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The progeny of an induced barley mutant has recently been shown to produce a relatively high percentage of 
caryopses containing haploid embryos. In addition, some caryopses have a full complement of endosperm, but lack 
an embryo, and still other ovules abort at an early stage. The study reported here was initiated to investigate the 
embryological basis of these unusual phenomena. Since the majority of the ovules studied showed normal double 
fertilization, a built-in control was provided and, therefore, this process is also described. The pollen tube delivers the 
two male gametes to the embryo sac by first growing through the micropyle of the inner integument, then between 
nucellar cells before discharging into the degenerate synergid. Double fertilization is effected after the sperm cells 
exit the degenerate synergid and enter the intercellular space between the egg apparatus and the central cell. The 
lack of a cytoplasmic sheath around the sperm nucleus within the egg, the absence of any identifiable male 
organelles in the egg-zygote cytoplasm, and the presence of a cytoplasmic sheath in the intercellular space outside 
the zygote at the point where the sperm nucleus had entered, suggest that no male cytoplasm enters the egg during 
the process of syngamy. Haploid embryos arise from the unfertilized egg. In these ovules, triple fusion of the polar 
nuclei and one sperm occurs normally, but the other sperm fails to enter the egg even though it reaches the 
intercellular space just outside the female gamete. Embryoless caryopses appear to result from a similar condition, 
i.e., the lack of syngamy accompanied by triploid endosperm formation. However, in this case, the egg does not 
continue to develop into an embryo. The absence of polar nuclei or the failure of triple fusion even though the egg 
may be fertilized, results in the ultimate abortion of some ovules. 

Abbreviations: PIPES = 1,4-piperazinediethane sulfonic acid. 
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1. INTRODUCTION 
The spontaneous production of haploid em- 

bryos by the progeny of an induced barley 
mutant has recently been reported by HAGaE~G 
and HA6BERG (13). Caryopses containing 
haploid embryos occur in varying frequencies up 
to 40% or more, are of full size, and appear nor- 
mal in every respect. Seedlings resulting from 
haploid embryos are vigorous and grow to matu- 
rity without special treatment. When the chro- 
mosome number is doubled via colchicine, the 
plants are quite fertile and, in turn, produce more 
haploid embryos. In addition to haploid embryo 
production, some ovaries develop into full-size 
caryopses with a complete endosperm, but no 
embryo, while others abort at an early stage. 

Besides being a potentially valuable tool for 
plant breeders, this barley mutant is of special 
interest from an embryological standpoint. Ques- 
tions that immediately come to mind are: What is 
the embryological basis behind haploid embryo 
formation? Is the endosperm of caryopses with 
haploid embryos composed of normal triploid 
tissue? Would an embryological study of the 
haploid phenomenon offer any insights into basic 
mechanisms involved in normal double fertiliza- 
tion? How are embryoless caryopses formed? 
Why do some ovules abort at an early stage? The 
investigation being reported here was initiated 
for the purpose of answering these questions. 

Since normal double fertilization occurred in 
the majority of the cases studied, a built-in stan- 
dard was provided. For this reason, and the fact 
that double fertilization has not been previously 
reported for barley at the electron microscope 
level, some details of this process are also de- 
scribed in the present report. 

2. MATERIALS AND METHODS 
Plants used for this study were derived from 

the homozygous recessive hap (haploid initiator) 
mutant stocks of Hordeum vulgare L. variety 
Bonus according to the procedures described by 
HAGBERG and HAGBERG (13). The plants were 
grown in individual pots containing standard pot- 
ting soil in a glasshouse under controlled, op- 
timum conditions 05)  at the experimental farm 
of Carlsberg Plant Breeding, Hyldagerg~rd, 
Denmark and the Swedish University of Agri- 
cultural Sciences, Department of Plant Breeding, 

at Sval0v, Sweden. Some plants were also grown 
in a growth chamber at Northern Arizona Uni- 
versity, Flagstaff, Arizona under similar condi- 
tions. 

