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ABSTRACT

In vitro androgenesis is one of the most efficient methods to obtain haploid plants. Obtaining dihaploids of high frequency is of great
importance for wheat breeding since in this way the possibility to create homozygous lines within one generation is provided, thus
shortening the breeding process. In this review we consider and discuss many articles whose results show that wheat’s response to anther
culture is determined by genetic and environmental factors as well as by the interaction between them. The present state-of-the-art of the
studies on the genetic control of in vitro response of wheat as well as on the prospects of haploid/doubled haploid induction in this
important crop and its practical use are presented. The genetic factors affecting different stages of callus induction and organogenesis in
anther culture are discussed on the basis of our and other authors’ investigations. The dominant role of the genotype on in vitro processes
and the influence of the cytoplasm are demonstrated. The interactions between the genotype-environment and that between the nucleus-
cytoplasm are analyzed. A number of environmental factors influencing the response of anthers to in vitro cultivation are discussed. These
include the growth condition of the anther donor plants, the developmental stage of the microspores, the culture conditions, and the
medium composition. In spite of intense research in this field, many issues remain insufficiently clarified, and therefore need further
investigations.
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INTRODUCTION genetic capacity of many genotypes is still a problem that

Haploid and doubled haploid plants are useful tools for the
genetics and breeding of staple crop plants such as wheat.
Anther culture is one of the most efficient methods for the
production of doubled haploids in cultivated crops. Hap-
loids have considerable potential as breeding material in
crop improvement programs. It is of great importance to ob-
tain dihaploids of high frequency as in this way the possibi-
lity to create homozygous lines within one generation is
provided (Devaux 1988). However, the insufficient andro-

restricts the use of this method in wheat breeding (Andersen
et al. 1987; Henry and de Buyzer 1990). The problem is of
both a technical and genetic nature.

According to Szakacs ef al. (1989) the total production
of wheat haploids via anther culture depends at least on
three different and independent factors: The rate of embryo
induction, the embryo regeneration ability and the green/al-
bino plant ratio. The ability to regenerate green plants is the
most crucial criterion which determines whether androgene-
sis can be utilized for a given wheat genotype in the breed-
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ing practice. The androgenic capacity, i.e. the number of
responding anthers and callus yield, may also be used as a
reliable trait indicating the efficiency of the anther culture
techniques in wheat breeding (Sesek er al. 1988, 1992;
Orlov et al. 1993; Sesek and Dencic 1996). The mechanism
which prompts a change in the developmental pathway of
microspores from the gametophytic to the sporophytic stage
is still unknown. Induction of macrostructures (calluses and
embryoids) commonly occurred three weeks after incuba-
tion of anthers as was reported by Armstrong ef al. (1987),
but this period of time can be influenced by the genotype
and the culture conditions (Ouyang et al. 1983). In culture,
microspores undergo various modes of androgenesis which
lead to the formation of haploids either directly by embryo-
genesis, or indirectly via callus formation. Armstrong et al.
(1987) characterized two regeneration systems in wheat an-
ther culture: Embryogenesis and organogenesis. In the first
system bipolar structures, such as zygotic embryos, are
formed which germinate under appropriate conditions and
begin to give rise to a whole plant. In the second system on
regeneration medium the calli give rise to numerous shoots
and thin roots. Formation of leaves and leaf buds are also
observed. A big problem related to effectiveness of anther
culture in cereals is the incapacity of obtaining a great num-
ber of albino regenerants. This is due to genetic reasons as
well as to the method of anther cultivation.

Wheat response to anther culture is determined by gene-
tic and environmental factors as well as by the interaction
between them (Fadel and Wenzel 1990). In this article,
these groups of factors will be discussed.

INFLUENCE OF GENETIC FACTORS

Genetic analysis of the in vitro response of wheat
anther culture

Plant genotype plays an important role in the determination
of the androgenetic response (Henry and de Buyzer 1985;
Szakacs et al. 1989; Orshinsky and Sadasivaiah 1994; Bala-
tero et al. 1995; Beltchev 2002). The great impact that the
genotype-effect exerts on the response to in vitro cultivation
is a major feature of wheat anther cultivation. Embryo for-
mation and the percentage of green plant regeneration in
wheat anther culture are strongly affected by the genotype
of the donor material, while regeneration of the embryos
into plants is less dependent on the genetic differences (An-
dersen et al. 1987; Tuvesson et al. 1989). Genotypic dif-
ferences have been reported to account for 32-85.6% of the
variation in green plants yield (Andersen et al. 1987; Tuves-
son et al. 1989; Zhou and Konzak 1992; Masojc ef al. 1993;
Stober and Hess 1997; Maschii et al. 1998; Holme et al.
1999; Tuvesson et al. 2000). Agache et al. (1989) and Zieg-
ler ef al. (1990) found predominantly albino regenerants in
certain cultivars. Ouyang et al. (1987) obtained an average
of 44% green plants and 56% albino plants on three spring
and one semi-winter wheat (7. aestivum) cultivars. Foroughi-
Wehr and Zeller (1990) investigated the in vitro microspore
androgenetic reaction of 25 commercial German spring (in-
cluding four T durum) and 50 winter wheat cultivars and
they found significant genotypic differences. Anther culture
response of 44 spring bread wheat (7. aestivum) cultivars,
lines and F; crosses have been investigated by Ekiz and
Konzak (1994b). According to these authors there were sig-
nificant genotypic differences especially in callus induction
and green plant production compared to plant regeneration.
In a genetically wide material of winter wheat including
215 cultivars, Andersen et al. (1987) produced green plants
in 93 genotypes with an average number of 1.3/100 plated
anthers. In a study by Loschenberger and Heberle-Bors
(1992), from an average of 30 hexaploid wheat cultivars,
73% of the regenerated plants were green. These significant
differences in anther culture response of the wheat geno-
types proved once more that the success of the anther cul-
ture method is strictly dependent on genotype.
Androgenetic parameters are polygenically determined
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and imply nuclear (Dunwell et al. 1987; Tuvesson et al.
1989; Ghaemi et al. 1994) or both nuclear and cytoplasmic
effects (Powell 1988b; Sagi and Barnabas 1989; Ekiz and
Konzak 1991, 1994a; Ponitka and Jarzina 1996). The utili-
zation of aneuploids, addition, and substitution lines in
wheat and rye allowed for the identification of chromo-
somes or chromosomal regions involved in the different
stages of in vitro androgenesis (Zhang and Li 1984; Henry
and de Buyser 1985; Lazar ef al 1987; Szkacs ef al. 1988;
Agache et al. 1989; Foroughi-Wehr and Zeller 1990; de
Buyser et al. 1992; Martinez et al. 1994; Dobrovolskaya et
al. 2003). According to Shimada and Makino (1975), a
genetic factor inhibiting callus induction is located on the -
arm of the 4A chromosome. Tuvesson et al. (1989) suggest
that 1-2 dominant genes are involved in controlling regene-
ration ability. Zhang and Li (1984) showed by monosome
analysis that several chromosomes, for instance 2A and 2D,
carry main genes while chromosomes 5A, 5B, 4A and 2B
carry genes with minor influence that inhibit the frequency
of embryo production. Using aneuploid chromosome- sub-
stituted and translocation lines, de Buyser et al. {1992)
found that genes located on chromosome 1D and 5B™chro-
mosome arms in ‘Chinese Spring’ increased embryo fre-
quency, while a gene increasing albino plant frequency is
located on the 5B chromosome. According to these authors
few but highly efficient genes participate in the determina-
tion of anther culture in the in vitro response. Through re-
ciprocal substitution analysis Ghaemi ef al. (1995b) defined
the effects on androgenesis of individual chromosomes and
genes, as well as their interactions with the genetic back-
ground. For this, they used reciprocal substitutions for all
chromosomes between the wheat cultivars ‘Wichita’ and
‘Cheyenne’. They established that the A, B and D genomes
were implicated in three different independently inherited
traits: embryo induction, plant regeneration and frequency
of green plant regeneration, with unequal participation. Em-
bryogenesis was shown to be influenced by the three ge-
nomes, green plant regeneration — by genomes A and D, and
albino and total (green and albino) plant regeneration — by
genomes B and D. The authors identified specific chromo-
somes controlling androgenesis by using reciprocal substi-
tution lines. The effects of chromosomes 1A, 7A, 1B, 5B,
1D and 2D on embryoids (E)/100 anthers were reciprocal,
but 2A, 5A, 3B, 4D and 7D revealed non-reciprocal effects.
The reciprocal differences in embryo yield indicated that
alleles for an increase in embryo formation are present on
‘Wichita’ chromosomes (1A, 7A, 1B, 5B, 1D and 2D), and
for the opposite effect on their homologues in ‘Cheyenne’.
As for non-reciprocal effects of chromosomes 2A, 5A, 3B,
4D and 7D, the authors concluded that changes in values of
embryo production toward one donor genotype could be at-
tributed to complementary interactions between genes on
the substituted chromosome and those in the recipient back-
ground. In their experiments, green regeneration implicated
all the chromosomes of the A and D genomes except 5D,
but only chromosomes 2D and 7D had reciprocal effects.
This indicated that genes increasing the production of green
plant regeneration were present on ‘Cheyenne’ 2D and 7D,
and those controlling the opposite effect — on their homo-
logues in ‘Wichita’. Chromosomes 1B and 4B, and all the
D-genome chromosomes were implicated in total plant re-
generation, with a reciprocal effect of chromosome 2D.
Substitution lines of chromosomes 3D and 4D reduced total
plant regeneration in both recipient cultivars. According to
these authors, the genetic effect of these chromosomes on
this trait is due to their negative interaction with the genetic
background of the cultivar. There is information about the
importance of some D-chromosomes for green plantlet for-
mation (Galiba ef al. 1986; Szakacs et al. 1989). Based on
this information and the low rate of green plant regeneration
in T durum (Hadwiger and Heberle-Bors 1986), Loschen-
berger et al. (1993) investigated green plant regeneration in
wheat species lacking the D-genome. Representatives of all
tetraploid wheat carrying the AABB genome and diploid
ancestors of common wheat, Triticum monococcum (AA)
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and Triticum tauschii (DD) were included in their experi-
ments. The formation of green plantlets clearly differenti-
ated tetraploid from hexaploid wheat. Only 0.7% of the
embryos of tetraploid wheat developed into green plants,
while 21.7% of them developed into albino plants. None of
the 10 regenerated plantlets of the DD-T. tauschii species
were green. In hexaploid wheat cultivars, on the contrary,
73% of the regenerated plants were green (Loschenberger
and Heberle-Bors 1992). More green plants than albinos
were regenerated also in a genetically wide material of win-
ter wheat (7. aestivum) including 215 cultivars (Andersen et
al. 1987). Thus, it appears that the chromosomes of all three
genomes of 7. aestivum influence green plantlet regenera-
tion (de Buyser et al. 1992; Agache et al. 1989; Szakacs et
al. 1989). Possibly, there exists an advantage of the allo-
hexaploid genome for green plantlet regeneration due to the
interaction and compensation within and between genes on
the chromosomes of the different genomes. Similar con-
clusions were made by Mentewab ef al. (1997) in a study of
different Triticum species with A, B, D and G genomes.

A significant increase in the responding number of an-
thers has been noted in the presence of 1B/1R recombina-
tion in the chromosome set (Henry and de Buyser 1985;
Agache et al. 1989; Foroughi-Wehr and Zeller 1990).
Muller et al. (1989) described 45 wheat cultivars and F,
hybrids as also having a 1B/IR translocation chromosome
and they observed a relatively high androgenetic response
of these lines. However, there are cultivars that have a
1B/IR translocation which have low androgenetic ability.
Genotypic differences were found among 1B/IR lines in-
vestigated by Muller et al. (1989). It was proposed that in
addition to the 1B/1R translocation there are other genetic
systems affecting microspore embryogenesis.

The influence of rye chromosomes on wheat in vitro
morphogenetic processes and the interaction between rye
and wheat genomes during the occurrence of these pro-
cesses have been assayed by many authors. Nakamura and
Keller (1982) pointed out a negative influence of 2R and 4R
chromosomes of callus embryogenetic potential in substi-
tuted 2D/2R, 4D/4R and non-substituted triticale cultivars.
Immonen (1992) reported a positive effect in some cases
and a negative effect in others of the 2D/2R substitution.
The author explained this by the interaction between rye
and wheat genomes. Lazar ef al. (1987) investigated wheat-
rye addition lines and they stated that the 1R and 4R chro-
mosomes carry genes that increase callus formation and
regeneration in ‘Chinese Spring’ wheat culture. According
to Henry and de Buyser (1985) the 1R® arm carries gene(s)
regulating regeneration potential. De Buyser et al. (1992)
also reported that gene(ss) involved in regeneration ability
were located on the 1R” chromosome arm. Later the loca-
tion of “gametophytic” gene(s) able to stimulate plant rege-
neration from pollen embryos was confirmed by Henry et al.
(1993). The chromosome 1R has been associated with in
vitro androgenesis in a number of studies (Agache et al.
1989; Foroughi-Wehr and Zeller 1990; Henry et al. 1990;
Martinez ef al. 1994; Grosse et al. 1996; Dobrovskaya et al.
2003; Gonzalez et al. 2005). Gonzalez et al. (2005) estab-
lished that four regions on chromosomes 1B, 1R, 4R and

7R were involved in the number of green plants/100 anthers.

Grosse et al. (1996) reported the involvement of loci on the
3R chromosome in the androgenetic process in rye and
mapped genes for anther culture ability in rye by molecular
markers (Xpsr 902, Xpsr 116, Xpsr 598). Linkage analyses
revealed a region on the long arm of chromosome 3R of
line “DHS5” to be associated with high induction rates and a
region on the long arm of chromosome 1R with high rege-
neration rates. In line “DH3” there are hints that a region on
the long arm of chromosome 5R is associated with high in-
duction and albino rates whereas a region on the short arm
of chromosome 6R correlates with high regeneration rate.
Gonzalez et al. (2005) found that a region of chromosome
3R in triticale cv. ‘Presto’ was associated with green plant
regeneration.

The relationship between the morphogenetic response
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of somatic calli and the androgenic response is very interes-
ting. Agache et al. (1988, 1989) did not observe correlation
between the behavior of the lines cultivated as anther cul-
ture and somatic tissue cultures, which indicates indepen-
dent genetic control of both processes.

A number of researchers studied the influence of the
heterogeneity of the donor material on in vitro androgenesis.
There is much data concerning in vitro pollen embryogene-
sis in F; populations (Bullock ef al. 1982; Deaton et al.
1987; Pauk et al. 1991). The regeneration ability of F; hyb-
rids between hexaploid and tetraploid wheat was assessed
by Masojc et al. (1993) and Ghaemi and Sarrafi (1994).
Ghaemi and Sarrafi (1994) investigated the androgenetic
capacity and green plant regeneration ability of 160 ran-
domly selected heterozygous wheat (7. aestivum) genotypes.
Pollen callus was obtained from 94% of the genotypes stu-
died and the anthers of 68% of the genotypes tested pro-
duced green plants. El Maksoud and Bedo (1993) estab-
lished that the ability of green plantlets to regenerate into
embryoids obtained from F; hybrids was higher than the
midparental values. Many researchers obtained similar re-
sults on heterosis in wheat anther cultures. Lazar et al.
(1984b) reported the presence of heterosis over the mid-
parental value. Ouyang (1986) found that 88% of F; hybrids
showed heterosis for embryoid induction and 71% showed
great heterosis for embryoid induction frequencies when the
F, hybrids were compared to the better parent. It was also
found that the ability of green plantlets to regenerate from
F, hybrids was higher than that of midparental values.
Therefore, the use of F; hybrid plants as anther donors is an
effective means of increasing the yield of green haploid
plants. Arzani and Darvey (2002) and Tyankova et al.
(2003) also showed that heterozygous genotypes are parti-
cularly important for use in plant breeding. Gut et al. (2006)
demonstrated that the haploidization of hybrids derived
from the crossing of two or three forms may give most
interesting results from a breeder’s point of view.

Moieni and Sarrafi (1997, 1998) investigated the andro-
genetic response in two segregating populations (F; and Fy)
and their parents. Their results indicated significant and
positive differences between the F; generation and mid-pa-
rents for embryo production, green plant regeneration, and
total plant regeneration. The difference between F, genera-
tion and mid-parents was positive and significant only for
green and total plant regeneration. The best F; and F, plants
produced 62.72 and 65.11 green plants per 100 anthers,
respectively. As androgenetic traits are highly heritable, a
rapid gain from selection of such F; and F, genotypes
should be possible. It is evident that in vitro androgenesis
depends on the heterogeneity of the donor material. The ef-
ficiency of dihaploid (DH) induction in cereal anther cul-
ture increases with the utilization of heterozygous plants as
donors which makes the anther culture technique applicable
to wheat breeding.

Anther culture ability is a heritable trait and can be
transferred into agriculturally desirable material by crossing
(Bullock et al. 1982; Foroughi-Wehr et al. 1982). Develop-
ments in DN A-based genetic marker systems have provided
methods that can be used to identify quantitatively inherited
traits into their qualitative trait loci (QTL) components via
association with markers. These techniques have recently
been used to identify chromosomal segments affecting an-
ther culture response in maize (Cowen et al. 1992; Murig-
neux et al. 1994; Beaumont et al. 1995) and rice (He et al.
1998; Yamagishi et al. 1998; for review, see Bolibok and
Trojanowska 2006). Recently, in wheat, the genes thought
to be responsible for the genetic capacity for green plant re-
generation in anther culture have been mapped in a popu-
lation comprising 50 doubled haploid lines from a cross
between two wheat varieties “Ciano” and “Walter” with
widely different capacity for green plant regeneration (Torp
et al. 2001). Bulked segregant analysis with AFLP markers
and composite interval mapping detected four QTLs for
green plant percentage on chromosomes 2A"and 5B". In a
multiple regression analysis the four QTLs could explain a
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total of 80% of the genotypic variation for green plant per-
centage. None of the chromosomal regions with QTLs for
green plant percentage showed a significant influence on
either embryo formation or regeneration frequencies from
the anther culture. Zhang et al. (2003), using 57 dihaploid
lines derived from a F, intervarietal hybridization in wheat,
found 2 QTLs associated with the aptitude for green plant
regeneration. Both QTLs were located on chromosome arm
5B". Gonzalez ef al. (2005) investigated QTLs involved in
the androgenetic response in triticale. The regions involved
in embryo induction found by these authors to reside in
chromosomes 6B and 4R revealed the location of genes
highly responsible for this trait (30.01%). Four regions on
chromosomes 1B, IR, 4R and 7R were involved in the
number of green plantlets/100 anthers plated. The 4 QTLs
for final yield of the process had a positive effect in triticale
cv. ‘Presto’. The joint effect of all four markers was highly
significant and explained more than 46% of the variance.
The authors explained the strong correlation between these
traits by the proximity of the QTLs for embryo induction
and for determining the total yield of the process. Their
proximity, according to the authors, implies that they are
jointly inherited. Another explanation assumed by the au-
thors is the existence of a unique gene with a pleiotropic
effect. Identification of distinct QTLs affecting the tendency
for green/albino plant formation provides new tools for the
study of these phenomena and for the identification of pos-
sible candidate genes.

Many researchers have studied the genetics of wheat
anther culture. However, the results are not consistent with
each other. The analysis of F; from parents of different
androgenetic potential revealed intermediate inheritance of
callus induction (Lazar et al. 1984b), while plant regenera-
tion was often transgressively inherited (Agache ef al.
1989). This implies that the in vifro frequency of androge-
nesis may be increased genetically. Schaeffer ef al. (1982)
also showed that in vitro androgenetic ability may be trans-
ferred from a cultivar of good androgenetic capacity to its
F; hybrids. It has been demonstrated by means of reciprocal
crosses that genes for green plant formation in wheat anther
culture are mainly chromosomally inherited and show both
additive and non-additive genetic effects (Charmet and Ber-
nard 1984; Tuvesson et al. 1989; Zhou and Konzak 1992;
Ermishina et al. 2004). Ekiz and Konzak (1994b) studied
the anther culture of a large number of spring bread wheat
genotypes and crosses between selected genotypes, and
they found that additive genetic effects predominated for
callus induction. In addition epistasis and heterosis were
also observed in some crosses in agreement with the fin-
dings of Becraft and Tailor (1992). The authors established
that some cultivars have dominant or masking genes sup-
pressing callus induction which were functional in F,
crosses as well. However, probably because of minor genes
or gene interactions their functions were slightly altered
positively in their crosses. On the other hand, additive epis-
tasis and heterosis have been observed as genetic effects for
plant regeneration and for the proportion of green plants, as
well. In contrast to callus induction, genotypes with low
proportion of green plants did not drastically reduce the
proportion of green plants in their crosses. An insignificant
correlation coefficient between anther culture components
(callus induction, plant regeneration, and proportion of
green plants) showed that these were under the control of
different genetic mechanisms.

