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Abstract Based on a protocol for microspore culture in
apple (Malus domestica Borkh.), the embryo induction
phase has been improved with regard to pretreatment of
microspores for initiation of microspore embryogenesis,
the concentration of carbon source in the induction
medium and the microspore density in the suspension.
Furthermore, the effect of the genotype was studied. To
determine the efficiency of in vitro androgenesis, both
methods, via anther and microspore culture, were inves-
tigated using the same bud material. A comparison of the
efficiency of embryo induction in anther and microspore
cultures showed that microspore culture resulted in an
increase up to 10 times, depending on the genotype. The
regeneration route in microspore culture is similar to that
of androgenic embryos via anther culture and showed
adventitious shoot formation in most cases after a long
period of secondary embryogenesis.
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Introduction

Since the first report on embryogenesis from pollen of
Datura innoxia by Guha and Maheshwari (1964, 1966),
isolated anther/microspore culture has become an impor-
tant tool for the production of homozygous doubled
haploid plants in many important crops (Jain et al. 1996).
Until now, anther culture has been mainly used in
practical breeding, but recent progress in gametic embry-
ogenesis of isolated microspores in Brassica (Ferrie et al.

1999; Hansen 2000), in Hordeum (van Bergen et al. 1999;
Ryan et al. 1999), in Oryza (Chowdhury and Mandal
2001) and in Triticum (Kunz et al. 2000) have made
isolated microspore culture a practical approach for
doubled haploid production. Moreover, isolated micro-
spore culture provides an accessible haploid system for
biochemical and molecular analyses and for in vitro
selection for desirable traits (J�hne and L�rz 1995)
without the interference of the anther wall; it also supplies
a target for genetic transformation (Touraev et al. 1997;
Carlson et al. 2001).

Although anther culture is much simpler in handling,
microspore culture shows several important advantages,
notably the formation of calli and embryos from somatic
tissues of the anther is avoided. Secondly, there is direct
access to the microspores which speeds up the optimiza-
tion of culture conditions. Furthermore, in certain plant
species, the potential number of embryos per anther
obtained in isolated microspore culture is higher than in
anther culture.

The production of doubled haploids can offer new
possibilities for genetic studies and breeding, especially in
perennial fruit species, which are characterized by a long
juvenile phase, a tendency to allogamy and a high degree
of heterozygosity. However, in vitro approaches to
inducing haploids in apple have had rather limited
success until recently, in comparison with other plant
species (H�fer and Lespinasse 1996). Induction of
embryogenesis and limited plant formation has been
reported from anther cultures in apple (Fei and Xue 1981;
Xue and Niu 1984; H�fer 1995). Although regeneration
from embryos is reproducible via adventitious shoot
formation, the induction rate of embryogenesis from
cultured apple anthers is still low and highly genotype-
dependent (H�fer 1995, 1997). Recently, a protocol for
isolated microspore culture was developed in apple
(Malus domestica Borkh.) for one genotype, and success-
ful plant regeneration has been obtained from isolated
microspores (H�fer et al. 1999).

In the present paper, the embryo induction phase was
improved studying the effects of the pretreatment applied
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to microspores for initiation of microspore embryogene-
sis, of Percoll gradient centrifugation, of the maltose
concentration in the induction medium and of the
microspore density in the suspension. Furthermore, the
effect of the genotype was evaluated and the efficiency of
in vitro androgenesis using both methods, anther and
isolated microspore culture, was compared.

Materials and methods

Plant material

Experiments were carried out with the apple cultivars ‘Alkmene’,
‘Rene’, ‘Remo’ and ‘Realka’ obtained from the conventional apple-
breeding programme at Dresden-Pillnitz. Flower buds were taken
from cut dormant bud wood and forced at different temperature/
light regimes (12 h at 16�C in the light and 12 h at 12�C in the dark,
and also at room temperature) and also directly from trees growing
in the orchard. Flower buds were collected when microspores were
at the mid unicelluar stage for anther culture and late unicellular
stage of development for microspore culture (H�fer and Hanke
1994), surface-sterilized with 0.1% mercuric hypochloride and
washed twice in sterile water.

Isolation and culture of microspores and regeneration

Microspores were isolated from anthers using the following
protocol: anthers were stirred in 2 ml medium B (see “Media
composition”, below) with a magnetic stirrer in a small tube for
4 min at 250 rpm; the crude microspore population was then
filtered through a 30-mm filter; and the resultant filtrate was washed
three times with the same medium by centrifugation at 220 g for
5 min. The microspore pellet obtained after a final centrifugation
step was resuspended in medium B (in Petri dishes of 3.5-cm
diameter) or induction medium (in 4-well plates).

During the induction phase, the cultures were kept at 27�C in
the dark. Microspore viability was determined by fluorecein
diacetate staining (Heslop-Harrison and Heslop-Harrison 1970)
immediately after isolation of microspores, starvation and Percoll
gradient centrifugation. Well-developed embryos were transferred
to regeneration medium and cultured at 23�C under a light intensity
of 35 mmol m�2 s�1 with a 16 h photoperiod.

