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Structure, DNA content and DNA methylation of synergids dur-
ing ovule development in Malus domestica Borkh.
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Abstract — DNA content and DNA methylation of synergids of Malus domestica Borkh have been evaluated in two
different stages before fertilization. A monoclonal antibody against 5-methylcytidine has been used to evidence the
level and distribution of DNA methylation. In the first stage, both synergids were alike in structure, with a large
chalazal vacuole, a large nucleus and nucleolus and a well developed filiform apparatus. One of the two cells was lo-
calized closer the mycropilar region of embryo sac. At this stage both cells showed a 2C DNA content and a similar
level and pattern of DNA methylation. The two synergids in Malus had different fates. In the second stage, near the
time of fertilization, the mycropilar synergid showed signs of degeneration: a reduced size, a compact chromatin and
a more darkly stained cytoplasm. DNA methylation of this synergid was twice as much as the other cell and a differ-
ent distribution of DNA methylation was also evidenced between the two cells, while their DNA content was unal-
tered. These observations are discussed in relation to the hypothesis of a different gene expression in the two syn-
ergids, thus supporting the assumption of a preprogramming for the degeneration of one of the two cells.
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INTRODUCTION

Synergids are probably the most dynamic and
structurally complex cells of the female gameto-
phyte. Walls of mature synergids may be partially
or entirely absent over the chalazal end and are
characterized over the micropylar end by a cell
wall proliferation, the filiform apparatus. Histo-
chemical properties, organelle composition and
anatomical features indicate that synergids func-
tion as active secretory cells (Tilton 1981), in-
volved in the last steps of pollen tube growth
(Kasahara et al. 2005) and in the process of ferti-
lization (Russell 1982; Folsom and Cass 1992;
Shimizu and Okada 2000; Higashiyama et al.
2001). A chemiotropic attractant of pollen tube is
produced by the synergids, as demonstrated by
experiments of laser ablation of gametophyte cells
of Torenia fournieri (Higashiyama et al. 2001).
Ca2+ has been suggested to be the putative sub-
stance because of its high concentration in the
synergids of some plants (Chaubal and Reger

1990; 1992; Huang and Russell 1992) before

and after their degeneration. In Torenia fournieri,
however, the synergyds emit a not still identified
diffusible signal that is species specific and acts at
a short range (Higashiyama et al. 2003), in con-
trast to Ca2+, that functions over long distances.
Afterwards Marton et al. (2005) have reported
that a small maize protein, EA1, is required for
pollen tube guidance; however, this protein is not
likely to be an universal attractant because no ho-
molog of ea1 is present in Arabidopsis or other di-
cotiledons.

Degeneration of one or occasionally of both
synergids near the time of fertilization in an-
giosperm has been widely documented (Jensen

and Fisher 1968; Tilton 1981, Folsom and Cass

1992), even if, in some species, one or both sin-
ergids can survive for a long time and may un-
dergo cycles of DNA endoreduplication
(D'Amato 1984). The degenerating synergid be-
comes predisposed to facilitate entry of pollen
tube in the embryo sac. Two aggregates of actin
filaments, the “coronas”, presumably guiding the
pathway of the male gametes, have been identified
in the embryo sac of tobacco and one corona
forms at the chalazal end of the degenerating syn-
ergid (Huang and Russell 1994; Huang and
Sheridan 1998; Huang et al. 1999; Ye et al.
2002), suggesting a role for actin in the reception
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of the pollen tube and in the double fertilization
process.

The problem to be cleared up is whether a spe-
cific synergid degenerates or the degeneration
may occur by chance between the two cells. In
Heliantus annuus the degenerating synergid is
closer to the micropyle and contains more calcium
than the other cell (He and Yang 1992) and in to-
bacco Tian and Russell (1997) have also evi-
denced a difference between calcium in the two
synergids after pollination and less conspicuous
differences in unpollinated flowers, suggesting
that some aspects of synergid degeneration are
preprogrammed and this event is accelerated, but
not determined by pollination.

