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Summary. Cytological events in the first 12 h after 
pollination were studied in crosses between the 
hexaploid wheat genotype Chinese Spring and the 
maize genotype Seneca 60. A pollen tube was first 
observed in the embryo sac 4 h after pollination, 
and maize sperm nuclei were first observed in the 
embryo sac after 5 h. On 29 occasions two, and 
on I occasion three, pollen tubes penetrated the 
embryo sac. Four  categories of  aberration limiting 
the frequency of  fertilization were identified: (1) 
in 20% of florets no pollen tube reached the em- 
bryo sac; (2) in at least 1.9% the pollen tube sever- 
ely damaged the wheat egg cell and polar nuclei; 
(3) in 33% the maize sperm nuclei were not re- 
leased from the pollen tube; and (4) in 16% the 
sperm nuclei were released into the embryo sac 
but failed to move to either of  the wheat gametes. 
In the remaining 29~ sperm nuclei were more of- 
ten found in the egg cell than at the polar nuclei. 
The results suggest that karyogamy occurs with 
very high efficiency when a sperm nucleus reaches 
the egg cell, but with only about  50% efficiency 
when a sperm nucleus reaches the polar nuclei. 
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Introduction 

Previous work on crosses between the hexaploid 
wheat genotype Chinese Spring and the maize gen- 
otype Seneca 60 found evidence of  fertilization in 
100 of  the 343 florets dissected (29.2%). Eighty 
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(23.3%) had only an embryo, eight (2.3%) had 
only an endosperm and in 12 (3.5%) double fertil- 
ization had occurred to give an embryo and an 
endosperm. The hybrids were karyotypically 
highly unstable, rapidly eliminating the maize 
chromosomes (Laurie and Bennett 1986, 1987, 
1988a). 

The main barrier to the recovery of  plants from 
wheat x maize crosses appears to be the absence, 
or poor  development, of  the endosperm, which al- 
ways has few nuclei in comparison to self-pollin- 
ated Chinese Spring caryopses grown under similar 
conditions (Bennett et al. 1975) and aborts early 
in seed development. In spite of  these difficulties, 
haploid wheat plants can be recovered using spike- 
let culture (Laurie and Bennett 1988b), and this 
system is of  interest both for wheat haploid pro- 
duction and for gene transfer experiments. 

The recovery of  plants has led us to study the 
cytology of  Chinese Spring x Seneca 60 crosses fur- 
ther. In particular, we wanted to know why the 
frequency of  fertilization was limited to about 
30%. Failure of maize pollen tubes to reach the 
wheat embryo sac was one obvious reason, but 
previous work showed that a pollen tube often en- 
tered the embryo sac without subsequent fertiliza- 
tion (Laurie and Bennett 1987). Why was this so, 
and why did embryos develop at more than four 
times the frequency of  endosperms? 

We have addressed these questions by studying 
embryo sacs from Chinese Spring x Seneca 60 
crosses fixed at hourly intervals between 3 h and 
12 h after pollination. The timing of  pollen tube 
arrival in the embryo sac and the timing of  deliv- 
ery, and the fate, of  the maize sperm nuclei were 
recorded, and the results are discussed in relation 
to our previous work. 
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Materials and methods 

Glasshouse grown hexaploid wheat ( Triticum aestivum L., 2 n -  
42) plants of the genotype Chinese Spring were transferred to 
a controlled environment cabinet ( 2 0 + 1 ~  with a 16-h day 
length, 300 gmol m -2 s - I  mean irradiance and 75% relative 
humidity) shortly before anthesis in the leading tiller. These 
plants were used as female parents in crosses with glasshouse 
grown plants of the single cross FI hybrid maize (Zea mays 
L ,  2n = 20) cultivar Seneca 60. 

Emasculation of the wheat plants, pollen collection, cross- 
ing procedure, Feulgen staining and cytological examination 
of the ovaries were as described in Laurie and Bennett  (1987). 