Florets were emasculated and bagged (15) two 
days before hand-pollinations were performed. 
At timed intervals after pollination (all spikes 
were rebagged after pollination), carpellary 
tissue was trimmed with a razor blade under 
buffer solution (either phosphate buffer, pH 7.4 
or PIPES buffer, pH 7.8) and the exposed ovules 
were fixed in 4% glutaraldehyde in either phos- 
phate buffer, pH 7.4 or PIPES buffer, pH 7.8. 
Some ovules were also fixed in 4% glu- 
taraldehyde in sodium cacodylate buffer at pH 
7.2. Fixation times included: (a) before pollina- 
tion; (b) 30 minutes to 75 minutes after pollina- 
tion, with individual ovules being fixed every 3 to 
5 minutes during this period; (c) 1 hour to 1 hour 
and 45 minutes after pollination with individual 
fixations every 3 to 5 minutes during this period; 
(d) 2 hours to 2 hours and 45 minutes post-pol- 
lination, with individual fixations every 3 to 5 
minutes during this period; and (e) 4 hours to4 
hours and 45 minutes post-pollination, with fixa- 
tions every 3 to 5 minutes during this period. Two 
additional fixation times, with all ovules fixed 
simultaneously, were made at 6 hours and 5 days 
post-pollination. 

After 6 hours in glutaraldehyde at room tem- 
perature, the tissue was rinsed in buffer (2 hours, 
3 changes) and post-fixed in 2% osmium tetrox- 
ide (2 hours at room temperature) in respective 
buffers and pH used for the glutaraldehyde fixa- 
tion. Following a two hour rinse (3 changes) in 
distilled water, the tissue was held at 4 ~ over- 
night, then dehydrated in an ethanol series, 
changed to absolute acetone, and embedded in 
Spurr's resin. 

Seventy-five ovules were thick-sectioned (3 
~tm) with a glass knife and first observed with 
phase contrast microscopy. After photographing 
the desired thick section, it was re-embedded at 
the tip of an epoxy block according to a procedure 
described elsewhere (21), and ultrathin sec- 
tioned. Ultrathin sections were collected on sing- 
le slot (lmm x 2mm) grids and stained with an 
LKB Ultrostainer for 1 hour in uranyl acetate 
followed by 1 hour in lead citrate. Electron micro- 
scopy was accomplished with a Siemens 102 or a 
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JEM-7A electron microscope. Some thick sec- 
tions, not used for re-embedding, were stained 
with basic fuchsin and methylene blue (30). 
Chromosome counts were made from squashes of 
developing embryo and endosperm tissue that 
had been fixed in 3:1 ethyl alcohol and glacial 
acetic acid and stained with aceto-carmine. 

3. RESULTS 
3.1. Normal double fertilization 

Pre-Syngamy. The mature embryo sac, before 
pollination, consists of two synergids and an egg 
cell at the micropylar end, a large, vacuolate cen- 
tral cell with two polar nuclei located at the chal- 
azal end of the egg apparatus, and a cluster of 
several antipodal cells situated chalazally or 
somewhat to the side (Figures 1, 2, 5). Within 
one hour after pollination, several pollen tubes 
reach the micropylar end of the ovule and one 
enters the embryo sac by first growing through 
the micropyle of the inner integument, then con- 
tinuing between nucellar cells and into the degen- 
erate synergid via its filiform apparatus (Figures 
2, 5, 6, 7, 8). Once in the degenerate synergid 
cytoplasm, the pollen tube discharges two sperm 
cells along with pollen tube cytoplasm which con- 
tains numerous, typical polysaccharide spheres 
(31) and some starch grains (Figure 8). No une- 
quivocal example of a vegetative nucleus was 
seen in the degenerate synergid in this study. 
After pollen tube penetration, dense, osmiophilic 
areas are seen extending from the tip of the de- 
generate synergid around the chalazal end of the 
egg. This material is apparently forced from the 
degenerated synergid as pollen tube discharge 
occurs (11), but it is not clear whether it is of 
synergid or pollen tube origin, or both (Figure 2). 
The two male gametes quickly pass through the 
degenerate synergid and enter the intercellular 
space between the egg apparatus and the central 
cell plasma membranes (Figures 3, 9, 10, 11, 20, 
26, 27). The sperm cells at this time are typically 
associated with the previously mentioned os- 
miophilic material near the chalazal end of the 
egg (Figures 9, 10, 11, 26, 27). Each male gamete 
has a dense nucleus surrounded by a cytoplasmic 
sheath enclosed in a single plasma membrane. 
The sperm cytoplasm contains numerous 
organelles, most of which appear to be 
mitochondria, but some of which may be pro- 

plastids. Dictyosomes, ribosomes, endoplasmic 
reticulum, lipid bodies, and small vacuoles also 
occur (Figures 9, 10, 11, 26, 27, 31, 45, 46). 