As DNA methylation levels are specific to a
particular cell type and may be different not only
between times but also within different genes
(Brown 1989), we have tried to put in evidence
differences in the pattern of distribution of DNA
methylation between the two synergids of Malus
domestica Borkh., observed in two different stages
before fertilization, using a monoclonal antibody
against 5-methylcytidine (5-mCyt). It is known
that methylation plays a crucial role in the regula-
tion of gene expression and in the control of ge-
nome stability in higher eukaryotes (Adams 1990;
Cedar and Razin 1990; Bird 1992; Zhang et al.
2006; Zilberman et al. 2006) and is essential for
the normal development of most multicellular or-
ganisms (Klose and Bird 2006). Mutations in any
of three known DNA methyltransferase genes of
the mouse are lethal either during embryogenesis
or soon after (Li et al. 1992; Okano et al. 1999);
the reduction in methylation in Arabidopsis thal-
iana results in developmental abnormalities and
partial female sterility (Mittelsten Scheid and
Paszkowski 2000) and met1 mutation alters the
epigenetic inheritance during plant gametogenesis
(Saze et al. 2003).

MATERIALS AND METHODS

Flowers of Malus domestica Borkh., cv.
Golden Delicious, were sampled in different
stages from trees grown at the experimental farm
of San Piero (University of Pisa) between April
and May.

DNA measurements - Ovules, in two different
stages before fertilization, were isolated and fixed
in Carnoy (ethanol and acetic acid, 3:1), dehy-
drated through a graded ethanol series, incubated
overnight in 100% ethanol, infiltrated and em-

bedded in LR White resin (Sigma). The material
was polymerized at 60oC for 24 h. 3µm seriated
sections were cut with a LKB Ultratome Nova and
stained with Feulgen (O’Brien and McCully 1981)
for DNA content determination. Feulgen staining
was preceded by a treatment of material with a so-
lution of 0.5% dimedone for 24 h. DNA measure-
ments were performed by means of a Leitz MPV3
microdensitometer. Relative DNA content of syn-
ergid nuclei was estimated by adding the absorp-
tion of the same nucleus in all the seriated sec-
tions, in which it appeared. The relative DNA
content of embryonic metaphase cells was also de-
termined to evaluate the 4C DNA content.
Twenty ovules were considered for each stage.

Cytological analysis - Isolated ovules were fixed in
FAA (10% formaldehyde, 5% acetic acid, 45%
ethanol), dehydrated, embedded in resin and sec-
tioned as previously described. 3µm sections were
stained with periodic acid-Schiff’s reagent (PAS)
(O’Brien and McCully 1981) and 1% aniline blue
black (Sigma) in 7% acetic acid (Fisher 1968),
for detection of insoluble polysaccharides and to-
tal protein, respectively. A part of material was
stained with 0.05% toluidine blue O (TBO, BDH
Chemicals) in 0.1 M acetate buffer, pH 4.4
(Feder and O'Brien 1968) to obtain a differential
staining of the different cellular components.

Immunological localization of the 5-mCyt rich re-
gions - Isolated ovules, fixed in FAA (10% for-
maldehyde, 5% acetic acid, 45% ethanol) were
treated as previously described. 3 µm thick sec-
tions were denatured in 4 N HCl for 20 min at
room temperature and washed twice in distilled
water and once in 0.1 M phosphate buffer solu-
tion (PBS) at pH 7.4 + 1% bovine serum albumin
(BSA) + 0,1 % Tween 20 (solution A). The slides
were covered with 0.1 M PBS at pH 7.4 + 1%
BSA + 1,5% normal goat serum (NGS) to block
non-specific reactions for 20 min at room tem-
perature. They were subsequently incubated in a
solution with primary monoclonal antibody anti
5-mCyt diluted 1:200 in solution A for 2 hours in a
moist chamber at room temperature. Then they
were washed with solution A. The slides were ex-
posed to secondary antibody gold conjugate
(1:200 in solution A) (Bio Cell Research Laborato-
ries) for 1 hour. Unbound secondary antibody
gold conjugate was removed by six washes, the
first in solution A for 5 min, the others in H2O for
the same time. The gold signal was silver en-
hanced to make it visible in the light microscope:
three drops of initiator and three drops of en-
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hancer (Bio Cell Research Laboratories) were
mixed, and the slides were covered with this solu-
tion in the dark. The reaction was stopped after 6
min with tap water. Sections were stained with
0.05% toluidine blue O, air-dried and mounted in
DPX. A silver grains count was carried out to
evaluate the amount of DNA methylation in syn-
ergid nuclei in seriate sections: the count was
made adding up the number of silver grains in
each synergid nucleus for all the sections in which
it appeared.

