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Abstract The actin cytoskeletal organization and nuclatroduction

ar behavior of normal anshdeterminate gametophytel

(ig1) embryo sacs of maize were examined during fertila flowering plants, sexual reproduction involves a com-
zation. After pollination, during degeneration of one @flex sequence of events leading to formation of the zy-
the synergids and before arrival of the pollen tube, thete and endosperm in a process known as double fertili-
cytoskeletal elements undergo dramatic changes incladtion (for reviews see Jensen 1974, 1998; Russell
ing formation of the actin coronas at the chalazal end1®92). The pollen tube deposits two sperm cells into the
the degenerating synergid and at the interface betweembryo sac and these subsequently fuse with the egg and
the egg cell and central cell. The actin coronas are pié® central cell. The pollen tube, apparently guided by
ent only for a limited period of time and their presencetise physical and chemotropic geometry of the ovule,
coordinated with pollen tube arrival and fusion of the gpenetrates the embryo sac. The exact site of pollen tube
metes; they disappear before the zygote divides. Thislgis and where the two male gametes are released also
lows us to estimate the frequency of fertilized ovulegpear highly regulated. It is presumed that the two fe-
along the ear. Up to 88% of the ovules on an ear contaiale targets, the egg cell and the central cell, have a rela-
actin coronas in the embryo sacs when observed 16-1f/dly narrow receptive period in vivo following pollina-
after pollination, indicating the high frequency of fertiltion and that release of the non-motile male gametes
izing kernels along the ear at this stage. Inighembryo must be precisely positioned. In most species, the promi-
sacs, two or more degenerated synergids containing antnt features in this process include degeneration of one
coronas at their chalazal ends receive multiple pollefithe synergids, its subsequent penetration by the pollen
tubes for gametic fusion and can consequently give rigbe, discharge of the pollen tube cytoplasm into the syn-
to twin or polyembryos. These findings with the monergid, release of the male gametes, their migration to
cot maize are consistent with previous reports on the #ieir fusion sites, and sperm fusion with the female tar-
cotsPlumbagoandNicotiang suggesting that the forma-gets (Russell 1992; Dumas and Mogensen 1993).

tion of actin coronas in the embryo sac during fertiliza- The role of the cytoskeletal components in the cellu-
tion is a universal phenomenon in angiosperms andas control of double fertilization merits detailed atten-
part of a mechanism of interaction between gametic sign (Russell 1993). There is considerable information
naling and actin cytoskeleton behavior which appearsrégarding the pollen tube and its contents indicating that
precisely position and facilitate the access of male ggtoskeletal elements are involved in pollen tube elon-

metes to the egg cell and central cell for fusion. gation, organelle transport, and the descent of the gener-
ative and sperm cells (Palevitz and Tiezzi 1992; Pierson
Key words Fertilization - Maize - Actinig mutan- and Cresti 1992). Interestingly, the male gametes and

their progenitor generative cells appear to lack actin
(Palevitz and Liu 1992; Palevitz and Tiezzi 1992). The
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pollen tube function. Current views hold that actifhemical fixation and plastic thick sectioning

provides a dynamic scaffold for associated IOcomme(/aries were dissected and fixed in a solution of 3% glutaralde-

proteins. o ) o i hyde in 0.1 M sodium cacodylate buffer, pH 7.2, for 5 min under
During fertilization, both synergids are initially intactacuum and further fixed in glutaraldehyde for 4 h at room tem-

before pollen tube arrival (Huang and Russell 1992prature and 1% osmium tetroxide at 4°C overnight. Tissue was
Breakdown of the plasma membrane and vacuole of edded in Spurr’s resin and then sectioned at 4-um thickness.

- . . € sections were stained with 1% toluidine blue O. Observation
receptive synergid occurs at pollen tube arrival, when ections was conducted using a Laborlux S (Leitz, Germany)

high concentration of calcium present in the synergiguipped for differential interference contrast (DIC).
vacuole (Chaubal and Reger 1990, 1992a, b) is released

as membrane-associated calcium (Huang and Rusggl|ye labelling of actin and DNA

1992). Microtubules and actin in the synergid are app@unfixed and fixed embryo sacs

ently depolymerized during synergid degeneration and

do not appear to impede pollen tube arrival and d%\ﬁlzess pere ﬁ)lzsseg)c‘gdmﬂ‘%é’%g‘:l dm4(£ ETSSergfg?rpf’g.sTM

