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utline of the thesis

The development of pollen is an in-
triguing process, resulting in unicellular
structures. These cells have a rigid cell
wall, which enables a resistance to
withstand various kinds of stress. Upon
appropriate conditions, these structures
are able to hydrate, germinate and when a
pollen tube is formed, to participate in
the fertilization process.

This gametophytic development can be
arrested and changed into the sporophytic
route. Immature .pollen grains, also called
microspores, can be induced at the verge
of mitosis to become what are called em-
bryogenic microspores. Under specific
conditions, the microspore will develop
into an embryo-like structure and from
this a haploid plant can be formed. The
mechanism of this switch from the
gametophytic into the sporophytic
pathway has attracted the attention of
many researchers. Moreover, the product
of the switch, a homozygous plant, has
surplus value for plant breeding. By the
use of haploids from immature pollen
grains, the production of new varieties
can be largely improved. The rapid and
complete homozygosity of the offspring
simplifies phenotype selection for quanti-
tative inherited characters and, therefore,

breeding is more efficent. Today,
androgenic haploids have been produced
in more than 50 genera, and the greatest
effort has been given to economically
important plants such as the cereals and
vegetable crops. Although the anther cul-
ture method is used successfully in bree-
ding companies, very little is known
about the mechanism(s) responsible for
changing microspore development into
the sporophytic pathway. What is known
is that an appropriate microspore
developmental stage together with a spe-
cific stress treatment is required for the
production of microspore-derived plants.
A few model species have been used for
microspore-derived plant formation, na-
mely tobacco, rapeseed and barley. For
studies presented in this thesis we used
the crop barley, as in the TNO depart-
ment of Plant Biotechnology, studies are
being performed aiming at adaptation of
barley for industrial needs (see Bengtsson,
1992; McElroy and Jacobsen, 1995). The
aim of the studies for this thesis was two-
fold: trying to understand the mechanism
leading to formation of embryogenic mi-
crospores, and optimization of plant pro-
duction efficiency from androgenesis. The
importance of several parameters in an-
drogenesis has been described in literatu-
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re. We were specifically interested in pa-
rameters which are responsible for the
initiation and early development of the
sporophytic pathway. Three preconditi-
ons were identified for androgenesis in
barley: a uninucleate developmental stage,
an anther pretreatment and a growth re-
gulator application.

Agencral introduction of androgenesis
for the model species barley is given in
chapter 1 of this thesis. In chapter 2, a
comparison of the regeneration efficiency
between anther and microspore culture is
made. The basics of androgenesis is des-
cribed, with an emphasis on the impor-
tance of the late uninucleate microspore
developmental stage. Microspore culture
proved to be more efficient in plant pro-
duction than anther culture. Studies des-
cribed in chapter 3 were focussed on the
development of an efficient microspore
culture protocol. After an optimized an-
ther pretreatment, an embryogenic subpo-
pulation was identified resulting in the
production of 50 green plants per anther.
In chapter 4 a study on the effects of the
growth regulator 2,4-dichlorophenoxyace-
tic acid (2,4-D) is presented. Pulse appli-

cation of the synthetic auxin 2,4-D can
induce plant formation at similar frequen-
cies as described for the cytokinine benzyl
aminopurine, which is generally used. In
chapter 5 and 6, the importance of anther
pretreatment js demonstrated. An appro-
priate osmotic level during pretreatment
is necessary for plant formation. We also
showed evidence for the need of specific
abscisic acid levels, endogenously as well
as exogenously, during the pretreatment.
In chapter 6 is shown, that these hormo-
nal and osmotic levels might be necessary
for induction of apoptosis in anther tissu-
e. Also, a possible role of lipo-oligosaccha-
rides in the formation of embryogenic
microspores was demonstrated.

In the last chapter of this thesis a hypo-
thesis is presented, based on the results
obtained from our studies, for a mecha-
nism by which androgenesis is initiated.
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hapter 1

General Introduction

Haploidization

For variety development in most crop
plants, a critical step is the establishment
of true breeding lines. A stable,
homozygous (or as much as possible)
plant is defined as a true breeding line.
Such plants are used as finished varieties
or as parents for hybrid seed production.
Traditionally, plant breeders have
achieved homozygosity by using the time
consuming processes of self-fertilization
or backcrossing (Morrison and Evans,
1988). Homozygosity in vivo arises upon
abnormal fertilization by reduction of the
genetic information to the amount of
DNA present in gametes; these plants, in
which each gene is represented once, are
called haploids. There are several origins
of in wive haploids, i.e. parthenogenesis
(autonomous growth of the ovary without
fertilization), gynogenesis (growth of the
unfertilized egg in the presence of normal
endosperm) and genome elimination
(natural elimination of either gametic
genomes after fertilization). Natural
haploids of higher plants are, however, of
rare occurence and restricted to only a

few species (Maheshwari et al., 1980).
With the publication of the paper by
Guha and Maheshwari in 1966, a new

haploidization approach came into
existence: development of haploid plants
derived from immature pollen or

microspores in cultured anthers, what is
called (in vitro) androgenesis. Haploids
derived from microspores opened a new
dimension because of the abundance of
microspores produced by the plants and
their potentially general occurrence in the
plant kingdom (Heberle-Bors, 1985).
Subsequently, in many laboratories a
great deal of research effort was immedia-
tely directed towards perfecting the
technique so that it could routinely be
used.

The plant which led to the initial
success was a common weed, Datura
innoxia Mill.,, belonging to the family
Solanaceae. Today, androgenic haploids
have been produced in more than 50
genera, but the greatest effort has been
given to economically important plants
such as the vegetable crops and cereals
(Cao et al,, 1995; Veilleux, 1994). Via
androgenesis new varieties have been
developed in a number of agricultural
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crops such as Brassica sp., tobacco, potato,
asparagus, wheat, rice, maize, barley, etc.
(Bajaj, 1990).

In this thesis, the development of a
method for androgenesis in barley and
the analysis of parts thereof, are
described. For a good comprehension of
the other chapters, the reproductive
development, the process of micro-
sporogenesis and various aspects of
androgenesis are introduced.

The reproductive  system and
embryogenesis

Angiosperm plants produce flowers, very
beautiful and intricate structures, in
which their reproductive development
takes place. In flowering plants a spore-
producing generation or sporophyte
alternates with a  gamete-producing
generation or gametophyte. Unlike some
of the evolutionarily more primitive
plants, the male and female gametophytes
of angiosperms are reduced to
microscopic structures that are dependent
on the tissues of the sporophyte for their
development. The flower contains
specialized structures (see Figure 1), the
anthers and the pistil in which the male
and female gametophytes, respectively are
formed. The role of the male game-
tophyte (i.e. microspores) is to produce
two generative cells which are transported
via a pollen tube, through the tissues of
the style into the ovary. In the double
fertilization that follows, fusion of one
generative nucleus with the egg and of the
second generative nucleus with the
central cell results in formation of
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respectively the zygote and the
endosperm, a nutritive tissue. The zygote
continues to develop to the structure of
an embryo within the ovule, and this
process is called zygotic embryogenesis.
In some species, the embryogenic
pathway is well documented. In
dicotyledonous species the stages of
octant, globule, heart and torpedo are
typical, whereas in monocotyledonous
species the pro-embryo, the transition,
and the coleoptilar stage with a scutellum
are formed (Meinke, 1991).

A characteristic of plant cells is their
totipotency, which means that they have
the ability to regenerate into a plant
under the appropriate in vitro conditions.
If somatic cells replay in vitro a
developmental program leading to the
production of embryos, this process is
called somatic embryogenesis. The
embryos arise directly from the explant,
or indirectly after a phase of
dedifferentiated growth. Alternatively,
somatic cells develop in vitro via organo-
genesis into a plant, which is mostly an
adventitious shoot (Reynolds, 1994).
Regenerants of somatic cells keep the
genetic constitution of the mother plant
under appropriate conditions, so no
haploid or homozygous plants are to be

expected.

Microsporogenesis

In flowering plants, the pollen is the male
gametophyte. The male gametophyte
completes its development within the
anther, which is illustrated in Figure 2
and 3 and described in the following.
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Figure 1: Reproductive development in a diagram-
matic median longisection of a generalized flower.
The component structures are labeled.