Apparently, the inheritance of anther culture compo-
nents is complex. Depending on the genotypes used, dif-
ferent genetic mechanisms may be involved. However, it
seems possible to improve the anther culture ability of
genotypes through breeding so that the anther culture
method can be used in practice more efficiently for haploid
breeding and genetic studies.
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Influence of the cytoplasm on in vitro
androgenesis in wheat

Clarifying the genetic control of in vifro androgenesis is a
complicated task because of the cytoplasmic genetic sys-
tems involved in the determination. According to Torp ef al.
(2001) nuclear genes affecting albino plant formation may
exert their effect via interaction with events in plastid deve-
lopment. The cytoplasmic influence on the in vitro response
of anther cultures has been studied by many authors. A
controversial situation exists at present with regard to the
involvement of cytoplasmic genes in pollen plant formation.
In some experiments with reciprocal crosses, maternal
effects were found (Picard et al. 1978; Bullock ef al. 1982,
Foroughi-Wehr et al. 1982; Charmet and Bernard 1984;
Lazar et al. 1984b; Charmet et al. 1985). Similarly, in some
cytoplasmic male sterile (CMS) lines, higher pollen plant
yields were found as compared to those found in male fer-
tile lines (Liang et al. 1987). In other CMS-lines, however,
such higher pollen plant yields were not found (Picard and
de Buyser 1973; Misoo and Mitsubayashi 1982; Misoo et al.
1984). Heberle-Bors and Odenbach (1985) showed that
pollen embryogenesis does not depend upon the source of
cytoplasm since highly embryogenic CMS-lines could be
found with all cytoplasms included in the screening. On the
other hand, not all CMS-lines with one particular cytoplasm
were highly embryogenic, and this indicates that, in ad-
dition to cytoplasmic genes, other genetic (i.e. nuclear) fac-
tors must be involved. Picard et al. (1978) reported a great
effect of 7. timopheevi cytoplasm on the frequency of callus
initiation in anther culture. The effect of cytoplasm was in-
dicated by reciprocal differences in the individual compo-
nents of the androgenic process in interspecific hybrids of
triticale, barley and wheat (Charmet and Bernard 1984,
Powell 1988b, Ekiz and Konzak 1994a). The genetic effects
caused by the cytoplasm were not detected in other studies
based on reciprocal differences (Dunwell et al. 1987; Aga-
che et al. 1989). The apparent inconsistency is most likely
due to the limited range of genotypes cultured in some stu-
dies as the expression of reciprocal differences is deter-
mined by the range of cytoplasmic and nuclear genetic vari-
ation among the parents. This has been demonstrated by
anther culture experiments using alloplasmic lines, in which
a T. aestivum nucleus was transferred to alien cytoplasms by
substitution backcrosses. In those studies significant cyto-
plasmic effects and nucleus x cytoplasmic interactions were
observed. Orlov et al. (1994, 1997) investigated a series of
reciprocally substituted alloplasmic lines of wheat and their
parental forms on parameters characterizing the plant’s
ability to induce morphogenetic processes in anther. Their
results indicated a positive effect of the interspecific cyto-
plasm substitution on the expression of the investigated
parameters (number of responding anthers, number of em-
bryoids per 100 anthers and number of green and albino
regenerants). Combining an alien genome and plasmone
was shown to strongly modify their expression. Individual
alloplasmic lines surpassed parental and corresponding
“reciprocal” lines in their ability for embryogenesis induc-
tion and anther culture. A reliable approach suitable to re-
veal the involvement of the interaction between the cyto-
plasm and nuclear-cytoplasm in determining the parameters
of “total number of embryoids” and “number of green
regenerants” was shown. It is evident that cytoplasm substi-
tution results in some cases in an increase in yield of em-
bryoids and regenerants in wheat anther culture and may be
used for improving the embryogenetic potential of tissue
culture. Gordei et al. (1994) also pointed out that in vitro
androgenesis depended on the alloplasmic state of the donor
plants and on the possible use of the alloplasmic forms to
enhance haploid induction in cereal anther culture. Ekiz and
Konzak (1991a) tested two series of alloplasmic lines with
T aestivum cv ‘Siete Cerros 66’ or ‘Penjamo 62’ nuclei and
they indicated that 5 cytoplasm types positively influenced
all three components of anther culture response, or did not
negatively affect any component while increasing one or
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two of them. The yields of green plants per 100 anthers
were 2 to 6 times higher than 7. aestivum cv. ‘Siete Cerros
66’ or ‘Penjamo 62°. Significant nucleus x cytoplasm inter-
actions were observed between the nuclei and the alien
cytoplasms. The results indicated a potential for use of alien
cytoplasms to improve haploid production of wheat. Zhou
and Konzak (1997) pointed out significant differences for
callus induction, plant regeneration, and green plant percen-
tages when nucleus of 7. aestivum L. cv ‘Selkirk’ was trans-
ferred to ten alien cytoplasms by substitution backcrosses.
In most cases, the alien cytoplasms decreased anther culture
responses, but sometimes they were as good as or better
than the 7. aestivum cytoplasm. Arzani and Darvey (2002)
demonstrated that due to the significant cytoplasmic dif-
ferences in anther culture response the direction of a cross
between genotypes was also an important factor in deter-
mining microspore development under in vitro conditions.

Embryogenesis in isolated wheat microspore
culture

Little information concerning cytoplasmic effects on induc-
tion of embryogenesis in isolated wheat microspore culture
is available. Orlov et al. (1999) tested different alloplasmic
wheat lines for their ability to induce pollen embryogenesis
in microspore culture. In experiments in which fertile allo-
plasmic lines were applied, a cytoplasmic effect was estab-
lished. However, it is rather difficult to clarify the mecha-
nisms of plasmone’s participation in the genetic control of
pollen embryogenesis characters. This participation may be
of several types: to modify the influence on nuclear gene
expression, their cytoplasmic control, joint nuclear-cyto-
plasmic control (Orlov and Palilova 1990). The mechanisms
of cytoplasmic effects during pollen embryogenesis induc-
tion, according to Orlov et al. (1999), are supposed to be
realized by the modification of the cytoskeleton in lines
with alien cytoplasm. The authors concluded that cytoplas-
mic effects exist during early stages of pollen embryogene-
sis induction in wheat microspore culture. Microspore cul-
ture can be considered to be an efficient method for in vitro
selection (Touraev et al. 1995) Preliminary studies with iso-
lated microspore culture in wheat and 7. spelta resulted in
the production of embryos and in the regeneration of plants,
but at a much lower percentage than with anther culture
(Schmid 1990).

Recently, a number of sporophytically induced micro-
spores and embryo-like structures (ELS) were obtained
from isolated microspore culture of durum wheat (7riticum
turgidum L. cv. ‘Martondur 1”) by Bakos et al. (2007). They
tested various pretreatments involving spike treatment at
4°C for 2, 7 or 14 days, anther treatment in 0.4 M mannitol
at 33°C for 3 days, and various combinations of these. The
best results were achieved when starvation at high tempera-
ture was combined with no or short (2-day) cold treatment
(212 and 203 ELS/100 anthers, respectively). However, the
ELS failed to regenerate and only a few of them produced
poorly developed albino shoots. Labbani et al. (2005) stu-
died the effects of different pretreatments on the behavior of
in vitro isolated microspores populations of durum wheat.
They used two durum wheat varieties (7. turgidum subsp.
durum) ‘Cham 1’ and ‘Jennah Khetifa’ (JK). The authors
tested five different pretreatments: cold pretreatment during
3 days and during 5 weeks at 4°C, pretreatment using a 0.1
M mannitol solution at 4°C for 3 days, pretreatment com-
bining first a cold phase (4°C) during five weeks, followed
by mannitol (0.1 M) during 3 days at 4°C and the reverse
one, i.e. in mannitol (0.1 M) during 3 days at 4°C, followed
by a cold phase (4°C) during five weeks. Their results show
that the microspore culture response varies within the culti-
vars and depends also on the pretreatment. The two durum
cultivars showed a great difference in their embryogenic
potentialities. Cv. ‘Cham 1° had a poor response in embryo
formation for all pretreatments. Cv. ‘JK’ showed a good
embryogenesis for all pretreatments, especially when man-
nitol (0.1 M) was used for three days at 4°C. Under this
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condition, 0.71% of embryo production was obtained. Cold
pretreatment for 5 weeks at 4°C was the best one for em-
bryo production as well as for green plant regeneration.
Labbani et al. (2007) obtained even better results by com-
bining cold pretreatment for 7 days with 0.3 M mannitol
solution. They observed that the novel pretreatment had a
strong effect on the number of embryos produced and rege-
nerated green plants. High green plant regeneration fre-
quency was recorded. As an average 11.55 green plants
were produced per 100,000 microspores (about the equiva-
lent of six plants per spike).

Pauk et al. (2000) compared the effects of plant growth
regulator (PGR)-free and PGR-supplemented media on triti-
cale androgenesis. For this purpose, winter triticale cv.
‘Presto’ and four different F1 combinations were used as
anther donor genotypes. Microspore donor tillers were cold
pretreated at 4°C for about two weeks. The basic 190-2
medium (Zhuang and Jia 1983) was supplemented with 3
mM L-glutamine and the following growth regulator combi-
nations: 1) 190-2 + 1.5 mg/1 2,4-dichlorophenoxyacetic acid
(2,4-D) and 0.5 mg/l kinetin; 2) 190-2 + 10 mg/l phenyl-
acetic acid (PAA); 3) 190-2 without growth regulators. The
results showed that the induction media had a strong effect
on the number of embryo-like structures. The medium with-
out growth regulators caused significantly higher level of
embryogenesis compared to the two growth regulator-sup-
plemented media. The highest number of ELS per culture
(118) the authors recorded for “Presto x Monico” in the
growth regulator-free induction medium. This culture me-
dium induced 3 to 118 ELS per culture depending on the
genotype. The two different growth regulator-supplemented
media induced ELS at 5.8 to 20.7 per culture. The effect of
medium was not significant on regeneration of albino
plantlets and there was only a weak effect on the green
plantlet production. The addition of 2,4-D and kinetin or
PAA had no significant effect on any of the three parame-
ters scored (number of ELS, green and albino plant regene-
ration).

In T aestivum, first reports of isolated microspore-
derived green plants were published by Meiza et al. (1993)
and Tuvesson and Ohlunt (1993) almost at the same time.
Different methods — treatment with inducer chemicals and
ovary-conditioned medium — were developed to improve
the efficiency of embryo production of isolated microspores
(Zheng et al. 2001; Zheng et al. 2002). Importance of ovary
co-culture in successful microspore culture of wheat was
first published by Meiza et al. (1993). They found a positive
effect of ovary co-cultivation on embryogenesis in float
anther culture wheat. A significant positive effect of ovary
co-culture was found also by Puolimatka et al. (1996), In-
drianto et al. (2001) and Lantos et al. (2005, 2006). Ovary
co-culture is necessary to production of a lot of embryoids,
because ovaries extract some chemical substances which
protect the developing structures (Letarte et al. 2006). Very
important factors for successful culture are the osmotic
pretreatment of donor anthers and optimal microspore stage.
The late uni-nucleate and early bi-nucleate stages are the
optimal for microspore culture (Reynolds 1997).

Highly efficient system for doubled haploid production
in wheat via induced microspore embryogenesis has been
developed by Liu et al. (2002). Over 50% of the total
microspores in a spike routinely can be induced to become
embryogenic by treatment with a formulation, including 2-
hydroxynicotinic acid (2-HNA) at 33°C. Thousands of green
plants originating from the microspores of a single wheat
spike can be produced. The optimal concentration of 2-
HNA in the formulation for treating microspores to induce
embryogenesis and form mature embryoids was determined
to be approximately 100 mg/l. The number of induced em-
bryoids increased with the increase of the concentration of
2-HNA up to 100 mg/1, while the percentage of germinated
green plants did not significantly differ between different
concentrations of 2HNA. All eight genotypes studied res-
ponded to their method and formed green plants, but geno-
typic differences in response to 2-HNA, ability to form em-
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bryoids and green plants were observed.

Although large populations of embryogenic micro-
spores were obtained and cultured in nutrient media in the
study of Liu et al. (2002), the majority of the developing
embryoids ceased cell division in the process toward for-
ming mature embryoids in media without the presence of
live ovaries. This indicates that the female part of the wheat
reproductive system plays an essential role for the reprog-
ramming from gametophytic to sporophytic development.
The authors found that extracts of ovaries were not active.
Female nurse substances, only synthesized by live ovaries,
were responsible for nursing the majority of embryogenic
microspores to become mature embryoids. It was shown
that there were no significant differences in the nurse func-
tion for androgenesis among the live ovaries of the different
wheat genotypes tested. Even oath and barley ovaries were
found to have similar nurse effects for androgenesis (Kon-
zak et al. 2000). This finding indicates that universal me-
chanism, present in ovaries of any given wheat genotype,
effectively provides nurse factors for androgenesis.

Pauls et al. (2006) reviewed the cellular and molecular
changes in early-stage microspore cultures in several spe-
cies (Hordeum vulgare, Brassica napus, etc.). Responding
cells in those cultures have been found to enlarge, their
nuclei — repositioned to their cell centers and their cyto-
plasm — filled with fragmented vacuoles. An early ultra-
structural change that occurs in embryogenic microspores
has been found to be the formation of a preprophase band of
microtubules. The preprophase band marks the position of
the new cell wall that develops between the equally sized
daughter cells (Simmonds and Keller 1999). In contrast, the
preprophase band is absent during normal pollen develop-
ment (Scheres and Benfey 1999). According to Pauls ef al.
(2006) these observations indicate that the cytoskeleton
plays a vital role in reshaping microspores committed to the
embryogenic pathway. Various mechanisms for induction of
embryogenesis in the cultured microspores have been pro-
posed including novel mRNA synthesis (Touraev ef al.
1997), protein phosphorylation (Garrido et al. 1993), and
initiation of symmetrical cell division (Zaki and Dickinson
1991). Flow cytometry was used by Schulze and Pauls (1998,
2002) to track cellular changes in B. napus microspore cul-
tures, as well as microarray analysis and real-time PCR to
compare gene expressions in embryogenic and non-em-
bryogenic cells. Pauls ef al. (2006) discussed a model for
embryO%enic cell activation in plants that involves alkalize-
tion, Ca”" signaling and changes in guanosine triphospha-
tase (GTPase) activity that lead to significant changes in
gene expression. According to them, a shift from pollen
formation to embryo formation in the microspores would be
expected to trigger large shifts in gene expression. The
authors grouped the variety of transcriptome changes that
have been observed in induced microspore culture into
three broad categories: 1) associated with adaptation to
stress; 2) involved in a cessation of pollen development; 3)
involved in the acquisition of embryogenic characteristics.
They suggest that a number of the gene products, induced in
these systems, are related to stress adaptation, as the com-
mon trigger for embryogenesis in a variety of microspore
culture has been found to be stress of some kind. The
authors concluded that an integrated set of changes in gene
activity occurs in the microspores committed to form em-
bryos, which indicated that these cells are active and perfor-
ming new functions.

Microspore culture can be used for genetic transforma-
tion experiments, mutation studies, the investigation of
mechanisms of plant differentiation and morphogenesis, the
production of DH lines, etc. The use of DH populations
simplifies breeding for recessive traits because homozygous
recessive individuals occur at a greater frequency in these
populations compared to conventional breeding populations
(Pauls 1996). Culture of isolated microspores provides
many advantages over anther culture. The isolation of micro-
spores, as it is supposed by some authors (Touraev et al.
1996), might be used to overcome the genotypic limitations
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in anther culture. Besides, all embryoids formed in the cul-
ture are certain to be microspore derived and plants rege-
nerated are either haploid or dihaploid because the only
cells placed in the culture are microspores and there is no
participation of the anther wall in pollen formation (Touraev
et al. 1996). Microspore cultures have become model sys-
tems for studying the very early stages of embryogenesis.
The fact that they are single-cell suspensions in liquid me-
dia makes continuous monitoring of the process possible
and allows the system to be easily manipulated.

EFFECTS OF NON-GENETIC FACTORS

Besides genotype, a number of environmental factors have
been reported to influence the response of wheat anthers to
in vitro culture. These include the growth conditions of the
anther donor plants (Wang and Chen 1980; Jones and Peto-
lino 1987), the developmental stage of the microspores (Ou-
yang et al. 1973; He and Ouyang 1984; Hassawi and Liang
1990), pretreatment of anthers, the culture conditions (Jing
et al. 1982), and the medium composition (Liang et al. 1987).

Effects of the donor plant’s growing conditions

The effects of the donor plant’s growing conditions (inclu-
ding seasonal variation and plant age) on pollen plant for-
mation in anther cultures have been studied by a number of
scientists (Picard and de Buyser 1973; Foroughi-Wehr et al.
1976; Keller and Stringam 1978; Sunderland 1978). The
growing conditions of the donor plants are an important fac-
tor influencing the in vitro culture response. Plants growing
in the field had a better androgenic reaction than those
growing in the greenhouse (Ouyang et al. 1983). Andersen
et al. (1988) confirmed this observation in some important
Scandinavian varieties of winter wheat, but they obtained a
great percentage (8.8%) of albino regenerants. Tuvesson et
al. (2000) also showed that the regeneration of green plants
is higher in material from the field. In the experiment of
Orshinsky and Sadasivaiah (1997) with donor plants from
three temperature regimes anthers from plants growing in
higher day/night temperature (25/18°C) or anthers from
plants transferred from low (15/12°C) to high (25/18°C)
temperature gave more embryoids and green regenerants
than anthers from plants that were grown at 15/12°C. Inves-
tigating embryo formation and plant regeneration from cul-
tured anthers in 5 genotypes of wheat (7 aestivum L.),
Jones and Petolino (1987) did not establish significant
differences between the 3 sets of growth conditions studied
(15°C-16/8h light/dark, 20°C-16/8h light/dark, and 20°C-
12/12h light/dark). However, they observed significant
genotype and genotype X environment interactions for em-
bryo formation. Androgenic reaction is influenced by the
season, as was pointed out by de Buyser and Henry (1979).
Plants growing in spring had a better androgenic response
than in the other seasons. This was not confirmed by Zieg-
ler et al. (1990) who found that the rate of responding an-
thers, number of embryoids produced, and total plant rege-
neration indicated that season had no significant influence
on anther reaction and subsequent regeneration.

Important factors governing the choice of donor plants
are: photoperiod, temperature, supply of water or nutrients,
application of growth regulators and pesticides. All of these
factors are thought to play a role in the induction of andro-
genesis. According to Bajaj (1983) high light intensity
before meiosis and low temperature, which lengthens the
vegetative period, can enhance the induction of androgene-
sis. Stress such as water deficiency or some nutrient ele-
ments, for example nitrogen (KNO;, 1150 mg/l), can also
have an inductive influence (Feng and Ouyang 1988). In
general, the physical state of the donor plants is important,
but until now it has not been possible to clearly define sin-
gle factors responsible for the success of anther culture.

The developmental stage of the microspores is a very
important factor for anther callus induction. It was found
that the middle mononuclear stage is optimal for the culti-
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vation of anthers. According to Gang and Ouyang (1984) in
hexaploid wheat the frequency of green plantlets was higher
at the mid and late uninucleate stage than at the early uni-
nucleate stage while that of albinos was the same in both
stages.

Effect of anther pretreatment

Pretreatment of spikes or anthers is another factor that influ-
ences wheat anther culture. The microspores are physiolo-
gically/genetically determined to follow the gametophytic
developmental pathway, but the mechanism which causes a
change in this developmental pathway remains unexplained.
In order for the pollen to change from gametophytic to spo-
rophytic developmental pathway, a proper stress should be
applied during pretreatment of spikes or anthers. The most
frequent methods used are chilling cut-off spikes and im-
mersing them or anthers in mannitol solution. Both tech-
niques limit the intake of nutrients by microspores. In the
case of chilling, the reason is the lack of synchronous deve-
lopment of the tapetum and microspores (Powell 1988a);
with mannitol, the cause is the increased osmotic pressure
in the solution in which anthers are immersed (Hoekstra et
al. 1997). In barley Roberts-Oehschlager and Dunwell
(1990) reported that a period of 4 days preincubation at
25°C on a 32 g/l mannitol-containing medium was superior
to those pretreatments requiring incubations at 4°C. For in-
duction of androgenesis to occur, it is sufficient to separate
stems from the plant (Wilson ef al. 1978) or to choose a
medium with stress-inducing components, such as a suit-
able dose (e.g. 20 M) of 2,4-D (Hoekstra et al. 1997) or
maltose, e.g. 0.7 M (Kruczkowska ef al. 2005) as the source
of carbohydrates in media inducing androgenesis in cereals.
Due to the slow hydrolysis of maltose, microspores remain
under starvation stress during the first 3-4 days of culture
(Indrianto ef al. 1999).

