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Haploid wheat plants have been produced by a new method of zygote rescue carried out after distant pollination.
Wheat stigmas were pollinated with maize pollen and subsequently the activated egg cells from the elongated ovaries
were rescued for in vitro plant development in single cell culture. As the control, 2-week-old embryos were also
dissected and then cultured. The efficiency of both techniques was comparable. Wheat was also pollinated with rice,
and the further development of rescued zygotes into multicellular structures is reported here for the first time. Because
the lack of a normal endosperm hampers embryo development even in the early stages, early zygote rescue (two days
after distant pollination) may represent a more efficient way of producing double haploid (DH) plants in cultivars that
are recalcitrant in androgenic cultures, after further optimization of in vitro culture of isolated single cells.
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INTRODUCTION

The production of (doubled) haploid plants is advanta-
geous for plant breeders because it offers a way of
rapidly advancing chosen lines to complete homozygo-
sity, and of increasing the efficiency of subsequent
selection (Kisana et al., 1993; Sharma et al., 2002).
Although various methods (delayed pollination, pol-
lination with unviable pollen grains, chemical induc-
tion of parthenogenesis) have been attempted in cases
where micropore embryogenesis cannot be applied ef-
ficiently (e.g., recalcitrant T. durum, T. triticale and
bread wheat genotypes), pollination with a distantly
related species appears to present a real alternative
technique for generating haploids by inducing embryo-
genic development (O’Donoughue and Bennett, 1994;
Wedzony et al., 1998; Laurie and Bennett, 1988). The
method of distant pollination has been successfully
applied also when wheat lines containing one unpaired
barley chromosome needed to be advanced into stable
additional lines, which contain two homologous chro-
mosomes of the barley (Linc and Molnar-Lang, 2003).
In most cases of distant pollination, certain genotypes
of maize have been used as interspecific pollinator
(Verma et al., 1999; Singh et al., 2004). In egg cells
fertilized as a result of distant pollination, the chromo-
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somes of the distantly related sperm cell start to be
eliminated during the first divisions, leading to the
induction of embryogenic development (Laurie and
Bennett, 1989, 1990; Mochida et al., 2004). These stu-
dies show that egg cell activation and subsequent em-
bryo development in wheat can result from fertilization
by the sperm cell of not only its own species but a
distantly related species as well. Central cell fertiliza-
tion also occurs, but the simultaneous development of
the embryo and endosperm, suggesting double fertili-
zation, is very rare (Laurie and Bennett, 1989; Zhang
etal., 1996). Even if both cells are fertilized, the imbal-
ance between the maternal and paternal genomes im-
pedes endosperm development (Lin, 1984; Haig and
Westoby, 1991), and in consequence the growth of the
young embryo is inhibited (Zhang et al., 1996). Zygotic
embryo and endosperm development in wheat crossed
with a distantly related species (maize) has been cyto-
logically investigated (Wedzony and van Lammeren,
1996; Zhang et al., 1996), but the biochemical interac-
tions between the alien sperm cell and the egg cell, and
between the endosperm and the embryo, have not yet
been clarified. Similarly, little data is available on the
genes and epigenetic factors responsible for the em-
bryonic development of activated egg cells lacking the
paternal genome from the corresponding species. Only
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TABLE 1. Inplantaand invitro development of zygotes obtained after pollinating wheat with maize. The ratio of pistils/zygotes
reaching the stated developmental stages is shown for each cross; (n = 3). Data are shown as percentages of pollinated florets
*Data of the obtained plants followed by the same letter do not significantly differ at p = 0.05

i i *|
Wheat x Pollinated Frequency of In planta In \/_lt_rq cell In vitro Regenerated
Maize Crosses florets elongated embryos division embryo plants
pistils % % formation% %
Embryo rescue
Mv Kodmén x 308 + 30 62.3+2.8 276414 75+132
Norma SC
Mv Palma x 297 + 17 27.9+14 92+11 07+0.3°
Norma SC
Zygote rescue 1.6+0.9°
Mv Kodmén x 142 +16 57.5+4.2 20.9 + 6.6 1.9+0.7
Norma SC
Mv Palma x 139+ 18 26.1+4.9 16.5+2.9 41+16 3.6+2.0%
Norma SC

one team has reported research on the gene expression
pattern of haploid parthenogenic egg cells and develo-
ping embryos (Kumlehn et al., 2001), but these were
not originated from distant pollination. The majority of
publications report molecular biological studies on en-
dosperm formation and on autonomous embryo deve-
lopment from the unreduced embryo sac (for review:
Koltunow and Grossniklaus, 2003).