Fusion of egg and sperm. Upon entering the 
intercellular space between the egg apparatus 
and central cell, the plasma membrane of the 
male gamete apparently destined to fuse with the 
egg comes into intimate contact with the plasma 
membrane of the egg (Figure 11). Once in the egg 
cell, the male nucleus no longer has a cytoplasmic 
sheath of its own (Figure 12), and no examples 
have been seen where identifiable organelles of 
male origin were present within the egg cell 
cytoplasm. What appear to be male cytoplasmic 
sheaths have been observed just outside of the egg 
in the intercellular position where it would be 
expected that the male nucleus has entered (Fig- 
ure 4). While travelling toward the egg nucleus, 
the male nucleus retains its previous dense ap- 
pearance, and is aligned with its long axis parallel 
to the egg nucleus (Figures 4, 12). After reaching 
the egg nucleus, the male chromatin becomes 
progressively more diffuse as karyogamy takes 
place (Figures 13, 14, 15, 16). Nuclear fusion oc- 
curs by the formation of several bridges between 
the male and female nuclear membranes as has 
been described for other species (16, 25, 34) (Fig- 
ure 17). In one case, membranes of the endo- 
plasmic reticulum were seen to fuse with both 
nuclear membranes (Figure 18). As nuclear fu- 
sion becomes complete, the male chromatin is 
still identifiable at one side of the zygote nucleus 
up to at least six hours post-pollination. Frag- 
ments of nuclear membranes are often seen with- 
in the zygote nucleus in the vicinity of the male 
chromatin, and by this time, new nucleoli are 
beginning to form in association with the male 
chromatin (Figure 19). 

Triple fusior~ A portion of the plasma mem- 
brane of the male gamete about to fuse with the 
central cell (as judged by its closer proximity to 
the polar nuclei as compared to the egg cell) 
comes in intimate contact with the central cell 
plasma membrane before entrance is effected 
(Figure 26). As in the case of the egg, after en- 
trance of the male nucleus into the central cell, it 
no longer has its own cytoplasmic sheath, and no 
distinguishable male cytoplasmic components 
have been identified in the central cell cytoplasm. 
However, unlike the case of the egg, it has not 
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been possible, so far, to identify any cytoplasmic 
sheaths that would be suspected of being left be- 
hind by the male gamete entering the central cell. 

Upon reaching the partially fused polar nuclei, 
the male nucleus fuses with one polar nucleus in a 
manner similar to that described for the egg and 
sperm nuclei (Figures 21, 28). During the fusion 
process, the three nuclei migrate chalazally and 
become located near the antipodal cells (Figure 
23). After entrance, the male chromatin quickly 
becomes diffuse and one or more new nucleoli 
begin to appear (Figures 22, 29, 30). Soon after 
fusion, the male chromatin is no longer dis- 
tinguishable from that of the polar nucleus and 
the only evidence of fusion is the presence of ex- 
tra nucleoli within the fusion nucleus (Figures 
24, 25). 

3.2. Haploid embryo formation 
Chromosome counts made from squashes of 

developing embryo and endosperm tissues show 
that haploid embryos are always associated with 
normal, triploid endosperm. In four sectioned 
ovules ranging from 2 to 43/4 hours post-pollina- 
tion, it was found that the pollen tube had dis- 
charged into the degenerate synergid and that a 
normal, triple fusion condition was present in the 
central cell; yet, the egg had not been fertilized. 
In three of these ovules, no second male gamete 
was located; however, in the fourth ovule, which 
was fixed 4 to 43/4 hours after pollination, a male 
gamete was found in the intercellular space be- 
tween the egg apparatus and the central cell 
(Figure 31). The sperm cell consisted of a normal 
appearing nucleus with dense chromatin, and a 
typical cytoplasmic complement surrounded by a 
p~sma membrane (Figure 32). The egg cell of 
this ovule contained a nucleus without male chro- 
matin, and had normal cytoplasm with numerous 
mitochondria, plastids with starch grains, dictyo- 
somes, lipid bodies, microbodies, endoplasmic re- 
ticulum and small vacuoles (Figures 31, 33). In 
the central cell, the two partially fused polar nu- 
clei had migrated to a position adjacent to the 
antipodals and one polar nucleus contained a typ- 
ical large nucleolus plus a smaller, but sizeable, 
nucleolus such as would be expected by 4 hours 
after sperm entry (Figure 34). The other polar 
nucleus contained only a single, large nucleolus. 

The pollen tube had entered this ovule by the 
expected route and discharged into the degene- 
rate synergid (Figure 35). 