Immunochemicals controls - Conventional con-
trols for the immunohistochemical method were
processed in parallel in each experiment. Specifi-
city of the immunolabelling was tested by the fol-
lowing controls: (1) replacement of the first anti-
body by solution A; (2) dilution of the primary an-
tibody; (3) treatment with a non immune rabbit
serum at the same dilution as primary antibody;
and (4) omission of the DNA denaturation step.

Monoclonal antibody preparation - The prepara-
tion and specificity test of the monoclonal anti-
body directed against 5-mCyt was described in
detail by Podestà et al. (1993).

Statistical analysis - The data of DNA methylation
and DNA content were analyzed statistically using
the Student’s-t-test. The differences were consid-
ered significant at p < 0.01 and p< 0,05.

RESULTS

Malus domestica Borkh. female gametophyte
undergoes Poligonum type development and con-
sists of seven cells: three antipodes, a central cell,
two synergids and one egg (Fig. 1).

Before fertilization, in the first stage (Stage I),
mature synergids did not show structural differ-
ences. The mycropilar end of Malus synergids had
a filiform apparatus, that stained intensely with
PAS and ABB (Fig. 2A), suggesting the occur-
rence of polysaccharides and proteins, and con-
tained most of the cytoplasm, while the chalaza
was occupied by a large vacuole (Fig. 2C, 3A). As
seen in Fig. 2B, 2C and 3A, the nucleus of both
synergids was very large, lied in the mid portion of
the cell and contained a large spherical nucleolus;
the chromatin, organized in chromocenters, had a
peripheral localization close to the nuclear enve-
lope. The cytoplasm was granular and very dense.
The wall between the two synergids, chalazal to
the filiform apparatus, became segmented into re-

gions separated by areas of membrane contact;
the wall was interrupted also between the chalazal
end of synergids and the egg cell (Fig. 2A and 2B).

A difference regarded the reciprocal position
of the two synergids, as one was positioned closer
to the micropylar end of embryo sac shaping
sometimes a small hook (Fig. 2B).

At this stage DNA nuclear measurements of
both synergids showed a 2C DNA content, evi-
dencing that both cells were in the post synthetic
period (Table 1, Stage I).

No differences were evidenced in level (Table
2, Stage I) and pattern of distribution of DNA

Fig. 1 — Longitudinal section of an ovule of Malus do-
mestica Borkh. showing the embryo sac. Staining by
PAS + ABB. Scale bar= 60µm.

292 tagliasacchi, andreucci, giraldi, felici, ruberti and forino



methylation between the two synergids; the label-
ling was localized in the heterochromatic regions
(localized DNA labelling) in both cells and nu-
cleolus was not labelled (Fig. 3A).

Malus synergids showed different fates. As
seen in Fig. 2D, near the time of fertilization
(Stage II), a synergid, the micropylar one, began
to degenerate; the nucleus showed a compact
chromatin and the nucleolus was not present, cy-
toplasm stained more darkly, vacuole disappeared
and the cell was reduced in size. No areas of con-
tact were evident between the plasma membrane
of the two synergids. At this stage it was enhanced
the micropylar position of the degenerating syn-
ergid in the embryo sac; the same cell showed a
zone around the micropylar end that flared out
laterally, forming a big hook (Fig. 2E). At this
stage DNA content of both synergids was unal-
tered; both cells, infact, showed a 2C DNA con-
tent as in the first stage (Table 1, Stage II), while
the level and pattern of distribution of DNA
methylation were different between the two cells;
the degenerated synergid showed a nucleus with a
diffuse and more intense labelling than the per-
sistent synergid (Fig. 3B and 3C) and its level of
DNA methylation was twice as much than the
other cell (Table 2, Stage II), that presented a pat-
tern of methylation similar to that before fertiliza-
tion (localized labelling of DNA, Fig. 3C).

The results of DNA densitometric analysis
showed no significant difference between mean
relative DNA content of synergids at P< 0,05 in
both the stages I and II.