Data described herein are based on the
reviews from Bedinger (1992), Goldberg
et al. (1993 and 1995), Mascarenhas
(1989 and 1990), McCormick (1993),
Scott et al. (1991) and Vicente et al.
(1991). During microsporogenesis a series
of mitotic divisions of the archesporial
cells give rise to both the primary parietal
cells and the sporogenous cells; latter
develop into microspore mother cells that
are surrounded by a thick callose wall.
Meiosis is initiated in the microspore
mother cell and a tetrad containing four
haploid cells is formed. The callose wall is
digested by the action of 8(1,3)-glucanase
produced by the tapetum and individual
cells of the tetrad are released as free

microspores. Upon release from the
tetrad, the microspores change in shape.
The germ pore (pore where the pollen
tube can grow out) is formed. The intine,
or inner pollen wall is first laid down over
the site of the pore and then spreads to
encase the entire microspore. The intine
is thought to be derived largely from
gametophytic gene expression and is
composed mainly of polysaccharides.
Deposition of the exine, or outer pollen
wall, is reduced or absent over the germ
pore. The microspores grow in
circumference soon after their release
from the tetrad, and the outer pollen cell
wall synthesis increases during this stage.
The exine is composed of sporopollenin, a
highly chemically resistant substance
formed by the oxidative polymerisation of
carotenoids and carotenoid esters. The
tapetum is largely responsible for the
synthesis and deposition of wall materials
to the developing exine. In most species,
the tapetum begins to degenerate shortly
after the first pollen mitosis and is usually
absent by anthesis. The supply of
nutrients, such as reducing sugars, amino-
acids, and lipids to the developing
microspores is an important role of the
tapetum.

Cereal pollen, in contrast to other
species, contain only one germ pore,
which enables localization of nuclei at a
specific developmental stage. In Figure 3
and below, the development into mature
pollen is presented for the species barley.
During pollen cell wall development, a
vacuole develops opposite the germ pore.
When the vacuole has reached maturity,
the nucleus is located close to the germ
pore. Thereupon, the nucleus migrates

13



Chapter 1

20UB3SIYaQ -z _ooﬁaﬂbm_

ol

Z osRYd T

| #88Ud

wnjade) _Es_&w._.
BINY

(5661 “Te 13 Sxagplon) wiosy ‘uoissiuaid yiwm) 0338qO) 10§ are suonejuasaidas
SNEWALPS IYIUR PUE 51UaA3 Jo Sunun ‘saferg Juawdolaasp ayue Suunp maoo jeyy sjuaas solew pue safeauy o0 1z 2anSyy

1+ abelg Jsyiuy

msn) swwapidy
1189 Jejpondy

1- abeig
wnipowd seyjuy

14



General Introduction

PEN®) = | ‘ {|3 snouadoiads = g ‘arejondea-aid = g ‘sisoynu uresS usyjod 111y = 4 ‘uoneredss ssodsonnu = SIAL ‘132 13yI0W
a10dsonnu = JWA ‘21EaPnUIUN 21B[-PIU = T ‘AIBAPNUILT PRI = ‘3jeaPNULUN 3Ye[ = 1 ‘AjE3pnum A[1ed = g ‘ajeapnulq = g
“Kajreq uy sisauaBolodsonnu jo saferg ig 2y

uymolb aqnj usjjod

-—
s|sojiw
snejonu aAnelaueh snajonu aagelabion Yes
d d 1 TN N 3 Ad
sIsojw
alodoJojw ajonoeA [1em |je2 usjjod

SN

.r

0_>__>_ ow

@Q @w

< G—— < +— @
mmmcmoz_mk @Q e

snajonu 8so|ea wsejdojfo

15



Chapter 1

along the cell wall till it reaches a location
opposite of the germ pore, what is called
the late uninucleate stage, to undergo
an asymmetric mitotic division or first
pollen mitosis. This results in a pollen
containing a large vegetative and a small
generative cell, that is enclosed entirely
within the vegetative cell. The vegetative
nucleus does not undergo another mitosis,
and its role is to serve as a "powerhouse”
to drive the further development of the
pollen and the growth of the pollen tube
so that the two generative nuclei are
delivered to the ovary. The generative cell
has a condensed nucleus and a reduced
amount of cytoplasm compared to the
vegetative cell. The generative cell must
undergo  another mitotic  division.
Development of the immature pollen
continues, including the further elabo-
ration of the outer pollen cell wall and the
deposition of reserves like starch granules.
The release of the mature pollen from the
anther is called dehiscence and takes
place during anthesis. In approximately
70% of plant families (e.g. Solananeae, and
Liliaceae), the pollen is released from the
anther when it consists of just these two
cells; the second mitotic division of the
generative cell occurs while the polien
tube grows through the female pistil. In
other plant families (e.g. Cruciferac and
Gramineae), this second mitotic division
occurs before the pollen is shed from the
plant. There, the mature gametophyte is
finally formed when a mitotic division of
the generative cell produces a pair of
gametes. Mature pollen contain a store of
presynthesized mRNAs. It is known that
a surprisingly large number of genes is
expressed in pollen. In Tradescantia, about
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60% as many genes are expressed in the
male gametophyte as are expressed in
shoots, that consits of several different
cell types. Most of these genes are
expressed in both pollen and sporophytic
tissues while about 5% are pollen-specific.
The transcripts stored in mature pollen
will be translated into proteins that are
needed for processes during and after
pollen germination. For a while following
dehiscence from the anther, the pollen
exists as a free organism, protected under
extreme conditions by the exine, until it
is carried by wind, insects, or an other
agent to the stigma of an appropriate or
compatible flower, where the right
conditions are present for germination of
the pollen.

The development of the gametophyte
can be arrested and changed into the
sporophytic pathway. A plant can be
produced from immature pollen, if they
are cultured at the verge of mitosis in a
specified medium and condition. Such a
developmental switch results in the
production of a plant, containing a
haploid genome, from androgenesis
presumably via embryogenesis.

A.ndrogenesis in model systems

In this paragraph, the current status of
the scientific knowledge concerning
androgenesis of the three model species
Brassica napus, Nicotiana tabacum and
Hordeum vulgare is described.

In Brassica napus or rapeseed, the
gametophytic development is maintained
at a temperature of 18°C and can be
changed into the sporophytic pathway by
elevating the temperature to 32°C.
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Microspores in the late uninucleate or
early binucleate stage are competent for
plant formation (Custers et al., 1994).
The majority of vegetative nuclei re-enter
the cell cycle after 12 hours of culture at
32°C (Binarova et al., 1993). About 8
hours of culture at 32°C is sufficient to
induce this embryogenic development
irreversibly (Pechan et al., 1991). Such a
heat shock induces a program of gene
expression in which the synthesis of a
family of proteins, that is called heat-
shock proteins, is highly induced. These
proteins result from de nove synthesis and
belong to the 70-kDa class (Cordewener
et al.,, 1995). Upon heat treatment, the
morphology of the cells is changed. The
central vacuole becomes fragmented
allowing the nucleus to assume a central
position within the cell. Starch grains are
not present, the cell develops a thick
fibrillar wall, situated immediately
adjacent to the intine, and large
aggregates of globular material (Zaki and
Dickinson, 1990). In embryogenic
microspores, i.e. microspores destined to
become embryos, new microtubular
arrangements are observed. The first
symmetrical division starts in the
vegetative nucleus provided the gene-
rative nucleus is arrested near the pollen
cell wall (Hause et al.,, 1993; Zaki and
Dickinson, 1990). The cells divide
randomly within the exine for 4 to 7 days
following heat treatment. Then multi-
cellular structures are released from the
exine and undergo periclinal divisions
resulting in protoderm differentiation of a
globular embryo (Telmer et al., 1995).

In Nicotiana tabacum or tobacco,
immature pollen develop into embryo-

genic microspores, if they are isolated at
the unicellular or the mid-binucleate stage
and cultured in a nutritionally poor
medium lacking sucrose and nitrogen,
what is called starvation. After an initial
phase of gametophytic gene expression,
the normally quiescent vegetative cell
enters a phase of dedifferentiation during
which the bulk of its cytoplasm is
degraded. Organelles are virtually cleared
from the cell and little more than the
nucleus and a few structurally simplified
plastids clustered around it remain
(Dunwell and Sunderland, 1974 a and b;
Garrido et al.,, 1995). The embryogenic
microspores have similar characteristics as
above described for rapeseed (Heberle-
Bors, 1989). One of the crucial events
during embryogenic induction is the
derepression of the G, arrest in the cell
cycle of the vegetative cell (Zarsky et al.,
1992). Starvation induces de novo
transcription of specific genes, a.o. a
transcript for a low molecular weight heat
shock protein (Garrido et al., 1993;
Zarsky et al., 1993). These proteins,
however, are not detected. Only recently
Touraev et al. (1996 and in press) show
that heat shock is a potent inductive
treatment for tobacco. Apparently the
mRNAs are not translated in vivo but
accumulate  in  the  embryogenic
microspores in a translationally inactive
form (Garrido et al., 1993). Further,
changes in the activity of protein kinase
have been observed during starvation
(Garrido et al., 1993), suggesting that
protein phosphorylation cascades a re
involved in the transduction of the signal.
Indeed, Kyo and Harada (1990a and b)
detected phorphorylation of proteins
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specific for embryogenic microspores.
Finally in Hordeum vulgare or barley, a
cold pretreatment or a starvation (i.e.
nutritionally poor medium as in tobacco)
induces embryogenesis in mid-late to late
uninucleate microspores (chapter 2). A
cold pretreatment for 3 to 4 weeks is
performed with spikes (Huang and

Sunderland, 1982), whereas for a 3 to 4
day starvation pretreatment anthers are
first dissected from the spikes (Roberts
Ochlschlager and Dunwell, 1990). Upon
cold pretreatment of spikes, degeneration
of the tapetum is observed. In fact,
changes in the morphology of the anther
resemble those observed for a maturing
anther, whereas the pollen development is
blocked before the first pollen mitosis.
Apparently, the normal sequence of
events is disrupted in the cold
(Sunderland et al., 1984).