3.3. Embryoless caryopses 
Chromosome counts made from young ovules 

with developing cellular endosperm, but lacking 
an embryo, show that the endosperm of embryo- 
less caryopses is triploid. In a sectioned ovule col- 
lected six hours after pollination, free-nucleate 
endosperm was present, yet there was no male 
chromatin in the egg nucleus; however, located in 
the chalazal intercellular space next to the egg, a 
sperm cell was found. The sperm chromatin was 
near normal in appearance, but lacked a nuclear 
envelope and the male cytoplasm was in an ap- 
parent degenerate state (Figures 36, 37, 38). The 
egg cytoplasm of this ovule did not appear nor- 
mal in that the plasma membrane was lacking 
and the plastid envelopes contained numerous, 
atypical, osmiophilic bodies (Figures 38, 39). 
Four examples of older ovules (i.e., collected 5 
days after pollination and containing dividing 
cellular endosperm) showed only a small dense 
mass of cytoplasm in the micropylar position 
where a multicellular embryo would be expected 
(Figures 40, 41, 42, 43). 

3.4. Ovule abortion 
In three cases it was found that no polar nuclei 

were present in the embryo sac. In two of these 
ovules the egg had been fertilized normally, but 
the other male gamete was not found. In the third 
ovule, collected 2 to 23/4 hours after pollination, 
the egg was unfertilized and a male gamete was 
located in the intercellular space just outside the 
egg (Figure 44). The sperm nucleus was of a 
typical dense appearance, and the cytoplasmic 
sheath, surrounded by an intact plasma mem- 
brane, was of normal make-up (Figure 45). The 
plasma membranes of the egg and sperm were in 
close association, while those of the central cell 
and sperm were separated by a distance of 0.06 
/am to 0.29 btm (Figures 45, 46). In three addi- 
tional examples, the egg had been fertilized, but, 
even though the polar nuclei were present, they 
were unfertilized. The other male gamete in 
these examples was not found. 
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4. DISCUSSION 
4.1. Normal double fertilization 

Observations made during the present study 
on embryo sac structure and the process of doub- 
le fertilization agree basically with those made on 
barley by POPE (24) and CASS and JENSEN (4). 
However, the report by CASS (5) that "the male 
gametes leave the synergid entering a pocket of 
central cell cytoplasm" before effecting double 
fertilization was not confirmed by the present 
investigation; nor was an "intrusion of central cell 
cytoplasm into the degenerate synergid ~ (5) 
found to take place in the variety of Hordeum 
vulgare studied here. 

Cass' (5) contention that the "male cytoplasm 
enters the egg as indicated by transmission of 
cytoplasmic virions by barley sperm cells (CAR- 
ROLL and MAYHEW, 1976)" is not supported by 
the observations of this study, nor by the fact that 
mature male nuclei also contain viral particles 
(3). While the absence of a cytoplasmic sheath 
around the male nucleus and the lack of any iden- 
tifiable male cytoplasmic organelles in the egg 
cytoplasm after syngamy (present study) do not 
dictate the interpretation that no male cytoplasm 
enters the egg, this information, along with the 
presence of what appears to be a male 
cytoplasmic sheath in the intercellular space just 
outside the egg at the point where the male nu- 
cleus entered, does offer preliminary support for 
such a conclusion. Additional observations on 
sperm entry into the egg, along with quantitative 
data from serial sections of the organdies within 
cytoplasmic sheaths outside the egg-zygote will 
be included in a subsequent report on fertiliza- 
tion in barley. 

4.2. Origin of haploid embryos 
Haploid embryos among angiosperms have 

been reported to arise in various ways in vivo: (1) 
Pollen tubes fail to reach some ovules of a given 
ovary, yet the egg cell is stimulated to develop 
into a haploid embryo (14). (2) The pollen tube 
enters the ovule, but does not discharge and the 
egg develops into a haploid embryo (14). (3) The 
male gamete enters the egg cytoplasm, but does 
not fuse with the egg nucleus; the egg goes on to 
form the embryo and the male chromatin either 
degenerates or becomes isolated from other parts 
of the embryo by cell wall formation (17, 27). 

(4) Karyogamy occurs, but the male chromatin is 
subsequently eliminated during embryo develop- 
ment (28). (5) A synergid divides to form a 
haploid embryo (8, 9, 20). (6) The male gamete 
gives rise to a haploid embryo (7, 12, 18). 