The results of DNA methylation showed no
significant differences between synergids in stage
I and significant differences (P < 0.01) in stage II.

DISCUSSION

Before fertilization mature synergids of Malus
domestica exhibited similar structural features and
an intensely active metabolism. A strict functional
relation between the two cells was evidenced,
moreover, by the presence of areas of contact be-
tween the plasma membranes, interrupted by wall
packets, which in soybean were suggested to be in-
volved in some type of Golgi mediated activity
(Folsom and Cass 1990). The partial lack of cell
wall over the chalazal end of synergids in Malus
formed areas of contact also between synergids
and egg cell. This wall peculiarity and the presence
of the filiform apparatus are favourable, in this de-
velopmental stage, to the hypothesis of a common
role of transfer cells for Malus synergids, that may
be, like in other plants, involved in the transport of
nutrients needed for growth and development of
the embryo sac (Prithcard 1964; Folsom and
Cass 1990), in the expression of plant defensins
genes (Cordts et al. 2001) and in the secretion of
chemiotrophic attractant of pollen tube (Tilton

1981; Higashiyama et al. 2001; 2003). In regard
to the last point it has been demonstrated that the
gene MYB 98 controls a branch of the synergid
cell gene regulatory network, involved specifically
in pollen tube guidance and the formation of the
filiform apparatus (Kasahara et al. 2005). The at-
traction frequency of the pollen tube has been
demonstrated to depend on the presence of both
synergids besides the number of pollen tubes and,
when a synergid is ablated, the embryo sac retains
the ability to attract a pollen tube, but the attrac-
tion is less than the complete embryo sac (Hi-

gashiyama et al. 2001).
Before fertilization both Malus synergids ex-

hibited a similar pattern of distribution and level
of DNA methylation; both these aspects, like as
the same structural features, indicate that the two
cells share the same functional activity.

Near the time of fertilization a synergid, the
micropylar one in Malus embryo sac, degenerated
before the pollen tube arrival and the persistent
synergid remained intact until some time after fer-
tilization. At this stage there were no evident areas

Table 1 — Mean relative DNA content (± Standard Er-
ror) per synergid nucleus. Stage 1: synergids (Sy 1, Sy 2)
are morphologically similar. Stage 2: a sinergid (Sy 2) is
degenerating. None of the two stages denotes signifi-
cant difference at P< 0,05. t is the value of the Stu-
dent’s-t-test.

Embryo sac
stage Sy 1 Sy 2 F.D. t

Stage I 100.1 ± 0.53 100.3 ± 0.36 19 0.31

Stage II 100.0 ± 0.72 100.05 ± 0.55 19 0.055

Table 2 — Mean number of silver grains (± Standard
Error) per synergid nucleus. Stage 1: synergids (Sy 1, Sy
2) are morphologically similar. Stage 2: a synergid (Sy 2)
is degenerating. Means ± s.e. of stage I denotes differ-
ence significant at P< 0.01 not significant. Means ± s.e.
for stage II significantly greater than controls in a one-
tailed test (P< 0.01). t is the value of the Student’s-t-test.

