBS treatment if the cells are to be
properly stabilized and fixed (Doris and Steer 1996).

Phalloidin microinjection is an approach that may
avoid some of the aforementioned concerns in the
labeling of actin cytoskeleton in plant cells (Lloyd
1989, Cleary 1995, Valster and Hepler 1997). In addi-
tion, it permits one to observe living cells in “action”.
Application of this technique for studying the actin
cytoskeleton in the embryo sac, however, is difficult
due to the inaccessibility of the female gametophyte.
Torenia fournieri, the plant material chosen for
microinjection is ideal for studying the events during
fertilization in living embryo sacs, because it has a
naked embryo sac that protrudes from the micropyle
(Higashiyama et al. 1997). Thus, all the cells of the
female germ unit are clearly visible under the light
microscope. Attempts in artificial fertilization by
microinjecting sperm cells into the egg apparatus also
have been carried out using this plant material
(Keijzer et al. 1988, Keijzer 1992).

In this study we have shown for the first time that
three-dimensional arrays of F-actin can be clearly
visualized in living embryo sacs. Furthermore, most
of the observations in the living embryo sacs confirm
the findings reported previously, e.g., in Nicotiana
tabacum, maize, and Plumbago zeylanica (Huang and
Russell 1994, Huang and Sheridan 1998, Huang et al.
1993)) But some of the features have not been
observed in fixed and even MBS-treated embryo sacs.
For instance we have identified longitudinally oriented
actin bundles present in the micropylar cytoplasm of
the synergid in addition to the randomly oriented
arrays in the chalazal part of the cell. Moreover, in
comparison with MBS-treated embryo sacs of maize
before pollination, in T. fournieri transversely aligned
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actin filaments in the cortex of the central cell are
much sparser and tend to concentrate mainly in the
micropylar end of the central cell. Furthermore, the
actin filaments in the cortex of the central cell after
anthesis invariably organize into a distinct network.
They become fragmented in the micropylar end of the
central cell after pollination. But in maize, only a
meshwork of actin filaments is present in the cyto-
plasm of the central cell after pollination. Whether
actin fragmentation also occurs in maize after pollina-
tion remains to be answered by further investigation.
Microinjection also allows us to examine the precise
location and dynamic changes of the actin cytoskele-
ton in the female germ unit. After microinjection of
Alexa-phalloidin into the synergid, we are able to
expose the actin dynamics in the synergid during
fertilization. One novel finding in the microinjected
embryo sac is the existence of an actin cap near the
filiform apparatus. These actin filaments emerge from
the filiform apparatus when the embryo sac becomes
mature and the stigma is competent to accept pollens;
they disappear after the pollen tube penetrates the
embryo sac (unpubl. obs.).

Microinjection of Alexa-phalloidin into the living
Torenia embryo sac also reveals that actin coronas
do occur during fertilization. Phalloidin microinjected
into the synergid also shows that the actin corona
at the chalazal end does emerge before the pollen
tube arrives at, and penetrates, the embryo sac (see
Fig. 15b).The fluorescence of the coronas is intensified
at the chalazal end of the degenerated synergid and
intercellular space between the egg, synergids and
central cell after the pollen tube discharges its con-
tents. As in Nicotiana tabacum and maize, two actin
coronas could be localized in the Torenia embryo sac
during fertilization if Alexa-phalloidin is precisely
microinjected into the intercellular space between the
egg and central cell and between the synergids and
central cell. However, more frequently only one
corona can be localized and this we attribute to the
fact that often only the degenerating synergid could be
easily microinjected and this type of microinjection
usually will only label one corona (Fig. 15a, b) instead
of two. Thus the data obtained with 7. fournieri
confirm the previous observations of the occurrence
of actin coronas in the fertilized embryo sacs in
Plumbago zeylanica (Huang et al. 1993), Nicotiana
tabacum (Huang and Russell 1994), and maize (Huang
and Sheridan 1998; also the present study). Further-
more, phalloidin microinjection also localizes the actin
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aggregates to the intercellular space between egg and
central cell and between the synergids and the central
cell during fertilization confirming the existence of
actin in the intercellular space between the cells of
the female germ unit reported previously using fixed
embryo sacs (Huang and Russell 1994).

The role of actin cytoskeleton during fertilization

Our results, along with previous findings, indicate that
the reorganization of the actin cytoskeleton in the
embryo sac occurs simultaneously with a series of fer-
tilization events including reception of the pollen tube,
migration of male gametes, and gametic fusion. The
reception of the pollen tube and male gametes in the
synergid is the first step to secure gametic fusion.
Depolymerization or fragmentation of the cytoskele-
ton appears to be a crucial event accompanied by the
degeneration of one of the synergids before pollen
tube arrival. Supporting this view is the localization of
actin aggregates in the cytoplasm and an actin corona
at the chalazal end of the degenerating synergid
(Huang and Russell 1994). The localization of the actin
corona at the chalazal end of the degenerating syn-
ergid before pollen tube arrival is also illustrated in 7.
fournieri in this study. This suggests that the actin
corona may initially derive from the actin cytoskele-
ton of the synergid; the release of pollen tube contents
is not a necessary prerequisite for corona formation
(Huang and Russell 1994, Huang and Sheridan 1998).
The actin filaments in the degenerating synergid
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appear to depolymerize into dots and then accumulate
as aggregates at the chalazal end of the cell. These
aggregates may infiltrate into the intercellular gap
after the breakdown of the plasma membrane of the
synergid, possibly creating a pathway taken by the
sperm cells in fusing with the egg and the central cell.