Ovaries were fixed at hourly intervals from 3 h to 12 h 
after pollination. For each time interval 40 ovaries which 
showed adhesion of maize pollen grains to the stigma were 
dissected. A maximum of 10 ovaries were taken from each 
spike, giving a minimum of four replicate spikes for each sam- 
pling time. All times quoted in the Results are in hours after 
pollination. Gametes in maize pollen are haploid protoplasts 
(Dupuis et al. 1987; Cass and FaN 1988) but since only the 
nuclei are visible in Feulgen-stained material we refer through- 
out this paper to sperm nuclei. 

Results 

Dissected embryo sacs were scored for the presence 
of a pollen tube and for the presence and location 
of sperm nuclei. 

Timing of pollen tube arrival in the embryo sac 

One ovary fixed at 4 h showed entry of  a pollen 
tube into one of  the synergids. The frequency of  
embryo sacs with one or more pollen tubes rose 
at each subsequent interval up to 9 h, when the 
frequency was 80 % (Fig. 1). Ovaries fixed at 10-12 h 
showed similar frequencies, suggesting that all the 
pollen tubes that reached the embryo sac did so 
within 9 h of  pollination. Thus, failure of  fertiliza- 
tion in about  20% of florets can be attributed to 
cessation or malorientation of  pollen tube growth. 

Overall, 209 embryo sacs showed entry of  a 
pollen tube, with 179 having one pollen tube, 29 
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Fig. 1. Graph  of the number  of embryo sacs with one (o), two 
(n) or three (~x) pollen tubes in material fixed 3 h to 12 h 
after pollination. The summed frequency is also shown (e) 

having two and 1 having three. There was no obvi- 
ous trend towards an increased frequency of  entry 
of  two pollen tubes at later fixation times. Pollen 
tubes were often highly coiled near the micropyle, 
indicating that they were growing under subopti- 
mal conditions, and this made the path of  their 
growth hard to interpret. This may mean that some 
instances where a second or third pollen tube en- 
tered the embryo sac were not recognized. The fig- 
ure of  14.4% (30/209) for embryo sacs showing 
entry of  two or more pollen tubes must therefore 
be regarded as a minimum estimate. This value 
assumes that all pollen tubes observed arose from 
separate pollen grains and not from forking during 
tube elongation, which may occur if maize pollen 
tubes are germinated in vitro under suboptimal 
conditions (J.S. Heslop-Harrison, personal com- 
munication). 

In Chinese Spring x Seneca 60 crosses the pol- 
len tube is large in relation to the components of 
the wheat embryo sac (Fig. 2), and in 2.4% (5/209) 
of  ovaries the entry of  the pollen tube damaged 
the base of the embryo sac so severely that the 
component parts were no longer recognizable. This 
appeared to be because the maize pollen tube con- 
tinued to grow after entering the synergid. It is 
highly unlikely that fertilization would occur in 
such cases. Damage to the wheat egg cell and polar 
nuclei can account for failure of  fertilization in 
at least 1.9% of all florets, assuming that 80% 
of embryo sacs receive a pollen tube (i.e, 
2.4% x 0.8). 

Pollen tube arrival in the embryo sac 
without release of the sperm nuclei 

In 33% (69/209) of  cases where one or two pollen 
tubes had entered the embryo sac no sperm nuclei 
were seen. It could be argued that they were over- 
looked but, as they were clearly visible in other 
preparations, it is more likely that they had not 
been discharged from the pollen tube. This was 
confirmed in one instance where two sperm nuclei 
were found in the pollen tube about  500 gm outside 
the micropyle. 