In rapeseed and tobacco, haploid plants
are produced via androgenesis. The
majority of microspore-derived plants in
barley, however, have a doubled haploid
genome, resulting from spontaneous
diploidization. Specifically in barley, a
multiplicity of initial division patterns is
revealed in vitro upon pretreatment of the
microspores. Independent division of the
generative and vegetative nucleus, results
in the formation of chimerical units
partitioned into distinct embryo- and
endosperm- (or suspensor-) like compo-
nents. Partitioning occurs only with
anther excision during the mid uni-
nucleate microspore developmental stage
when the nuclei are probably still in the
pre-DNA replication phase (Gl phase),
but anther excision at the early
uninucleate stage is ineffective and leads
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to rapid degeneration of the microspores.
With excision at the late uninucleate
stage, DNA replication is (nearly)
completed and many microspores are in
the G2 interphase. Independent contri-
bution by the generative cell is blocked
and the microspores develop into the A,
B, or C pathways. The vegetative cell
behaves either as a haploid embryo
mother cell without any contribution
from the generative cell (A pathway), or a
non-haploid embryo mother cell derived
from incorporation of the generative cell
by nuclear fusion (C pathway). The
microspore itself also sometimes functions
as an embryo mother-cell, as two
chromosome complements  seemingly
similar, and these might result from
fusion either in interphase or in prophase
(B pathway) (Sunderland et al, 1979;
Sunderland and Evans, 1980). This
multiple origin, from either the vegetative
or the generative cell or both, can account
for the different ploidies found in
regenerated plantlets (Sunderland et al.,
1979; Sunderland and Evans, 1980).
Nuclear fusion has been emphasized as
the major source of ploidy increase in
barley, but endoreduplication (omission
of the G2 and M-phase; Nagl, 1995) and
nuclear restitution (mitosis stops because
the spindle breaks down; Nagl, I995) are
not ruled out. Fusion of the generative
and vegetative nuclei has been observed
in cultured microspores of barley by Lee
and Chen (1987), suggesting that ploidy
increases are generated very early in
culture.

In summary, in all three model species
there is very superficial knowledge
available about the mechanism of
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androgenesis induction. In the model
species barley, sofar only microscopical
observations are reported. In contrast to
the limited number of reports on the
fundamental analysis of androgenesis,
there is very much empirical information
about factors that influence the number
of plants produced through androgenesis.
Information about such factors is
oftensaid to be derived from “trial and
error” experiments. An overview of the
methodology and such factors is described
below for the model species barley.

Barley androgenesis in practice

Impact of method

There are three different androgenesis
methods to produce microspore-derived
(doubled) haploids in barley. Haploidi-
zation can be achieved by culture of
whole anthers, what is called anther
culture. The male gametes can be
mechanically isolated from the anthers,
what is called (isolated) microspore
culture. Alternatively, the microspores
can be isolated naturally from dehiscing
anthers, what is called shed culture
(Sunderland and Xu, 1982; Ziauddin et
al, 1990). Comparison between
microspore and shed culture shows that
shed culture is difficult to reproduce, as
the period required for shedding and the
shed microspore density varies, due to the
physiological state of the donor plant at
the time of harvest and the microspore
developmental stage. In microspore
culture on the contrary, such variations
can be adjusted directly after isolation (at
the end of this paragraph, this statement

will be explained). Comparison between
anther and microspore culture reveals
that former is easier to perform. The
simplicity of performing anther cultures
has resulted in a strategy of culturing high
numbers of anthers rather than to
increase the efficiency of anther culture.
In many species the anther wall provides
a physical and chemical environment for
microspore embryogenesis to a sufficient
degree in many species. However, the
anther wall provides also inhibitory
substances (Heberle-Bors, 1984) and
badly-defined nutrients (Sunderland and
Xu, 1982) for sporophytic microspore
development. The technique of anther
culture suffers from a large disadvantage,
i.e. plants may originate not only from
the microspores, but also from various
parts of the anther resulting in a mixed
population of plants deriving both from
gametic and somatic origin. Application
of microspore or shed culture prevents
production of anther-derived somatic
regenerants. Besides, microspore culture is
five times more efficdent for plant
production than anther culture (chapter
2). In the case of anther culture, it is
extremely difficult to follow the
development of the microspores within
the anther and in general the culture
efficiency can not be assessed reliably
until 4 weeks after culture initiation. The
efficiency of the development into plants
is largely influenced by the density
throughout culture. A significant advan-
tage using microspore culture, is the
possibility to follow the growth of the
microspores under a light microscope and
determine growth indices throughout
culture. Further, in microspore culture the
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culture density can be optimized at
various time pointsduring culture. There
are two indices that can be used to
control the density during culture,
starting from the day of microspore
jsolation. Directly after pretreatment the
percentage of embryogenic microspores
(i.e. a sub-population that is assumed to
develop into plant; Bolik and Koop,
1991; Olsen, 1991; chapter 4 and 7) can
be recognized. Further, the density of
embryo-like structures (ELS, i.e. multi-
cellular structures where the exine has
been disrupted; these can have the
morphology of a zygotic embryo) can be
determined. Adjustment of both embryo-
genic microspore and ELS density
significantly improves the reproducibility
of the culture system for green plant
development (chapter 4; Hoekstra et al.,
1994).

The aim of androgenesis is stimulation
of microspores to form embryos, maybe
after an intermediate phase of dedif-
ferentiated growth, and subsequently
plants. Conditions of culture, like culture
density, together with genetic deter-
minants, affect the microspores in their
new developmental pathway. Identi-
fication of such factors is of utmost
importance for the establishment of a
reproducible and efficient androgenesis
protocol.

Impact of plant growth and culture conditions

The following contains an overview of
factors of different natures which are
reported to affect embryo formation in
anther or microspore cultures in barley,
and their possible modes of action. A
more detailed overview of cereal

20

microspore culture is written by Jihne
and Lérz (1995).

The quality of the donor material such
as its vigour, has a decisive influence on
the success of androgenesis. Pest control
procedures have a detrimental effect on
microspore development (Jihne et al.,
1991). Important environmental factors
which influence the vigour of donor
plants include light intensity and
spectrum, photoperiod, temperature, and
nutrition. For barley high light intensity
(20,000 lux) and low temperature (12°C)
are favourable for androgenesis (Foroughi-
Wehr and Mix, 1979). Low temperature
increases the time of development,
therefore increasing the chance to harvest
material in the right stage of development
(Figure 4). A negative correlation between
plant age and anther response with regard
to androgenesis has been shown by
various workers (Olsen, pers. comm.).

Figure 4:

Schematic
influence of
high and low
temperature
on growth of
the donor
and the
chance of
harvesting
material  in
the right
stage of
development.

stage

The frequency of androgenesis is higher
for anthers harvested at the beginning of
the flowering period and declines with
plant age. The reduced response has been
ascribed to the deterioration in the gene-
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ral condition of the plants, particularly
during seed set. Spikes harvested at the
verge of mitosis are most responsive (Gaul
et al, 1976; Wheatley et al, 1986;
chapter 2). Variation in stage per spike
and spike number is found (Dunwell et
al., 1987). The microspore developmental
stage is a precondition for induction of
androgenesis, as outlined earlier.

Another precondition for gametophytic
embryogenesis is application of a
pretreatment. Two pretreatment methods
are generally used for haploidization in
barley. Either a cold pretreatment of the
spike for 3-5 weeks (Huang and
Sunderland, 1982) or an anther
pretreatment on a mannitol containing
solution for 4 days (Roberts-Oehlschlager
and Dunwell, 1990). Preference of
mannitol pretreatment over cold period
has been mentioned (Hoekstra et al.,
1994). During pretreatment embryogenic
microspores (chapter 4) develop, and a
mechanism of action is proposed in
chapter 7.

The number and percentage of
embryogenic microspores obtained, is
largely influenced by the method of
microspore isolation (Hoekstra et al.,
1994). Methods have been described in
which pestle maceration (chapter 3 and
4), microblending (Olsen, 1991) or
vortexing (Hu et al., 1995) of the anthers
is used. However, observations in our
laboratory indicated that gentle treatment
of the material is necessary for obtaining
a good population of embryogenic
microspores and that was, in our hands,
only possible with pestle maceration.

The plating efficiency is influenced by
the culture medium applied. Major

improvements of medium composition
are cited. It has been shown that nitrogen
composition of the culture medium plays
a significant role in androgenesis. A
reduced ammonium nitrate concentration
together with additional glutamine as a
nontoxic nitrogen source, is generally
used (Olsen, 1987; Mordhorst and Lorz,
1993). The importance of the
carbohydrate and its concentration resp.
osmolarity is shown by Finnie et al.
(1989), Cistué et al. (1995) and in
chapter 4. Hunter (1987) demonstrates
the benefit of glucose-based saccharides;
in general, the traditional sucrose is
replaced by maltose which is degraded at
a slower rate. Scott and Lyne (1994)
propose that metabolization of sucrose
and glucose leads to accumulation of a
toxic product resulting in cell death,
whereas maltose can sustain development
of embryos.