Structural studies have demonstrated that synergids
contain an extremely high concentration of calcium
(Chaubal and Reger 1990, 1992). In fertilized ovules,
abundant membrane-bound calcium has also been
detected in the degenerated synergid (Huang and
Russell 1992). Presumably, the release of calcium from
the vacuoles in the degenerating synergid alters the
local physiological conditions, causing fragmentation
and depolymerization of both actin microfilaments
and microtubules. These events may be a necessary
prelude to the reception of the pollen tube and the
male gametes.

Transport and deposition of the sperm cells to the
fusion sites of the female target cells is a second step
for gametic fusion. Since plant sperm cells are immo-
bile, the pollen tube and embryo sac must provide a
means for their transport to the female target cells. The
location of the actin coronas along the path of the
gametes has led to the hypothesis that they may play
a role in sperm migration (Huang and Russell 1994).
Supporting this hypothesis is the observation that
myosin I has been detected on the surface of the gen-
erative and sperm cells (Miller et al. 1995); its interac-
tion with the adjacent actin microfilaments could
provide the necessary motive force.

Figs. 10-13. Actin distribution in the living embryo sacs of T. fournieri before pollination

Fig. 10a-d. Labeling of actin filaments in the synergid by microinjection with Alexa-phalloidin and then recorded by serial optical sec-
tions. a A mature embryo sac of T. fournieri before fertilization. Note that the embryo sac protrudes from the ovular tissue. Two synergids
(Sy) and a large central cell (CC) are evident in the protruding embryo sac. The egg cell is not in the focal plane. DIC. b Microinjection of
Alexa-phalloidin in the same embryo sac shown in a. Sparse actin filaments (arrowhead) in the chalazal end and dense labeling in the
micropylar end in one of the synergids (Sy) are evident. Some actin filaments (arrow) in the central cell (CC) are also labeled. Ov Ovular
tissue. ¢ An optical section of the same synergid as in b, showing the presence of random actin filaments in the cortex (arrowhead). d Label-
ing of actin in the same synergid (Sy) as in b reveals actin bundles (arrow) aligned at the micropylar end of the cell in another optical
section. Bars: 50 um

Fig. 11a, b. Labeling of actin filaments in the egg cell with microinjection of Alexa-phalloidin. a A mature embryo sac protrudes from the
ovular tissue (Ov). The egg cell (E) is evident in the micropylar end of the embryo sac. CC Central cell. DIC. Bar: 50 um. b Microinjection
of Alexa-phalloidin into the egg cell (E) revealing an actin meshwork (arrowhead) in the cytoplasm of the egg cell. Bar: 20 um

Fig. 12. DIC image of a living embryo sac showing a large central cell (CC) and two synergids (Sy). Note that the secondary nucleus (SN)
is visible at the central region where the cytoplasmic strands (arrowhead) emanate from it. Ov Ovular tissue. Bar: 50 um

Fig. 13a-d. Actin distribution in a microinjected central cell (CC). a The projection of serial optical sections showing an actin network
(arrow) and some transversely aligned actin filaments in the cortex of the central cell (arrowhead). b An optical section in the cortex
showing an actin network in the same central cell as in a. ¢ An image of the same central cell as in a at different focal plane showing some
sparse transversely aligned filaments (arrow) at the micropylar end and a network of actin filaments (arrowhead) in the cortex. d A median
optical section of the same central cell (CC) showing some actin filaments in the cytoplasmic strands (arrowhead). Bars: 20 um
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Gametic fusion is an essential event of fertilization
in which actin may participate. The information from
other systems has demonstrated that gametic fusion is
accompanied by reorganization of the actin cytoskele-
ton (Hart and Fluck 1995, Swope and Kropf 1993). It
is accomplished by depolymerization-repolymeriza-
tion or rearrangement of preexisting actin filaments

B.-Q. Huang et al.: Dynamics of actin cytoskeleton in embryo sac

Figs. 14-16. Actin dynamics in the syn-
ergid of T. fournieri during fertilization

Fig. 14a, b. Actin organization in the
filiform apparatus of the synergids
before pollination. a DIC image of the
embryo sac showing a synergid (Sy) and
an egg cell (E) at the micropylar end of
the embryo sac (the other synergid is not
in the same focal plane). Note that a
large vacuole is still evident in the cha-
lazal end of the synergid. CC Central cell;
FA filiform apparatus. b Phalloidin
microinjection of the same synergid (Sy)
as in a reveals that there is an actin cap
associated with the filiform apparatus
(FA). Note that at places the distribution
of actin is dense (arrow). Bars: 10 pm