In 9.1% (19/209) of  cases, including some from 
the later fixation times, the sperm nuclei were in 
the synergid which had been penetrated by the pol- 
len tube. Some of these might later be released, 
but this seems unlikely since examples of  this 
behaviour could still be found at 48 h. These were 
therefore interpreted as cases where the pollen tube 
had entered the synergid and where the sperm nu- 
clei had moved to the tip of  the pollen tube but 
had not been released. If  this is correct, failure 
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Fig. 2. a, b Maize pollen tube and wheat egg cell in two focal 
planes; e an interpretive drawing, sy Synergid, pt  pollen tube, 
ec egg cell, n egg cell nucleus, no nucleolus, Bar 10 Ixm 

to release the sperm nuclei into the embryo sac 
can account for failure of fertilization in a total 
of 33.7% of florets (assuming 80% of embryo sacs 
received a pollen tube). 

Fate of sperm nuclei in the embryo sac 

Sperm nuclei which had been released from pollen 
tubes were observed in two embryo sacs fixed at 
5 h. In one, two sperm nuclei were on the outside 
of the egg cell. In the second, one sperm nucleus 
was adpressed to the egg cell nucleus and another 
was in the central cell cytoplasm between the egg 
cell and the polar nuclei. 

Other examples of  egg cells where a sperm nu- 
cleus was adpressed to the nucleus (Fig. 3 a) were 
found at each subsequent fixation time. In four 
cases two sperm nuclei were involved (Fig. 3 b, c). 

A sperm nucleus adpressed to the polar nuclei 
(Fig. 3 d, e) was first observed at 6 h, and further 
examples were found at each subsequent fixation 
time. In 16 cases one sperm nucleus was present 
on the polar nuclei, in 8 cases two were present, 
and in 2 cases there were three. Overall, only 4.3% 
(9/209) of the embryo sacs which received one or 
more pollen tubes showed the expected normal 
pattern of one sperm nucleus on the egg cell nucle- 
us and one sperm nucleus on the polar nuclei. Of 
the 209 instances in which one or more pollen tubes 

had entered the embryo sac, 58 showed one or 
more sperm nuclei in the egg cell, and 26 showed 
one or more sperm nuclei on, or very close to, 
the polar nuclei. Assuming that 80% of embryo 
sacs received a pollen tube, 6.1% of all florets 
would have one or more sperm nuclei only on the 
polar nuclei, 3.8% would have sperm nuclei in the 
egg cell and on the polar nuclei and 18.4% would 
have one or more sperm nuclei only in the egg 
cell. 

In 20.1% (42/209) of florets one or more maize 
sperm nuclei were within the embryo sac but not 
in contact with the wheat gametes. Some may have 
been in the process of moving to the wheat ga- 
metes, but embryo sacs with an egg cell, polar nu- 
clei and one or more sperm nuclei in the central 
cell cytoplasm could still be found 48 h after pollin- 
ation. There was no evidence that endosperm de- 
velopment could commence later than 28 h after 
pollination (present authors' unpublished data), 
suggesting that most of these sperm nuclei never 
effected fertilization. Failure to transport the 
sperm nuclei to the wheat gametes can account 
for failure of fertilization in 16.1% of florets (as- 
suming 80% of embryo sacs receive a pollen tube). 

Fig. 3. a Wheat  egg cell with a maize sperm nucleus (arrowed) 
adpressed to the nuclear membrane,  b, r Wheat  egg-cell with 
two maize sperm nuclei (arrowed) adpressed to the nuclear 
membrane,  sy Synergid. d, e Maize sperm nucleus (arrowed) 
adpressed to one of the wheat polar nuclei, f, g Two maize 
sperm nuclei (arrowed) adpressed to, or very close to, wheat 
polar nuclei. Bars 10 gm 
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Fig. 4. Diagram summarizing the 
percentage of florets showing entry of 
a maize pollen tube into the embryo 
sac, presence of sperm nuclei and 
estimated frequencies of fertilization. 
Frequencies of embryo and 
endosperm development 48 h after 
pollination are from Laurie and 
Bennett (1988 a) 