A third and last precondition for
induction of androgenesis is the presence
of a growth regulator in the culture
medium. In general 4 uM benzyl-
aminopurine (BAP), sometimes combined
with a low amount of indolacetic acid
(IAA), is used (Olsen, 1987; Jihne et al.,
1991; Kuhlmann and Foroughi-Wehr,
1989). In chapter 5 the application of a
synthetic auxin as growth regulator is
presented, which is generally used to
induce somatic embryogenesis.

A striking phenomenon in optimizing
the physical conditions of anther culture
is, that anthers orientated in the "up”
position (i.e. with one lobe in contact
with the medium) produce more green
plants (Powell et al., 1988; Hunter, 1985;
Shannon et al., 1985). An explanation for
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inferior plant efficiency of anthers in the
"flat" position (with two lobes in contact
with the medium) is that they generally
shed the microspores on the solid
medium, which prevents further
development of the sporophytic route.
The shedding of microspores from anthers
in the “flat” position during pretreatment
on a mannitol containing solution, on the
contrary, is positive (Roberts-Oehl-
schlager and Dunwell, 1990). These
authors further find a positive effect on
plant production if the anther density is
reduced to 20 anthers; if 60 anthers are
plated per dish, the number of embryos
per responding anther doubled. Kshler
and Wenzel (1985), however, prefer an
increased plating density of the anthers
(40 in stead of 10 per ml). The density of
as well anthers or microspores as ELS is
very important enabling development
without an intervening dedifferentiation
phase (Datta and Potrykus, 1989; chapter
4). The former density should be
relatively high, whereas optimal embryo
development requires strong dilution.
These data explain contradictory results
in the literature.

Specifically for barley, no chromosome
doubling technique is required to obtain
diploid plants after androgenesis, as about
80% of the plants obtained have
spontaneously  doubled chromosome
numbers (see the paragraph androgenesis
in model systems). The importance of
culture conditions is demonstrated in the
ratio green to albino plants, and
optimization resulted in a decrease from
1:1 to 34:1 (chapter 3).
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Applications of androgenesis

Plant breeding of barley

Methods for haploid plant production are
summarized above. In barley, haploids
can be relatively easy obtained in vivo via
genome elimination in crossings with
Hordeum bulbosum. Comparisons between
the Hordeum bulbosum method and
androgenesis have been performed.
Bjornstad et al. (1993) find no
consistently negative impact of anther
culture in barley, and although not
identical, the methods may be considered
equivalent. Devaux (1991) describes that
androgenesis enables doubled haploids to
be obtained from  genotypes which
respond poorly to the H. bulbosum
method. Thus, the two techniques can be
used parallel to each other to improve
doubled haploid production efficiency.
Foroughi-Wehr and Wenzel (1989)
observe that even in species where
parthenogenetic techniques had some
importance, as barley, microspore
approaches are overtaking.

For maximal incorporation  of
androgenesis-derived doubled haploids
into breeding programs, the following
criteria should be fulfilled:

Production of large numbers of doubled

haploids of all genotypes should be easy

and consistent, the plants should be
genetically normal and stable and the
population should contain a random
sample of the meiotically recombined
gametes.
On basis of these criteria for ultimate
application of doubled haploids in
breeding, a description of advantages and
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disadvantages of androgenesis is made.
The major problem is that the methed is
very genotype dependent, implicating
that only from certain genotypes large
numbers of doubled haploids can be
generated (e.g. Maheshwari et al., 1980;
Foroughi- Wehr et al,, 1982; Knudsen et
al., 1989; Larsen et al., 1991). Another
problem is the unpredictability of plant
production efficiency per genotype,
attributing to low and fluctuating
frequencies (e.g. Sunderland et al., 1981).
For the crop barley in general, about 80%
of the regenerants are spontaneous
doubled haploids (e.g. Islam et al., 1992).
Further, in barley there is very little
evidence of induced genetic changes. The
level of instability is insignifcant when
compared with that which is observed
following meiotic recombination (Finnie
et al., 1991). In other crops e.g. wheat
the instable genetic background can be
recognized in the regenerants. Especially
in cereals formation of chlorophyll defi-
cient plants is observed due to deletions
of the plastid genome (Harada et al,
1991). Significant deviations from the
expected Mendelian ratios are observed
e.g. by Thompson et al. (1991) for four of
the ten markers studied. On the other
hand, in responsive genotypes, thousands
of homozygous plants can be obtained
within about 3 months, and save years of
backcrossing or selfing. Resistances
against nematode, viral and fungal
infection have been found among
regenerants from anther culture (e.g.
Wenzel and Uhrig, 1981; Foroughi-Wehr
and Friedt, 1984; Kintzios et al., 1994).
Moreover, homogeneous parent material
can be generated for F1 hybrid

production. Reduction of the time needed
for production of a new variety upon
application of androgenesis is limited, as
regenerants should be screened under
field conditions for several years. The
genuine advantages of application of
microspore-derived plants are quality
improvement by generation of new
variability, fixation of traits (Boppen-
meier et al., 1989), superior material for
gene mapping, and determination of the
genetics of multiple disease resistance
(Steffenson et al,, 1995). Selection of
improved varieties can be enhanced if
androgenesis is combined with in vitro
selection or genetic engineering.

In vitro selection and genetic modification

Androgenesis can be combined with in
vitro techniques, in order to enhance the
chance on selection of the desired
genotype. Especially when microspore
culture is combined with such techniques,
the advantage of treating haploid single
cells is favourable. Below, the most
important methods for combination with
androgenesis are described.

In vitro selection is a low cost, and
attractive technique for traits expressed at
the cell biological level. This method is
being combined with microspore culture
for selection of various traits, like low pH
and heavy metal tolerance (Karsai et al,
1994). Via in vitro selection of andro-
genesis-derived tissue, salt tolerance has
been selected in rice (KrishnaRaj and
SreeRangasamy, 1993), freezing tolerance
in Brassica napus (Orr et al., 1990), and
disease tolerance in wheat (Fadel and
Wenzel, 1993). In addition, Touraev et
al. (1995) show that in vitro selection can
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be applied on mid-binucleate pollen
during in vitro maturation, and therefore
determine that gametophytic selection is
feasible for enhanced transmission of
genes to the next sporophytic generation.

Moreover, induction of genetic changes
has been performed in rapeseed in an
indirect way using gamma-ray mutation
(Polsoni et al., 1988). Nowadays a
tremendous interest is shown in more
directed, targeted methods for changes in
the (haploid) genetic background, using
genetic transformation. For the genera-

Table 1: Overview of transformation methods used on uni- or binucleate micro-
spores as target tissue, the result and their reference. S = stably transformed, T =

transient expression.

tion of stably transformed plants, in
general five transformation methods are
used. In dicotyledonous species the
method of DNA transfer is generally
mediated by Agrobacterium tumefaciens. In
the monocotyledonous species rice, cocul-
tivation of seed derived callus with
Agrobacterium  tumefaciens  resulted only
recently in stable integration of foreign
DNA (Hiei et al, 1994). The other
methods for DNA transfer are electro-
poration, microinjection, PEG-mediated
uptake and particle bombardment. An
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Joersbo et al., 1990

Olsen, 1991

Bolik and Koop, 1991
Gaillard et al., 1992
Jones-Villeneuve et al., 1995
Kuhlmann et al., 1991
Fennel and Hauptmann, 1992
Stoger et al., 1992

Jahne et al., 1994

Kasha et al., in press

Stoger et al., 1995
Nishihara et al., 1995

Toureav et al., pers. comm.

References Species
Fennel and Hauptmann, 1992 Zea mays
Jardinaud et al., 1995 Zea mays

Hordeum vulgare
Hordeum vulgare
Hordeum vulgare
Zea mays
Brassica napus
Hordeum vulgare
Zea mays
Nicotiana tabacum
Hordeum vulgare
Hordeum vulgare
Nicotiana tabacum
Nicotiana rustica

Nicotiana tabacum

overview  of
the methods
used for
transformatio
n of uni- or
Result

Method binucleate
electroporation T microspores is
resented in

electroporation T 'Pf)'able 1.
electroporation T There is only
microinjection T one report
from 1989
microinjection T available on
microinjection T Agrobacterium-
croiniecti T mediated
ficrainjection DNA transfer
PEG T to microspores
PEG T of rapeseed
(Pechan); this
bombardment T has proven to
bombardment S be non-repro-

bormbardm s ducible.
ombardment Further, sofar
bombardment S only transient
bombardment S expresswn. has
been obtained
bombardment S in microspores

after electro-



General Introduction

poration, microinjection and PEG-
mediated DNA uptake. For trans-
formation of microspores, particle

bombardment has recently proven to be a
suitable method. A system for the
biolistic transformation of barley using
freshly isolated microspores as the target
tissue has been developed. Independent
transformation events led, on average, to
the reovery of 1 plant per 10
microspores. The transferred genes were
inherited in all progeny plants indicating
the homozygous nature of primary
regenerants (Jihne, et al., 1994). This
method is repeated and similar results
with the same species are obtained
(Kasha et al., in press). Recently, by using
this approach, trangenic plants are
produced from Nicotiana sp. (Stdger et
al., 1995; Nishihara et al., 1995).