In the absence of a normal endosperm, embryo
rescue is needed, because embryos not excised within
3 weeks will perish (Laurie and Bennett, 1988; Zhang
etal., 1996). In a number of studies, embryos have been
rescued at a late stage, 2—3 weeks after distant polli-
nation (Laurie and Bennett, 1988; Singh et al., 2001;
Sharmaetal., 2002). In the present study, early rescue
was applied in an attempt to culture zygotes or proem-
bryos that had not been exposed to the negative in-
fluence of endosperm abnormality or absence for a long
period. Dissected, activated egg cells were cultured
with young wheat pistils as nurse tissue (Bakos et al.,
2003). Embryo rescue and early zygote rescue, followed
by nurse culturing, were also attempted in wheat x rice
crosses, from which haploid wheat plants have never
yet been obtained.

MATERIALS AND METHODS

Wheat and maize plants were grown in phytotron
chambers as described by Tischner et al. (1999). Rice
seeds were germinated at 26°C for one week, then trans-
ferred to soil. The temperature during the 3-month
climate program gradually increased by 1°C/week from
20/18°C to 28/26°C day/night. Light intensity was 400
umol m2 s, with a 12 h photoperiod.

For induction of egg cell activation, emasculated
wheat spikes (see Tables 1 and 2 for cultivars) were

hand-pollinated with maize (Mv Norma SC) and rice
(see Table 2 for genotypes). One day after pollination,
each pistil was treated with one drop of 3 mg/l 2,4-D
solution containing 100 mg/l AgNO3 (O’'Donoughue and
Bennett, 1994).

For embryo rescue and nursing, activated egg cells
were isolated 2 days after pollination (DAP) as de-
scribed by Kovacs et al. (1994) and then co-cultivated
in the presence of wheat ovaries as nurse cells accord-
ing to Bakos et al. (2003). As the control, embryos were
dissected 14 DAP and grown on agar-solidified B5
medium without nurse cells. Three independent ex-
periments were performed in the case of wheat x maize
pollination, and one in the case of wheat x rice crosses.
Photographs were taken with an Olympus inverted
microscope using an Olympus Camedia C3030 Zoom
digital camera.

The ploidy level was determined by flow cytomet-
ric analysis according to the protocol elaborated by
Galbraith et al. (1983) and modified by Szakécs and
Barnabas (2004).

RESULTS

Zygotes rescued after maize pollination did not divide
in planta prior to dissection (Fig. 1a). During the first
few divisions, multicellular structures developed. Usual-
ly these structures contained cells with optically dense
cytoplasm, and their cells were arranged in lobes (Fig.
1b). Except for this initial stage, the development of the
zygotes resembled the regular in vivo embryonic path-
way (Fig. 1c,d). However, twin or multiple embryos
were frequently formed, perhaps as a consequence of
cleavage during the initially irregular cell divisions
(Fig. 1b,c). As a result of in vitro development, green
plants with sterile spikes were obtained (Fig. le-g).
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TABLE 2. In planta and in vitro development of zygotes obtained after pollinating wheat with rice. The number of pollinated
flowers and the ratio of pistils/zygotes reaching the stated developmental stages are shown for each wide cross (n = 1)
*In planta embryoids: two-week-old embryos in size 0.3-0.8 mm

Embryo rescue

Zygote rescue

Wheat x rice crosses Pollinated Frequency of *In planta No. of Frequency of In vitro
florets elongated embryoids pollinated elongated cell division

pistils % % florets pistils % %
Chinese Spring x Rigola 558 69.9 1.6 171 65.5 1.8
Chinese Spring x Bioryza 326 66.6 15 212 73.6 14
Chinese Spring x Janka 138 59.4 0.0 132 58.3 0.0
Orofen x Rigola 82 15.9 0.0 224 134 0.0
Orofen x Bioryza 209 19.1 0.0 142 15.5 3.5
Orofen x Janka 170 35.3 0.0 232 17.7 0.0
Mv Palma x Rigola 156 18.6 0.0 186 16.7 0.5
Mv Palma x Bioryza 163 20.9 1.8 77 19.5 0.0
Mv Palma x Janka 145 22.1 2.8 198 19.2 3.0

Green plants were also obtained in both wheat gen-
otypes after embryo rescue and subsequent culture,
although in this case the ratio of germinated embryos
was much lower than for embryos developed in vitro
(Tab. 1). The two-week-old embryos dissected from the
ovaries varied greatly in size, and only the well-devel-
oped ones at least 1 mm in size were able to regenerate
into plants, as also observed by Zhang et al. (1996). By
means of early zygote rescue, 3.6 and 1.6 plants per 100
florets (1.0 and 0.4 plants per spike) were obtained in
Mv Palma and Mv Kédmon, respectively. Embryo res-
cue resulted in 0.7 and 7.5 plants per 100 florets (0.2
and 2.6 plants per spike) from the same genotypes,
respectively (Tab. 1). Flow cytometric analysis showed
all the plants to be haploid (data not shown).