Media composition

Medium B for isolation and starvation was according to Kyo and
Harada (1986). For the induction of apple microspore embryogen-
esis, the basal medium of Touraev et al. (1996) was used with four
different maltose concentrations (150, 250, 350 and 500 mM). The
regeneration medium was MS-medium (Murashige and Skoog
1962; 30 g/l sucrose) supplemented with 0.1 mg/l thidiazuron
(H�fer 1995).

Starvation treatment

Isolated microspores were incubated in medium B at 4, 27 or 33�C
for 1, 2, 3 or 4 days under dark conditions. Constant humidity was
maintained by placing small Petri dishes with sterile water together
with the microspore cultures in a larger dish.

Percoll gradient

For Percoll gradient centrifugation, 1 ml microspore suspension
collected directly after isolation or starvation was layered onto a
Percoll gradient (70% Percoll in 3.3�medium B) for 5 min at 437 g

(Kyo and Harada 1986). Each band of microspores obtained after
separation in the Percoll gradient characterized by microspore
density and viability of microspores was carefully collected,
resuspended in medium B, washed twice by centrifugation (5 min
at 220 g) and cultured in induction medium.

Microspore density

The microspore density was determined by using a counting
chamber. For the experiments carried out only in the first year
(variation of pretreatment and maltose concentration, and applica-
tion of Percoll centrifugation) the microspore density was adjusted
to 7�105–10�105 microspores/ml. For the experiments investigat-
ing the effect of genotype and microspore density, different
numbers of buds were used to obtain suspensions with a defined
range of microspore densities for both experimental years (AT3
with 250 mM or 350 mM maltose and 2–3 days starvation at 4�C).

The efficiency of microspore induction was calculated by
comparing the number of embryos per isolated anther in anther
culture with the corresponding number from microspore culture for
each variant of microspore culture. The number of replications and
the factors tested and fixed in each experiment are mentioned in the
relevant Figure.

Calculating the standard error by using experiments from
different years was not considered scientifically valid because the
flower buds of the apple tree developed in the year before flowering
under different weather conditions.

Anther culture

For comparison of the efficiency of anther and microspore culture,
experiments were carried out by using the same donor material for
both methods in two experimental years. The detailed method of
anther culture was described in H�fer (1995). Out of all tested
variants for optimization of the induction medium, three combina-
tions have been identified: 0.2 mg/l kinetin and indole-3-butyric
acid with 0, 10 or 50 mM sodium fluoride. The average of these
three media were used for the comparison with microspore culture.

Results and discussion

Androgenic pathway in microspore culture in apple

The microspore population used to initiate the cultures
was a mixture of different developmental stages, the
majority of which were at the late unicellular stage
(Fig. 1). The first torpedo-shaped embryos could be
observed after 12-weeks culture. Evaluations carried out
monthly demonstrated embryo induction until 9 months
after isolation. The regeneration process is similar to that
for androgenic embryos via anther culture and demon-
strates adventitious shoot formation, in most cases after a
long period of secondary embryogenesis, and takes
between 3 and 18 months. At present, the first androgenic
lines induced via microspore culture exist as grafts in the
orchard and are available for comprehensive evaluation in
future studies.

Effect of starvation and Percoll gradient centrifugation

The first set of experiments was carried out with isolated
microspores cultured under different starvation conditions
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to test further variants compared to the former results
(H�fer et al. 1999). The new data (Fig. 2) demonstrated
that pretreatment can improve the embryo induction rate
but is not necessary for the induction of embryos and their
later development. The most effective treatment for the
induction of microspore embryos was found to be
starvation of microspores for 2 or 3 days at 4�C. Higher
temperatures and longer starvation treatments decreased
the efficiency of embryo induction considerably. The
main reason appears to be the strong decrease of
microspore viability during the starvation process. This
decrease is much faster at higher temperatures where
secretion of phenolic compounds has also been observed
(data not shown).

A parallel set of experiments was performed using the
microspore suspensions, after the starvation treatment and
immediately after isolation, for Percoll gradient centrif-
ugation. The optimal Percoll concentration of 70% was
determined in pilot tests (data not shown). Regarding the
determination of the viability and the visible character-
ization, the population of embryogenic microspores was
obtained in the interface between the medium and the
70% Percoll solution. The purification of the suspension
by Percoll gradient centrifugation only resulted in an
enhancing effect on embryo induction for the variants
control and 1-day starvation. The optimal pretreatment
time (2 or 3 days) caused a higher embryo induction rate
without purification of the suspension. These variants
were used in all subsequent experiments. Compared to the
literature (Touraev et al. 1996), we did not observe the
expected two distinct populations of microspores after
starvation, but we found all sizes of microspores. This
finding made further sample separation very difficult.

Our experiments with apple demonstrated that heat
shock pretreatment is deleterious for apple microspores,
while cold temperatures induced a higher frequency of
viable embryogenic microspores compared to the variant
without pretreatment. In general, starvation is an effective
stress treatment for embryogenic induction but the
requirement of a heat or cold pretreatment has been
shown to be dependent on the plant species. For woody
species different pretreatments have been identified, such
as 10 days at 4�C for Citrus floral buds (Germana et al.
2000) and 5 days at 33�C for cork oak anthers (Bueno et
al. 1997).