Observations made during the present inves- 
tigation, along with those of M.D. BENNETT and 
R.A. FINCH of the Plant Breeding Institute, 
Cambridge, England, and W. HENEEN, Depart- 
ment of Crop Genetics and Breeding, the Swed- 
ish University of Agricultural Sciences, Sval0v, 
who are studying the same barley mutant by the 
techniques of embryo sac dissection and paraffin 
embedded sections respectively, indicate that 
none of the above situations would explain the 
basis for haploidy in the plant under study. Since 
chromosome counts (present study; BENNETT and 
FINCH, unpublished, personal communication; 
HENEEN, unpublished, personal communication) 
demonstrate that the endosperm associated with 
haploid embryos is triploid, triple fusion appar- 
ently occurs normally. This would indicate that 
the pollen tube does enter the embryo sac and 
that it discharges. Moreover, the finding by BEN- 
NETT and FINCH (unpublished, personal com- 
munication) and HENEEN (unpublished, personal 
communication) that the two-celled embryo is 
already haploid, contains no remnants of extra 
chromatin, and is associated with a persistent 
and degenerate synergid, offers convincing evi- 
dence that the haploid embryo arises from an 
unfertilized egg. The remaining question is: 
What happens to the other male gamete? 

Four ovules of the present study showed nor- 
mal triple fusion and eggs with no male chro- 
matin. Since syngamy ordinarily occurs within 
one hour after pollination (24; present study) and 
these ovules were fixed from 2 hours to 43/4 hours 
after pollination, it is concluded that the process 
of syngamy had failed in these ovules. This con- 
dition is exactly what might be expected to lead 
to haploid embryo formation; i.e., normal endo- 
sperm development and the formation of an em- 
bryo from the haploid egg. Although the second 
male gamete was not located in three of these 
ovules, in the fourth ovule an intact sperm cell 
was found in the intercellular space just outside 
the egg. Thus, it is concluded that caryopses con- 
taining haploid embryos arise as the result of nor- 
mal triple fusion and the failure of the other male 
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gamete to complete the final steps of its journey. 
At this point, it is assumed that entrance of the 
sperm into the egg is prevented by some phys- 
iological means since there appears to be no 
structural explanation of why this process is 
halted. 

At first, it might be suspected that some defi- 
ciency exists on the male side; however, genetic 
studies show quite clearly that it is the genotype 
of the female parent which controls haploid em- 
bryo formation since the pollen source is not a 
factor (13; BODIL SOGAARD, unpublished, person- 
al communication). A system such as this may 
prove to be useful for future studies on biochemi- 
cal control mechanisms involved in syngamy 
within flowering plants. 

4.3. Embryoless caryopses 
Since chromosome counts (present study; 

BENNEtt and FINCH, unpublished, personal com- 
munication) indicate that the endosperm of em- 
bryoless caryopses of the barley mutant under 
study is triploid, it appears that triple fusion oc- 
curs normally, but the embryo either is not for- 
reed in the first place, or if so, it aborts at an early 
stage. In one ovule of this study, which was fixed 
six hours after pollination, it was found that free- 
nucleate endosperm was present, the egg was un- 
fertilized, and the second male gamete was lo- 
cated in the intercellular space just outside the 
egg. This condition is reminiscent of that which is 
believed to result in caryopses with haploid em- 
bryos. However, in this particular case, even 
though the endosperm was developing normally, 
the egg cell was in a state of degeneration and, 
therefore, would likely have aborted, thus result- 
ing in an embryoless caryopsis. 

It appears, therefore, that embryoless car- 
yopses are produced when, as in potential haploid 
embryo formation, triple fusion occurs, and the 
other male gamete reaches the intercellular 
space next to the egg, but does not move beyond 
this point. It may be that, in the case of embryo- 
less caryopses, certain physiological conditions 
which might stimulate the egg to develop are not 
met and, thus, the egg degenerates while endo- 
sperm continues to develop. The presence of a 
male gamete just outside the egg, and developing 
endosperm do not appear to be sufficient stimuli, 

in themselves, to cause the egg to develop into a 
haploid embryo. 

Other observations, from 5 day post-pollina- 
tion ovules with cellular endosperm, lend support 
to the idea that if the embryo begins to develop at 
all, it does not get very far in potentially embryo- 
less caryopses. In these ovules, only a small, dense 
mass of cytoplasm was found in the position 
where a multicellular, globular embryo normally 
would have developed by this time. This is just 
what would be expected if the entire egg appara- 
tus had aborted at an early stage. 

4.4. Ovule abortion 
Ovule abortion in angiosperms has been re- 

ported to be associated with a variety of factors 
including the lack of fertilization (1, 22, 26, 32), 
failure of the embryo sac to complete its develop- 
ment (2, 6, 19), high temperatures (29, 33), re- 
duction of cell divisions in the nucellus (33), com- 
petition due to heavy crop load (10), suppression 
of other ovules in a given ovary by the first one to 
be fertilized (22), and blockage of the vascular 
trace leading to the ovule (23). 