The relative contributions of the aberrations 
described above to failure of fertilization and the 
frequencies with which sperm nuclei reached the 
wheat gametes are summarized in Fig. 4 

Primary endosperm mitosis 

The first endosperm division had occurred in two 
of the ovaries fixed at 12 h, but was not observed 
in material fixed at earlier times. In the first, the 
primary endosperm nucleus was at anaphase and, 
although the chromosomes could not be counted, 
at least 28 maize daughter chromosomes were pres- 
ent, suggesting that at least two maize sperm nuclei 
had fused with the polar nuclei. In the second, 
a single endosperm nucleus was found, which was 
bilobed and appeared to be a restitution nucleus 
formed at a mitosis where the chromosomes had 
not separated properly. Although only one pollen 
tube had entered this embryo sac, two sperm nuclei 
were found close to the endosperm nucleus, sug- 
gesting that division had been stimulated even 
though karyogamy had not taken place. 

Discussion 

The basis for the difference in the frequencies 
of embryo and endosperm formation observed 
48 h after pollination 

Movement of sperm nuclei to the wheat gametes. 
If all instances in which a sperm nucleus was ob- 
served in contact with a wheat gamete gave rise 
to an embryo or endosperm, the frequency of egg 
cell fertilization would be 22.2% (80% of 58/209) 
and the frequency of polar nuclei fertilization 
would be 10.0% (80% of 26/209), a ratio of  2.2: 1. 
This discrepancy is largely accounted for by the 

45 instances where a pollen tube had entered the 
embryo sac but where only a single sperm nucleus 
was visible. In 37 out of  45 cases the sperm nucleus 
was found in the egg cell, in 7 cases it was in the 
central cell cytoplasm, and in only I case was it 
on the polar nuclei. Assuming that the second 
sperm nucleus Was not simply overlooked, this sug- 
gests that when only one sperm nucleus was re- 
leased it usually moved to the egg cell. 

This raises the possibility that the destination 
of sperm nuclei is predetermined, as proposed by 
Roman (1948) from data on the inheritance of B- 
chromosomes in embryos and endosperms of 
maize and by Russell (1985) from data on the 
transmission of plastids in Plumbago. Such func- 
tional differentiation may be accompanied by mor- 
phological differentiation, since McConchie et al. 
(1987) have reported that sperm nuclei in mature 
unhydrated maize pollen grains differ in size and 
shape. If maize sperm nuclei are pretargetted, our 
results could be explained if the maize sperm nucle- 
us programmed for fusion with the egg cell was 
preferentially released from the pollen tube. Alter- 
natively, the first sperm nucleus to be released from 
the pollen tube may fertilize the egg cell. 

Failure of karyogamy. The figures for the expected 
frequencies of embryo and endosperm formation 
are minimum estimates. They exclude florets from 
early fixation times where sperm nuclei have not 
yet been delivered to the embryo sac, and florets 
from later fixation times where sperm nuclei may 
have fused with wheat gametes and become too 
diffuse to be identifiable. Nevertheless, the esti- 
mated value for the egg cell (22.2%) is close to 
the 26.8% observed in material fixed 48 h after 
pollination (Laurie and Bennett 1988a). This, to- 
gether with the observation that sperm nuclei were 
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not seen in egg cells at 48 h, suggests that karyo- 
gamy is very efficient if a sperm nucleus reaches 
the egg cell. 

In contrast, the estimated frequency of endo- 
sperm development (10.0%) is slightly higher than 
the 5.8% found 48 h after pollination. Further- 
more, sperm nuclei could still be observed in asso- 
ciation with the polar nuclei at 48 h, suggesting 
that karyogamy was less efficient than in egg cells. 
Thus failure of karyogamy is an additional factor 
which reduces the frequency of endosperm forma- 
tion (Fig. 4). 