In addition, if microspores are used as
target tissue in genetic transformation,
the gametophytic developmental route
can be completed in stead of the
sporophytic pathway. DNA transfer to
microspores by particle bombardment
and subsequently in vitro maturation of
these microspores generates mature
transgenic pollen (Alwen et al, 1990).
Via this elegant approach, laborious and
time consuming steps of tissue culture can
be omitted for the production of
transgenic  plants.  Recently  stable
inheritance of the transgene has been
achieved through bombardment of
tobacco microspores, in vitro selection
during pollen germination, and in vivo
fertilization; the time required from
microspore  isolation  until  stable
expression of the transgene is less than 3
weeks (Touraev et al., pers. comm.).

A.im of the thesis

Plant production through androgenesis
has many attractive characteristics, which
are outlined in detail above. Generation
of (doubled) haploid plants is of utmost
importance for breeding of improved
plant varieties. Selection of the desired
traits can be further accelerated by in vitro
selection or transformation of the haploid
cells. In many species (doubled) haploid
plants have been produced using anther
or microspore culture. However, large
differences in regeneration frequencies
between species and genotypes, prevent
general applicability of the method. Even
in model species, only one or a few
genotypes, e.g. cv. Igri in barley and cv.
Topas in rapeseed, are used in
fundamental studies because of their
excellent culture efficiency. As mentioned
earlier, there is some empirical knowledge
available about factors that influence the
response and regeneration efficiencies of
microspores. One of them is the
physiological state of the donor material.
Accumulation of fundamental knowledge
about the switch from the gametophytic
pathway to the sporophytic pathway is
still very limited. However, it has not
been possible sofar, to modify culture
efficiency in such a way that all cultivars
produce microspore-derived green plants.
In this thesis, preconditions for the
production of microspore-derived plants
are described using donor plants grown in
a well conditioned environment. Deter-
mination of such factors will enable
improvement of the reproducibility of the
method. The aim of the research is to
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identify both “direct-breeding-applicable”
possibilities and more fundamental
factors, in order to unravel part of the
complicated mechanism necessary for the
switch from the gametophytic to the
sporophytic pathway in barley micro-
spores.
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Anther and microspore culture of
Hordeum vulgare L. cv. Igri

S. Hoekstra, M.H. van Zijderveld, ].D. Louwerse, F. Heidekamp & F. van der Mark

N T—

The influence of environmental and cultural changes was investigated on both anther culture and micro-
spore culture of barley cv. Igri. The highest regeneration frequency for both culture systems was obtained
when at least 50% of the microspore population was in the mid-late to late uninucleate stage, when the
anthers had been pretreated for 4 days on mannitol and when culture was performed with oxygen supply at
regular intervals. Furthermore, the supplement of vitamins and casein hydrolysate in the culture medium
improved the isolated microspore culture, whereas these compounds had a negative effect, if any effect at
all, on the culture of anthers. Anther culture is not as laborious as microspore culture, but turned out to be
at least 5 times less efficdient. When mechanically isolated microspores were cultured, under the conditions
found to be optimal in the present study, a mean of 12.4 green plants per anther was obtained.

Introduction

The application of microspore-derived
plants in breeding programs is an establis-
hed technique today. Advantage is provi-
ded by accelerating and simplifying proce-
dures (Morrison and Evans, 1988). More-
over, isolated microspores are unicellular
and haploid and are therefore promising
targets for in vitro manipulation with sub-
sequent selection for dominant as well as
recessive traits (Ahmad et al., 1991; Swan

son et al., 1989; Ye et al., 1987). Micros-
pores, microspore-derived embryoids or
pollen are also very useful as target cells
in experiments aiming at stable transfor-
mation, for example by cocultivation with
Agrobacterium or particle bombardment
(Creissen et al., 1990; Pechan, 1989;
Twell et al., 1989).

A successful use of microspores for such
applications requires optimized culture
procedures to achieve a high regeneration
frequency. In barley the techniques for
anther culture are rather well established.
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Olsen (1987) and Jihne et al. (1991)
have reported a yield of 7 green plants per
anther, but in all other studies much
lower numbers were obtained.

Few studies have been directed towards
the cultivation of isolated barley
microspores. Furthermore, among these
studies the experimental approach differs
considerably. Kuhlmann et al. (1991)
used the classic method of isolation, i.e.
pestle maceration, and reported yields of
up to 10 green plants per anther. The
positive effect of microblending com-
pared to pestle maceration described by
Olsen (1991) resulted in 9.4 green plants
per anther. A third approach for culturing
isolated microspores was chosen by
Ziauddin et al. (1990) who purified
microspores, which were naturally shed
from floating anthers, for culture and
obtained up to 3 green plants per anther.

The aim of the present study was to
compare the influence of several
parameters on the efficiency of the anther
and microspore culture systems. The
investigations include identification of
the stages in microsporogenesis that
respond optimally with respect to
microspore embryogenesis, optimization
of the mannitol pretreatment, evaluation
of the effect of two different media and,
assessment of the effect of oxygen supply
during culture.

Materials and Methods

Growth of the donor plants

Donor plants of Hordeum vulgare cv. lgri were
grown in growth cabinets at 12°C with a 16-h light
regime (24000 Ix) as described in detail by Olsen
(1987).
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Table 1: Composition of media (mg/l); I modified
according to Jahne et al. (1991), Il and HI modified
MS according to Olsen (1987). * for anther culture,
® for isolated-microspore culture, ©glutamine (25%)
is the active component (Bister-Miel et al., 1985), d

expressed as gfl.

1 I III

NH,NO, 165 165 165
KNO, 1750 1900 1900
MgSO,7H,0 350 370 370
KH,PO, 200 170 170
CaCl,.2H,0 450 440 440
FeNa,EDTA 40 40 40
MnSO,H,0 15 223 223
H,BO, 5 6.2 6.2
KI 075 083  0.83

ZnS0,.7H,0 134 117 117
Na,MoO,2H,0 025 025 025

CuSO,.5H,0 0.025 0.025 0.025
CoCl,.6H,0O 0.025 0.025 0.025
Nicotinamide 1 1 1
Thiamin HCI 1 10 10
Pyridoxine HCt 1 1 1
D-Calcium

pantothenate 1 - -
Choline chloride 1 - -
L-ascorbic acid 2

Vit. B, 0.02 - -
Riboflavin 0.2 - -
Folic acid 0.4 - -
Biotin 0.01 - -
Cholecalciferol 0.01 - -
Vit. A 0.01 - -
p-Aminobenzoic
acid 0.02 - -
Myo-inositol 100 100 100
Glutamine 750 750 750
Casein

hydrolysate? 1000 - -
Maltose 30%/50% 30Y60% -
Sucrose - - 10/30
Ficoll 400 100,000' 100,000' -
Agarose

HMT (Sea Kem) - - 6,000
Benzyl

aminopurine 1 1 -
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Spike selection

Tillers were harvested when the interligule length
was about 50 mm. Before the spikes were removed
from the ensheathing leaves, the surface was
sterilized with an aerosol of 70% ethanol.
Microspores derived from anthers of the central
floret were stained with acetocarmine. The
developmental stage of at least 100 microspores
per spike was determined. The influence of the
microspore developmental stage on the efficiency
of culture was assessed for spikes with distinct
microspore populations numbered I to V.

Anther culture

Sixty anthers were placed on 1 ml 0.3 M mannitol
and maintained for 4 days in the dark at 25°C. At
the end of pretreatment the shed microspores were
counted and the anthers were transferred to
culture medium I (day 0) (Table 1). The cultures
were incubated in a container sealed with Parafilm
in the dark at 25°C. Pure oxygen was flushed
through the container for 15 min. at days 0, 3 and
7. At days 3, 7 and 10 fresh medium was added
and from day 10 onwards the cultures were
incubated under continuous orbital shaking at 100
rpm. Proper dilution of the developing embryo-like
structures (ELS) is important.

In addition to the culture regime outlined above,
the influence of 3 days of mannitol starvation,
culture on medium II (Table 1) and culture
without oxygen supply was studied.

Microspore isolation and culture

The anthers to be used for microspore isolation
were pretreated as described above. After
pretreatment, microspores were isolated by very
gentle maceration with a teflon rod and sieving
through a nylon mesh (pore size 100 um). The
filtrate was rinsed twice in 0.3 M mannitol
followed by centrifugation at 100 x g for 5 min.
The microspores were then resuspended in 1 ml
culture medium I or II (Table 1). After
determining the number of isolated microspores
with a haemocytometer (modified Fuchs-
Rosenthal), the volume was adjusted with culture
medium to give a final density of 1.5x10*
microspores per ml. From correctly staged spikes 2-
10x10* microspores were isolated per spike. The
microspores were cultured as described under
anther culture.