Several ovules of the present study provided 
evidence for the cytological basis of early ovule 
abortion. All of these cases involved the polar 
nuclei, which were either absent from the embryo 
sac, or if present, were unfertilized. Either of 
these conditions would result in the lack of endo- 
sperm formation and, consequently, eventual 
ovule abortion. In all but one of these examples 
the egg had been fertilized normally, yet the 
other male gamete was not found. These observa- 
tions demonstrate that the two phases of double 
fertilization can occur independently from one 
another; i.e., even with or without the presence of 
polar nuclei, syngamy can occur normally. Like- 
wise, the condition believed to result in haploid 
embryo formation demonstrates the autonomy of 
double fertilization events in that triple fusion 
can occur without syngamy. 

In the case where the egg was not fertilized, a 
male gamete was located in the intercellular 
space just outside the egg. A close contact be- 
tween the plasma membranes of the egg and 
sperm cell suggests that this male gamete had 
an affinity for the egg, yet actual entry was not 
accomplished. This condition is the same as that 
operating in haploid embryo formation and/or 
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embryoless caryopsis formation, but in this case, 
the absence of polar nuclei could only lead to 
ultimate abortion of the entire ovule. 
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Figure 1. Median longisection through the mature embryo sac before pollination showing two synergids (S), polar 
nuclei (Po), and the antipodals (A) at the chalazal end of the central cell. Section stained with basic fuchsin and 
methylene blue. 175X. 

Figure 2. Median longisection through the micropylar end of an ovule fixed 2 to 23/4 hours after pollination showing 
the pollen tube (T) between the inner integument (II) and the inner epidermis of the carpel (C), within the micropyle 
of the inner integument, between nucellar cells (N) and in the degenerate synergid (DS). Note that osmiophilic 
material (unlabelled arrow) has emerged from the degenerate synergid and is located in the intercellular space 
around the chalazal end of the egg (E). OI -- outer integument. Section unstained. 310X. 

Figure 3. Partial transverse section through the egg apparatus of an ovule fixed 1 to 13/4 hours after pollination. The 
sperm cell (SP) has emerged from the degenerate synergid (DS) and is located in the intercellular space between the 
egg (E) and central cell (CC). PS = persistent synergid. Section unstained. 1,200X. 

Figure 4. Near transverse section of an egg fixed 1 to 13/4 hours after pollination. The sperm nucleus (unlabelled 
arrow) is located just outside the egg (E) nucleus (Nu). Note cytoplasmic sheath (Cy) in the intercellular space just 
outside the egg. Section unstained. 1,200X. 

Figure 5. Longisection through the micropylar end of an ovule fixed 4 to 43/4 hours after pollination showing pollen 
tubes (T) outside the inner integument (II), in the micropyle and nucellus (N) and in the degenerate synergid (DS). 
Note male chromatin (unlabelled arrow) within the egg (E) nucleus. C -- carpel. 1,400X. 

Figure 6. Pollen tube (T) near the micropylar end of an ovule fixed 2 to 23/4 hours after pollination. Note degenerate 
condition of pollen tube cytoplasm. C = carpel; II -- inner integument; M = mitochondrion, ll,700X. 

Figure 7. Portions of two pollen tubes (T) in the micropyle of an ovule fixed 2 to 23/4 hours after pollination. 
Unlabelled arrows = polysaccharide spheres; C -- carpel; II = inner integument; N -- nucellus, ll,700X. 

Figure 8. Pollen tube tip (T) within the filiform apparatus (FA) of the degenerate synergid (DS). The presence of 
polysaccharide spheres (unlabelled arrows) within the degenerate synergid demonstrate that the pollen tube has 
discharged even though the pore does not show in this level of section. N = nucellus; PS = persistent synergid; ST = 
starch grain. 14,300X. 
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Figure 9. Sperm cell (SP) in the intercellular space between the egg (E) and central cell (CC). Taken from the same 
section as shown in Figure 3. DS -- degenerate synergid; L -- lipid body in sperm cytoplasm; M = mitochondria in 
sperm cytoplasm; Nu = sperm nucleus; OM = osmiophilic material in intercellular space; V = sperm vacuole. 
23,400X 

Figure 10. Serial section from same ovule as Figure 9 showing a more median view and higher magnification of 
sperm cell (SP) within the intercellular space. Note distinct sperm plasma membrane at unlabelled arrow. CC = 
central cell; DS = degenerate synergid; E -- egg, Nu = sperm nucleus; OM = osmiophilic material; V = sperm 
vacuole. 31,200X. 