One of the key points to the developmental changes
leading to androgenesis is starvation which seems to be
essential for the shift of the developmental pathway of
pollen from gametophytic to sporophytic (Wei et al. 1986).
In many cereal species, cold treatment is necessary to get
androgenic microspores in culture (Kao e al. 1991) and the
function of cold treatment is perhaps starvation. However,
the effects of cold pretreatment of spikes have not yet been

ascertained and the available results are rather contradictory.

Cold pretreatment is known to delay degeneration of micro-
spores and accelerate nuclear division during the induction
process (Raina 1997). Cold pretreatment has been exten-
sively used in wheat anther culture and the best results were
obtained when spikes were pretreated (before anther exci-
sion) at 4°C for 7 to 14 days (Huang 1990). There are seve-
ral positive reports on the effectiveness of cold pretreatment
of spikes in wheat anther culture. According to Heberle-
Bors and Odenbach (1985), Datta and Wenzel (1987) and
Benito-Moreno et al. (1988) cold pretreatment increases
haploid or spontaneously doubled haploid formation in
wheat. According to Lazar et al. (1990) cold pretreatment at
4°C for 14 days followed by culture in liquid medium in-
creases the regeneration ability more than that at 10°C or
25°C for 7 days for the highly responsive genotype ‘Chris’
(31.2 vs. 7.9 and 0 per 100 anthers plated, respectively). A
strong positive effect on spike cold pretreatment was also
reported by Stober and Hess (1997) for a number of spring
wheat cultivars. In the study of Ponitka and Slusarkiewicz-
Jarzina (1996) the efficiency of androgenic embryos was
the highest when spikes were incubated at 4°C for 6-9 days.
On the other hand, cold pretreatment in general was not
always necessary to obtain higher rates of anther culture
response (Marsolais ef al. 1984; Karimzadeh et al. 1995;
Xinias et al. 2001). Furthermore, Karimzadeh et al. (1995)
indicated that cold pretreatment usually has a negative
effect on the androgenic ability of wheat genotypes and
therefore it reduces embryo production. This negative effect
indicates that for the genotypes studied cold pretreatment is
not essential for androgenic induction. These results con-

65

firm the findings of Marsolais et al. (1984) and McGregor
and McHughen (1990) in hexaploid wheat. Marsolais e? al.
(1984) found that cold pretreatment had a greater inhibitory
effect on the proportion of responding anthers, than on the
number of embryoids or calli produced. According to
McGregor and McHughen (1990), a cold pretreatment prior
to cultivation at 30°C caused a significant decrease in callus
formation, regeneration of green plants and albino plants as
compared to non-cold-pretreated anthers (for cv. ‘Chris’:
4.5%, 1%, 0% vs. 9.5%, 3%, 0.5%, respectively). The re-
sults of Karimzadeh et al. (1995) are in agreement also with
the ones of Ghaemi ef al. (1995a) who reported that cold
pretreatment of spikes (7 days at 4 + 1°C) usually reduces
embryo yield in tetraploid wheat. A strong inhibiting effect
of cold pretreatment on in vitro androgenesis in hexaploid
wheat was also observed by Mentewab and Sarrafi (1998)
and Simonson et al. (1997). Ohnoutkova et al. (2000) de-
monstrated that cold pretreatment is not an indispensable
factor for changing the developmental pathway of micro-
spores. Thus, the effect of cold pretreatment of bread wheat
anther culture is questionable. Perhaps, cold pretreatment is
genotype dependent and there exists a strong interaction
between genotype x medium X cold pretreatment (Ghaemi
et al. 1995a). According to Powell (1988a), Jdhne and Lorz
(1995), Lezin et al. (1996) and Ohnoutkova et al. (2000) the
optimal length of cold pretreatment depends on the geno-
type, on the growth conditions as well as on the physiologi-
cal status of donor plants. Different pretreatment procedures
were used by individual authors. Chilling spikes at 4°C may
be effective with different treatment periods. The most fre-
quent treatment period for chilling spikes at 4°C is 28 days.
Ohnoutkova et al. (2000) obtained positive results with
short term chilling which lasted 1, 7 or 14 days. Lezin ef al.
(1996) pointed out that a 14-day chilling period had the best
effect on embryo frequency as well as on the frequency of
green plants. Devaux et al. (1993) showed a significant
advantage of a longer chilling period (28 days vs. 14 days).
Huang and Sunderland (1982) recommended a period of
21-35 days. In the experiments of Ritalla ez al. (2000) after
more than 4 weeks of cold treatment, the regeneration capa-
city decreased dramatically, but Hou ef al. (1993) demons-
trated that prolongation of the chilling period up to 42 days
did not exert any negative influence. These conflicting re-
sults might be explained by the fact that the optimal length
of the cold treatment depends presumably on the genotype
(Powell 1988a), as well as on growth conditions and the
physiological status of donor plants (Jdhne and Lorz 1995;
Lezin et al. 1996; Ohnoutkova et al. 2000).

In the method with mannitol, isolated anthers are
immersed in 1.3 M mannitol solution at 25°C for 4 days.
Some authors solidified the mannitol solution with agarose.
Manninen (1997) obtained good results of androgenesis in
some cultivars with 0.175 M mannitol solution. Cistue et al.
(1994) showed that there were no significant differences
between liquid and solid media with mannitol. They
recommended increasing mannitol concentration up to 0.7
M for responsive cultivars. For recalcitrant ones, Castillo et
al. (2000) suggested mannitol increasing up to 1.5 M.
Starvation usually lasts 3 or 4 days, while 2 and 5 days are
less favorable (Hoekstra et al. 1992).

Several authors compared the efficiency of the two pre-
treatment methods (cold and mannitol). Ziauddin et al.
(1992) achieved similar results for both methods. According
to Hou et al. (1993) the two pretreatments induce a similar
number of embryos, but mannitol causes poor plant deve-
lopment. In the study of Castillo ef al. (2000) pretreatment
of anthers with a high concentration of mannitol produced a
3-10—fold increase in the number of green plants compared
to anther chilling. Li et al. (1995) established that mannitol
treatment, compared to chilling, significantly increased the
survival rate of pollen in culture, accelerated its develop-
ment, and led to higher percentage of DH plants. In the ex-
periments of Kruczkowska ef al. (2002) pollen viability in
barley decreased after pretreatment, and the reduction was
greater after treatment with mannitol (0.3 M) than after
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chilling. In their experiment, chilling significantly favored
the formation of embryos/calli in all the examined cultivars,
but the ability of the embryos/calli to develop into plants in
general and green plants in particular was lower than in the
mannitol treatment.

Treating anthers with mannitol (0.3 M) along with cold
stress (4°C) for 4 days in barley (Kruczkowska et al. 2002)
or wheat (Hu and Kasha 1999) was ineffective. Kruczkow-
ska et al. (2002) showed that with cultivars able to form
numerous embryos/calli, mannitol pretreatment proves to be
more efficient than the other tested pretreatments (chilling
or jointly — chilling and mannitol). With recalcitrant geno-
types, the frequency of obtained embryos/calli may be in-
creased by chilling (4°C). However, it should not be as-
sumed that a particular cold treatment would be appropriate
for all genotypes as numerous apparent genotypic differen-
ces in anther response were reported in the literature (Shaef-
fer et al. 1979; Marsolais et al. 1984). The choice of the
treatment method depends not only on the genotype, but
also on the amount of material available for induction. With
chilling, work may be distributed over a longer period than
is possible with the mannitol technique.

Role of the gametocide

An original approach for changing the microspore status
was applied by Picard ef al. (1987) using a gametocide,
applied to the donor plants. In this way they increased the
embryoid induction 20-fold and obtained 10-fold more
green regenerants. Vnutchkova and Tchebotareva (1990)
obtained a two-fold increase in callus induction and green
plant regeneration by employing the same method.

Role of culture conditions

Culture conditions play an important role in the in vitro res-
ponse of wheat anthers. The most usually considered vari-
ables in incubation conditions are temperature and light.
The effect of incubation temperature on the response of dif-
ferent genotypes was reported by Ouyang et al. (1983) and
McGregor and McHughen (1990). In general, relatively
high temperatures of 25-30°C were found to be optimal for
both anther and pollen culture. Ouyang et al. (1983) inves-
tigated anther culture response to cultivation temperature of
various cultivars, hybrids and lines. They found that the in
vitro response of wheat anther culture to incubation tempe-
rature was very flexible. Decreasing the temperature by 2-
3°C resulted in large variation in the frequency of pollen
plants produced. Such an effect may often be observed at
temperatures over 30°C or below 26°C. Xinias et al. (2001)
observed a slightly better response of some genotypes at
32°C. Their results are in agreement with those reported by
Marsolais et al. (1984) and Karimzadeh et al. (1995) who
suggested that 30-35°C incubation temperature might be
even more effective than 26-28°C. According to Xinias et al.
(2001), a higher (32°C vs. 28°C) incubation temperature did
not significantly modify the number of responding anthers
or embryoids. They concluded that production of haploid
plants is more dependent on the genotype than on the tem-
perature regimes of anther cultivation. Ouyang et al. (1983)
pointed out genotypic variation in the response to culture
temperature between different cultivars. As regards the res-
ponse to culture temperature, the most significant genotypic
variation was found during continuous culture at 25°C and
at 33°C for 8 days followed by culture at 25°C. For exam-
ple, in cv. ‘Kedong 58°, an 8-day initial culture at 33°C re-
sulted in a marked increase in the yields of pollen callus
(11-fold) and green pollen plants (29-fold) over the control
(continuous culture at 25°C). In another cultivar, ‘Norin 10°,
however, the same treatment decreased the yields of pollen
callus and green plants to 24% and 14% as compared to the
control, respectively. Response to the 33°C treatment of an-
thers from the F; hybrid between these two cultivars was
intermediate, suggesting that genotypic variation in res-
ponse to culture temperature is a heritable characteristic.
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In the study of Huang (1987) anthers were cultured at a
wide range of different temperatures (between 15 and 40°C)
for 8 days before all cultures were transferred to 25°C. The
yield of calli increased with the treatment temperature,
reaching a maximum at 30°C. Anthers cultured at 35°C for
the first 8 days produced less calli, relative to those cultured
at 30°C for the first 8 days, and those which were cultured
at 25°C continuously. Culture of anthers at 40°C for 8 days
was apparently deleterious.

Investigations on the influence of light on the induction
stage of anther culture are scarce probably due to that light
is thought to be dispensable for induction. Commonly, an-
thers are incubated in the dark or in dim, diffuse light.
Bjornstad et al. (1989) showed suppressed embryoid forma-
tion when high light intensity (75 pEm™s") was applied,
while regeneration was stimulated in a recalcitrant genotype
(cv. ‘Runar”). Poor, diffuse light did not influence callus in-
duction negatively and was found to even maintain a posi-
tive influence on regeneration. Ekiz and Konzak (1997) in-
vestigated the effects of light regimes on anther culture res-
ponse in bread wheat. They established a negative influence
on callus induction by high light intensity applied at the an-
ther culture period. Jones and Petolino (1987) applied three
light regimes but they could not observed significant dif-
ferences between them. Ziegler et al. (1990) examined the
influence of light (500 lux, 16 h) on anther culture ability
and regeneration of green/albino plants of various spring
wheat genotypes. Regeneration of green plantlets was im-
proved by differentiation in the dark, whereas differenti-
ation under light yielded more than 90% albino plants.
When light was absent during the differentiation process,
regeneration ability for green plants increased 7-fold. A pos-
sible explanation for the damage caused by light according
to the authors might be a disturbance of carotenoid produc-
tion and subsequent photooxidation of developing chloro-
phylls. The authors pointed out a positive influence of the
absence of light in the first stages (10 days) of morphogene-
sis on the percentage of green regenerants. Microspores
lacking protection from anther wall are more sensitive to
light than when they are grown inside the anther. The sen-
sitivity of microspores to light is more pronounced during
the first ten days of culture.

Role of medium composition

A very important factor affecting androgenesis is medium
composition. In particular, the concentration and combina-
tion of hormones play a certain role. In different experi-
ments the following factors had been varied: macro- and
microelements, vitamins, amino acids, activated charcoal,
and different extracts (potato vs. carrot extract). The effect
of medium on the rate of embryoid and plantlet formation
from anther cultures has been studied by a number of re-
searchers. Slightly modified Murashige and Skoog (MS)
(1962) basal media with added growth regulators was used
for the culture of excised anthers. For wheat anther culture
two potato media were developed: Potato-1 (P-1) and
Potato-2 (P-2) medium in the early 1970s (Research Group
301, Institute of Genetics, Academia Sinica 1976; Chuang
et al. 1978). Both potato media, especially P-2, have been
widely used in wheat anther culture. In each potato medium
the basic part was the potato extract, and some defined inor-
ganic and organic chemicals were added as supplements. In
P-1 no inorganic salts (except iron) or vitamins were sup-
plemented. In P-2 only half-strength of six major inorganic
salts of a synthetic medium, W14 medium (developed in the
Ouyang et al. (1989) lab), and one vitamin (thiamine), were
added as supplements. In order to improve its utilization in
the anther culture medium used, Ouyang ef al. (2004) modi-
fied the synthetic medium W14 using 5% potato extract as
an additive, but at the same time they decreased the amount
of ingredients of W14 medium each to three-quarters of the
original strengths. Their results showed that the efficiency
of this potato-extract-containing medium was much better
than that of the original synthetic medium. They also de-



Factors affecting in vitro androgenesis in cereals. Tyankova and Zagorska

monstrated that 5% potato extract was already a sufficient
quantity for improving the efficiency of wheat anther
medium. The authors suggested that the efficiency of any
synthetic induction medium for wheat anther culture could
be improved in this manner by adding 5% potato extract.
El-Maksoud and Bedo (1993) studied P-2 and the modified
N6 medium (MN6-medium) containing either sucrose
(MN6+sucrose) or maltose (MN6+maltose) according to
Chu et al. (1990) and they showed that P-2 induction me-
dium was better. The effectiveness of P-2 was much better
than that of N6 (Chu 1978) and other synthetic media and
this was confirmed by a number of research teams (Shi-
mada and Otani 1988; Ziegler et al. 1990; Cattanco and
Qiao 1991). In the experiments of Ziegler et al. (1990)
medium P-2 was better than N6 with regard to the rate of
responding anthers and embryoids produced in all four cul-
tivars studied. The best results were obtained with cv.
‘Nandu’ where responding anthers were 0.8% on medium
N6 and 3.7% on P-2. Karimzadeh et al. (1995) reported
pronounced differences between the effects of various in-
duction media. In their experiments, the chemically unde-
fined P-2 (Chuang et al. 1978) medium gave best results for
anther response and embryoid production, followed by the
chemically defined W14 (Ouyang ef al. 1989) medium.
Otani and Shimada (1995) compared three kinds of synthe-
tic media (C17 (Wang and Chen 1986), W14. and MN6)
with P-2 for microspore-derived embryoid production in
tetraploid wheat anther culture. All three synthetic liquid
media contained 0.26 M maltose. Liquid P-2 medium con-
tained 0.26 M sucrose. Liquid C17 medium was more ef-
fective than the other synthetic media and P-2, and thus this
medium was considered as the proper medium for micro-
spore-derived embryoid production in tetraploid wheat.
Simonson et al. (1997) examined 5 different induction
media and they observed significant differences in the em-
bryoid initiation frequencies between them. Anther on P-1
initiation medium had the highest, whereas anthers on MS
and on P-1 with MS salts (P-1/MS) media had the lowest
embryoid initiation frequency (0.907 vs. 0.431 and 0.106,
respectively). Slusarkiewicz-Jarzina and Ponitka (1997) in-
vestigated three different media: 1- P-2 medium and two
MNG6 media to which 90 g/l or 120 g/l sucrose was added
(medium 2 and 3, respectively). They found that medium 1
was more efficient than media 2 and 3 for embryo induction
in triticale, but green plants obtained on media 1, 2 and 3
were 12.5%, 9.9% and 1.3%, respectively. The number of
green plants depended also on donor genotypes. The per-
centage of green plants from 20 genotypes was 2.7-28.7 on
medium 1, 1.0-45.3 on medium 2 and 0.7-8.7 on medium 3.
The rate of albino plants was high (69.5, 45.3 and 79.2 on
media 1, 2 and 3, respectively).

Effect of carbohydrate type

The type of carbohydrate in the regeneration medium signi-
ficantly influences the regeneration frequency of various
wheat genotypes (Chu et al. 1990). Karsai and Bedo (1997)
found that the type of carbohydrate applied in the regenera-
tion medium had a significant effect, but it was strongly
genotype-dependent. Sugar is known to function as a car-
bon source for cell growth as well as an osmotic regulator
of the culture media (Zhou et al. 1991a; Ball et al. 1992,
Otani and Shimada 1993; Karsai et al. 1994; Navarro-Alva-
rez et al. 1994; Scott et al. 1995). The normal level of suc-
rose is 2-4%; however, wheat anthers have been observed to
grow better on media with 6-12% sucrose. This seems to be
an osmotic effect rather than a need for a higher carbo-
hydrate level. The effect of various sugars as a carbohydrate
source of pollen embryo formation was extensively studied.
P-2 with sucrose was estimated to be an effective medium
for wheat anther culture. Slusarkiewicz-Jarzina and Ponitka
(1997) found that sucrose concentration in the medium was
an important factor inducing androgenesis and influencing
the frequency of green plant regeneration in triticale. Media
containing 9% sucrose were more suitable for androgenic
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response than those with 12% sucrose. In recent years many
investigators preferred to use maltose in place of sucrose as
a carbohydrate in the induction medium of wheat anther or
microspore culture (Machii et al. 1998; Puolimatka and
Pauk 1999; Liu et al. 2002). Sucrose is rapidly hydrolyzed
to fructose and glucose which sharply increases the media
osmolarity while no detectable osmotic changes occur in
maltose-containing media. High osmolarity was regarded as
a positive factor during the induction phase of culture (Zhou
et al. 1991a; Ball er al. 1992) while the replacement of
sucrose with maltose resulted in higher green plant regene-
ration in wheat (Orshinsky ef al. 1990; Otani and Shimada
1993; Navarro-Alvarrez et al. 1994; Karsai et al. 1994,
Otani and Shimada 1994). The frequency of pollen embryo
production in wheat anther culture was reported to increase
when sucrose was replaced by glucose (Chu et al. 1990) or
maltose (Last and Brettel 1990; Orshinsky et al. 1990).
Otani and Shimada (1993) investigated four monosaccha-
rides (galactose, glucose, manose and fructose) and 4 disac-
charides (sucrose, maltose, lactose and cellobiose). Liquid
P-2 (Chuang et al. 1978) with sucrose (90 g/l) as a carbo-
hydrate source was also used to compare with C17 medium
(Wang and Chen 1986) with maltose (0.26 M). In all culti-
vars studied, the largest number of pollen embryos was
formed on medium containing maltose among the media
containing various sugars. Pollen embryos produced in mal-
tose-containing medium showed more vigorous green plant
regeneration than those in media containing other kinds of
sugars. The authors proposed 0.26 M maltose as the appro-
priate concentration for wheat pollen embryo production.
They established that the appropriate medium for pollen
embryo formation in wheat anther culture differed with cul-
tivar. The same results were observed in the anther culture
of tetraploid wheat (Otani and Shimada 1994, 1995). In
their experiment, the frequency of green plant regeneration
was highest for pollen embryos produced on C17 medium
containing maltose (0.26 M). However, albino plant for-
mation frequency was also highest in pollen embryos from
maltose-containing medium. These suggest that maltose has
an effect on plant regeneration but not on albinism in wheat
anther culture. El-Maksoud et al. (1993) also found that the
MNG6 induction medium + sucrose gave a better anther
response and embryoid induction frequencies than MNG6 in-
duction medium + maltose. However, they did not observe
a significant difference for green and albino plantlet induc-
tion when the MN6 regeneration medium contained either
sucrose or maltose. Chu et al. (1990) found that the carbo-
hydrate composition of the regeneration medium signifi-
cantly influenced the regeneration frequencies of various
wheat genotypes. In the study of Karsai and Bedo (1997)
maltose concentration in the induction medium significantly
influenced the anther culture efficiency in triticale but the
genotype and the genotype X maltose interaction were also
significant factors. In most cases the application of 0.21 or
0.26 M maltose resulted in higher embryo induction while a
further increase in the maltose concentration to 0.31 M had
no further enhancing effect. According to Karsai ef al.
(1994) a higher maltose concentration significantly im-
proved the embryoid induction percentage of three triticale
genotypes studied but it did not lead to a consistent increase
in green plant regeneration. Maltose at 0.26 M vs. 0.21 M
led to higher green plant regeneration only in the case of
wheat. Green plant regeneration is the final expression of a
large number of interacting factors, including embryoid in-
duction and the frequency of albinism (Karsai et al. 1994).
While embryo induction is highly heritable, plant regenera-
tion seems to be a more complex trait because of its great
sensitivity to environmental factors (Balatero ef al. 1995).
Kovacsne and Pepo (2006) examined the effect of four suc-
rose concentrations (45, 60, 75 and 90 g/1) and four maltose
concentrations (65, 100, 135 and 170 g/l) on callus induc-
tion, plant regeneration and green plant proportions. The
authors established that the callus induction response for cv.
‘Pavon 76’ to sucrose was higher than to maltose, regardless
of their concentrations. The callus induction increased dra-
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matically for both induction media when either sucrose or
maltose were increased from 45 to 90 g/l and from 65 to
170 g/1, respectively. The plant regeneration was 50.4-
51.4% in medium containing various amounts of sucrose
and 49.8-48.0% for that with maltose. The proportion of
green plants was highest for sucrose at 90 g/l (22.3%) and
for maltose — at 170 g/l (31.7%). In the study of Trottier et
al. (1993) the effect of replacing sucrose by maltose in
wheat anther culture varied with the genotypes of the anther
donor plants. Marciniak et al. (1998) investigated the effect
of genotype, medium and sugar on triticale anther culture
response. They tested two sugar versions on P-2 and C17
media, containing 9% of either maltose or sucrose. Their
results showed significant differences between genotypes
for all the investigated traits. Seven out of ten genotypes
developed green plants from embryoids induced only on
maltose-containing media, whereas one genotype gave
green plants only on sucrose containing media. P-2 with
maltose yielded the highest number of green plants in more
genotypes than either of the remaining media. The genotype
x medium, genotype x sugar and medium x sugar interact-
tions were significant, evidence that modification of the in-
duction media can be one way to further increase the anther
culture efficiency of cereals. Gonzalez and Jouve (2000)
used 4 induction media to induce embryogenesis in 3 triti-
cale genotypes and their F, hybrids. They established that
the induction media which contained 2 mg/l 2,4-D and 50
g/l sucrose plus 50 g/l maltose or 100 g/l maltose, respec-
tively, were the best at inducing embryogenesis, although
strong genotype differences were found.