Regeneration of plants

After 8 weeks of culture all ELS with a diameter
larger than 1 mm were transferred with a forceps
to medium III (Table 1; 19 sucrose, except B* on
3% sucrose) and incubated at 25°C for 7 days
under 600 Ix. Then the ELS and developing plants
were grown under 3200 Ix. After a total of 4 weeks
of culture the plates were scored for number of
green and albino plants. Plants were defined as
distinct structures possessing one or more leaves at
least 5 mm in length (in previous studies was
shown, that 90% of these are able to develop in
vivo into a plant). The ploidy level of represen-
tative plants was determined by flow cytometric
analysis of the relative nuclear DNA content.

In order to be able to compare results obtained
from anther and microspore culture, experiments
were performed according to the split-spike
approach described by Kao (1981). All results pre-
sented are the mean of two separate experiments.
The general conclusions from these experiments
are supported by at least 5 additional experiments.

Results

Types of microspores

Two different types of microspores could
be distinguished during pre-treatment,
after isolation and in culture. One type
consisted of small, often plasmolysed,
microspores with a diameter of 35-40 um.
The other type is characterized as
enlarged and swollen, 40-60 pm in
diameter and rich in cytoplasm which is
mainly of a granular appearance;
moreover, a red and/or blue interference
around the exine was seen with the light
microscope. The latter type of micro-
spores can be compared with type A
microspores described by Bolik and Koop
(1991) and with the large microspores
reported by Olsen (1991). It was
apparent that only the large type of
microspores divided and grew.
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Influence of the
embryogenesis

In bardey microsporogenesis the
microspore stage, from dissolution of the
tetrad until the first mitosis, is usually
divided into three major stages (early,
mid and late) on the basis of the presence
of the vacuole and the position of the
nucleus relative to the micropore (see
Figure 1 and Wheatley et al., 1986). We
have investigated the cultural charac-
teristics of five different anther and

microspore  stage on
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Figure 1: Populations of microspores (I-V) arrang-
ed according to their developmental stage. E =
early uninucleate, M = mid uninucleate, L = late
uni nucleate, P = first pollen mitosis, B = bicellu-
lar. S.D. of all populations <6.6%, except populati-
on V: P and B = 23%.
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microspore populations spanning the
interval from the early microspore stage
until the binucleate pollen stage. As can
be seen in Figure 1, there was, as
expected, a considerable overlap of stages
in the five populations. The data
presented in Table 2 illustrate that only a
minor fraction of the pollen, 5-16% of the
populations, was shed from the anthers
during mannitol pretreat-ment. The shed
pollen were therefore not purified and
cultured. Almost all shed microspores in
population IIl were of the large type,
while in population IV and V this type
was less abundant. The data also illustrate
that the yields of microspores isolated by
maceration correlate positively with the
progressive development of the cells. In
populations III, IV and V, on average,
55% of the isolated microspores was
enlarged.

The embryogenic response of the five
different  populations of  isolated
microspores and anthers, as measured by
the numbers of ELS at days 10 and 17,
clearly differed among the that the
microspores of populations III and IV,
i.e.at the mid-late to late microspore
stage, are embryogenic. Apparently, the
presence of enlarged microspores is
indicative of the plating efficiency when
advanced in  development  than
population II (Figure 1) which suggests
that the period in which a microspore can
be triggered to develop into an embryo
occurs within a short period in the
Glphase. Departing from the assumption
that only one ELS is formed per large
microspore, it can be deduced from the
data in Table 2 that 15% of the enlarged
microspores in population III developed
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Table 2: Influence of the microspore developmental stage. (a) The yield of microspores at the end of
pretreatment after natural dehiscence of the anthers without any mechanical pressure (yield shed in
mannitol solution) and after gentle maceration with a teflon rod (yield after mechanical isoaltion). (b)
The culture efficiency after 10 and 25 resp. 17 days in culture of the anther and the microspore system.
% total into ELS = number of ELS present at day 17 divided by the total number of microspores isolated
at day O ( in percentage). % enlarged into ELS = number of ELS present at day 17 divided by the number
of enlarged microspores isolated at day O (in percentage). (see Figure 1 for stage of populations I-V)

day I I I v v

Yield shed in mannitol solution
Total no. of microspores 630 <550 8000 9000 7500
% of enlarged microspores 0 0 0 94 68 25
Yield after mechanical isolation
Total no. of microspores 17000 27000 51000 83000 140000
9% of enlarged microspores 0 0 22 55 66 48
Anther culture
Anther response (%) 10 0 2 90 97 100
Number of ELS 25 0 480 3200 2080 320
Microspore culture
Number of ELS 10 0 496 2825 3226 224

17 0 784 4330 5403 336
9% total into ELS 17 0 29 8.5 6.5 0.2
9% enlarged into ELS 17 0 13.2 15.5 9.9 0.5

into an ELS, while the frequency for
population IV was about 10%. However,
since the large microspores were isolated
at a higher frequency in population IV,
the total number of ELS formed in this
population exceeded that found in
population III. Regular examination of
the cultures showed that for anther
culture at day 25 the ELS had developed
in a stage similar to that in microspore
culture at day 17. The highest number of
ELS was formed in population III
indicating that the mid-late uninucleate
stage is optimal for anther cultures. The
number of ELS formed in this population
was however only 59% of that found for
the best performing microspore popu-
lation IV (see Figure 2).

Influence of the duration of pretreatment,
vitamin mixture supplementation in the culture
medium, and oxygen supply on the efficiency of
culture

The effects of the investigated parameters
on the number of ELS produced during
the first 17 days of microspore culture are
presented in Table 3. Pretreatment had
no influence on the percentage of
enlarged microspores. At day 7 the 4-day
pretreatment in  combination with
medium I was the best condition. Upon
further culture the positive effect of
oxygen supply became obvious. At day 17
the difference in number of ELS was
pronounced, as the microcalli of the 3-day
pretreatment culture and, even more so,
the culture with the basal vitamin mixture
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showed a strong delay in development.
Especially medium II inhibited growth
and proliferation of the microcalli. At the
end of culture the difference in total
number of ELS between the treatments
with and without oxygen supply was no
longer evident (Figure 3a).

100

Number of ELS per anther (x100)

1 1§ I v v
Developmental stage of the microspores

Figure 2: Influence of the microspore develop-
mental stage on the efficiency of culture. Compa-
rison between anther culture (black bars) and
microspore culture (shaded bars) for absolute
numbers of ELS obtained after resp. 25 and 17
days. (See Figure 1 for the developmental stage of
populations I-V).

Table 3:Development of ELS derived from isolated microspores, during the
first 17 days in culture. A = 3 days pretreatment, medium I, with oxygen; B
= 4 days pretreatment, medium I, with oxygen; C = 4 days pretreatment,
medium I, no oxygen; D = 4 days pretreatment, medium II, with oxygen.

In anther culture there was no
difference visible in response of anthers at
day 10 for the parameters tested. In all
cases about 95% of the anthers were
responding. As for isolated microspore
culture, a 4-day pretreatment was supe-
rior to 3 days of mannitol starvation.
Extra oxygen supply at regular intervals
during culture proved to have a positive
effect, not only on the rate of growth as
found for the microspore culture, but also
on the number of ELS formed. In contrast
to the results for microspore embryo-
genesis, the additional vitamin mixture
present in medium I had no effect or even
a negative effect.

In Figure 3 the number of green plants
produced per anther are shown for the
different parameters. The data presented
have been corrected for the average
number of 5x10* microspores isolated per
spike; this calculation method proved to
allow for proper comparison of data. For
both microspore and anther cultures there
is a good correlation between number of
ELS and number of green plants
produced. In microspore culture, faster
development of the ELS by means of
additional oxygen supply combined with
culture in medium I
resulted in  the
highest number of
green plants. Under
this cultural regime
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Figure 3: The influence of different parameters on
the efficiency of anther cultures (black bars) and
microspore cultures (shaded bars). (a) Total num-
ber of ELS produced; (b) Number of green plants
produced per anther (See the legend to Table 3 for
an explanation of A - D). * growth on medium III
with 3% sucrose.

culture (a mean of 3.1 green and 0.4
albino plants) was found in medium II
with extra oxygen. The green/albino ratio
was around 8 for anther cultures, but only
approx. 4 for microspore culture.

In a pilot study the effect of 3% rather
than 1% sucrose in medium III was
assessed for anther as well as microspore
cultures. For anther cultures there was no
effect or a negative effect, whereas 3%
sucrose in medium III for a microspore

culture resulted in a drastic increase in
regeneration frequency with a mean of
12.4 green plants regenerating per anther.
The green/albino ratio for the latter
regime was 1.2, but about 11 in other
experiments under the same conditions. A
population of 60 representative plants
comprised 88% doubled haploids, 10% of
haploids, and one plant was tetraploid.