charge. At this stage, two actin coronas occur at the igataining 29 DMSO. The materials were incubated in enzyme
terface between synergid, egg and central ceNiaoti- solution consisting of 1% cellulysin, 1% pectinase, and 0.3%
ana tabacum(Huang and Russell 1994) and an actin cpectolyase for 30 min. Embryo sacs were isolated as previously
rona is present at the interface between the egg and €8gcribed (Huang and Sheridan 1994) and stained with 0.66 UM

tral cell in synergidles®lumbago zeylanicgHuang et rhodamine-phalloidin and 0.5% Hoechst 33258 for 1 h. For the

fixed material, ovules were fixed in a mixture of 4% paraformal-
al. 1993). The coronas appear to trace the pathways %ﬁﬁ?/de, 2% DMSO in PEMG buffer for 3 h prior to isolation

en by the sperm cells during their passage to the egg ce¥mbryo sacs. Materials were digested by the enzyme solu-
and the central cell. tion and stained with rhodamine-phalloidin and Hoechst 33258

: ; escribed above. Light microscopy was conducted using a
The presence of the actin coronas in the embryo S%@é Laborlux S microscope equipped for epifluorescence mi-

during the fertilization process MicotianaandPlumba-  croscopy.
go raises the following questions concerning the role of

the cytoskeleton during fertilization. (1) How is the de-
generation of the receptive synergid controlled and wiRaisults

is its role in acceptance of the male gametes? (2) How do

the male gametes move within the synergid and migrdtee organization of actin and nuclear DNA
to their female target cells? (3) How does the cytoskefiiring fertilization in normal embryo sac
ton coordinate this migratory process? (4) Is the prev}iﬁ

ence of actin coronas a universal phenomenon in embhie time course of double fertilization in maize varies
sacs during fertilization of angiosperms? ith growth conditions, particularly environmental tem-

In this study we used fluorescent light microscopy RErature (Mol et al. 1994). It is important to precisely de-
examine the fertilization events in wild-type andeter- t€rmine a time course for fertilization events in order to
minate gametophytfig) mutant embryo sacs in maize tgerform in vitro cytological and molecular studies. We
address some of the aformentioned questions. We getermined the time course of fertilization in maize us-
served the presence of similar actin coronas during ferf}d the embryo sac isolation technique and double stain-
ization in wild-type andg mutant embryo sacs. Thesd'd Of actin and DNA. Our results are consistent with
findings, along with our earlier studies wiBlumbago Previous observations of fertilization eventsPilumbago
andNicotiana, strongly suggest that the actin cytoskel@ndNicotianawhich demonstrated that actin coronas are
ton within the embryo sac is strategically repositioned Rg€Sent only immediately prior to or during pollen tube
play an important role in the dynamic process of pougﬁnetratlon of the embryo sac and fertilization, but dis-
tube arrival, pollen tube discharge, gametic fusion, apaPear before division of the zygote (Huang et al. 1993;
nuclear fusion. Formation of the actin corona in the efj4@ng and Russell 1994). Since the occurrence of an ac-
bryo sacs of both dicots examined previously, as well % corona is a unique phenomenon in the process of fer-
the occurrence of this process in the monocot maigézation, it allows us to use this as a marker to estimate
suggest that it may be a ubiquitous and necessary stefp¢ofréquency of fertilized ovules along the ear at differ-
secure gametic fusion in angiosperms. nt times after pollination (Table 1).

Table 1 Frequency of embryo sacs (ES) with actin coronas (AC)

Materials and methods at different times after pollinatiotlAP Hours after pollinatio
Plant materials HAP (h) Number of ES (%)  Number of ES (%)  Total
having AC without AC

Seeds of Inbred line A619 and F1 of A158/M1id/ig) were
grown in the greenhouse under 16 h of light. Pollination was caf 0 45 (100%) 45
ried out according to the procedure described previously (Neuffex 16 (28.6%) 40 (71.4%) 56
1994). The ears were collected at different times after pollinatiori.6 36 (81.8%) 8 (18.2%) 44