The response of isolated microspores to sugar is dif-
ferent from that of cultured anthers. For example, anthers
incubated on medium containing sucrose or fructose deve-
loped embryos and the optimal concentration for embryoge-
nesis from anthers was 10, 20 and 5 mM of sucrose, glucose
and fructose, respectively (Finnie er al. 1989). However,
Scott et al. (1994) showed that microspores incubated in the
presence of different concentrations of sucrose, glucose and
fructose (from 5 to 175 mM) died during the early stages of
incubation. Moreover, microspores also died, when incuba-
ted in the presence of a combination of 175 mM maltose
with varying concentrations of sucrose, glucose or fructose.
In contrast, microspores developed into embryoids or cal-
luses when incubated in the presence of maltose as the sole
carbohydrate source and the optimal concentration of mal-
tose was 175 mM. The authors concluded that sucrose, glu-
cose, and fructose have a toxic effect upon cultured cells,
which is exerted in the presence or absence of maltose. It
remains unclear, however, whether the toxic effect is due to
the sugars themselves, or to some metabolic product of the
cells. The differences between the response of isolated
microspores and anthers to sugar could be accounted for by
the anther wall acting as a barrier between the microspores
and the culture medium.

The role of osmotic potential

As was already mentioned, sugar has two functions in cul-
ture media: it serves as a carbon source and as an osmotic
regulator. Since the sugar content of media was found to
change little during the culture period, it may be the major
osmotic regulator in the medium. The osmotic potential of
the induction medium plays a significant role in the anther
culture response. It was also found to have a significant
effect on the green plant regeneration of wheat (Finnie et al.
1989; Zhou et al. 1991a). According to Kovacsne and Pepo
(2006) the difference in the percentage of green plant yield
between maltose concentrations demonstrates the effect of
the osmotic potential of the medium on albinism. The role
of osmotic potential in the anther culture response in cereals
was first demonstrated when the sucrose content of the me-
dium was increased to 0.26 M from the widely-used level of
0.06-0.09 M in somatic tissue culture (Ouyang 1986). A fur-
ther increase was achieved when sucrose was replaced by
maltose (Zhou et al. 1991a). These changes in the induction
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medium resulted in higher embryo induction together with
increased green plant regeneration both in wheat (Zhou et al.
1991a) and barley (Kuhlmann and Foroughi-Wehr 1989). A
reason for this was the difference in the hydrolysation dyna-
mics of these two carbohydrates; sucrose is rapidly hydro-
lysed to fructose and glucose, increasing the medium osmo-
larity during culture, whereas no detectable osmotic chan-
ges occur in medium containing maltose (Kuhlmann and
Foroughi-Wehr 1989; Zhou et al. 1991a). According to Ko-
vacsne and Pepo (2006) many of the reported effects of me-
dium modifications and pretreatments may be related to os-
motic potential and if the hypothesis about the importance
of the osmotic potential of the medium is correct, more
attention should be paid to establishing the optimal osmotic
potential for regeneration media. On the other hand, the op-
timal osmotic potential for certain genotypes may not have
been identified because this value may be highly specific
for individual genotypes (Zhou et al. 1991a)

The nutritional requirements of excised anthers are
much simpler than those of isolated microspores. In isolated
microspores it is obvious that certain factors responsible for
the induction of androgenesis, which may have been pro-
vided by the anther, are missing, and that these have to be
provided through the medium.

Effects of plant growth regulators

The type and concentration of growth regulators (hor-
mones) in the induction nutrient medium have a basic role
for the change in the path of microspore development from
gametophytic to sporophytic. Use of various PGRs has been
shown to modify callus growth and plant regeneration rates.
The induction of microspore cell division and cell prolifera-
tion in vitro is achieved by auxins (2,4-D, a-naphthalene-
acetic acid (NAA), indole-3-acetic acid (IAA)), and the
most potent one in this process the synthetic growth regu-
lator: 2,4-D. In cereals, the synthetic auxin 2,4-D is a pre-
ferred auxin for the induction of somatic embryogenesis
and androgenesis in vitro. Depending on its concentration in
the medium, 2,4-D may act as a stress factor contributing to
a change in the developmental path of pollen or as a com-
ponent needed for embryo development. Hoekstra et al.
(1996) showed that a high concentration of 2,4-D, e.g. 20
mg/l, can result in obtaining green plants in barley anther
culture without pretreatment. In in vitro culture of anthers
pretreated with low temperature or with mannitol, the pre-
ferred 2,4-D concentration in the medium varies greatly
with different authors: from 0.2 mg/l (Hoekstra et al. 1996)
up to 8 mg/l (Marsolais and Kasha 1985). A higher 2,4-D
concentration inhibits direct embryogenesis and promotes
callus growth.

Kruczkowska et al. (2005) investigated the effect of
various 2,4-D concentrations on the androgenic response
and plant development in anther culture of barley. They
showed that osmotic stress can not be replaced with a high
(20 mg/1) 2,4-D concentration. Most embryos, embryogenic
calli and plants (including green plants) were obtained with
0.7 mg/l mannitol pretreatment and 0.2 mg/l of 2,4-D in the
induction medium. Auxin concentration also affected the
dynamics of embryogenic structure formation and plant de-
velopment from embryogenic structures. Concentrations
higher than 0.2 mg/l slowed down embryogenic structure
formation and plant development and increased the propor-
tion of calli compared to embryos in plant regeneration. As
a result, the frequency of androgenesis was reduced. Ac-
cording to Gorbunova et al. (1993) and Kruglova and Gor-
bunova (1997) the type and concentration of PGRs in the
induction medium changed the ratio between calluses and
embryoids considerably. When 2,4-D was included in the
nutrient medium mainly callus was induced, while in the
presence of NAA or IAA the rate of embryoids increased
(Konzak and Zhou 1991). From the geneticist’s point of
view the direct formation of embryos from pollen is prefer-
able to the indirect formation of embryos via callus since
the callus derived plants are mostly undesirable as they ex-
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hibit genetic variations and polysomy (Nitsch 1977; Bajaj
1990).

The response to 2,4-D concentration depends not only
on the cultivar, but also on the method (with or without pre-
treatment) (Kruczkowska et al. 2005). The authors showed
that pretreatment is more effective and the response to 2,4-D
concentration depended on the concentration of mannitol
used during the pretreatment.

Induction may also be affected by other stress-causing
components of the medium (Indrianto ef al. 1999). Some
authors substituted other auxins for 2,4-D in the androge-
nesis-inducing medium (Sozinov et al. 1981; Brown et al.
1989; Shimada and Otani 1989; Hassawi et al. 1990; Sza-
rejko 1991, 2003). Sozinov et al. (1981) established that the
addition of proline (100-160 mg/l) and oxyproline (100-160
mg/1) to the initial medium promoted the appearance of em-
bryoids from calluses and further plant regeneration from
them. Abscisic acid (ABA), is a plant hormone which has
several effects on the development of embryos. ABA influ-
ences cellular differentiation that affects both the anatomy
and biochemistry of the explant (Ammirato 1988). Promo-
tion of embryogenic callus and increased plantlet regenera-
tion were reported in the presence of ABA and ABA ana-
logs in wheat (Qureshi er al. 1989). When applied at low
concentrations, ABA was found to increase embryogenesis
in wheat (Brown et al. 1989). Shimada and Otani (1989)
observed a stimulating effect of low concentrations of ABA
(0.1-0.5 mg/l) on embryo formation in some poorly respon-
ding genotypes while in others the result was negative.
Hassawi et al. (1990) examined seven auxins (2 mg/l) in
combination with 1 mg/l kinetin as well as four cytokinins
(1.5 mg/l) with NAA (0.75 mg/1). The best results for callus
induction were obtained on media with 2,4-D, picloram and
dicamba. In an experiment by Szarejko (1991) an attempt to
substitute other auxins for 2,4-D was unsuccessful in the
anther culture of barley, but in later publications (Cai ef al.
1992; Szarejko 2003) she recommended the combination of
NAA and benzylaminopurine (BAP) in the induction me-
dium. Chu and Hill (1988) also found advantageous the ad-
dition of NAA (1 mg/l) in combination with amino acids in
the induction medium.

Moieni and Sarrafi (1996a) investigated the effect of
gibberellic acid (GAj), B-phenylethylamine (PEA), 2,4-D
and genotype on androgenesis in hexaploid wheat (7. aes-
tivum). In two genotypes out of three studied, an antago-
nistic effect between GAj; and 2,4-D on embryo yield was
observed. Replacing 2,4-D (0.5 mg/l) by either GA; (0.385
mg/l) or PEA (7.750 mg/l) in the medium decreased the
number of embryoids and regenerated plantlets per 100 an-
thers. PEA increased the number of embryoids per 100 an-
thers in two genotypes (‘BP40° and ‘BP25’ pure lines of 7.
aestivum). Basal medium supplemented with GA; increased
the ratio of plant regeneration in comparison with the con-
trol basal medium in one out of three genotypes tested.
Haploid plants were produced at a high frequency in induc-
tion medium supplemented with GA; (with or without 2,4-
D) (69.26 and 14.89%, respectively). The results showed
that GA; alone or together with 2,4-D had a very important
effect on direct plant regeneration.

Kruczkowska et al. (2005) tested three auxins (2,4-D,
picloram and dicamba) used in various proportions and only
combinations with 2,4-D brought favorable results. Kreme-
nevskaya et al. (2004) treated anther donor plants with ki-
netin (4 mg/l) at early development stages in a secalotricum
line ‘Paparatz x AD60’ and they showed that callus and
embryoid yield increased by approximately 1.7 times more
than the control (6.8% vs. 3.96%). There is an assumption
(Reinert and Bajaj 1977) that the requirement for auxin and
cytokinin depends on their endogenous levels in anthers.
Media rich in PGRs encourage the proliferation of tissues
other than microspores (i.e. anther wall, connective and fila-
ment) and should be avoided, because in such cases mixed
calli with cells of different ploidy levels are obtained.

Ghaemi ef al. (1994) examined whether the addition of
silver nitrate, colchicine and cupric sulfate to the medium
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would increase the number of microspore-derived embry-
oids in tetraploid wheat. Three different concentrations of
silver nitrate (1, 2.5 and 5 mg/l), cupric sulfate (2.5 and 10
mg/1), or colchicine (10, 100 and 200 mg/l) were used in
their experiments. The presence of silver nitrate (2.5 and 5
mg/l) and cupric sulfate (10 mg/l) usually increased the fre-
quency of embryoid formation in 3 genotypes out of the 4
studied. On the contrary, colchicine had a significant nega-
tive effect on anther culture responses for 3 out of the four
genotypes studied. Lachermes (1992) also found that the
addition of silver nitrate in anther culture media improved
embryo production in wheat. Ghaemi et al. (1994) explained
the positive effect of silver nitrate on pollen embryogenesis
with the blocking of the inhibitory effect of endogenous
ethylene on the embryo. That silver is an ethylene inhibitor
and stimulate morphogenesis in tissue cultures was shown
by Purnhauser ef al. (1987). The presence of silver nitrate
and cupric sulfate only slightly increased the frequency of
microspore-derived embryoid formation.

The concentration of organic and inorganic salts and
PGRs are changed in the media in order to modify morpho-
logy and callus production, and this depends on the geno-
type (Zhou and Konzak 1989; Hassawi et al. 1990; Rafi et
al. 1995; Gonzalez and Jouve 2000). The balance of ions in
the nutrient medium significantly influences the quality of
the induced structures. Iron in the medium plays a very im-
portant role and is indispensable (Reinert and Bajaj 1977).
Feng and Ouyang (1988) pointed out that the frequency of
callus induction and green plant regeneration increased
when the concentration of KNO; was increased to 15 mM
(1500 mg/1) in the induction medium. According to the au-
thors, the influence of KNO; on green plant regeneration is
due to the K and NO;™ ions, while in the medium with too
high a KNOj; concentration callus induction decreased due
to the NO; . In N6 nutrient medium (Chu 1978), the NO;~
/NHH," ratio is highly increased because a low concentra-
tion of NH," ions favors embryo formation. A low level of
ammonium nitrate and high level of glutamine in the
medium resulted in direct pollen embryogenesis in barley
(Datta and Wenzel 1988).

Henry and de Buyser (1981) replaced potato extract
with an amino acid and in this way they increased the per-
centage of embryo formation. In their experiment, in the
best medium (containing glutamine, 0.5 g/1) more than 75%
of the spikes were embryogenic. A higher concentration of
glutamine was toxic for androgenesis. Zhu er al. (1990)
examined the effects of amino acids on callus differentia-
tion in barley anther culture. They established that sup-
plements of 8 mg/l L-Alanine, L-Asparagine, L-Glutamine
and L-Alanine+L-Asparagine to modified MS media in-
creased the frequency of differentiation and the percentage
of green plant regeneration in barley callus. It also dec-
reased the ratio of albino to green plants. The total fre-
quency of differentiation for the various media was from
55.6 to 74.59% and percentage of green plants — from 11.80
to 14.52%, compared with the control media (48.74 and
6.73%, respectively). The authors observed a strong correla-
tion of isozyme patterns and peroxidase activity with dif-
ferentiation and green plant regeneration. They suggest that
amino acids stimulated or inhibited the related peroxidase
genes, or amino acids firstly stimulated cell differentiation
which then influenced peroxidase genes. Chu and Hill
(1988) optimized embryo development by a set of amino
acids (serine, proline, arginine, aspartic acid and alanine at
40 mg/l each, and glutamine at 400 mg/l). They observed
that amino acids supplementation benefited not only pollen
embryoid frequency, but also plant regeneration. Trottier et
al. (1993) established a stimulating effect of 19 combina-
tions of amino acids, but when they added maltose, the po-
sitive influence was eliminated. The inclusion of glutamine
did not increase embryo induction and plant regeneration in
the experiments of Puolimatka and Pauk (2000).

However, despite the positive influence of amino acids,
their use in nutrient media is too expensive for routine tech-
nology.
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Effect of the physical state of the nutrient medium

The physical state of the nutrient medium also influenced
the induction of embryogenic structures and regeneration.
Chu and Hill (1988) did not observe significant differences
in the induction of embryoids on liquid and solid nutrient
media. Cistue et al. (1994) showed that there were no sig-
nificant differences between liquid and solid media with
mannitol. Jones and Petolino (1988) reached a two-fold in-
crease in embryoid structures on liquid medium but they
had significantly lower regeneration potential. Zhou and
Konzak (1989) also obtained high callus induction on liquid
medium but low regeneration frequency. In their experiment
callus induction was 10 to 20 times greater for anthers cul-
tured on liquid medium compared to agar-solidified (6 g/1)
induction media. In the study of Ghaemi et al. (1995a) li-
quid medium was more efficient than solid medium for
embryogenesis of tetraploid wheat. Embryoids from liquid
medium produced fewer albino plantlets than from solid
medium in their experiment, which was in contrast with the
results of Jones and Petolino (1988) for hexaploid wheat.
The increase of embryoid production by liquid induction
medium in their experiment is in agreement with a previous
report for hexaploid wheat (Zhou et al. 1991b). The results
of Ghaemi et al. (1995a) are in agreement with those of
Lazar et al. (1985) who reported that cold pretreatment at
4°C followed by cultivation in liquid medium increased the
regeneration ability. Later, Lazar et al. (1990) investigated
the influence of agar concentration on embryoid induction
in six wheat cultivars and they did not observe significant
differences between liquid and semi-solid (0.4% agar)
medium. With an increasing in agar concentration to 1.5%,
embryoid formation decreased significantly in all genotypes
studied. Similar results were obtained by McGregor and
McHughen (1990) on liquid and solidified (0.8, 1.8% agar)
nutrient medium. In the experiment of Ziegler et al. (1990),
induction medium P-2 in solid, semisolid, and liquid form
(3, 2, 1 and 0 g/l agarose, respectively) was shown to in-
crease the anther response, embryoid induction and plant
regeneration with the decrease in the agarose content.
Karsai et al. (1994) found that induction medium containing
agar was more effective than liquid medium, while Puoli-
matka and Pauk (2000) did not observe difference between

liquid and solid medium concerning the androgenic reaction.

Stober and Hess (1997) could increase the number of em-
bryoids and regenerants on liquid medium. The change in
the concentration of the gelling agent had positively influ-
enced embryoid induction but had no effect on the regene-
ration of green or albino plants. In the study of Ghaemi et al.
(1995a) liquid medium improved total regeneration when
compared with solid medium (4 g/l gelrite) from 4.04 to
7.68%.