D iscussion

In the present study the influence of
several parameters on the regene-ration
frequency of the model cv. Igri was
evaluated. The effect of the develop-
mental stage of microspores has been the
subject of various investigations. Wheat-
ley et al. (1986) specificied that barley
microspores should preferably be in Gl-
phase. Slightly younger or older micro-
spores had a drastically reduced
embryogenic performance in Brassica
(Kott et al., 1988; Telmer et al., 1992).
Scrutinizing the stage and treatment on
the basis of that knowledge, improved the
response in culture considerably, even of
cv. Igri.

Elongation of mannitol pretreatment to
4 days showed a 5-fold higher number of
green plants produced per anther for both
microspore and anther culture. Longer or
shorter pretreatment, i.e. 2 or 5 days, had
a negative effect on the cultures (results
not shown). These results are in
agreement with Roberts-Oehlschlager and
Dunwell (1990) who reported improved
microspore embryogenesis after 4-day
mannitol pretreatment.

Our results revealed differences in time
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between microspore and anther culture
response. The anther wall apparently
creates a closed environment until the
internal pool of nutrients is depleted.
Isolated pollen however, can respond
immediately to the medium (Heberle-
Bors, 1989) which results in earlier
development in culture. Continuation of
pollen development within the anther
could also explain that in anther culture
an earlier microspore stage (III) is optimal
compared to microspore culture.

Furthermore, both anthers and isolated
microspores responded differently when
cultured in medium I and II. In barley
anther culture extra vitamins (Kao et al.,
1991) and amino acids (0.1 mM) (Zhu et
al, 1990) have been supplied. Xu and
Sunderland (1981) found an inhibitory
effect of glutamine at 5.5 mM in anther
culture which is consistent with our
results (6.8 mM glutamine). Upon culture
in medium with high concentrations of
glutamine, this compound probably is
redundant in anther culture, as the anther
wall and connective tissue mediate nu-
trients, in particular glutamine, to the
pollen grain (Maheshwari et al., 1980). In
the case of isolated microspores, the addi-
tional medium components possibly
replaced (in part) the anther wall and
tapetal tissue.

The results obtained in this study
indicate that the extra supply of oxygen
had a positive effect on the development
of both microspore and anther cultures.
The benefit of proper aeration is
documented by Lichter (1989) who used
agitation of Brassica microspores, and by
Luckett et al. (1991) and Olsen (1991)
who applied membrane rafts.
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In this study about 6.5 times more
microspores were obtained when they
were isolated mechanically instead of
shed naturally. The dehiscence of anthers
is dependent on free pollen present in the
lumen of the anther loculi (Sunderland et
al., 1984); mechanical isolation can
therefore be necessary to obtain sufficient
material. It is however crucial to apply
very gentle forces for the isolation of the
microspores, otherwise their viability will
be very low. From the results presented it
is evident that the isolated microspore sy-
stem is easier to control during culture
and provides at least 5 times more green
plants than anther culture under the
optimum conditions. For Brassica napus
even a ten-fold higher efficiency of
isolated microspores as compared to
cultured anthers has been reported
(Siebel and Pauls, 1989). The anther
culture system, however, will be a good
routine method for the production of
doubled-haploid barley plants.

From the results obtained in this study
it is clear that optimization of (1) the
microspore stage, (2) the duration of
pretreatment, (3) the medium composi-
tion and (4) the additional oxygen supply
strongly improved the number of plants
generated in microspore culture of barley
cv. Igri.

Preliminary results show that the spring
barley cultivars Dissa and Gimpel also
develop optimally, when the optimized
cultural regime is applied. Genotype
specificity is reflected in the frequency of
regeneration, which are below that
observed for cv. Igri.

In summary, microspore culture does
meet the requirement of high regene-



Anther and microspore culture

ration frequency  enabling their
application. Experiments aiming at stable
transformation through particle bombard-
ment of microspores are in progress.
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Microspore culture of Hordeum vulgare L.:
the influence of density and osmolality

S. Hockstra, M.H. van Zijderveld, F. Heidekamp & F. van der Mark

S ey

Donor plants of Hordeum wulgare L. cv. Igri were grown in a conditioned environment to minimise
fluctuations in the composition of the microspore population. After isolation different types of microspores
were identified within each population, amongst others an embryogenic subpopulation. It was shown that
the optimum plating density is achieved by adjusting the density to 2x10* embryogenic microspores per ml,
with a lower threshold at 5x10° per ml. By increasing the osmolality of the pretreatment solution to 440
mOs.kg! and that of the culture medium to 350 mOskg®, up to 15% of the population developed into
embryo-like structures. When microspores of cv. Igri were cultured under the optimized conditions, the
ratio of green/albino plants increased from 1:1 to 34:1, and 50 green plants per anther were formed.

Introduction

Microspore culture represents a potential
tool for a range of biotechnological
applications. Moreover, the microspore
system is an attractive model to study the
molecular mechanism that controls the
switch from the gametophytic to the
sporophytic pathway. However, the
induction frequency and the efficiency of
outgrowth into green plants remains low
and unpredictable in the microspore

system. In order to be able to enhance the
efficiency of microspore culture, it is
necessary to identify the type of
microspore that is capable of undergoing
embryogenesis and subsequent devel-
opment into a green plant. The number
of what are called embryogenic
microspores, may vary within one variety
due to the environmental conditions in
which the donor plants are grown
(Heberle-Bors  1989). Well-controlled
growth conditions of barley donor plants
and the use of an efficient isolation
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procedure allowed wus to perform
reproducible experiments throughout the
year (Hoekstra et al. 1992).

The effect of plating density of the
microspores on the number of developing
embryo-like structures (ELS) has been
reported earlier. For rapeseed Huang et al.
(1990) describe that a density of 3-4x104
microspores per ml is crucial for
embryogenesis. For maize, a higher
density viz. 6-8x10* microspores per ml,
produces an optimum in culture efficiency
(Gaillard et al. 1991). The effect of
different types of microspores present in a
population on the plating density and
culture efficiency has not been
investigated before.

Besides the density, the importance of
the medium osmolality is known for
anther culture (Kao 1981; Chu et al
1990; Zhou et al. 1991). To date, only
Pescitelli et al. (1990) applied different
osmotical  conditions for  isolated
microspore culture, reporting an optimum
concentration of 7.9% sucrose for the
development of embryo-like structures.

In this paper, for Hordeum vulgare L. cv.
Igri a description is given of the different
types of microspores which are present in
a population directly after isolation, in
order to recognize the type of microspore
that has the capacity to develop into a
plant. The influence of the density of this
microspore-subpopulation on the culture
efficiency is investigated. Furthermore,
the effect of the osmolality of both the
pretreatment and the culture medium on
ELS and plant formation is studied.

Materials and Methods

The growth of the donor plants Hordeum vulgare L.
cv. Igri, the selection of the material, the
pretreatment and culture conditions were
essentially as described previously (Olsen 1991;
Hoekstra et al. 1992). In short, donor plants were
grown at 12°C with a 16 h light regime (24,000
lux) and the anthers were harvested when at least
509% of the microspores were in the Mid Late to
Late Uninudleate stage. Upon pretreatment of the
anthers on mannitol solution for 4 days, microspo-
res were isolated after pestle maceration (about
500 embryogenic microspores per anther) and
plated as mass culture in medium I. Under optimal
conditions, at least 30% of the microspore
population was embryogenic (see results).
Different types of microspores were recognized in
a population by light microscopy using an
Olympus inverted microscope IMT-2, on the basis
of their diameter, colour interference of the exine,
and appearance and colour of the cytoplasm. Their
behaviour in culture was followed. Viability was
assessed using the viable stain fluorescein diacetate
(stock solution 5 mg/ml in acetone).

The influence of the density of embryogenic
microspores on the ability to develop into ELS was
investigated under  different  pretreatment
conditions (viz. anthers for 2, 3 or 4 days on
mannitol starvation (Hoekstra et al. 1992) or
spikes incubated at 4°C for 28 days (Huang and
Sunderland 1982)) in medium II (Hoekstra et al.
1992).

The effect of increased osmolality of the
pretreatment solution (with mannitol) and of
medium [ (with maltose) on the formation of
microspore-derived ELS has been tested.

The optimum density of the embryogenic
microspores as well as the best osmotic conditions
during pretreatment and culture have been applied
to study their effect on the ability of the
microspores to develop into ELS and on the
number of plants subsequently formed. Plant
formation was assessed on the first 1000
developing ELS after careful transfer with forceps
to medium III (Hoekstra et al. 1992). The number
of plants per anther was calculated as the number
of plants on the first 1000 ELS, divided by the
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number of anthers used for the microspores plated
in 1 ml medium.

In the present study plants were defined as distinct
structures possessing one or more leaves at least 5
mm in length; previous experiments have shown
that 90% of these plants were able to develop in
vivo into a fertile plant.