Figure 1 I. Serial section from same ovule as in Figures 9 and l0 showing higher magnification of contact between 
plasma membranes of egg (E) and sperm (SP). M = mitochondria in egg; Nu = sperm nucleus; OM -- osmiophilic 
material; P = probable proplastid. 31,200X. 

Figure 12. Sperm nucleus (SN) within egg cytoplasm near egg nucleus (EN). From same section as shown in Figure 
4.19,500X. 

Figure 13. Egg apparatus from an ovule fixed 1 to 13/4 hours after pollination showing the male nucleus (unlabelled 
arrow) fusing with the egg nucleus (Nu). E = egg; PS -- persistent synergid. Section unstained. 1,200X. 

Figure 14. Egg apparatus from an ovule fixed 2 to 23/4 hours after pollination showing the sperm nucleus (unlabelled 
arrow) fusing with the egg nucleus (Nu). DS -- degenerate synergid; E = egg. Section unstained. 1,200X. 

Figure 15. Egg from an ovule fixed 2 to 23/4 hours after pollination showing sperm nucleus (unlabelled arrow) fusing 
with the egg nucleus (Nu). Note the less-dense nature of the male chromatin compared to Figures 13 and 14. E -- 
egg. Section unstained. 1,200X. 

Figure 16. Egg apparatus from an ovule fixed 4 to 43/4 hours after pollination showing diffuse male chromatin 
(unlabelled arrow) within the egg nucleus (Nu). DS = degenerate synergid; PS -- persistent synergid. Section 
unstained. 1,200 X. 

Figure 17. Sperm nucleus (SN) fusing with egg nucleus (EN). From same section as shown in Figure 14. ER = 
endoplasmic reticulum. 31,200X. 

Figure 18. Serial section from same ovule as in Figure 17 showing fusion of endoplasmic reticulum with both the egg 
nuclear membrane and the sperm nuclear membrane. Note fusion of outer nuclear membranes of egg nucleus (EN) 
and sperm nucleus (SN) at unlabelled arrows. 39,000X. 

Figure 19. Later stages of karyogamy from an ovule fixed 4 to 43/4 hours after pollination. Note newly formed male 
nucleolus (Nus) and remnants of nuclear membranes from egg nucleus (EN) and sperm nucleus (SN) at unlabelled 
arrows. P = plastid; ST = starch grain. 15,600X 

Figure 20. Partial transverse section through the micropylar end of the same ovule as shown in Figure 3. A sperm cell 
(SP) is in the intercellular space next to the polar nuclei (Po). CC = central cell; Nus = nucleolus. Section unstained. 
1,200X. 

Figure 21. Sperm nucleus (SN) fusing with one of the polar nuclei (Po) in an ovule fixed 2 to 23/4 hours after 
pollination. Nus = nucleolus. Section unstained. 1,200X. 

Figure 22. Sperm chromatin (SC) within a polar nucleus (Po) at 1 to 13/4 hours after pollination. Nus = nucleolus. 
Section unstained. 1,200X. 

Figure 23. Serial section from same polar nuclei (Po) as in Figure 22 showing two large nucleoli (Nus), one in each 
polar nucleus. A = antipodals. Stained with basic fuchsin and methylene blue. 1,200X. 
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Figure 24. Two polar nuclei (Po) each with a single large nucleolus (Nus) at 4 to 43/4 hours after pollination. 1,200X. 

Figure 25. Serial section from same polar nuclei (Po) as in Figure 24 showing absence of distinct male chromatin and 
presence of a smaller nucleolus (unlabelled arrow) within the polar nucleus which has fused with the sperm nucleus. 
1,200X. 

Figure 26. Sperm cell (SP) within the intercellular space next to the polar nuclei. Taken from the same section as 
shown in Figure 20. Note that plasma membranes of sperm and central cell (CC) come in intimate contact 
(unlabelled arrows). DS = degenerate synergid; OM -- osmiophilic material; Nu -- sperm nucleus. 19,500X. 

Figure 27. Same section as in Figure 26 showing polar nuclei (Po) and numerous organelles in the central cell (CC) 
cytoplasm. DS -- degenerate synergid; OM = osmiophilic material; SN = sperm nucleus; Nus --- nucleolus. 
19,500X. 

Figure 28. Sperm nucleus (SN) fusing with polar nucleus (Po). From an ovule fixed 2 to 23/4 hours after pollination. 
Nus = nucleolus; CC = central cell. 19,500X. 

Figure 29. Partially fused polar nuclei (Po) with sperm chromatin (SC) in one polar nucleus. From same section as 
shown in Figure 22. Nus -- nucleolus. 10,000X. 