Further improvements in the efficiency of anther culture
were obtained by increasing the liquid medium viscosity
through the addition of Ficoll, a neutral, highly branched,
high-mass, hydrophilic polysaccharide (Kao 1981; Kuhl-
man and Foroughi-Wehr 1989; Zhou and Konzak 1989). In
the study of Ghaemi et al. (1993) the use of Ficoll and mal-
tose did not improve green plantlet production. Charmet
and Bernard (1984) reported higher triticale embryoid in-
duction in Ficoll-containing media. The differences between
the various gelling agents were modest. This was particu-
larly true for plant regeneration. In terms of embryoid in-
duction, agar medium was inferior to liquid or Ficoll-con-
taining media. In terms of green plant regeneration, liquid
induction medium was inferior to media containing Ficoll.
The positive influence of Ficoll on the androgenic reaction
was pointed out by Zhou and Konzak (1989, 1997), Kuhl-
man and Foroughi-Wehr (1989), Fadel and Wenzel (1990),
Yuan et al. (1990), Zhou et al. (1992) and Karsai et al.
(1994). Zhou and Konzak (1989) improved the androgen-
etic haploid induction in spring wheat by adding 200 g/l
Ficoll. In the study of Kuhlman and Foroughi-Wehr (1989)
optimal embryo and callus formation was obtained on li-
quid medium with 20% Ficoll and 20 g/l maltose. In the
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study of Fadel and Wenzel (1990), liquid P-2 medium with
100 g/1 Ficoll was the most suitable medium for androgen-
netic pollen development, although significant genotypic
differences were observed. Zhou et al. (1992) also found
that 100 g/l Ficoll was better than 200 g/l. Higher concen-
trations were found to be deleterious. Yuan et al. (1990)
obtained 1.5 times more calli on 10% Ficoll-containing
medium, compared to medium without Ficoll. In wheat and
triticale, induction media with agar (0.6%) and Ficoll (10%)
were superior to the liquid form (Karsai et al. 1994).
Among the three induction media studied by Zhou and
Konzak (1997) the liquid and Ficoll (100 g/l)-containing
media produced significantly more calli than the agar-soli-
dified (6 g/l) medium for all five wheat genotypes. The ad-
dition of Ficoll increased plant regeneration in four out of
five genotypes and the green plant percentages in two geno-
types. The liquid and Ficoll-containing media produced
more green plants per 100 anthers than the agar-solidified
medium. Significant interactions between genotypes and in-
duction media were observed for callus induction, plant re-
generation and green plant yield. It was concluded that the
physical conditions of the induction media exerted differen-
tial influences on anther culture responses for different
genotypes.

The low level of pollen embryo formation in solid me-
dium could be due to the inhibitory effect of Gelrite (Ghae-
mi et al. 1995a). Another reason for the low embryoid yield
in solid medium could be the fact that pollen-derived em-
bryoids remain within the anther wall in solid medium,
while they float freely and have more direct access to nut-
rients in liquid medium. Although liquid medium may allow
for enhanced nutrient distribution, it also exposes a substan-
tial proportion of the embryoids to anaerobic conditions,
leading to reduced plant regeneration (Kuhlman and Fo-
roughi-Wehr 1989; Zhou and Konzak 1989).

Zhou and Konzak (1997) examined the effects of five
starch forms (3%) and three gelling agents (0.2%) on the in-
duction of androgenesis. In terms of green plant yield liquid
medium produced the highest green plant percentage, but
commercial wheat starch and potato starches, and gelrite-
containing media were as good as the liquid medium, indi-
cating that starch could potentially replace agar and Ficoll
as an induction medium component. According to the au-
thors, some starch at low concentrations may offer unique
properties as the medium component/gelling agent for use
in anther culture.

The induction of embryogenic structures can be influ-
enced by the addition of charcoal in the induction medium
(Jones and Petolino 1988) or by other specific factors (i.e.
cold sterilization of nutrient medium (Chu and Hill 1988;
Otani and Shimada 1993), low pH (Ghaemi et al. 1994),
density of anthers (Chu and Hill 1988), etc. Incorporation of
activated charcoal (AC) into the medium stimulated the
induction of androgenesis in tobacco anthers (Bajaj 1976).
It was shown that the percentage of androgenic anthers
could be raised from 41 to 91 by the addition of AC (2%) to
the medium. However, it seems that AC can also cause
small increases in the induction of diploid plants. At present,
no satisfactory explanation can be given for the stimulatory
effect of AC. Perhaps, it might be responsible for the remo-
val of inhibitory substances from the medium. However, it
seems more likely that the level of PGRs, both endogenous
and exogenous, is regulated by absorption onto AC (Bajaj
1976; Chu and Hill 1988).

Effect of medium pH

The effect of medium pH proved to be crucial in several in
vitro processes (Basu et al. 1988; Cousson et al. 1989;
Smith and Krikorian 1990), but very little information is
available concerning the effect of changes in the pH of the
induction medium on anther culture of cereals. In experi-
ments on in vitro aluminum AI’* selection in wheat anther
culture, Kovacs ef al. (1993) found that decreasing the pH
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from the widely used value of 5.8 to 4-4.5 had an enhancing
effect on anther culture efficiency. Karsai et al. (1994) stu-
died the effect of the pH of the induction medium and mal-
tose concentration on in vitro androgenesis of hexaploid
winter triticale and wheat. They established that changes in
pH had no effect on triticale varieties, while this treatment
significantly increased embryoid induction in a wheat vari-
ety at pH 4.8. Their results supported the observations of
Kovacs et al. (1993) who showed that a reduction in pH led
to a significant increase in embryoid induction and green
plant regeneration in wheat. In contrast, low pH had a negli-
gible effect on the in vitro androgenesis of triticale geno-
types. An enhancing effect of low pH was also reported by
Smith and Krikorian (1990). They found that in carrot cal-
lus culture the maintenance and propagation of embryoge-
nic tissues at the proembryo stage was increased at pH 4.0.
The influence by low pH on the efficiency of anther culture
and the significant difference between the responses of
wheat and triticale genotypes are interesting themes for
future investigations.

FACTORS AFFECTING PLANT REGENERATION

Regeneration of plants from callus is achieved by a change
in the hormone component or by the omission of hormones.
The level of sucrose is also invariably reduced to 2-3% in
regeneration media. Initially, the regeneration nutrient me-
dia contained a full set of salts and vitamins of the MS
medium, the quantity of 2,4-D was reduced or absent, the
concentration of carbon source decreased to 3% and in the
presence of kinetin, NAA (Chu et al. 1973; Wang et al.
1973) or IAA (Ouyang et al. 1973) were added. Generally,
the regeneration process is less sensitive to the nutrient me-
dium composition. That is why Zhuang and Jia (1983) de-
veloped a simpler and more effective regeneration medium
190-2, containing 0.9 M sucrose. In the study of El-Mak-
soud and Bedo (1993) the regeneration media used were
190-2 and MNG6 containing either sucrose or maltose. They
found that better plantlet regeneration occurred on 190-2.
The green plantlets per 100 anthers varied from 4.49 to 9.55
for cultivars on 190-2 regeneration medium, from 0.00 to
3.25 on MN6+sucrose and from 0.00 to 4.21 on MN6+
maltose. In the study of Karsai and Bedo (1997) of three
basal regeneration media (MS, 190-2 and MNG6), those
based on 190-2 and MN6 were shown to be more efficient
with strong genotype dependence. Zhou and Konzak (1989)
improved the regeneration potential of calluses derived
from liquid medium replacing the PGRs in the original 190-
2 by IBA and GA;. In some cases regeneration improved
with the complete absence of PGRs (Konzak and Zhou
1991). Gonzalez and Jouve (2000) also found that medium
without hormones was the most successful with respect to
plantlet regeneration.

As was already mentioned, plant regeneration is a com-
plex trait since it is sensitive to environmental factors. The
carbohydrate composition of the regeneration medium sig-
nificantly influenced the regeneration frequencies of vari-
ous wheat genotypes (Chu er al. 1990; Karsai and Bedo
1997). The changes in carbohydrate composition of the re-
generation media affected similarly all 14 wheat varieties
studied by Chu et al. (1990), while in triticale the effect of
carbohydrate type applied to regeneration medium was
strongly genotype-dependent (Karsai and Bedo 1997). Ka-
rimzadeh ef al. (1995) also indicated that both androgenic
response and regeneration ability were greatly genotype
dependent and their regulation was genetically independent.
Using wheat/rye chromosome addition lines, Lazar et al.
(1987) found that only few individual rye chromosomes, es-
pecially chromosomes 4R and 1R, had an enhancing effect
on green plant regeneration.

Another factor influencing plant regeneration is light.
Ziegler et al. (1990) pointed out a positive influence of the
absence of light in the first stages of morphogenesis on the
percentage of green regenerants. In the absence of light,
regeneration ability for green plants increased 7-fold. In the
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study of Bjornstad et al. (1989) high light intensity (75
pnEm?s™) during the induction phase strongly suppressed
callus induction, but stimulated green plant regeneration.

Regeneration can occur in a wider temperature interval
compared to embryo induction, but commonly the calluses
and embryoids are cultivated at 25°C in the light and ap-
propriate photoperiod. To stimulate rooting of regenerants
liquid medium containing IAA (1 mg/l), kinetin (1 mg/l)
and glutamine (146 mg/l) (Lu ef al. 1991) were used.

Puolimatka and Pauk (2000) observed that the duration
of incubation had a significant effect on the regeneration
capacity of embryogenic structures and that the highest per-
centage of regenerants was produced 6-7 weeks after culti-
vation of anthers. When the embryogenic structures re-
mained too long on the induction medium before being
transferred to the regeneration medium, regeneration dec-
reased (Ouyang et al. 1983; Chu and Hill 1988; Ball ef al.
1993).

ALBINISM

A big problem related to effectiveness of anther culture in
cereals is that a great number of albino regenerants are ob-
tained. These are due to genetic reasons as well as to the
method of anther cultivation. Tuvesson et al. (1989) ex-
plained the regeneration of albino plants by the action of
nuclear genes. Wheat-rye translocation 1BL-1RS increased
production of green regenerants (Henry and de Buyser
1985; Cattaneo et al. 1991; Tuvesson et al. 1991) due to
gametophytic genes located on the rye chromosome arm
IRS (Henry et al. 1993). According to Day and Ellis (1984,
1985) perhaps a deletion in the chloroplast DNA, which is
apparent in in vitro cultivation, is a reason for albinism.
Mouritzen and Holm (1994) established plastid genomic
deletions in the early stages of regeneration. Caredda et al.
(2000) concluded that the regeneration of albino plants is
the result of degradation of plastid DNA, explaining why
plastids are unable to develop into chloroplasts. According
to Torp et al. (2001) genes on the chromosomes affecting
albino plant formation may exert their effect via interaction
with events in plastid development. Mosgova et al. (2005,
20006) studied the possible mechanisms of albinism in wheat
anther culture. They examined two evolutionary unstable
regions of the chloroplast genome in dihaploid wheat.
These regions include some genes, changes in which could
be associated with albinism in anther culture. Using PCR,
they showed that azpB was the gene most often not detected
in the lines examined. The authors suggested that regenera-
tion of albino plants is accompanied by the deletion of a
chloroplast DNA region harboring this gene. Another rea-
son for the appearance of albino regenerants, according to
Aubry et al. (1989), could be the changes of the molecule
organization of the mitochondrial genome.

According to Ouyang et al. (2004) the albino shoot dif-
ferentiation frequency is much more relative to anther
donor genotype than to medium composition. In their expe-
riment three different media were tested: W14 (Ouyang et
al. 1988), PW14 (W14 with 5% potato extract), and
3/4W14 (with the salts (except iron) and vitamins (inclu-
ding glycine) reduced each to % strength of the original
W14 medium). The authors showed that there were no sig-
nificant differences in the frequency of albino shoot dif-
ferentiation between the three different media, although the
frequency of green shoot differentiation differed signifi-
cantly. These results indicated that medium components af-
fecting the frequency of green shoot differentiation will not
affect albino shoot differentiation as well. This also implies
that the frequency of albino shoot differentiation is not as
sensitive to the variation of induction medium components
as green shoot differentiation. Comparing three different
culture media (P-2, W14 and N601 (Liang e? al. 1987)), Ka-
rimzadeh et al. (1995) established that only W14 medium
gave a satisfactory high green plant regeneration percentage
and green/albino ratio. The highest green plant frequency
and green/albino ratio (82.6/20.0) was for this culture
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medium in the case of ‘Mw15’ genotype.

However, having in mind the genotypic specificity, albi-
nism can be strengthened or weekend depending on a num-
ber of other factors. In the study of Andersen et al. (1988)
donor plants growing in the field had a better androgenic
reaction than those, growing in the greenhouse, but they
obtained a great percentage (8.8%) of albino regenerants.
Anther culture conditions were found to have a strong effect
on the degree of albinism in cereal pollen plants. The effect
of temperature on regeneration potential for green plants
was examined by Huang (1987). The results indicated an
increased ratio of green/albino pollen plants with the in-
crease of the initial culture temperature. The most dramatic
difference in regeneration potential for green plants was
between the 30 and 35°C treatment. Three times as many
calli from anthers cultured at 35°C regenerated green plants
relative to those, cultured at 30 or 25°C. The effect of tem-
perature on albinism, as well as the mechanism of albinism
is complicated. In wheat anthers cultured at higher tempe-
ratures, pollen calli appeared and were transferred earlier to
the regeneration medium (Huang 1990). According to the
author, it is highly possible that some components (e.g. high
level of sucrose and/or auxin) of the culture medium used
for callus production, have an inhibitory effect to plastid
development and the longer the pollen is maintained in this
medium, the more likely it is that the plastids will malfunc-
tion.

Ziegler et al. (1990) pointed out that regeneration of
green plantlets was improved by differentiation in the dark,
whereas differentiation under light (500 lux, 16 h) yielded
more than 90% albino plants. The authors explain the dam-
age caused by light with a possible disturbance of carote-
noid production and subsequent photooxidation of develop-
ing chlorophylls.

The type and concentration of carbohydrate source and
medium osmolarity also affect albinism. Karsai and Bedo
(1997) showed that in spite of the strong genotype effect on
the anther culture of triticales, the application of 0.26 M
maltose proved to be the best for the green plant production
of all the varieties studied. In the study of Kovacsne and
Pepo (2006) the differences in green plant percentages bet-
ween maltose concentrations demonstrated the effect of
medium osmolarity on albinism. The green plant proportion
showed a linear response with concentration and was high-
est at 90 g/l for sucrose (22.3%) and at 170 g/l for maltose
(31%).

Amino acid supplements also exert influence upon
green plant percentage and the green/albino plant ratio.
Supplements of 8§ mg/l L-Alanine, L-Asparagine, L-Gluta-
mine and L-Alanine+L-Asparagine to MS media increased
the green/albino ratio (Zhu et al. (1990). Except for medium
with L-Alanine (2.87), the ratio of albino to green plants in
media with added amino acids decreased in order down to
2.13, 1.42 and 1.39, respectively, from 2.75 in the control.

GENOTYPE-ENVIRONMENT INTERACTION

Many authors (Lazar et al. 1984a; Jones and Petolino 1987;
Fadel and Wenzel 1990; Lazar et al. 1990) pointed out that
the influence of genotype was paralleled by the genotype-
environment interaction. The existence of numerous uncon-
trolled factors induced by environmental variations (Ocken-
don and Suntherland 1987; Kasha ef al. 1990) makes it dif-
ficult to study the in vitro response inheritance in anther
cultures. In the study of El-Maksoud and Bedo (1993) the
genotype x medium interaction was only significant for res-
ponding anthers and for induction of embryoids but was not
significant in the case of green plantlet induction. The effect
of genotype, liquid and solid medium, ancymidol in liquid
medium, spike cold pretreatment and their interaction was
investigated by Ghaemi et al. (1995a) in tetraploid wheat.
They found that the effect of genotype and medium was sig-
nificant for the traits studied, but their interaction was only
significant for embryoid production and total regeneration.
The interaction between all studied variables “genotype X
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medium X cold pretreatment” (GxMxCP) was significant
for all traits studied except for green plant regeneration per
100 embryoids. The results demonstrated a strong inter-
action between (GxMxCP) and showed that anther culture
in liquid medium without cold pretreatment was more
suitable for a genotype which could express its full potential
in these conditions. Karsai and Bedo (1997) found that in
triticale the genotype X maltose interactions were highly
significant factors. They examined 5 triticale genotypes and
their interaction with different maltose concentrations. The
embryoid induction of 3 out of the 5 varieties studied
increased significantly when 0.26 M maltose was applied
instead of 0.21 M. Compared to embryoid induction, there
was an even greater difference between the varieties in the
responses of total plant regeneration and green plant rege-
neration to these maltose concentrations. Karimzadeh et al.
(1995) studied the effect of the interaction between low
temperature, different nutrient media and genotype on the
androgenic capacity of winter wheat cultivars. They found
significant differences between the two genotypes studied
(‘Mw06-83 and ‘Mw15’) and also among the effects of the
various induction media. The chemically undefined P-2
gave the best results for embryoid induction, followed by
the chemically defined W14. Cold treatment (at 4°C) had
no modifying effect on total plant regeneration. Interactions
genotype X sugar and medium X sugar were observed by
Marciniak et al. (1998). They examined the androgenic res-
ponse of 16 triticale genotypes on two induction media (P-2
and C17), containing 9% of either maltose or sucrose. There
were significant differences between genotypes for all the
investigated traits. Maltose was superior to sucrose (on
average respectively 0.69 and 0.03 green plants per 100
anthers). P-2 with maltose yielded the highest number of
green plants in more genotypes than either of the remaining
media. Zhou and Konzak (1997) observed significant inter-
actions between genotype and induction media for callus in-
duction, plant regeneration and green plant yield in wheat.
Genotype x nutrient medium interaction was established by
many other authors as well (Liang et al. 1987; Lasar et al.
1990; Chaplicki 1993; Otani and Shimada 1994, 1995;
Moieni and Sarrafi 1996b). It was concluded that the modi-
fication of nutrient medium may increase both embryoid
number and green plant regeneration in different cultivars.
Jones and Petolino studied the effect of donor plant growth
temperature and photoperiod on embryo formation and
plant regeneration from cultured anthers in 5 genotypes of
wheat (T aestivum). Significant genotype and genotype x
environment interactions for embryo formation were estab-
lished. Studying a series of reciprocally substituted alloplas-
mic lines, Orlov et al. (1994, 1997) observed a reliable in-
volvement of the cytoplasm and nucleus x cytoplasm inter-
action in determining the parameters “total number of em-
bryoids” and “number of green regenerants”. Significant
nucleus X cytoplasm interactions were observed also by
Ekiz and Konzak (1991b, 1991c¢c, 1997), using alloplasmic
lines, in which a T. aestivum nucleus was transferred to
alien cytoplasms by substitution backcrosses.

OBTAINING DIHAPLOIDS

Successful chromosome doubling of microspore-derived
haploids is necessary for propagating homozygous plants.
Colchicine is the most frequently used chromosome-doub-
ling agent. It blocks mitosis at metaphase by inactivation of
the spindle mechanism (Levan 1938; Jensen 1974). In gene-
ral, the treatments are carried out on whole plants by
soaking the crown for several (i.e. 5) hours in colchicine (1
g/1) solution (Mentewab and Sarrafi 1997). Colchicine treat-
ment to plants is rather complicated and can cause high
mortality due to the toxic effect of the agent. The conven-
tionally treated plants have low fertility, which could be ex-
plained by differences among cells for chromosome doub-
ling in the treated organized tissue. The success of colchi-
cine treatment applied to a plant can depend on many inter-
nal and external factors (physiological conditions and deve-
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lopmental stage of the plants, environmental conditions,
etc.), which places some limitations on the reliable applica-
tion of the technique. Generally, to obtain a non-chimeric
doubled haploid it is necessary to induce doubling at the
single-cell stage. Genome doubling should occur preferably
before the first microspore mitosis of the microspores in
cultured anthers as in this way homozygosity is obtained.
Zhuang and Jia (1980) increased the percentage of diploid
plants by soaking haploid callus for 72 h in colchicine solu-
tion (0.01-0.04%) before transferring them to regeneration
medium. Barnabas ef al. (1991) studied the direct effect of
colchicine on the androgenic development of the micro-
spores in 7. aestivum anthers and compared the effective-
ness of the different doubling procedures on the fertility of
microspore-derived wheat plants. In their experiment, chro-
mosome doubling due to the direct effect of colchicine on
young microspores proved to be effective. Colchicine ap-
plied during the induction phase resulted in significantly
higher fertility of the regenerated (Ry) plants. Seed produc-
tion of the plants was improved especially at 0.02 and
0.04% colchicine. The action of colchicine on the cultured
microspores was efficient, and the plants (R, and R,) ori-
ginating from the doubled microspores were fertile. Mente-
wab and Sarrafi (1997) examined the efficiency of different
colchicine treatments on embryoids obtained 45 days after
anther culture. A concentration of 500 mg/l of colchicine
was used for 1 or 3 days for embryoid treatment. In most
cases there were no significant differences between 1 or 3
days treatments, except for 2 out of 5 genotypes tested,
which could not regenerate green plants with 3 days treat-
ment. Chromosome doubling rates varied according to
genotype. The authors suggest colchicine treatment on em-
bryoids to be tested with 200 to 500 mg/I of colchicine and
1 to 3 days treatment duration to determine the optimal
combination. In the study of Ouyang et al. (1994) haploid
wheat embryoids treated for 1 to 4 days in regeneration
media containing colchicine increased chromosome doub-
ling frequency of plants derived from these embryoids. The
authors determined that the suitable concentration of col-
chicine to treat embryoids was around 250 mg/l and the op-
timal duration was 1 day.