In the case of wheat x rice pollinations, in planta
embryo development was absent or very limited (Tab. 2).
These embryoids varied in size, but most of them were
very small and none of them were able to develop
further on the culture medium (data not shown). How-
ever, when the activated egg cells were dissected two
days after pollination, a few of them started to divide
and grow when co-cultured with wheat ovaries (Fig. 2).
They reached a multicellular stage but were unable to
develop further (Fig. 2c,d).

DISCUSSION

The in planta development of activated egg cells obtained
by wheat x maize pollination (Wedzony and van Lam-
meren, 1996) was already much slower in the very
early stages than that of the zygotes, which start to
divide within 24 hours after pollination with the same

species (Batygina and Vasilyeva, 2001). This finding,
and the relatively low survival of rescued zygotes and
their reduced capacity for embryonic development,
show that they have special, as yet unknown require-
ments in their early developmental stages, and that
highly sophisticated conditions are needed to culture
them efficiently. However, nearly all the isolated zygotes
that started to complete the normal embryogenic pat-
hway in vitro were able to grow into plants (Kumlehn
etal., 1999; Bakos et al., 2003), even though the rescu-
ed zygotes frequently formed multiple embryos, as also
observed by Zhang et al. (1996) and Kumlehn et al.,
(1999). Thus, early zygote rescue might be an alterna-
tive method for obtaining haploids via distant crosses.
Since the lack of a functional endosperm hinders the
development of embryos even at a very early stage
(Wedzony and van Lammeren, 1996), the rescue of
two-day-old zygotes may be advantageous, providing
an efficient, well-optimized single-cell culture method.
Although the efficiency of this method is already com-
parable to that of embryo rescue (e.g., Zhang et al.,
1996; Sharma et al., 2002), further optimization of in
vitro culture following early zygote rescue could improve
the efficiency of this new method even further, since
the embryos are rescued earlier from the severely
suboptimal environment, allowing their faster develop-
ment. This expectation is strengthened by the observa-
tion that the embryos obtained by rice pollination were
very small even after 2 weeks and did not show any
further development in culture, while the dissected,
activated egg cells were able to perform several division
cycles. Zygotes of rice have also been isolated (Han et
al., 1998) and cultured (Zhao et al., 2000), but the most
developed cells reached only the stage of multicellular
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Fig. 1. In vitro development of activated egg cells of wheat
rescued two days after pollination with maize. (a) Freshly
rescued zygote, (b) Multicellular structure after the initial
divisions of an activated egg cell 5 DAP, (c) Club-shaped
multiple embryo 14 DAP. The individual embryos are at-
tached to each other but are clearly distinguishable (arrows),
(d) Dorsiventrally differentiated mature embryo 28 DAP, (e)
Plantlet (Mv Palma) on regeneration medium 44 DAP, (f) Adult
haploid plant (Mv Kédmdon) with sterile spikes (g). DAP —days
after pollination. Bars = 25 ym in (a) and (b); 250 um in (c)
and (d).

structure, similarly to our results from wheat x rice
crosses. Although earlier studies on the chemical com-
position of the wheat ovules revealed carbohydrates,
amino acids and various ionic components (Maes et al.,
1999), further microanalyses of the microenvironment
(ovule fluid) of zygotic embryos of cereals would greatly
promote the efficiency of in vitro cultures for raising
plants from rescued zygotes.

In our experience, the incompatibility between
wheat and rice is much stronger than between wheat
and maize. To discover the mechanism of the existing
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Fig. 2. Invitro development of activated egg cells obtained by
pollination with rice. (a) Freshly rescued zygote 2 DAP, (b)
First in vitro cell division 4 DAP. Note the division plane
(arrows), (c) Multicellular structure resulting from several
division cycles 6 DAP, (d) A further developed multicellular
structure 9 DAP. Note the cells that did not divide in culture
(arrows). Possibly these egg cells were not activated by distant
pollination. DAP — days after pollination. Bars = 25 pm.

incompatibility, further detailed cytological and mole-
cular biological studies on wheat x maize (Wedzony and
van Lammeren, 1996; Kumlehn et al., 2001) and espe-
cially on wheat x rice systems will be required. Since
there is not yet any available information on the
mechanism of egg cell activation of wheat following
pollination with rice, the occurrence of the fertilization
event needs to be confirmed by morphological studies
of the embryo sac.

The results presented here provide a new starting
point for improving the DH production efficiency of
wheat genotypes that are recalcitrant in anther/iso-
lated microspore culture. Since zygote culture is prob-
ably adaptable to durum wheat, this culture method,
combined with maize pollination, could be helpful in
durum wheat DH production, which is a serious prob-
lem for plant breeders at present.
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