Figure 30. Higher magnification of same sperm chromatin (SC) as in Figure 29, showing male nucleolus (Nus) 
beginning to form and a portion of nuclear membrane (unlabelled arrows; note nuclear pores) nearby demonstrating 
karyogamy was recently completed. CC = central cell; Po -- polar nucleus. 19,500X. 

Figure 31. Chalazal end of an egg apparatus from an ovule fixed 4 to 43/4 hours after pollination, showing a sperm cell 
(SP) within the intercellular space just outside the egg (E). CC = central cell; Nu = sperm nucleus; OM = 
osmiophilic material; PS = persistent synergid; ST = starch grain within a plastid. 19,500X. 

Figure 32. Higher magnification of same section as in Figure 31, showing details of the intercellular sperm cell (SP). 
CC -- central cell; E -- egg; Nu -- sperm nucleus; OM -- osmiophilic material; PS -- persistent synergid. 31,200X. 

Figure 33. Egg nucleus and associated cytoplasm from same ovule as in Figure 31. ER -- endoplasmic reticulum; L 
-- lipid body; M -- mitochondria; Mi -- microbody; Nus -- nucleolus; ST -- starch grain in plastid. 19,500X. 

Figure 34. Partially fused polar nuclei (Po) showing one nucleus with a typical, large nucleolus (Nus) and another 
sizeable, but smaller nucleolus (Nus) presumably of male origin. Second polar nucleus contained only a single, large 
nucleolus (not visible at this level of sectioning). CC -- central cell. 11,700X. 

Figure 35. Micropylar end of same ovule as in Figures 31, 32, 33, and 34 showing the pollen tube (T) within the 
filiform apparatus (FA) of the degenerate synergid (DS). PS -- persistent synergid. 19,500X. 

Figure 36. Transverse section through the micropylar end of an ovule fixed 6 hours after pollination, showing a sperm 
cell (SP) in the intercellular space near the chalazal end of the egg (E). Section unstained. 1,200X. 

Figure 37. Same ovule as in Figure 36 cut at a deeper level to show the egg (E) nucleus (Nu). Section unstained. 
1,200X. 

Figure 38. Sperm cell (SP) within the intercellular space just outside the egg (E) showing the sperm nucleus (Nu) 
and degenerate sperm cytoplasm. Note lack of egg plasma membrane. Taken from same section as in Figure 36. CC 
= central cell; OM -- osmiophilic material in intercellular space. 19,500X. 

Figure 39. Transverse section through the unfertilized egg at the level of the nucleus (Nu) showing the peculiar 
osmiophilic globuies associated with the plastid (P) membranes (unlabelled arrows). Note lack of tonoplast around 
many of the vacuoles (V). Taken from same section as shown in Figure 37. ST = starch grain. 19,500X. 
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Figure 40. Cellular endosperm (EN) within an ovule fixed 5 days after pollination. Note mitotic figure indicating 
that the endosperm was dividing and apparently developing normally. Section unstained. 800X. 

Figure 41. Micropylar end of same ovule as shown in Figure 40 showing degenerate cytoplasm (DC) and what 
appears to be a collapsed egg (E). Section unstained. II -- inner integument; N -- nucellus. 800X. 

Figure 42. Micropylar end of an ovule fixed 5 days after pollination showing dividing (unlabelled arrow) endosperm 
(EN) and degenerate cytoplasm (DC) in the position where a multicellular embryo would be expected by this time 
(such as shown in Figure 43). Section unstained. 800X. 

Figure 43. Micropylar end of an ovule fixed 5 days after pollination showing a multicellular embryo (EM) with 
mitotic figures (unlabelled arrow). EN -- endosperm. Section unstained. 800X. 

Figure 44. Longisection through the egg (E) of an ovule fixed 2 to 23/4 hours after pollination showing a sperm cell 
(SP) in the intercellular space just outside the egg. Section unstained. 1,200X. 

Figure 45. Electron micrograph of an ultrathin section taken from the same section as shown in Figure 44 showing 
details of the sperm cell (SP) within the intercellular space between the egg (E) and the central cell (CC). Note 
closer contact between egg and sperm plasma membranes compared to those of the sperm and central cell. Nu -- 
nucleus; OM -- osmiophilic material; P = probable proplastid; V = vacuole. 15,600X. 

Figure 46. Higher magnification of same section as shown in Figure 45 showing further details of the sperm (SP) 
cytoplasm and close association between the egg (E) and sperm plasma membranes (arrows). CC = central cell; D = 
dictyosome; L -- lipid body; Nu = nucleus; OM = osmiophilic material. 31,200X. 
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