Colchicine treatment is quite effective and less geno-
type-dependent than other treatments (Mentewab and Sar-
rafi 1997). This technique has many advantages as it needs
less time, labor and space than other techniques. The induc-
tion frequency of microspore-derived haploid structures
was not greatly influenced by colchicine and this allows for
the technique to be used in practical wheat breeding. It is
suitable for genotypes with good embryo induction frequen-
cies or low rate of spontaneous plantlet chromosome doub-
ling.

CONCLUSION

Anther culture is one of the most efficient methods for ob-
taining haploid plants. Besides the fact that by anther cul-
ture homozygous lines can be produced within one genera-
tion, haploid cell cultures are also useful material for many
aspects of plant biotechnology. They provide a number of
research opportunities for basic and applied science
(Heberle-Bors et al. 1996). The male gametophyte is excel-
lent for studying gene regulation, cell fate determination
and cellular differentiation in plants. This is due to its rela-
tive simplicity compared to the sporophyte, and its accessi-
bility for cytological and molecular analysis (Barinova et al.
2002). Discovering the triggers of embryodevelopment in
microspore cultures could lead to a greater understanding of
the early stages of embryogenesis in plants. Use of mole-
cular techniques for studying gene activity during gameto-
phytic development will help to understand the factors
which divert microspore development into an embryogenic
pathway. In this regard, restriction fragment length poly-
morphism (RFLP) may provide a means of identifying
DNA sequences which are closely linked to genes respon-
sible for pollen embryogenesis (Powell 1990). Polyhaploid
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calli and cell suspensions derived from microspores can be
used for induced mutation studies with the advantage that
mutations tend to be recessive and masked in polyploidy
plantlets (Pauls 1996). Use of mutation and selection in
haploid cell cultures simplifies breeding for recessive traits
and opens new avenues in breeding practice. Thus, in vitro
androgenesis may become an important supplement to cur-
rent breeding programs or it may be used as a novel tool.

Although a significant success has been achieved in the
study as well as in the practical application of wheat in vitro
response, a number of important problems still remain un-
solved. As it was shown, the anther culture response is con-
trolled by an interaction of nuclear and cytoplasmic genes
which is further modified by environment. That is what
renders the optimization of culture conditions suitable for
all genotypes difficult. A number of factors influencing the
androgenic response of wheat genotypes have to be opti-
mized. One way of further increasing the anther culture ef-
ficiency proved to be the modification of the induction
media. It is important to establish how low medium-pH in-
fluences the efficiency of anther culture. At present there is
only limited information and few hypotheses on the physio-
logical effect of medium pH on plant tissue culture. The
mechanisms causing changes in the developmental pathway
of microspores from gametophytic to sporophytic are still
largely unexplained. In the long term, much greater empha-
sis needs to be placed not only on technological advances,
but especially on solving fundamental problems associated
with the induction process.

Although it has been established that the genetic control
of callus induction and embryogenesis is a result mainly of
nuclear gene action, the nature of this control has not yet
been fully clarified. The molecular events leading to in vitro
embryogenesis and regeneration are still insufficiently
known. It is most important to study and reveal the mecha-
nisms of genetic control of callus induction and embryoge-
nesis as well as the regulation of the inheritance of regene-
ration ability in callus culture.

The elucidation of the genetic mechanisms controlling
susceptibility to in vitro culture is also complicated in cyto-
plasmic genetic systems and by the insufficient knowledge
of the importance of the plasmone. Studies until now have
demonstrated that it has a comparatively lesser role than
nuclear genes. More detailed and extensive investigation on
the specific influence of the interaction between different
cytoplasms and nuclear genomes in anther culture response
is necessary.

A persistent problem related to effectiveness of anther
culture is that a great number of albino regenerants are ob-
tained. Although the frequency of albino shoot differenti-
ation is much more related to the donor genotype than to
medium components, albinism can be strengthened or
weakened depending on a number of environmental factors.
In order to fully understand and overcome albinism, more
extensive studies are required. New tools aiding the re-
search on this phenomenon and for the identification of pos-
sible candidate genes are provided by the application of
bulked segregant analysis with ALFP markers and identifi-
cation of distinct QTLs affecting the tendency for green/
albino plant formation.

The fact that haploid regeneration traits are heritable
characteristics and that there is no significant positive or
negative relationship between them and yield traits (Moieni
and Sarrafi 1998), makes the successful selection of andro-
genic and/or yield traits in crossing programs possible. By
combining anther culture with chromosome engineering
techniques, the production of stable dihaploid lines con-
taining alien chromosome carrying agronomically desirable
genes can be greatly accelerated.

The need for studying basic processes in plant develop-
ment in economically important crops require further inves-
tigation of the complex phenomenon of in vitro androgene-
sis.



International Journal of Plant Developmental Biology 2 (1), 59-78 ©2008 Global Science Books

ACKNOWLEDGEMENTS

This research was carried out by the financial support of the Bul-
garian National Scientific Research Fund (Contract No. B-
1202/02).

REFERENCES

Agache S, de Buyser J, Henry J, Snape J (1988) Studies of the genetic rela-
tionship between anther culture and somatic tissue culture abilities in wheat.
Plant Breeding 100, 26-33

Agache S, Basheller B, de Buyser J, Henry J, Snape J (1989) Genetic control
of anther culture response of wheat using aneuploid chromosome substitution
and translocation lines. Theoretical and Applied Genetics 77, 7-11

Ammirato PV (1988) Role of ABA in the regulation of somatic embryogenesis.
HortScience 23, 520

Andersen SB, Due IK, Olesen A (1987) The response of anther culture in a
genetically wide material of winter wheat (7. aestivum L.). Plant Breeding 99,
181-186

Andersen SB, Due IK, Olesen A (1988) Results with anther culture in some
important Scandinavian varieties of winter wheat. Acta Agriculturae Scandi-
navica 38, 289-292

Armstrong TA, Metz SG, Mascia PN (1987) Two regeneration systems for the
production of haploid plants from wheat anther culture. Plant Science 51,
231-237

Arzani A, Darvey NL (2002) Androgenetic response of heterozygous triticale
populations using a greenhouse hydroponic system. Euphytica 127, 53-60

Aubry C, de Buyser J, Hartmann C, Henry J, Rode A (1989) Changes in the
molecular organization of the mitochondrial genome in albino tissue cultures
derived from wheat pollen embryos and plants regenerated from these cul-
tures. Plant Science 65, 103-110

Bajaj YPS (1976) Gene preservation through freeze-storage of plant cell, tissue
and organ culture. Acta Horticulture 63, 75-84

Bajaj YPS (1983) In vitro production of haploids. In: Evans DA, Sharp WR,
Ammirato PV, Yamada Y (Eds) Handbook of Plant Cell Culture (Vol 1),
Macmillan, New York, pp 228-287

Bakos F, Fabian A, Barnabas B (2007) Isolated microspore cultures of a Hun-
garian durum wheat (Triticum turgidum L.) cultivar “Martondur 1”. Acta
Agronomica Hungarica 55, 157-164

Bajaj YPS (1990) In vitro production of haploids and their use in cell genetics
and plant breeding. In: Bajaj YPS (Ed) Biotechnology in Agriculture and
Forestry (Vol 12), Springer-Verlag, Berlin, pp 3-44

Balatero CH, Dervey NL, Luckert DJ (1995) Genetic analysis of anther cul-
ture response in 6x triticale. Theoretical and Applied Genetics 90, 272-284

Ball S, Zhou H, Konzak CF (1992) Sucrose concentration and its relationship
to anther culture in wheat. Crop Science 32, 149-154

Ball ST, Zhou H, Konzak F (1993) Influence of 2,4-D, IAA and duration of
callus induction in anther cultures of spring wheat. Plant Science 90, 195-200

Barnabas B, Pfahler PL, Kovacs G (1991) Direct effect of colchicines on the
microspore embryogenesis to produce dihaploid plants in wheat (7riticum
aestivum L). Theoretical and Applied Genetics 81, 675-678

Basu A, Sethi U, Guha-Mukherjee S (1988) Induction of cell division in leaf
cells of coconut palm by alteration of pH and its correlation with glyoxalase-I
activity. Journal of Experimental Botany 39, 1735-1742

Beaumont VH, Rocheford TR, Widholm JM (1995) Mapping the anther cul-
ture response genes in maize (Zea mays L). Genome 38, 968-985

Becraft PW, Taylor GA (1989) Effects of nucleus, cytoplasm and male sterile
nucleus-cytoplasm combinations on callus initiation in anther culture of
wheat. Euphytica 44, 235-240

Becraft PW, Taylor GA (1992) Genetic variation for anther culture callus indu-
cibility in crosses of highly culturable winter wheats. Plant Breeding 108, 19-
25

Beltchev IK (2002) Izsledvane na anterna cultura ot Triticum aestivum L i pri-
logenie na dihaploidnite linii v selekcijata. PhD thesis, Institute of Wheat and
Sunflower, General Toshevo, Bulgaria, 188 pp (in Bulgarian)

Benito-Moreno RM, Macke F, Hauser MT, Alwen A, Heberle-Baze E (1988)
Sporophytes and male gametophytes from in vitro cultured tobacco pollen In:
Cresti M, Gori P, Pacini E (Eds) Sexual Reproduction in Higher Plants,
Springer-Verlag, Berlin, pp 137-142

Bjornstad A, Opsahl-Ferstad HG, Aasmo M (1989) Effects of donor plant
environment and light during incubation on anther cultivars of some spring
wheat (Triticum aestivum L) cultivars. Plant Cell, Tissue and Organ Culture
17,27-37

Bolibok H, Rakoczi-Trojanowska M (2006) Genetic mapping of QTLs for tis-
sue culture response in plants. Euphytica 149, 73-83

Brown C, Brooks FJ, Pearson D, Mathias RJ (1989) Control of embryogene-
sis and organogenesis in immature wheat embryo callus using increased me-
dium osmolarity. Journal of Plant Physiology 133, 727-733

Bullock WP, Baenziger PS, Schaeffer GW, Bottinov PJ (1982) Anther culture
of wheat (7. aestivum L.) F1 and their reciprocal crosses. Theoretical and Ap-
plied Genetics 62, 155-159

Cai Q, Szarejko I, Polak K, Maluszynski M (1992) The effect of sugars and

74

growth regulators on embryoid formation and plant regeneration from barley
anther culture. Plant Breeding 109, 218-226

Caredda S, Doncoeur C, Devaux P, Sangwan RS, Clement C (2000) Plastid
differentiation during androgenesis in albino and non-albino producing cul-
tivars of barley (Hordeum vulgare L.). Sexual Plant Reproduction 13, 95-104

Castillo AM, Valles MP, Cistue L (2000) Improvements in barley androgenesis
for plant breeding. In: Bohanec B (Ed) Biotechnological Approaches for Uti-
lization of Gametic Cells, COST 824, Bled, Slovenia 1-5 July 2000, pp 15-21

Cattaneo M, Qiao YM (1991) Anther culture in Italian wheat cultivars and F1
hybrids: Genotype and culture medium effects on callus development and
plantlet regeneration. Journal of Genetics and Breeding 45, 197-205

Cattaneo M, Qiao YM, Pogna NE (1991) Embryoid induction and green plant
regeneration from cultured anthers in a durum wheat line homozygous for the
IBL/IRS translocations. Journal of Genetics and Breeding 45, 369-372

Chaplicki A (1993) Factors affecting androgenesis induction of winter and
spring wheat. Biuletyn Instytutu Hodowli: Aklimatyzacji Roslin 187, 37-44

Charmet G, Bernard S (1984) Diallel analysis of androgenetic plant reduction
in hexaploid triticale. Theoretical and Applied Genetics 69, 55-61

Charmet G, Vedel F, Bernard M, Bernard S, Mathieu C (1985) Cytoplasmic
variability in androgenetic doubled haploid lines of triticale. Agronomie 5,
709-717

Chu CC (1978) The N6 medium and its application to anther culture of cereal
crops. In: Proceedings of Symposium on Plant Tissue Culture, Science Press,
Beijing, China, pp 48

Chu CC, Wang CC, Sun CS, Chien NF, Yin KC, Hsu C (1973) Investigations
on the induction and morphogenesis of wheat (Triticum vulgare L.) pollen
plants. Acta Botanica Sinica 15, 1-11

Chu CC, Wang CC, Sun CS (1975) Establishment of an efficient medium for
anther culture of rice through comparative experiments on the nitrogen
source. Scientia Sinica 28, 659-668

Chu CC, Hill RD (1988) An improved anther culture method for obtaining
higher frequency of pollen embryoids in Triticum aestivum L. Plant Science
55, 175-181

Chu CC, Hill RD, Brulew-Babel AL (1990) High frequency of pollen em-
bryoid formation and plant regeneration in Triticum aestivum (L.) on mono-
saccharide-containing media. Plant Science 66, 255-262

Chuang C, Ouyang JW, Ching CL (1978) A set of potato medium for wheat
anther culture. In: Proceedings from a Symposium on Plant Tissue Culture,
Peking, pp 51-56

Cistue L, Ramos A, Castillo AM, Romagosa I (1994) Production of large
number of doubled haploid plants from barley anthers pretreated with high
concentrations of mannitol. Plant Cell Reports 13, 709-712

Cousson A, Toubart P, Tran Thanh Van M (1989) Control of morphogenic
pathways in thin cell layers of tobacco by pH. Canadian Journal of Botany
67, 650-654

Cowen NM, Johnson CD, Armstrong K, Miller M, Woosley A, Pescitelli S,
Shokut M, Belmar S, Petolino JF (1992) Mapping genes conditioning in
vitro androgenesis in maize using RFLP analysis. Theoretical and Applied
Genetics 84, 720-724.

Datta SK, Wenzel G (1987) Isolated microspore derived formation via embryo-
genesis in 7. aestivum (L.). Plant Science 48, 49-54

Datta SK, Wenzel G (1988) Single microspore-derived embryogenesis and
plant formation in barley (Hordeum vulgare L.), Archiv Ziichtungsforschung
18, 125-131

Day A, Ellis THN (1984) Chloroplast DNA deletions associated with wheat
plants regeneration from pollen: Possible basis from maternal inheritance of
chloroplasts. Cell 39, 359-368

Day A, Ellis THN (1985) Deleted forms of plastid DNA in albino plants from
cereal anther culture. Current genetics 9, 671-678

de Buyser J, Henry Y (1979) Androgenese sur des bles tentres en cource de
selection. 1. L’obtention des plantes in vitro. Zeitschrift fiir Pflanzenzuchtung
83, 49-56

de Buyser J, Henry Y, Taleb G (1985) Wheat androgenesis: Cytogenetical ana-
lysis and agronomic performance of doubled haploids. Zeitschrift fiir Pflan-
zenzuchtung 95, 23-34

de Buyser J, Marcotte J-L, Henry Y (1992) Genetic analysis of in vitro wheat
somatic embryogenesis. Euphytica 63, 265-270

Devaux P (1988) Comparisson of anther culture and Hordeum bulbosum L me-
thod for the production of doubled haploid in winter barley. Variation of
chromosome number and seed set in the progeny. Plant Breeding 100, 181-
187

Devaux P, Hou L, Ullrich SE, Huang Z, Kleinhofs A (1993) Factors affecting
anther culturability of recalcitrant barley genotypes. Plant Cell Reports 13,
32-36

Deaton WR, Meltz SG, Armstrong TA, Mascia PN (1987) Genetic analysis of
the anther culture response of three spring wheat crosses. Theoretical and Ap-
plied Genetics 74, 334-338

Dobrovoslkaya OB, Pershina LA, Kravtsova LA, Shchapova Al (2003)
Comparative effects of rye chromosomes 1R and 5R on androgenesis in cul-
tured anthers of wheat-rye substitution lines as dependent on the line origin.
Russian Journal of Genetics 39, 467-470

Dunwell JM, Fracis RJ, Powell W (1987) Anther culture of Hordeum vulgare
(L.). A genetic study of microspore callus production and differentiation.



Factors affecting in vitro androgenesis in cereals. Tyankova and Zagorska

Theoretical and Applied Genetics 74, 60-64

Ekiz H, Konzak CF (1991a) Nuclear and cytoplasmic control of anther culture
response in wheat. I. Analysis of alloplasmic lines. Crop Science 31, 1421-
1427

Ekiz H, Konzak CF (1991b) Nuclear and cytoplasmic control of anther cul-
ture response in wheat. II.Common wheat x alloplasmic lines. Crop Science
31, 1428-1431

Ekiz H, Konzak CF (1991c) Nuclear and cytoplasmic control of anther cul-
ture response in wheat. III. Common wheat crosses. Crop Science 31, 1432-
1436

Ekiz H, Konzak CF (1994a) Preliminary diallel analysis of anther culture res-
ponse in wheat (7. aestivum L.). Plant Breeding 113, 47-52

Ekiz H, Konzak CF (1994b) Anther culture response of some spring bread
wheat 7. aestivum L cultivars, lines and F1 crosses. Cereal Research Com-
munications 22, 165-171

Ekiz H, Konzak CF (1997) Effects of light regimes on anther culture response
in bread wheat. Plant Cell, Tissue and Organ Culture 50, 7-12

El Maksoud AMM, Bedo Z (1993) Genotype and genotype—medium interact-
tion effects on androgenetic haploid production in wheat (7. aestivum L). Ce-
real Research Communications 21, 7-24

Ermishina NM, Kr vskaya EM, Gukasyan ON, Gordei 1A (2004)
Novel approach to the selection of winter hexaploid triticale and secalotri-
cum genotypes with a few to obtain hybrid combinations with high androgen-
netic potential. Proceedings of the National Academy of Sciences of Belarus
3, 62-65

Fadel F, Wanzel G (1990) Medium-genotype interaction on androgenetic hap-
loid production in wheat. Plant Breeding 105, 278-282

Feng GH, Ouyang JW (1988) The effects of KNOs concentration in callus in-
duction medium for wheat anther culture. Plant Cell, Tissue and Organ Cul-
ture 12, 3-12

Finnie SJ, Powell W, Dyer AF (1989) The effect of carbohydrate composition
and concentration on anther culture response in barley (Hordeum vulgare L.).
Plant Breeding 103, 110-118

Foroughi-Wehr B, Mix G, Gaul H, Wilson HM (1976) Plant production from
cultured anthers of Hordeum vulgare L. Zeitschrift fiir Pflanzenzuchtung 77,
198-204

Foroughi -Wehr B, Friedt W, Wenzel G (1982) On the genetic improvement
of androgenetic haploid formation in Hordeum vulgare L. Theoretical and
Applied Genetics 62, 233-239

Foroughi-Wehr B, Zeller FJ (1990) In vitro microspore reaction of different
German wheat cultivars. Theoretical and Applied Genetics 79, 77-80

Galiba G, Kovacs G, Sutka J (1986) Substitution analysis of plant regeneration
from callus culture in wheat. Plant Breeding 97, 261-263

Gang HD, Ouyang JW (1984) Callus and plantlet formation from cultured
wheat anthers at different developmental stages. Plant Science Letters 33, 71-
79

Garrido D, Eller N, Heberle-Bors E, Vicente O (1993) De novo transcription
of specific mRNAs during the induction of tobacco pollen embryogenesis.
Sexual Plant Reproduction 6, 40-45

Ghaemi M, Sarrafi A (1994) Analysis of anther culture to measure genetic
variability for embryogenesis in tetraploid wheat (7 turgidum L.). Journal of
Genetics and Breeding 47, 295-298

Ghaemi M, Sarrafi H, Alibert G (1993) Influence of genotype and culture
conditions on the production of embryos from anthers of tetraploid wheat
(Triticum turgidum L). Euphytica 65, 81-85

Ghaemi M, Sarrafi A, Giller A (1994) The effect of silver nitrate, colchicine
sulfate and genotype on the production of embryoids from anthers of tetra-
ploid (T turgidum L) wheat. Plant Cell, Tissue and Organ Culture 36, 355-
359

Ghaemi M, Sarrafi A, Alibert G (1995a) Influence of genotype, media com-
position, cold pretreatment and their interaction on androgenesis in durum
wheat (T. turgidum L.). Cereal Research Communications 23, 215-222

Ghaemi M, Sarrafi A, Morris S (1995b) Reciprocal substitution analysis of
embryo induction and plant regeneration from anther culture in wheat (7.
aestivum L.). Genome 38, 158-165

Gonzalez JM, Jouve N (2000) Improvement of anther culture media for hap-
loid production in triticale. Cereal Research Communications 28, 65-72

Gonzalez JM, Muniz LM, Jouve N (2005) Mapping of QTLs for androgenetic
response based on a molecular genetic map of xTriticosecale Wittmack. Ge-
nome 48, 999-1009