Fig. 2 Effect of starvation conditions and Percoll gradient centrif-
ugation on the induction of embryos in isolated microspore culture
in apple (genotype ‘Rene’; medium AT3 with 250 mM maltose).
Values are the means of four experiments

Fig. 1a–c Microspore culture
in apple cultivar ‘Rene’. a
Population of microspores after
starvation. b Adventitious shoot
formation. c Grafted tree
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Effect of maltose concentration, pH, supplement of
spermidine and sodium fluoride

The induction medium is a key factor in the induction and
progression of microspore embryogenesis. Previous ex-
periments have demonstrated that embryogenesis from
apple microspores was only obtained on the maltose-
containing AT3 medium, which is a derivate of N6
medium (H�fer et al. 1999). In the new set of experi-
ments, four maltose concentrations in AT3 medium were
evaluated. The results indicated an optimum maltose
concentration between 250 and 350 mM (Fig. 3). In
subsequent experiments, other apple genotypes were
tested and showed the same tendency (data not shown).
Compared to our results in anther culture, the optimum
was 146 mM and the most active sugar was sucrose
(H�fer and Hanke 1990). Data from the literature

demonstrated a species-dependent effect in microspore
culture; the sugar components and the optimal concen-
trations are varied (Pescitelli et al. 1990; Ferrie et al.
1999; Guo and Pulli 2000).

Further experiments optimizing the induction medium
for microspore embryogenesis were carried out. Neither
variation of pH between 6.0 and 6.5 nor a supplement of
2.4 mM spermidine or 5 mM–10 mM sodium fluoride as
phosphate inhibitors were fully reproducible.

Effect of microspore density

Although the density at which microspores are plated can
influence the success of embryogenesis, few experiments
have evaluated microspore density. In previous experi-
ments we have investigated the effect of culture vessels.
Small Petri dishes, small Petri dishes coated with collagen
and 4-well plates were tested, but embryo induction was
obtained only using the last of these. Looking for an
explanation, it was obvious that, in contrast to all other
dishes used, the 4-well plates cause migration to the
center of the plate and therefore give a very high
concentration of microspores there (data not shown).
This finding was the reason for testing higher microspore
densities in the induction medium. Figure 4 shows the
average results of two experimental years for the four
tested genotypes. In general the values for the single
genotypes demonstrated the same tendencies. However,
for calculating the polynomic trendlines, to determine the
optimal microspore density, the average of all suspen-
sions per year were used. The optimal density was
determined to be 14�105 microspores per ml. Therefore
we plan further experiments in the interval between
10�105 and 15�105 microspores per ml. Compared to
other results from the literature this value is very high.
The optimal microspore density was cited as 1�105–

Fig. 3 Effect of maltose concentration on the induction of embryos
in isolated microspore culture in apple (genotype ‘Rene’; starvation
for 2 days at 4�C). Values are the means of three experiments

Fig. 4 Effect of microspore
density on the induction of
embryos in isolated microspore
culture in apple. Values are the
means of all genotypes for 174
respectively 163 suspensions
during two experimental years
(polynomic trendlines)
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1.5�105 microspores per ml in Brassica (Huang et al.
1990; Barro and Martin 1999; Ferrie et al. 1999) and
2�104 microspores per ml in Hordeum (Hoekstra et al.
1993).

Effect of genotype—comparison of efficiency between
anther and microspore culture

The four genotypes tested have already demonstrated
androgenic response in anther culture (H�fer 1997).
Differences in microspore embryogenesis were observed
among these cultivars (Fig. 5) when using the same
material in the two experimental years. In many species,
for example Brassica carinata (Barro and Martin 1999),
B. oleracea (Ferrie et al. 1999) and Phleum pratense L.
(Guo and Pulli 2000), genotypic differences in microspore
embryogenesis occur, and our results in M. domestica
concur.

Comparing the efficiency of anther and microspore
culture, only the results of the best variants regarding the
induction medium and the pretreatment were considered.
The data reported in Fig. 5 illustrates big differences
between the androgenic pathways depending on the
genotype. While the cultivar ‘Alkmene’ demonstrated a
higher embryo induction via anther culture, all other
cultivars tested gave better results from microspore
culture. An increase of up to 10 times, depending on
the genotype is possible. Studies in B. napus and
Hordeum vulgare (Siebel and Pauls 1989; Hoekstra et
al. 1992) showed that microspore culture can be 5–
10 times more efficient than anther culture for embryo
production.

In conclusion, the protocol for the induction of isolated
microspore embryogenesis have been improved and was
made reproducible for other genotypes in apple. Starva-
tion treatment, induction medium, maltose concentration,
type of culture vessel, microspore density and genotype
influenced embryo induction in M. domestica Borkh.
Compared to anther culture, isolated microspore culture
can be an effective alternative method of androgenesis in

apple. A further comparison of the efficiency of anther
and microspore culture, taking into consideration later
regeneration processes, is in progress.
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