19 56 (87.5%) 8 (12.5%) 64

32 0 15 (100%) 15
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Figs. 1-9 Localization of actin and nuclear DNA during fertilizationzal region of the degenerated synerdisyj at its border with the
in maize.Bars=2 um.Fig. 1 An isolated unfixed embryo saE® egg cell, and between the egg cE) &nd the central cell0C). The
16 h after pollination. Note tha@ark areasin the micropylar end of embryo sac was isolated 16 h after pollinatiig. 6 Localization of
the embryo sac identifying a degenerated synem&l)( Fig. 2 egg nucleusEN) and central cell secondary nucle@C{)) in the
Rhodamine-phalloidin staining of actin in the same embryoE3c ( same embryo sac shownHig. 5 by staining with Hoescht 33258.
shown inFig. 1 reveals dense labelingr(owhead$ at the chalazal Fig. 7 Actin aggregates of coronaarfowhead at the interface of
periphery of the degenerated syner@dy). Fig. 3 Fixed degenerat- the egg cellE) and the central celOC) and at the chalazal region of
ed synergid @sy) showing chalazal actin aggregatesrgwhead$.  the degenerated synergidsf). The embryo sac was isolated 18 h
The synergid was isolated 16 h after pollinatiBig. 4 Actin label- after pollinationFig. 8 Localization of the two sperm nuclé)(dur-
ing in the non-fixed degenerated synerdisy) and a nucellus cell ing their approach to fuse with the egg c&ll &nd the central cell
(No). Note that actin coronaarfow and arrowheajlat the chalazal (CC) in the same embryo sac showrFig. 7; staining with Hoescht
region of the synergid and actin bundles of the nucellar cells ext&88258.Fig. 9 Actin aggregates of coronaarowheads$ at the inter-
from the perinuclear region to the cell cortex. The synergid and tiaee of the egg celH) and the central celldC) and at the chalazal-
cellus cell were isolated at 16 h after pollinatibig. 5 Brightly-la- most region of the degenerated syner@dyl. The embryo sac was
beled actin aggregatesr(owhead$ form actin coronas in the chala-isolated 18 h after pollinatic.n
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Figs. 1012 Localization of actin and nuclear DNA during karythe actin corona (Figs. 7, 8). Karyogamy was observed to
ogamy.Bar=2 um.Fig. 10One sperm nucleusufow) fusing with - gccur 16-19 h after pollination (Figs. 9, 10). Frequently,

egg nucleusEN) and second sperm nuclewsrpwhead fusing :
with central cell secondary nucleuGEN) in the same embryo sacthe two sperm cells fuse synchronously with the egg cell

shown inFig. 9; staining with Hoescht 33258ig. 11 Two actin nucleus and central cell secondary nucleus (Figs. 10, 12).
coronas grrowheads are still present during the course of karyogFhe two actin coronas are still visible while the egg nucle-

amy. The embryo sac was isolated 18 h after pollinaiorEgg; us and the secondary nucleus of the central cell migrate in

CC, central cellFig. 12In the same embryo sac showrFig. 11, ; ; ; ; ; ; ;
one sperm nucleus is fusing with the 6gg NUCIEENN) (arrow- opposite directions during gametic fusion (Figs. 11, 12).

head and another sperm nucleus is fusing with the central céff€ actin coronas remain in the embryo sac for several
secondary nucleusCCN) (arrow). Note that the secondary nuclehours after gametic fusion but they disappear by 32 h after

us partially retains the profiles of the two polar nuclei that are fysellination and before the zygote divides (Table 1).
ing to form it. The egg nucleus and central cell secondary nucleus

appear to be migrating in opposite directions during their fusion

with the sperm nuclei; staining with Hoescht 33.258 The organization of actin and nuclear DNA

in theig embryo sac during fertilization

Actin coronas and synergid degeneration The matureég embryo sac contains variable numbers of
) ) micropylar nuclei in varying positions. The nuclei at the
About 28% of the embryo sacs contained actin coronggropylar-most region become elongated and are pre-
when examined 12 h after fertilization. The frequency efimably synergid nuclei. More than one putative egg nu-
embryo sacs containing an actin corona and male grus is frequently observed and regularly two or more
metes rapidly increases 16 h after pollination, reachipglar nuclei have fused to form the central cell secondary
about 87.5% by 19 h after pollination (Table 1). The is@ucleus (Fig. 13). Actin appears to be present in the mi-
lated viable embryo sac manifests a dramatic changgpylar cells (Fig. 14). Seven nuclei are frequently seen
16 h after pollination, as characterized by the darkengdithe micropylar end of the embryo sac, five of which
appearance of one of the two synergids (Fig. 1). Actin
aggregates accumulate at the chalazal periphery of the o . o
degenerated synergid (Fig. 2), and some of the actin &%& 13-19 Organization of actin and DNA in thig embryo sac

P : f ing fertilization.Bars=2 um.Fig. 13 A matureig embryo sac
gregates infiltrate into the intercellular space between taining five micropylar nucleMC) (two are slightly out of fo-

egg cell and central cell (Fig. 3). The isolated degener@ls) with the two polar nuclei fusing together to form the central
ed synergid exhibits a different actin pattern from that ¢l secondary nucleu€CN). Note that one elongated nucleus at
nucellus cells. Dense-staining actin is distributed maiﬁ%rmcm%lar-tmost enfh_(:(OW) r|15 pét;sumably ta Sgnergld nu”cleus