Gorbunova VU, Kruglova NN, Botigina TV (1993) Androgenez v culture izo-
lirovannih pilnikov zlakov: Citologitcheskie aspekti. Uspehi Sovremennoj
Biologii 113, 19-35

Gordej IA, Novikova LV, Gordej GM (1994) Heterosigothi alloplasmati-
ticheski effecti I androgenesis in vitro zernovih kultur. Genetitcheskoe Inge-
nertvo i Biotehnologii. Tezisi Dokladi of Nautchnoj Konferencii, Minsk, p 17

Grosse BA, Deimling S, Geiger HH (1996) Mapping of genes for anther cul-
ture ability in rye by molecular markers. Vortrége fiirPflanzenziichtung 35,
282-283

Gustafson VD, Baenziger PS, Wright MS, Stroup WW, Yang Y (1995) Iso-
lated wheat microspore culture. Plant Cell, Tissue and Organ Culture 42,
207-213

Gut M, Bichonski A, Mikulski W, Bielerzewska H (2006) Anther culture res-

75

ponse in heterozygous triticale (x Triticosecale Wittmack) populations. Ce-
real Research Communications 34, 1029-1036

Hadwiger MA, Heberle-Bors E (1986) Pollen plant production in Triticum
turgidum ssp. durum. Nuclear techniques and in vitro culture for plant im-
provement. International Atomic Energy Agency, Vienna, IAEA-SM-282/17
P, pp 213-220

Hassawi DS, Liang GH (1990) Effect of cultivar, incubation temperature and
stage of microspore development on anther culture in wheat triticale. Plant
Breeding 105, 332-336

Hassawi DS, Qi J, Liang GH (1990) Effect of growth regulator and genotype
on production of wheat and triticale polyhaploids from anther culture. Plant
Breeding 104, 40-45

He DG, Ouyang JW (1984) Callus and plantlet formation from cultured wheat
anthers at different developmental stages. Plant Science Letters 33, 71-79

He P, Shen L, Lu C, Chen Y, Zhu L (1998) Analysis of quantitative trait loci
which contribute to anther culturability in rice (Oryza sativa L). Molecular
Breeding 4, 165-172

Heberle-Bors E, Odenbach W (1985) In vitro pollen embryogenesis and cyto-
plasmic male sterility in 7. aestivum L. Zeitschrift fiir Pflanzenzuchtung 95,
14-22

Heberle-Bors E, Stoger E, Touraev A, Zarsky V, Vicente O (1996) In vitro
pollen cultures: progress and perspectives. In: Mohapatra SS, Knox RB (Eds)
Pollen Biotechnology. Gene Expression and Allergen Characterization,
Chapman and Hall, New York, pp 85-100

Henry Y, de Buyser J (1980) Androgenese sur les bles tenders en conre de
selection. 2. L’obtention des grains. Zeitschrift fiir Pflanzenzuchtung 84, 9-17

Henry Y, de Buyser J (1981) Float culture of wheat anthers. Theoretical and
Applied Genetics 60, 77-79

Henry Y, de Buyser J (1985) Effect of the 1B/IR translocation on anther cul-
ture ability in wheat (7. aestivum L.). Plant Cell Reports 4, 307-310

Henry Y, de Buyser J (1990) Wheat anther culture agronomic performance of
doubled haploid lines and the release of a new variety “Flory”. In: Bajaj YPS
(Ed) Biotechnology in Agriculture and Forestry (Vol 13), Springer-Verlag,
Berlin, pp 285-352

Henry Y, Marcote JL, de Buyser J (1993) Nuclear gametophytic genes from
chromosome arm 1R improve regeneration of wheat microspore-derived em-
bryos. Genome 36, 808-814

Hoekstra S, vanZijderveld MH, Louverse JD, Heidekamp F, van der Mark
F (1992) Anther and microspore culture of Hordeum vulgare L., cv Igri.
Plant Science 86, 89-96

Hoekstra S, van Bergen S, van Brouwershaven IR, Schilperoort RA, Heide-
kamp F (1996) The interaction of 2,4-D application and mannitol pretreat-
ment in anther and microspore culture of Hordeum vulgare L. cv Igri. Jour-
nal of Plant Physiology 148, 696-700

Hoekstra S, van Bergen S, van Brouwershaven IR, Schilperoort RA, Wang
M (1997) Androgenesis in Hordeum vulgare L.: Effects of mannitol, calcium
and abscisic acid on anther pretreatment. Plant Science 126,211-218

Holme IB, Olesen A, Hansen NPJ, Andersen SB (1999) Anther and isolated
microspore culture response of wheat lines from northwestern and eastern
Europe. Plant Breeding 118, 111-117

Hou L, Ullich SE, Kleinhofs A, Stiff CM (1993) Improvement of anther cul-
ture methods for doubled haploid production in barley breeding. Plant Cell
Reports 12, 334-338

Hu T, Kasha KJ (1999) A cytological study of pretreatments used to improve
isolated microspore cultures of wheat (7riticum aestivum L.) cv. Chris. Ge-
nome 42, 432-440

Huang B (1987) Effects of incubation temperature on microspore callus pro-
duction and plant regeneration in wheat anther culture. Plant Cell, Tissue and
Organ Culture 9, 45-48

Huang B (1990) Wheat anther culture: Effect of temperature. In: YPS Bajaj
(Ed) Biotechnology in Agriculture and Forestry (Vol 13) Wheat, Springer-
Verlag, Heidelberg, Germany, pp 403-415

Huang B, Sunderland N (1982) Temperature-Stress pretreatment on barley an-
ther culture. Annals of Botany 49, 77-88

Immonen AS (1992) Effect of caryotype on somatic embryogenesis from im-
mature triticale embryos. Plant Breeding 109, 116-122

Indrianto A, Heberle-Bors E, Touraev A (1999) Assessment of various
stresses and carbohydrates for their effect on the induction of embryogenesis
in isolated wheat microspores. Plant Science 143, 71-79

Indrianto A, Barinova I, Touraev A, Heberle-Bors E (2001) Tracking indivi-
dual wheat microspores in vitro: identification of embryogenic microspores
and body axis formation in the embryo. Planta 212, 163-174

Jidhne A, Lorz H (1995) Cereal microspore culture. Plant Science 109, 1-12

Jensen CL (1974) Chromosome doubling techniques in haploids. In: Kasha KJ
(Ed) Haploids in Higher Plants: Advances and Potential, University of Gu-
elph, Canada, pp 153-190

Jing JK, Xi ZY, Hu H (1982) Effects of high temperature and physiological
conditions of donor plants on induction of pollen derived plants in wheat. An-
nual Reports of Institute of Genetics, Academia Sinica, Beijing, 64-68

Jones AM, Petolino JF (1987) Effects of donor plant genotype and growth en-
vironment on anther culture of soft-red winter wheat (7. aestivum L.). Plant
Cell, Tissue and Organ Culture 8, 215-223

Jones AM, Petolino JF (1988) Effects of support medium on embryo and plant



International Journal of Plant Developmental Biology 2 (1), 59-78 ©2008 Global Science Books

production from cultured anthers on soft red winter wheat (Zriticum aestivum
L.). Plant Cell, Tissue and Organ Culture 8, 215-223

Kao KN (1981) Plant formation from barley anther cultures with Ficoll media.
Zeitschrift fiir Pflanzenphysiologie 103, 437-443

Kao KN, Salem M, Abrams S, Pedras M, Horu D, Mallard C (1991) Culture
conditions for induction of green plants from barley microspores by anther
culture methods. Plant Cell Reports 9, 595-601

Karimzadeh G Kovacs G, Barnabas B (1995) Effects of cold treatment and
different culture media on the androgenic capacity of two winter genotypes.
Cereal Research Communications 23, 223-227

Karsai I, Bedo Z, Hayes OM (1994) Effects of induction medium pH and mal-
tose concentration on in vitro androgenesis of hexaploid winter triticale and
wheat. Plant Cell, Tissue and Organ Culture 39, 49-53

Karsai I, Bedo Z (1997) Effects of carbohydrate content on the embryoid and
plant production in Triticale anther culture. Cereal Research Communications
25, 109-116

Kasha KJ, Ziauddin A, Cho UH (1990) Haploids in cereal improvement: An-
ther and microspore culture. In: Gustafson (Ed) Gene Manipulation in Plant
Improvement 11, Plenum Press, New York, pp 213-235

Keller WA, Stringam GR (1978) Production and utilization of microspore-
derived haploid plants. In: Thorpe TA (Ed) Frontiers of Plant Science (1978),
University of Calgary Press, Calgary, pp 113-122

Konzak CF, Zhou H (1991) Anther culture methods for doubled haploid pro-
duction in wheat. Cereal Research Communications 19, 147-164

Konzak CF, Polle EA, Liu W, Zheng Y (2000) Methods for generating doub-
led-haploid plants. US Patent 99/19498

Kovacs G, Karsai I, Barnabas B, Bedo Z (1993) The effects of alluminium
and low pH on callus induction and plant regeneration in wheat anther cul-
ture. Novenyterm 42, 399

Kovacsne HO, Pepo P (2006) Influence of carbon sources on the plant rege-
neration in wheat (7. aestivum L.). Cereal Research Communications 34,
613-616

Kremenevskaya EM (2004) The yield of embryogenic pollen grains and neo-
formations in anther culture of triticale and secalotricum when anther donor
plants are treated with phytohormones at early developmental stages. Pro-
ceedings of the National Academy of Sciences of Belarus 4, 48-52

Kruglova NN, Gorbunova VU (1997) Kallusogenez kak put morfogeneza v
culture pilnikov zlakov. Uspehi Covremennoj Biologii 117, 83-94

Kruczkowska H, Pawlowska H, Skucianska B (2002) Influence of anther pre-
treatment on the efficiency of androgenesis in barley. Journal of Applied Ge-
netics 43, 287-296

Kruczkowska H, Pawlowska H, Skucinska B (2005) Effect of 2,4-D
concentration on the androgenetic response in anther culture of barley. Cereal
Research Communications 33, 727-733

Kuhlman V, Foroughi-Wehr B (1989) Production of doubled haploid lines in
frequencies sufficient for barley breeding programs. Plant Cell Reports 8, 78-
81

Labbani Z, Richard N, de Buyser J, Picard E (2005) Chlorophillian durum
wheat plants obtained by isolated microspore culture: importance of the pre-
treatments. Comptes Rendus Biologies 328, 713-723

Labbani Z, de Buyser J, Picard E (2007) Effect of mannitol pretreatment to
improve green plant regeneration on isolated microspore culture in Triticum
turgidum ssp durum cv. “Jennah Khetifa”. Plant Breeding 126, 565-568

Lachermes P (1992) Improved anther culture method for obtaining direct rege-
neration in wheat (Triticum aestivum L.). Journal of Genetics and Breeding
46, 99-102

Lantos C, Mihaly J, Pauk J (2005) Microspore culture of small grain cereals.
Acta Physiologiae Plantarum 27, 523-531

Lantos C, Paricsi S, Zofajova A, Weyen J, Pauk J (2006) Isolated microspore
culture of wheat (Triticum aestivum) with Hungarian cultivars. Acta Biolo-
gica Szegediensis 50, 31-35

Last DI, Brettel RI (1990) Embryo yield in wheat anther culture is influenced
by the choice of sugar in the culture medium. Plant Cell Reports 9, 14-16

Lazar MD, Baenziger PS, Schaeffer GW (1984a) Combining abilities and he-
ritability in wheat, 7. aestivum (L.) anther cultures. Theoretical and Applied
Genetics 68, 131-134

Lazar MD, Schaeffer GW, Baenziger PS (1984b) Cultivar x environmental
effects on the development of callus and polyhaploid plants from anther cul-
ture of wheat. Theoretical and Applied Genetics 67, 273-277

Lazar MD, Schaeffer GW, Baenziger PS (1985) The physical environment in
relation to high frequency callus and plantlet development in anther cultures
of wheat (7. aestivum L.) cv. Chris. Journal of Plant Physiology 121, 103-
109

Lazar MD, Chen TH, Scoles GJ, Kartha KK (1987) Immature embryo and
anther culture of chromosome addition lines of rye in ‘Chinese Spring’ wheat.
Plant Science 51, 77-81

Lazar MD, Schaeffer GW, Baenziger PS (1990) The effects of interactions of
culture environment with genotype on wheat (Zriticum aestivum L.) anther
culture response. Plant Cell Reports 8, 525-529

Letarte J, Simion E, Miner M, Kasha KJ (2006) Arabinogalactans and arabi-
nogalactan-proteins induce embryogenesis in wheat (7. aestivum) microspore
culture. Plant Cell Reports 24, 691-698

Levan A (1938) Effect of colchicines on root mitosis in Allium. Hereditas 24,

76

471-486

Lezin F, Sarrafi A, Alibert G (1996) The effect of genotype, ploidy level and
cold pretreatment on barley anther culture responsiveness. Cereal Research
Communications 24, 7-13

Li W, Song Z, Jing J, Hu H (1995) Effects of mannitol pretreatment on andro-
genesis of barley (Hordeum vulgare L.). Acta Botanica Sinica 37, 552-557

Liang GH, Xu A, Hoang-Tang (1987) Direct generation of wheat haploids via
anther culture. Crop Science 27, 336-339

Liu W, Zheng MY, Konzak CF (2002) Improving green plant production via
isolated microspore culture in bread wheat (7. aestivum L.). Plant Cell Re-
ports 20, 821-824

Liu W, Zheng MY, Polle EA, Konzak CF (2002) Highly efficient doubled-
haploid production in wheat (Triticum aestivum L) via induced microspore
embryogenesis. Crop Science 42, 686-692

Loschenberger F, Heberle-Bors E (1992) Anther culture responsiveness of
Austrian winter wheat (7. aestivum L.) cultivars. Die Bodenkultur 43, 115-
122

Loschenberger F, Hensel H, Heberle-Bors E (1993) Plant formation from
pollen of tetraploid wheat species and Triticum tauschii L. Cereal Research
Communications 21, 133-140

Lu CS, Sharma HC, Ohm HW (1991) Wheat anther culture: effect of geno-
type and environmental conditions. Plant Cell, Tissue and Organ Culture 24,
233-236

Machii H, Mizuno H, Hirabayashi T, Li H, Hagio T (1998) Screening wheat
genotypes for high callus induction and regeneration capability from anther
and immature embryo cultures. Plant Cell, Tissue and Organ Culture 53, 67-
74

Manninen O (1997) Optimizing anther culture for barley breeding. Agricultu-
ral and Food Science 6, 389-398

Marciniak K, Banaszak Z, Wedzony M (1998) Effect of genotype, medium
and sugar on triticale (x Triticosecale Wittm.) anther culture response. Cereal
Research Communications 26, 145-151

Marsolais AA, Seguin-Schwartz G, Kasha KJ (1984) The influence of anther
cold pretreatment of donor plant genotypes on in vitro androgenesis in wheat
(T aestivum L.). Plant Cell, Tissue and Organ Culture 3, 69-79

Marsolais AA, Kasha KJ (1985) The role of sucrose and auxin in a barley
anther culture medium. Canadian Journal of Botany 63, 2209-2212

Martinez I, Bernard M, Nicolas P, Bernard S (1994) Study of androgenetic
performance and molecular characterization of a set of wheat-rye addition
lines. Theoretical and Applied Genetics 89, 982-990

Masojc P, Lukow OM, Mc Kenzie RTH, Howes NK (1993) Responsiveness to
anther culture in cultivars and F1 crosses of spring wheat. Canadian Journal
of Plant Science 73, 777-783

McGregor L, McHughen A (1990) The influence of various cultural factors on
anther culture of four cultivars of spring wheat (7. aestivum L.). Canadian
Journal of Plant Sciences 70, 183-191

Meiza SJ, Morgant V, DiBoba DE, Wong JR (1993) Plant regeneration from
isolated microspores of Triticum aestivum. Plant Cell Reports 12, 149-153

Mentewab A, Lazarevich SV, Souvre A, Sarrafi A (1997) Androgenic ability
of different triticum species. Journal of Genetics and Breeding 51, 109-113

Mentewab A, Sarrafi A (1997) Androgenic ability and chromosome doubling
by different colchicines treatments in anther culture of hexaploid wheat geno-
types (Triticum aestivum L.). Cereal Research Communications 25, 897-903

Mentewab A, Sarrafi A (1998) Performance of androgenic doubled haploid
spring wheat lines for excised-leaf water status and agronomic traits in com-
parison with their parents. Cereal Research Communications 26, 137-143

Misoo S, Mitsubayashi M (1982) Effects of genome constitution, ploidy levels
and cytoplasm on the embryogenic response of pollen grains in Nicotiana an-
ther culture. In: Fujiwara A (Ed) Plant Tissue Culture (1982), Japanese Asso-
ciation of Plant Tissue Culture, pp 535-536

Misoo S, Takenchi H, Fukuhara K, Mitsubayashi M (1984) Studies on the
mechanisms of pollen embryogenesis. 5. Effects of genome constitution,
ploidy levels and cytoplasm of tobacco and its ancestral species on the pollen
embryogenesis in their anther culture. Scientific Reports of the Faculty of
Agriculture, Kobe University 16, 35-42

Moieni A, Sarrafi A (1996a) The effects of gibberellic acid, phenylethylamine,
2,4-D and genotype on androgenesis in hexaploid wheat (Triticum aestivum
L.). Cereal Research Communications 24, 139-145

Moieni A, Sarrafi A (1996b) Effect of donor plants genotype and media com-
position on androgenesis of Iranian Spring wheat genotypes and F1 hybrids.
Journal of Genetics and Breeding 50, 383-386

Moieni A, Sarrafi A (1997) Genetic improvement of androgenetic haploid for-
mation in hexaploid wheat (7. aestivum L.). Cereal Research Communica-
tions 25, 15-20

Moieni A, Sarrafi A (1998) Haploid regeneration by anther culture and its rela-
tionship to agronomic traits in the parents and progeny pure lines of a compo-
site cross of hexaploid wheat. Cereal Research Communications 26, 127-136

Mosgova GV, Orlov PA, Shalygo NV, Tzukhanovets NL (2005) Possible albi-
nism mechanisms in wheat anther culture. Proceedings of the National Aca-
demy of Sciences of Belarus 5, 77-80

Mosgova GV, Orlov PA, Shaligo NV (2006) Variation in evolutionary unstable
regions of the chloroplast genome in plant obtained in anther culture of di-
haploid wheat lines. Genetica 42, 192-197



Factors affecting in vitro androgenesis in cereals. Tyankova and Zagorska

Mouritzen P, Holm PB (1994) Chloroplast genome breakdown in microspore

cultures of barley (Hordeum vulgare L.) occurs primarily during regeneration.