Comparison with other wide-crosses. Crosses be- 
tween Chinese Spring and the grain sorghum geno- 
type S9B also showed a marked discrepancy be- 
tween the frequency of embryo formation (67%) 
and the frequency of endosperm formation (12%) 
(Laurie and Bennett 1988c). However, this was not 
so in crosses between the tetraploid wheat geno- 
type Kubanka and Seneca 60 maize (O'Don- 
oughue and Bennett 1988) or between Chinese 
Spring and the pearl millet genotype Tift 23BE 
(Laurie 1989), In both these hybrids most embryos 
were accompanied by an endosperm. Furthermore, 
the frequency of endosperm formation may differ 
when different hexaploid wheat genotypes are pol- 
linated with Seneca 60 maize. For example, Chi- 
nese Spring (Hope 5B), in which the Chinese 
Spring 5B chromosome had been replaced by the 
5B chromosome from the variety Hope, gave endo- 
sperm formation in 11.6% of florets. This was sig- 
nificantly higher than the 6.0% found in Chinese 
Spring (Laurie and Bennett 1987). These results 
strongly suggest that genetic differences are impor- 
tant in determining the relative frequencies of em- 
bryo and endosperm formation. 

Cell/cell interactions are likely to be important 
in determining these varied responses. Glycopro- 
teins in the zona pellucida are known to be impor- 
tant in egg cell/sperm interaction in placental 
mammals (Wassarman 1988), and it is reasonable 
to suppose that recognition signals are also neces- 
sary in plants (Knox and Singh 1987). If so, the 
results from our wide-hybridization experiments 
suggest that egg cell/sperm nucleus signals tend to 
be more conserved than polar nuclei/sperm nucleus 
signals. 

Does fertilization always involve one sperm nucleus ? 

Fertilization of the egg cell or polar nuclei nor- 
mally involves one sperm nucleus, but in wheat x 
maize crosses this may not always be the case. In 
4 ovaries there were two sperm nuclei adpressed 

to the wheat egg cell nucleus, while in 48 ovaries 
there was only one. Thus 7.7% (4/52) zygotes 
could have two haploid complements of maize 
chromosomes. There is no direct evidence that this 
occurs, as all the zygotes so far observed in which 
chromosomes could be counted had the expected 
F1 combination of 21 wheat and 10 maize chromo- 
somes (Laurie and Bennett 1986, 1988 a). However, 
a zygote with twice the expected number of chro- 
mosomes from the male parent was found in both 
Chinese Spring x S9B sorghum (Laurie and Ben- 
nett 1988c) and Chinese Spring x Tift 23BE pearl 
millet crosses (Laurie 1989). All embryos with four 
or more cells from crosses between wheat and 
maize, sorghum or pearl millet have had micronuc- 
lei, indicating that karyogamy is essential for em- 
bryo development. Results from endosperm sug- 
gest that fertilization by two sperm nuclei can oc- 
cur and also that the polar nuclei can commence 
development without karyogamy. 

General conclusions 

Pollen tube growth, release of sperm nuclei from 
pollen tubes, movement of sperm nuclei to female 
gametes and karyogamy probably require pro- 
grammed intercellular or internuclear interactions 
between the male and female reproductive struc- 
tures. If so, the results from wheat x maize crosses, 
and others which span comparable taxonomic dis- 
tances, suggest that many of these signals are con- 
served in the grasses, since fertilization readily oc- 
curs if sperm nuclei are successfully delivered to 
the embryo sac. Thus, the scope for sexual hybrid- 
ization may be much greater than has previously 
been thought, which has interesting implications 
for the role of sexual wide-hybridization in plant 
evolution and for the production of novel wide- 
hybrids in plant breeding. Conservation of cell rec- 
ognition signals between sperm and egg cells, to- 
gether with recent advances in regenerating plants 
from single cells (i.e. cereal protoplasts, Abdullah 
et al. 1986; Rhodes et al. 1988), may also enable 
novel hybrids to be produced by in vitro fertiliza- 
tion using isolated gametes. 
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