; ; e other two nucleafrowhead$ appear to be egg cell nu-
at[ the Ch_alazal end of the degenerated synergid while I&1; staining with Hoescht 33258ig. 1B,pRhodamine-%%alloidin
diate actin bundles e>_<tend from the nucleus to the cor ning of the micropylar cellMC) in a matureg embryo sac
of the nucellus cell (Fig. 4). showing the distribution of actirfCC, Central cellFig. 15 Seven
micropylar nuclei in the same embryo sac showfigm 14. Five
small nuclei (one is labeled with arrowhead are presumably
synergid nuclei and the other two are presumed egg nuclei (one is
labeled with ararrow). Note the larger size of the presumed egg
cell nuclei and the abundance of organellar DNA surrounding each
The brightly-labeled actin aggregates also form an aatirthem.CC, Central cell.Fig. 16 Numerous actin aggregates ac-

corona at the interface between the egg cell and ce ulate at the chalazal region of two degenerated synergids

; : Sy) (arrowhead$ in anig embryo sac 19 h after pollination.
cell (Figs. 5, 6). When the pollen tube arrives at the rec . 17 Hoechst staining of the nucleus of one of the degenerated

tive synergid, it discharges two sperm cells. The spegihergids Dsy) (arrowhead and the central nucleusrfow) in
cells appear to approach the egg and central cells algregsame embryo sac shownFig. 16. Fig. 18 Dense staining of

Actin coronas and gametic fusion
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actin at the chalazal region of a degenerated synergid during feifl-the ig embryo sacs 51 h after pollinatioBars=2 um.Fig. 20
ization in anig embryo sacdrrowhead$ 19 h after pollination. Longitudinal plastic section of a matuig embryo sac showing
Fig. 191n the same embryo sac showrFig. 18 one of the sperm three central cellsQC). N, Nuclei; FA, filiform apparatusFig. 21
cells © (arrowhead approaches to fuse with one of the micropytongitudinal plastic section of aig embryo sac fixed 51 h after
lar nuclei. Note the elongated vegetative nucléfsc{ose to the pollination showing twin embryosE(). Note one embryo con-
sperm nucleusS). N, Nuclei. Figs. 20—21 Longitudinal sections tains three nucleiafrowhead$. En, Endosperr:
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are at the micropylar-most region and are presumaliuang et al. 1993). The localization of actin in both the
synergid nuclei while the other two are putative egg céed and non-fixed isolated embryo sacs and synergids
nuclei (Fig. 15). of maize confirms that actin normally aggregates at the

chalazal periphery of the degenerated synergid and is not

a result of the fixation process. Formation of actin coro-
Presence of multiple actin coronas nas prior to pollen tube penetration means that the coro-
and multiple degenerated synergidsgiembryo sacs nas are not the products of the pollen tube cytoplasm.

The appearance of the corona as a band of tightly-

Similar to normal embryo sacs, one or more synergiogacked but distinct granules of rhodamine-phalloidin
degenerate before pollen tubes penetrate and actin cetained aggregates was confirmed earlier using transmis-
nas are also present at the chalazal end of the degensiait- electron microscopy. The corona bands are com-
ed synergids ing embryo sacs (Figs. 16, 17). Songe posed of patches of electron-dense material approximate-
embryo sacs contain two or more degenerated synerdyd6.2—1.5 um in size that are essentially homogeneous.
and have attracted two or more pollen tubes. The adtiimunogold labeling indicated that the coronas are rich
aggregates accumulate at the chalazal end of the degemctin. In tobacco, two coronas are evident (Huang and
erated synergid (Fig. 18) while the sperm cells approaghbssell 1994); this has been confirmed using electron
the female target cells for fusion (Fig. 19). Polyembrynicroscopy. Here we report that these two coronas have
ony is frequently seen after fertilization. Interestinglglso been found in maize using fluorescent light micros-
some maturég embryo sacs contain three central celtopy. The most micropylar of the two corona bands be-
(Fig. 20) and some fertilizety embryo sacs have twogins at the mid-lateral region of the degenerating syner-
embryos (Fig. 21). gid and extends to the chalazal end, whereas the other
band forms along the side of the egg cell and extends
along its chalazal boundary with the central cell.