Journal of Plant Physiology 144, 586-593

Muller G, Borschel H, Vahl U, Wiberg A, Hartel H, Damisch W (1989) Die
nutzung der antheren culture method im zuchtprazeb von winterweizen. Zur
androgenese fahigkeit von 1B/IR Weizen-Roggen-translocations formen.
Plant Breeding 102, 196-207

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassay
with tobacco tissue cultures. Physiologia Plantarum 15, 473-497

Murigneux A, Bentolila S, Hardy T, Baud S, Guitton C, Jullien H, Ben
Tahar S, Freyssinet G, Beckert M (1994) Genotype variation of quantita-
tive traits loci controlling in vitro androgenesis in maize. Genome 37, 970-
976

Nakamura C, Keller W (1982) Callus proliferation and plant regeneration
from immature embryos of hexaploid triticale. Zeitschrift fiir Pflanzenzuch-
tung 88, 137-160

Navarro-Alvarez W, Baenziger PS, Eskridge KM, Shelton DR, Gustafson
VD (1994) Effects of sugar in wheat anther culture media. Plant Breeding
112, 53-62

Nitsch C (1997) Culture of isolated microspore. In: Reinert J, Bajaj YPS (Eds)
Applied and Fundamental Aspects of Plant Cell, Tissue and Organ Culture,
Springer, Berlin, pp 968-278

Ockendon DJ, Suntherland RA (1987) Genetic and non genetic factors af-
fecting anther culture of Brussels sprouts (Brasica oleracea var. gemmifera).
Theoretical and Applied Genetics 74, 566-570

Ohnoutkova L, Novotny J, Mulerova E, Vagera J, Kucera L (2000) Is a cold
pretreatments really needed for induction of in vitro androgenesis in barley
and wheat? In: Bohanec B (Ed) Biotechnological Approaches for Utilization
of Gametic Cells. COST 824, Bled, Slovenia, 1-5 July 2000, pp 33-37

Orlov PA, Palilova AN (1990) Application of cytoplasmic effects in plant bio-
technology. Vestzi Academii Nauk Belarus 6, 18-20

Orlov PA, Mavritcheva EB, Palilova AN (1993) Estimation of the response to
anther culturing in 60 genotypes of different wheat species. Plant Breeding
111, 339-342

Orlov PA, Mavritcheva EB, Palilova AN (1994) Otzivtchivost k kultiviro-
vaniji pilnikov retziprokno bekkrosirovanih alloplasmatitcheskih linii pshe-
nitzi. Genetitcheskoe Ingenerstvo i Biotehnologii. Tezisi Dokladof Nautchnoj
Konferencii, Minsk, p 53

Orlov PA, Mavricheva Eb, Palilova AN (1997) Analysis of the effect of nuc-
leus and cytoplasm interactions on the anther culture efficiency in wheat. Ce-
real Research Communications 25, 883-890

Orlov PA, Becker D, Shewe G, Lorz H (1999) Cytoplasmic effects on pollen
embryogenesis induction in wheat microspore culture. Cereal Research Com-
munications 27, 357-363

Orshinsky BR, Mc¢ Gregor LJ, Johnson GIE, Huel P, Kartha KK (1990)
Improved embryoid induction and green shoot regeneration from wheat an-
thers cultured in medium with maltose. Plant Cell Reports 9, 365-369

Orshinsky B, Sadasivaiah R (1994) Effects of media on embryoid induction
and plant regeneration from cultured anthers of soft white spring wheat (7.
aestivum L.). Plant Science 102, 99-107

Orshinsky BR, Sadasivaiah RS (1997) Effect of plant growth conditions,
planting density, and genotype on the anther culture response of soft white
spring wheat hybrids. Plant Cell Reports 16, 758-762

Otani M, Shimada T (1993) High frequency of pollen embryo formation in 7
aestivum L. on maltose containing medium. Cereal Research Communica-
tions 21, 11-15

Otani M, Shimada T (1994) Pollen embryo formation and plant regeneration
from cultured anthers of tetraploid wheat. Journal of Genetics and Breeding
48, 103-106

Otani M, Shimada T (1995) Effect of synthetic medium on microspore derived
embryoid formation of tetraploid wheat species. Cereal Research Communi-
cations 23, 345-350

Ouyang JW (1986) Induction of pollen plant in Triticum aestivum L. In: Hu H,
Yang H (Eds) Haploids of Higher Plants in Vitro, Beijing, China Academy
Publishers, pp 26-41

Ouyang JW, Hu H, Chuang CC, Tseng CC (1973) Induction of pollen plants
from anthers of Triticum aestivum (L). cultured in vitro. Scientia Sinica Bei-
Jjing 16, 79-95

Ouyang JW, Zhou SM, Jia SE (1983) The response of anther culture to culture
temperature in Triticum aestivum (L.). Theoretical and Applied Genetics 66,
101-109

Ouyang JW, He DG, Feng GH, Jia SE (1987) The response of anther culture
to temperature varies with growth conditions of anther-donor plants. Plant
Science 49, 145-148

Ouyang JW, Jia SE, Zhang C, Chen X, Feng G (1989) A new synthetic
medium (W14) for wheat anther culture. Annual Reports for 1988 of Institute
of Genetics, Academia Sinica, Beijing, pp 91-92

Ouyang JW, Liang H, Jia SE, Zhang C, Zhao TH, He LZ, Jia X (1994) Stu-
dies on the chromosome doubling of wheat pollen plants. Plant Science 98,
209-214

Ouyang JW, Liang H, Zhang C, Zhao TH, Jia SE (2004) The effect of potato
extract used as additive in anther culture medium on culture responses in 7ri-
ticum aestivum (L.). Cereal Research Communications 32, 501-508

77

Pauk J, Manninen O, Mattila I, Salo Y, Pulli S (1991) Androgenesis in hexa-
ploid spring wheat F2 populations and their parents using a multiple-step
regeneration system. Plant Breeding 107, 18-27

Pauk J, Puolimatka M, Lokos Toth K, Monostori T (2000) In vitro androge-
nesis of triticale in isolated microspore culture. Plant Cell, Tissue and Organ
Culture 61,221-229

Pauls KP (1996) The utility of doubled haploid populations for studying the
genetic control of traits determined by recessive alleles. In: Jain SM, Sopory
SK, Veilleux ER (Eds) In Vitro Haploid Production in Higher Plants (Vol 1),
Kluwer Academic Publishers, Dordrecht, Netherlands, pp 125-144

Pauls KP, Chan J, Woronuk G, Schulze D, Brazolot J (2006) When micro-
spore decide to become embryos — cellular and molecular changes. Canadian
Journal of Botany 84, 668-678

Picard E, de Buyser J (1973) Obtention de plantes haploids de Triticum aes-
tivum (L.) a partir de culture d’antheres in vitro. Comptes Rendus de I’Aca-
demie Sciencies Paris 277, 1463-1466

Picard E, de Buyser J, Henry J (1978) Technique de production d’haploid de
ble par culture d’anthers in vitro. Selectionneur France 26, 25-37

Picard E, Hows C, Gregoire S, Pham TH, Meunier JP (1987) Significant im-
provement of androgenetic haploid and doubled haploid induction from
wheat plants treated with a chemical hybridization agent. Theoretical and Ap-
plied Genetics 74, 289-297

Ponitka A, Slussarkiewiez-Jarzina A (1996) Anther culture response in F1
hybrids of winter wheat (T aestivum L.). Journal of Applied Genetics 37,
253-260

Powell W (1988a) The influence of genotype and temperature pre-treatment on
anther culture response in barley (H. vulgare L.). Plant Cell, Tissue and Or-
gan Culture 12, 291-297

Powell W (1988b) Diallel analysis of barley anther culture response. Genome
30, 152-157

Puolimatka M, Laine S, Pauk J (1996) Effect of ovary co-cultivation and
culture medium on embryogenesis of directly isolated microspores of wheat.
Cereal Research Communications 24, 393-400

Puolimatka M, Pauk J (1999) Impact of explant type, duration and initiation
time on the co-culture effect in isolated microspore culture of wheat. Journal
of Plant Physiology 154, 367-373

Puolimatka M, Pauk J (2000) Effect of induction duration and medium com-
position on plant regeneration in wheat (Triticum aestivum L.). Journal of
Plant Physiology 156, 197-203

Purnhauser L, Medgyasy P, Szaks M, Dix P, Marton L (1987) Stimulation of
shoot regeneration in 7. aestivum and Nicotiana plumbaginifolia Viv. tissue
culture using ethylene inhibition AgNOs. Plant Cell Reports 6, 1-4

Qureshi GA, Kartha KK, Abrams SR, Steinhauer L (1989) Modulation of
somatic embryogenesis in early and late-stage embryos of wheat (Triticum
aestivum L.) under the influence of (+) — abscisic acid and its analogs. Plant
Cell, Tissue and Organ Culture 18, 55-69

Raina S (1997) Doubled haploid breeding in cereals. In: Janick J (Ed) Plant
Breeding Reviews (Vol 15), Wiley Publishers, New York, pp 141-186

Rafi MM, Zemetra RS, Dempster K (1995) Effects of abscisic acid on wheat
callus cultures. Cereal Research Communications 23, 375-382

Reinert J, Bajaj YPS (1977) Anther culture: Haploid production and its signi-
ficance. In: Reinert J, Bajaj YPS (Eds) Applied and Fundamental Aspects of
Plant Cell, Tissue and Organ Culture, Springer, Berlin, pp 251-267

Reynolds TL (1997) Pollen embryogenesis. Plant Molecular Biology 33, 1-10

Research Group 301, Institute of Genetics, Academia Sinica (1976) A sharp
increase of the frequency of pollen plant induction in wheat with potato me-
dium. Acta Genetica Sinica 3, 25-31

Ritala A, Salmenkallio-Marttila M, Kurten U, Mannonen L, Oksman-
Candeltey KM (2000) Research on microspore culture of malting barley at
VTT Biotechnology. In: Bohanec B (Ed) Biotechnological Approaches for
Utilization of Gametic Cells, COST 824, Bled, Slovenia, 1-5 July 2000, pp
23-27

Roberts-Oehschlager S, Dunwell JM (1990) Barley anther culture: pretreat-
ment on mannitol stimulates production of microspore derived embryos.
Plant Cell, Tissue and Organ Culture 20, 235-240

Sagi L, Barnabis B (1989) Evidence for cytoplasmic control of in vitro micro-
spore embryogenesis in the anther culture of wheat (7. aestivum L.). Theo-
retical and Applied Genetics 18, 867-872

Schaeffer GW, Baenziger PS, Worley J (1979) Haploid plant development
from anthers and in vitro embryo culture of wheat. Crop Science 19, 697-702

Schaeffer GW, Bottino J, Bullock WP, Baenziger PS (1982) Anther culture of
T. aestivum (L.) and their reciprocal crosses. Theoretical and Applied Gene-
tics 62, 155-159

Scheres B, Benfey PN (1999) Asymmetric cell division in plants. Annual Re-
view of Plant Physiology and Plant Molecular Biology 50, 505-537

Schmid JE (1990) In vitro production of haploids in Triticum spelta. In: YPS
Bajaj (Ed) Biotechnology in Agriculture and Forestry (Vol 13) Wheat, Sprin-
ger-Verlag, Berlin, pp 363-381

Schulze D, Pauls KP (1998) Flow cytometric characterization of embryogenic
and gametophytic development in Brassica napus microspore culture. Plant
Cell Physiology 391, 226-234

Schulze D, Pauls KP (2002) Flow cytometric analysis of cellulose tracks deve-
lopment of embryogenic Brassica cells in microspore cultures. New Phyto-



International Journal of Plant Developmental Biology 2 (1), 59-78 ©2008 Global Science Books

logist 154, 249-254

Scott P, Lyne RL (1994) The effect of different carbohydrate sources upon the
initiation of embryogenesis from barley microspores. Plant Cell, Tissue and
Organ Culture 36, 129-133

Scott P, Lyne RL, Recs T (1995) Metabolism of maltose and sucrose by micro-
spores isolated from barley (Hordeum vulgare L.). Planta 197, 435-441

Sesek S, Dencic S (1996) The potential of anther culture technique in wheat
breeding. Cereal Research Communications 24, 163-170

Sesek S, Borojevic K, Schaeffer GW (1988) In vitro production of dihaploid
via anther culture in wheat. In: Miller TE, Koebner RMD (Eds) Proceedings
from 7" International Wheat Genetics Symposium 2, Cambridge, UK, pp
1171-1174

Sesek S, Borojevic K, Schaeffer GW (1992) Production of doubled haploids
via anther culture and its use in wheat breeding. In: XIII EUCARPIA Con-
gress on Reproductive Biology and Plant Breeding, Angers, France, pp 211-
212

Shimada T, Makino T (1975) In vitro culture of wheat. III. Anther of the A ge-
nome aneuploids in common wheat. Theoretical and Applied Genetics 46,
407-410

Shimada T, Otani M (1988) Efficiency of potato medium on induction of
pollen embryoids in anther culture of Japanese wheat cultivars. Japanese
Journal of Breeding 38, 212-222

Shimada T, Otani M (1989) Varietal differences in green plant regeneration
ability of wheat pollen embryoids. Japanese Journal of Breeding 39, 187-194

Simmonds DH, Keller AK (1999) Significance of preprophase bands of micro-
tubules in the induction of microspore embryogenesis of Brassica napus.
Planta 208, 383-391

Simonson RL, Baenziger PS, Gustafson VD (1997) Wheat anther culture as
affected by various cultural changes and supplements. Journal of Applied Ge-
netics 38, 381-392

Slusarkiewicz-Jarzina A, Ponitka A (1997) Effect of genotype and media
composition on embryoid induction and plant regeneration from anther cul-
ture in triticale. Journal of Applied Genetics 38, 253-258

Smith DL, Krikerian AD (1990) Low external pH replaces 2,4-D in main-
taining and multiplying 2,4-D initiated embryogenic cells of carrot. Physio-
logia Plantarum 80, 329-336

Snape JW, Ouyang JW, Parker BB, Jia SE (1992) Evidence for genotypic se-
lection in wheat during the development of recombinant inbred lines by
anther culture and single seed descent. Journal of Genetics and Breeding 46,
167-172

Sozinov A, Lukjanjur S, Ignatova S (19981) Anther cultivation and induction
of haploid plants in triticale. Zeitschrift fiir Pflanzenzuchtung 86, 272-285

Stober A, Hess D (1997) Spike pretreatments, anther culture conditions and
anther culture response of 17 German varieties of spring wheat (Triticum aes-
tivum L.). Plant Breeding 116, 443-447

Sunderland N (1978) Strategies in the improvement of yields in anther culture.
In: Proceedings of the Symposium on Plant Tissue Culture, Science Press,
Peking, China, pp 65-86

Szakacs E, Kovacs G Pauk J, Barnabas B (1989) Substitution analysis of
callus induction and plant regeneration from anther culture in wheat (7ri-
ticum aestivum L.). Plant Cell Reports 7, 127-129

Szarejko I (1991) Anther culture of Hordeum vulgare (L.) and genetic evalua-
tion of microspore derived doubled haploids. Prace Naukowe US1232, Kato-
wice, pp 1-124 (in Polish)

Szarejko I (2003) Anther culture for doubled haploid production in barley
(Hordeum vulgare L.). In: Maluszynski M, Kasha KJ, Forster BP, Szarejko I
(Eds) Doubled Haploid Production in Crop Plants, Kluwer Academic Pub-
lishers, The Netherlands, pp 35-42

Torp AM, Hansen AL, Andersen SB (2001) Chromosomal regions associated
with green plant regeneration in wheat (7riticum aestivum L.) anther culture.
Euphytica 119, 377-387

Trottier MC, Collin J, Comeau A (1993) Comparison of media for their apti-
tude in wheat-anther culture. Plant Cell, Tissue and Organ Culture 35, 59-67

Touraev A, Fink CS, Stoger E, Heberle-Bors E (1995) Pollen selection: a
transgenic reconstruction approach. Proceedings of the National Academy of
Sciences USA 92, 12165-12169

Touraev A, Indrianto A, Wratschko I, Vicente O, Heberle-Bors E (1996) Ef-
ficient microspore embryogenesis in wheat (7. aestivum L.) induced by star-
vation at high temperature. Sexual Plant Reproduction 9, 209-215

Touraev A, Vicente O, Heberle-Bors E (1997) Initiation of microspore em-
bryogenesis by stress. Trends in Plant Science 2, 297-302

Tuvesson IK, Pedersen S, Andersen SB (1989) Nuclear genes affecting albi-
nism in wheat (7. aestivum L.) anther culture. Theoretical and Applied Gene-
tics 78, 879-883

Tuvesson IKD, Pederson S, Olesen A, Andersen SB (1991) An effect of the
IBL/IRS chromosome on albino frequency in wheat (Triticum aestivum L.)
anther culture. Journal of Genetics and Breeding 45, 345-348

Tuvesson IKD, Ohlund RCV (1993) Plant regeneration through culture of iso-

78

lated microspores Triticum aestivum. Plant Cell, Tissue and Organ Culture
34, 163-167

Tuvesson S, Ljungberg A, Johansson N, Karlsons KE, Suijs LW, Josset JP
(2000) Large-scale production of wheat and triticale double haploids through
the use of a single-anther culture method. Plant Breeding 119, 455-459

Tyankova N, Zagorska N, Dimitrov B (2003) Investigation on the response of
stabilized wheat/ Thinopyrum intermedium lines to in vitro cultivation. Gene-
tics and Breeding 32, 19-25

Vnutchkova VA, Tchebotareva TM (1990) Optimizacija uslovii polutchenija
gaploidov pchenizi pri posadke pilnikov in vitro. Dokladi VASHNIL 5, 6-9

Wang CC, Chu CC, Sun CS, Wu SH, Yin KC, Hsu C (1973) The androgen-
esis in wheat (Triticum aestivum L.) anther cultured in vitro. Scientia Sinica
16,218-222

Wang P, Chen YR (1980) Effects of growth conditions of anther-donor plants
on the production of pollen plants in wheat anther culture. Acta Genetica
Sinica (Beijing) 7, 74-71

Wang P, Chen YR (1986) A study of the application of C17 medium for anther
culture. Acta Botanica Sinica 28, 38-45

Wei ZM, Kyo M, Harada H (1986) Callus formation and plant regeneration
through direct culture of isolated pollen of Hordeum vulgare cv. “Sabarlis”.
Theoretical and Applied Genetics 72, 252-255

Wilson HM, Mix G, Foroughi-Wehr B (1978) Early microspore divisions

and subsequent formation of microspore calluses at high frequency in anthers
of Hordeum vulgare (L.). Journal of Experimental Botany 29, 227-238

Xinias IN, Zamani IA, Gouli-Vavdinoudi E, Raupakias DG (2001) Effect of
cold pretreatment and incubation temperature on bread wheat (7. aestivum L.)
anther culture. Cereal Research Communications 29, 331-338

Yamagishi M, Otani M, Higashi M, Fukuta Y, Fukoei K, Yono M, Shimada
T (1998) Chromosomal regions controlling anther culturability in rice (Oryza
sativa L.). Euphytica 103, 227-234

Yuan HM, Keppenne VD, Baenziger PS, Berke T, Liang GH (1990) Effect
of genotype and medium of wheat (Triticum aestivum L.) anther culture.
Plant Cell, Tissue and Organ Culture 21, 253-257

Zhang YL, Li DS (1984) Anther culture of monosomics in 7. aestivum (L.).
Hereditas 6, 7-10

Zaki MAM, Dickinson HG (1991) Microspore derived embryos in Brassica:
the significance of division symmetry in pollen mitosis I to embryogenic
development. Sexual Plant Reproduction 4, 48-55

Zhang YL, Sourdille P, Bernard M, Madeore A, Bernard S (2003) QTL
mapping for anther culturability in wheat using a doubled haploid population.
In: Pogna NE, Romano M, Pogna EA, Galterio G (Eds) Proceedings of the
10" International Wheat Genetic Symposium, Paestum, Italy, 1-6 September
2003, pp 1078-1080

Zheng Y, Liu W, Weng Y, Polle E, Konzak CF (2001) Culture of freshly iso-
lated wheat (riticum aestivum) microspores treated with inducer chemicals.
Plant Cell Reports 20, 685-690

Zheng MY, Weng Y, Liu W, Konzak CF (2002) The effect of ovary-condi-
tioned medium on microspore embryogenesis in common wheat (7riticum
aestivum). Plant Cell Reports 20, 802-807

Zhou H, Ball ST, Konzak CF (1992) Functional properties of ficoll and their
influence on anther culture responses of wheat. Plant Cell, Tissue and Organ
Culture 30, 77-83

Zhou H, Konzak CF (1989) Improvement of anther culture methods for hap-
loid production in wheat. Crop Sciences 29, 817-821

Zhou H, Konzak CF (1992) Genetic control of green plant regeneration from
anther culture of wheat. Genome 35, 957-961

Zhou H, Konzak CF (1997) Influence of genetic and environmental factors on
anther culture response of wheat. Journal of Applied Genetics 38, 393-406

Zhou H, Zheng Y, Konzak CF (1991a) Osmotic potential of media affecting
green plant percentage in wheat anther culture. Plant Cell Reports 10, 63-66

Zhou H, Zheng Y, Konzak CF (1991b) Several medium components affecting
albinism in wheat anther culture. Plant Cell Reports 10, 63-66

Zhu M, Xu A, Yuan M, Huang C, Yu Z, Wang L, Yu Y (1990) Effects of
amino acids on callus differentiation in barley anther culture. Plant Cell, Tis-
sue and Organ Culture 22, 201-204

Zhuang J, Jia X (1980) Studies on the differentiation of pollen calli of wheat.
Annual Reports of Institute of Genetics, Academia of Sinica, Beijing, pp 70-
71

Zhuang J, Jia X (1983) Increasing differentiation frequencies in wheat pollen
callus. In: Hu H, Vega MR (Eds) Cell and Tissue Culture Techniques for
Cereal Crop Improvement, Science Press, Beijing, pp 431-432

Ziauddin A, Marsosais A, Simion E, Kasha KJ (1992) Improved plant rege-
neration from wheat anther and barley microspore culture using phenylacetic
acid (PAA). Plant Cell Reports 11, 489-498

Ziegler G, Dressler K, Hess D (1990) Investigation on the anther culturability
of four German spring wheat cultivars and the influence of light on rege-
neration of green vs. albino plants. Plant Breeding 105, 40-46