Embryo sac
stage Sy 1 Sy 2 F.D. t

Stage I 25.8 ± 0.74 26.6 ± 1 19 1.45

Stage II 23.8 ± 1.94 46.1 ± 3.8 19 10.628
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Fig. 2 A-E — Micropylar region of the embryo sac of Malus domestica Borkh. before fertilization. Stage I: figs A, B and
C; Stage II: figs D and E. (A) Micropylar synergid walls have developed a prominent filiform apparatus. The wall be-
tween the two synergids is partially interrupted (arrows). (B) The two synergids do not show morphological differ-
ences; both cells show a large nucleus with a large spherical nucleolus and a dense cytoplasm. A synergid is positioned
closer to the micropylar end of embryo sac where it shapes a small hook (arrow). (C) Both synergids show nuclei with
chromatin organized in chromocenters, a large nucleolus and a large chalazal vacuole. (D) The degenerating synergid
is deeply stained with a dense cytoplasm; the chromatin is condensed and intensely stained. It may be observed the egg
cell with the nucleus and nucleolus and the central cell with both fusing nuclei. (E) The degenerating synergid is in-
tensely stained, deeply contracted and shows a big hook, no internal structures are visible. The persistent synergid
shows no evident morphological alteration: nucleus, nucleolus and vacuole are well structured. A, B and D: staining
by PAS + ABB; C and E: staining with TBO. Sy = synergid; FA = filiform apparatus; N = nucleus; Nu = nucleolus; V
= vacuole; CC = central cell; EC = egg cell; DS = degenerating synergid; PS = persistent synergid. Scale bar = 9µm.
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of contact between plasma membranes of the two
cells. The degenerating synergid appeared shrunk
and exhibited a more intensely staining for pro-
tein, a level of DNA methylation higher than the
persistent synergid and a different pattern of dis-
tribution of DNA methylation, while DNA con-
tent was unaltered. Zhang et al. (2006) have dem-
onstrated the fundamental role of DNA methyla-
tion in the regulation of gene expression and ge-
nome stability on a genome wide scale, but they
have, also, emphasized that subtle and perhaps

short lived changes in the DNA methylation of
specific tissues or cell types that play key roles in
development may be overlooked. As just one ex-
ample, the authors reported that DNA methyla-
tion analysis of single cell types in maize demon-
strated that particular imprinted loci have a differ-
ent DNA methylation status in the egg and in the
central cell, which are located right next to each
other in the ovule. Cell-specific changes in DNA
methylation coincide with a change in expression
of these loci that is essential for development. Sin-

Fig. 3 A-C — Micropylar region of the embryo sac of Malus domestica Borkh. from ovules treated with the anti
5-methylcitidine antibody revealed by immunogold technique. (A) Stage I. Nuclei of both synergids show a similar
pattern of labelling with the silver grains localized on the chromocenters. (B) Stage II. Degenerated synergid shows a
condensed chromatin and an intense scattered labelling. (C) Stage II. Persistent synergid from the same ovule of Fig.
3B. The nucleus of this synergid shows a pattern of labelling similar to the nucleus of synergids of stage I; the silver
grains are localized on the chromocenters. Staining by TBO. Sy = synergid; DS = degenerated synergid; PS = persist-
ent synergid; CC = central cell; EC = egg cell; N = nucleus; V = vacuole. Scale bar = 9 µm.
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gle differentially methylated regions (DMRs),
moreover, are correlated with allele-specific ex-
pression of two maternally expressed genes in the
seed and one DMR is differentially methylated be-
tween gametes (Gutierrez-Marcos 2006). The
increase of DNA methylation in the degenerating
synergid in comparison with the persistent syn-
ergid of Malus may indicate that a de novo DNA
methylation activity occurred in this cell. De novo
DNA methylation has been well documented dur-
ing mammalian germ-cell development and early
embryogenesis, when many DNA methylation
marks are reestablished after phases of genome
demethylation (Bird 1999; Reik et al. 2001). A re-
programming of DNA methylation in the degen-
erating synergid is, probably, needed to enable the
process of reproduction and it is conceivable that
in this cell different sequences become methylated
at different time points, as observed during oocyte
growth in mammalian (Reik et al. 2001). It may be
suggested that the de novo DNA methylation in
the degenerating synergid of Malus may induce
the repression of some genes, while DNA demeth-
ylation of other specific genes, for example those
encoding apoptogenic factors, allow their expres-
sion (Hoeberichts et al. 2001). Schwartz et al.
(1990) have related selective repression and acti-
vation of particular genes in the tobacco hawk-
moth Manduca sexta to programmed cell death
and also Vanyushin et al. (2004) have related this
phenomenon to the derepression of definite ter-
minal genes inducing senescence and death. The
increase and the different pattern of DNA meth-
ylation of degenerating synergid of Malus may be
one of the several signals that switch for the acti-
vation of a differentiative pathway that may be re-
sponsible of the phenomenon of the senescence of
this cell. One mutant of Arabidopsis, gfa2, has a
defect in synergid cell death and, additionally, a
defect in fusion of the polar nuclei; gfa2 is tar-
geted to mitochondria in Arabidopsis, suggesting a
role for mitochondria in cell death in plants
(Christensen et al. 2002). In peculiar plants tis-
sues, that are determinant in specific phases of
plant development, DNA methylation seems to
increase with the senescence, as evidenced in the
suspensor cells of Phaseolus coccineus (Andreucci