Discussion Actin coronas in tobacco and maize appear to be posi-
tioned along the expected pathway that gametes would
Presence of actin coronas during fertilization follow after being discharged from the pollen tube

may be ubiquitous for gametic fusion in angiosperms (Huang and Russell 1994; this report). Although the
function of the actin coronas is still unresolved, the tim-
Our results are in agreement with the previous obserirgy of their formation and their disposition at the edge of
tions of fertilization events iPlumbagoand Nicotiana the egg cell and the degenerated synergid suggest that
(Huang et al. 1993, Huang and Russell 1994) and dehey are directly involved in transmission of the male ga-
onstrate that actin coronas are present prior to pollaetes for gametic fusion as they exit the receptive syner-
tube penetration of the maize embryo sac, but disappgid: In support of this is the observation that the syner-
before nuclear division of the zygote. This enables usdialess embryo sac &flumbago zeylanicaas only one
use actin coronas as markers to estimate the frequencyoobna located at the interface of the egg cell and central
fertilized ovules along the ear very soon after pollinaell. The sperm cells are deposited adjacent to the pollen
tion. The distribution of kernels along the maize ear thabe tip and transported a short distance for gametic fu-
are receptive for pollination and fertilization is correlatesion (Russell 1983). The location of the actin coronas
with the maturity and functional capacity of their femalalong the path of the gametes is consistent with the idea
gametophytes (Huang and Sheridan 1994). Ovules ttiett the coronas play a role in sperm migration rather
contain actin coronas are found at a high frequency at than being simply a degradation product of the synergid
middle and bottom of the ear when pollinated at the timagtoplasm.
that silks emerge. This result is consistent with the previ- The presence of actin coronas in the majzembryo
ous report that a high yield of fertilized kernels was obac during fertilization provides additional evidence of
tained when kernels removed from the middle and batvolvement of actin during fertilization. Actin coronas
tom of an ear were pollinated in vitro at the time thatere found mainly at the chalazal ends of degenerating
silks emerged from the ear (Dupuis and Dumas 1989nergids. Frequently, two or more degenerating syner-
1990). Ovules in the upper region of an ear are less dils occur in thég embryo sac and appear to attract two
veloped and are fertilized later than those located belowmore pollen tubes for gametic fusion during fertiliza-
(Huang and Sheridan 1994). tion. Release of multiple pairs of male gametes and their
During degeneration of the receptive synergid and basion with multiple eggs results in the formation of
fore arrival of the pollen tube, cytoskeletal elements umultiple embryos. According to previous reports, the in-
dergo dramatic changes that include depolymerizationdefterminate number of micropylar and central nuclei in
microtubules and formation of two actin coronas at tigeembryo sacs results in an indeterminate number of egg
chalazal end of the synergid and at the interface betweels and central cell nuclei as well as the variable ploidy
the egg and central cell, respectively (Huang and Rus$alel of endosperm that is characteristic of this mutant
1994). Interestingly, the embryo sac Bfumbago a (Kermicle 1971; Lin 1978; Huang and Sheridan 1996).
plant that lacks synergids, contains only a single ac@onsequently, thég mutation gives rise to polyembry-
corona at the interface between the egg and central oalf, heterofertilization and an elevated ploidy level of
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the endosperm after fertilization (Kermicle 1971; Linytoskeleton and cytoskeleton-associated proteins. In vit-
1978). Inig embryo sacs, twin embryos were regularlio fertilization has demonstrated that calcium is required
found and twins frequently were non-concordant if tHer fertilization (Faure et al. 1994). Calcium is known to
marker genes were introduced paternally. Those twmedulate the activity of actin-associated proteins like
identical in paternal inheritance were proposed to origirofilin (Valenta et al. 1993; Sohn et al. 1994) and gels-
nate from the fertilization of two genetically identicablin (Janmey 1994). The original view of profilin as a
eggs by the sperms of one male gametophyte (Kermitdequestering protein” has been replaced by models in
1971). Our results support the previous genetic analysisich profilin can act either to stimulate polymerization
of this mutant. The association of multiple actin coronas cause destruction, depending on cellular conditions
with multiple degenerated synergids and multiple embrffilney et al. 1983; Staiger et al. 1994; Drgbak et al.
os inig embryo sacs supports the proposition that actif94). An embryo sac profilin might promote formation
coronas are a ubiquitous phenomenon and may playoéthe actin coronas, and a pollen tube profilin could lead
important role in sperm migration within the embryo sdo their destruction. Major issues to be resolved include
during fertilization in angiosperms. determining the actin dynamics in the coronas, localizing
profilin and calcium during corona formation, and deter-
mining how the actin coronas may interact with the

Transitory appearance and precise positionin LS
Y app P P g sperm cells in vivo.

of actin coronas in the embryo sac suggest
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