Fig. 15a,b. Labeling of actin in a degen-
erated synergid at Sh after pollination
but before the arrival of pollen tube.a A
transmissional image of the embryo sac
showing an egg (F) and a degenerated
synergid (Dsy) at the micropylar end
(the other synergid is not in focal plane).
Note that the egg nucleus (N) locates in
the center of the cell. b Microinjection
with Alexa-phalloidin into the degener-
ated synergid (Dsy) reveals that actin
is profusely distributed throughout the
degenerated synergid. Some actin ap-
pears to have aggregated into dense
mass. A distinct actin band at the chalazal
end of the degenerated synergid adjacent
to the egg cell (E) (arrow) is also visible.
Bars: 10 pm

Fig. 16a, b. Labeling of actin in a degen-
erated synergid of an embryo sac after
pollen tube discharge. a Viewed from the
micropylar end of the fertilizing embryo
sac (CC). Note that a degenerated syn-
ergid (Dsy) is evident at the micropylar
end of the embryo sac. Psy Persistent
synergid. b Microinjection with Alexa-
phalloidin through the micropylar end
of the same embryo sac as in a reveals
that actin aggregates (arrow) are con-
centrated at the interface between the
degenerated synergid (Dsy) and the per-
sistent synergid (Psy). Bars: 10 pm

(Shimizu 1995) including the formation of the fertil-
ization cone (Hart and Fluck 1995) and actin patch
(Swope and Kropf 1993) for sperm entry. Similarly,
during fertilization a prominent actin band has been
found in the cortex of the egg cell and discrete actin
patches are localized in the cytoplasm. The reorga-
nization of the actin cytoskeleton in the egg cell
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may be triggered by the arrival of the pollen tube,
which correlates spatially and temporally with sperm
penetration. _

During fertilization dynamic changes of the actin
cytoskeleton in the central cell appear to coincide with
the migration of the secondary nucleus for the fusion
with the male gamete. Before pollination two distinct
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Fig. 17a-c. Labeling of actin in the inter-
cellular space between the cells of the
female germ unit at about 5 h after polli-
nation but before the arrival of the pollen
tube. a A transmissional image showing
an egg cell (E) and a central cell (CC) (the
synergids are not in focus) after pollina-
tion. Bar: 20 um. b Labeling of actin with
Alexa-phalloidin injection into the inter-
cellular space between egg (F) and
central cell (CC) in the same embryo sac
as in a, showing a distinct actin corona
(arrowheads) surrounding the egg cell.
Bar: 20 pm. ¢ Labeling of intercellular
actin in another embryo sac with Alexa-
phalloidin injection after pollination.
Note that actin aggregates are localized
between the egg (E) and the central cell
(CC) (small arrow) and between the syn-
ergid (Sy) and the egg (large arrow). Bar:
10 ym

Fig. 18. Labeling of actin in the egg cell
at 5 h after pollination, but before pollen
tube arrival. Microinjection with Alexa-
phalloidin into the egg cell (E) reveals the
existence of actin patches (arrow) in the
cell cortex after pollination. Bar: 10 um

Fig. 19a, b. Actin organization in the
central cell of T. fournieri before and after
pollination. a Microinjection of Alexa-
phalloidin into the central cell (CC)
revealing an actin network in the cortical
region. Note that the actin filaments are
particularly dense in the perinuclear
region of the secondary nucleus (SN) and
the micropylar end of the central cell
(arrow). b At 5h after pollination, actin
filaments become fragmented (arrow) in
the micropylar end of the central cell
(CC). SN Secondary nucleus. Bars: 10 pm

arrays have been observed in the central cell, includ-
ing a transversely oriented array in the cortex of the
cell and an actin network in the cytoplasm. A similar
network of actin filaments in the central cell has also
been found in Plumbago zeylanica (Huang et al. 1993)
and Arabidopsis thaliana (Webb and Gunning 1994).
After pollination some actin bundles are found to
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connect the secondary nucleus to the micropylar
cortex of the central cell. The actin network in the
micropylar end becomes fragmented. When the
nuclear fusion takes place between a male gamete and
central cell, the actin filaments become completely
depolymerized into punctate structures at the perinu-
clear region (unpubl. obs.). Soon they reorganize as
long filaments after fertilization, and the nucleus of
the primary endosperm migrates back to the chalazal
part of the cell and the endosperm rapidly reorganizes
its cytoplasm (Mol et al. 1994). Although the role of
the actin arrays in the central cell is not fully under-
stood, bundles of actin filaments appear to facilitate
cytoplasmic streaming (Huang et al. 1992). Moreover,
actin filaments have been postulated to be responsible
for organelle transport and nuclear migration (Grolig
1998). Hence, they may play a similar role in the
central cell during fertilization.
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