et al. 1994; Pierotti et al. 1998) and in the tape-
tum of Malus domestica (Forino et al. 2003). The
high level of DNA methylation, of these cells, like
as in the degenerating synergid of Malus, might
have the role to improve the processes related to
plant reproduction and to the first phases of em-
bryo development, leading the cells to synthetize
only those substances, that are necessary for par-

ticular metabolic requirements. For tissues, char-
acterized by high levels of DNA methylation, it
has been demonstrated (embryo suspensor, Wre-

dle et al. 2001) or supposed (anther tapetum,
Papini et al. 1999; Forino et al. 2003) a process of
genetically programmed death (PCD). Also in
Malus the death of the synergid might occur by a
distinct PCD morphology (Lam 2004), as sug-
gested by the cell shrinkage and chromatin con-
densation during the degeneration.

REFERENCES

Adams R.L.P., 1990 — DNA methylation. Biochemical
Journal, 265: 309-320.

Andreucci A.C., Ruffini Castiglione M. and Ta-

gliasacchi A.M., 1994 — RNA synthesis and im-
munogold localization of 5-methylcitosine rich re-
gions in polytene chromosomes of Phaseolus coc-
cineus L. embryo suspensor, at two stages of embryo-
genesis. Cytobios, 78: 99-113.

Bird A., 1992 — The essentials of DNA methylation.
Cell, 70: 5-8.

Bird A., 1999 — Molecular Biology: DNA methylation
de novo. Science, 286: 2287-2288.

Brown P.T.H., 1989 — DNA methylation in plants and
its role in tissue culture. Genome, 31: 717-729.

Cedar H. and A. Razin, 1990 — DNA methylation and
development. Biochimica et Biophysica Acta, 104:
1-8.

Chaubal R. and B.J. Reger, 1990 — Relatively high
calcium is localized in synergid cells of wheat ovaries.
Sexual Plant Reproduction, 3: 98-102.

Chaubal R. and B.J. Reger, 1992 — Calcium in the
synergid cells and other regions of pearl millet ova-
ries. Sexual Plant Reproduction, 5: 34-46.

Cordts S., Bantin J., Wittich P.E., Kranze Lorz H.
and Dresselhaus T., 2001 — ZmES genes encode
peptides with structural homology to defensins and
are specifically expressed in the female gametophyte
of maize. The Plant Cell, 25 (1): 103-114.

Christensen C.A., Gorsich S.W., Brown R.H., Jones

L.G., Brown J., Shaw J.M. and Drews G.N., 2002
— Mithocondrial GFA2 is required for synergid cell
death in Arabidopsis. The Plant Cell, 14: 2215-2232.

D'Amato F., 1984 — Role of polyploidy in reproductive
organs and tissues. In Johri (Ed.) “Embryology of
Angiosperms”, Springer-Verlag-Berlin Heidelberg
New York Tokio.

Feder N. and K.M. O'Brien, 1968 — Plant microtech-
nique some principles and new methods. American
Journal of Botany, 55: 123.

Fisher D.B., 1968 — Protein staining of ribboned epon
sections for light microscopy. Histochemia, 16:
92-96.

Folsom M.W. and D.D. Cass, 1990 — Embryo sac de-
velopment in soybean: cellularization and egg appara-

296 tagliasacchi, andreucci, giraldi, felici, ruberti and forino



tus expansion. Canadian Journal of Botany, 68:
2135-2147.

Folsom M.W. and D.D. Cass, 1992 — Embryo sac de-
velopment in soybean: the central cell and aspects of
fertilization. American Journal of Botany, 79(12):
1407-1417.

Forino L.M.C., Andreucci A.C., Del Tredici I., Fe-

lici C., Giraldi E. and Tagliasacchi A.M., 2003
— DNA methylation of tapetum cells during micro-
sporogenesis in Malus domestica Borkh. Israel Jour-
nal of Plant Sciences, 51: 91-100.

Gutiérrez-Marcos J.F., Costa L.M., Dal Prà M,
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