The ploidy level of representative plants was
determined by flow cytometric analysis of the
relative nuclear DNA content.

Results

Types of microspores

Different types of microspores could be
recognized during the first stages of
isolation and in culture. Using fluorescein
diacetate as a viable stain, a varying
percentage of each population was non-
viable. This type was characterized by a
small diameter (35-40 pm), no colour
interference of the exine, and a collapsed
cytoplasm (Figure la). The remaining
microspores looked viable: enlarged
diameter up to 65 pm, a red and/or blue
interference of the exine and viable
cytoplasm (Figure 1b and c). Only a
fraction of these microspores, however,
divided at day 3. The rest of the supposed
viable microspores did not change in
morphology or were plasmolysed. After
thorough investigation it was evident that
microspores which had a diameter of 40-
50 pum and showed a blue interference of
the exine (Figure 1b), plasmolysed upon
culture (Figure 1d). They represented on
average 15% of the isolated microspores.
Visually recognizable microspores, for
which later on many showed the capacity
to divide, had a diameter of 50-60 pm,
showed red interference of the exine and
had a granular cytoplasm. This group of

microspores was defined as the
embryogenic subpopulation (Figure 1c),
typically 60% of the microspores at the
day of isolation. It should be noted that
of this population about 25% (15% of
total) divided at day 3 (Figure le).

Influence of embryogenic microspore density on
the number of ELS

Data concerning plating density of
embryogenic microspores are presented in
Figure 2. These data are derived from 28
experiments under different pretreatment
conditions, which resulted in fluctuations
in the percentage of embryogenic
microspores isolated. A minimum density
of 5x10° embryogenic microspores per ml
was necessary to ensure further
development of the microspores. At this
threshold density, even in populations
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Figure 2: Correlation between the density of
embryogenic microspores and the number of ELS
formed per 10* microspores 10 days after isolati-
on. Different pretreatments were applied in 28
experiments (see materials and methosds).
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Figure 1: Differrent types of microspores present in a population. a. non-viable microspore b. viable
microspore at day of isolation c. embryogenic microspore at day of isolation d. viable micropsore 3 days
after isolation e. dividing microspore days after isolation.

Figure 4: Microspore-derived regeneration. a. green structure b, Petri plate of 9 cm with 16 ELS after 30
days of incubation (2x10* embryogenic microspores, 440 mOs.kg! mannitol starvation and 350 mOs.kg"
medium I).
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Figure 3: Influence of the osmotic conditions during
pretreatment and in culture on the number of ELS
formed 17 days after isolation. The density of embry-
ogenic microspores was 9x10°. Data are based on
results of 3 experiments.
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Figure 5: Effect of the density of embryogenic mi-
crospores and osmotic conditions on the number of
green (black bars) and albino plants (dotted bars)
produced per anther. Data are based on results of 4
experiments.

which consist of 95% non-viable micro-
spores (after cold pretreatment), ELS were
formed. The optimum plating density was

around 2x10° embryogenic microspores
per ml, independent of the pretreatment
applied. The number of ELS formed per
density (i.e. the angle and height of the
curve), is determined by the various
microspore types present in the microspore
population and the culture method
applied.

Influence of the osmolality on the number of
ELS

In Figure 3 the influence of the osmolality
of the pretreatment solution and of the
culture medium on the number of ELS
formed is shown. The highest plating
efficiency was observed when the medium
had an osmolality of 350 mOs.kg".

Further it was found that during pretreat-
ment an increased osmotic pressure of 90
mOs.kg' (compared to culture) greatly
improved the response of the microspores.

Influence of density of embryogenic microspores
and osmolality on the number of developing
plants
The number of plants produced on the
first 1000 developing ELS was determined,
for different densities of embryogenic
microspores and several osmotic conditions
(Figures 4 and 5). There was less time
required for ELS formation at 2x10*
embryogenic microspores per ml, thus in a
shorter time more plants can be produced.
At this density, moreover, there was a
three-fold enhancement in the number of
green plants formed. Under optimized
conditions of both density and osmolality,
a further increase in the number of green
plants was observed, which resulted in an
average of 50 green plants per anther.

A population of 41 plants consisted of
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87% doubled haploids, 11% tetraploids and
1 plant was triploid. The change in ratio of
green/albino plants from 1:1 to 34:1 under
optimized conditions was remarkable.

D iscussion

In general, embryogenic microspores are
characterized by a large vacuole e.g. in
tobacco (Kyo and Harada 1985), rapeseed
(Deslauriers et al. 1991), maize (Coumans
et al. 1989) and wheat (Datta and Wenzel
1987). Enlarged diameter accompanied by a
red interference colour of the exine is
characteristic for embryogenic microspores
of rice (Cho and Zapata 1990). From
previous experiments, it was evident that
the distinction between viable and non-
viable microspores on the basis of enlarged
diameter was not reliable enough to obtain
reproducible results, i.e. a fixed fraction of
the viable population developing into
plants. In barley, Olsen (1991) describes
that microspores with a blue or red corona
divide, and that only the blue type is able
to break through the exine. The "Olsen blue
type" is different from the blue type
presented here, as the latter was already
plasmolyzed after 3 days in culture. It
should be emphasized that both diameter
and colour of the exine are affected by the
osmotic pressure applied (results not
shown). Besides, the colour of the exine
observed is a result of the specific refraction
of light in a given microscope. The optical
conditions and the osmotic environment
described by Olsen (1992) are different
from our experimental design.

Bolik and Koop (1991), furthermore,
distinguished 2 types of cytoplasm in barley
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microspores: embryogenic type A being
granular in  appearance and non-
embryogenic type B containing less cyto-
plasm, which in addition is smooth and
star-like arranged. These data are based on
a limited number of 5 regenerants. In our
experiments star-like microspores were
observed under suboptimal conditions e.g.
low density of embryogenic microspores.
We observed that the presence of small
vacuole(s) or "dark-dotted" cytoplasm also
were indicative under these circumstances
(results not shown). Only 25% of the
embryogenic population divided, which is
in agreement with the results which
Gaillard et al. (1992) show for maize. For
a further identification of embryogenic
microspores more investigations are
required.

The appropriate culture density is
dependent on the quality of the material
i.e. the percentage of embryogenic
microspores present, which is influenced
by the pretreatment and the method of
microspore isolation. Therefore, differences
in optimum densities may vary between
species and even laboratories. Our results
showed a relatively low optimum density
which can be explained by the use of good
donor quality. Gaillard et al. (1991)
reports 6-8x10* microspores per ml for
maize, whereas for rapeseed Huang et al.
(1990) finds 3-4x10* microspores per ml
to be optimal. Cho and Zapata (1990)
describe for rice that non-embryogenic
microspores die earlier and that toxic
substances released from these dead
microspores probably are deleterious to the
development of embryogenic microspores.
Osmotic pressure of the media has been
shown to be an important parameter in
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anther culture (Chu et al. 1990; Kao 1981).
The optimal osmotic environment from this
barley study is comparable with the results
described for maize (Pescitelli et al. 1990).
At high osmolality, an increase in the
number of green plants together with a
decrease in the number of albino plants, is
in agreement with the results obtained for
anther culture of wheat (Zhou et al. 1991).
It can be assumed, that this effect is due to
the osmotic conditions as there probably
was an abundance of carbon source. It can
be concluded that the number of albino
plants produced is not merely genotype
dependent, but is also largely determined by
yet unidentified physio-logical factors in the
culture conditions used. Preliminary results
showed a comparable positive effect at the
level of ELS formation for cvs. Gimpel and
Dissa when the optimizations described in
this paper were applied.

In the literature reported so far, barley
microspore cultures of cv. Igri produce up to
12 green plants per anther ( Olsen 1991;
Kuhlmann et al. 1991; Hoekstra et al.
1992). Our results show that for cv. Igri the
optimizations resulted in a four-fold
increase in the number of green plants
formed; it should be emphasized that this
calculation is an underestimation of plant
formation based on only the first 1000 ELS.
The formation of 50 green plants per anther
on a routine basis affirms that applications
for microspore culture are more feasible in
the near future.
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The interaction of 2,4-D application and
mannitol pretreatment in anther and microspore culture
of Hordeum vulgare L. cv. Igri.

S. Hoekstra, S. van Bergen, I.R. van Brouwershaven, R.A. Schilperoort & F. Heidekamp

S

The influence of 2,4-dichlorophenoxyacetic acid (2,4-D) on embryo-like structures (ELS) and plant
development from barley microspores was determined. Microspores cultured on filters enabled simple
medification of growth regulator concentrations. Regeneration frequencies obtained with 2,4-D as growth
regulator were similar to the results achieved with the generally applied cytokinin 6-benzylaminopurine. If
2,4-D was applied after a regular mannitol pretreatment, maximal plant regeneration was achieved if 10
mol/L 2,4-D was present continuously or for 7 days. Alternatively, maximal plant formation was induced, if
10 or 10* mol/L 2,4-D was present for 1 hour or if present resp. 3 days or 1 day. Induction of plant
regeneration by a 1 h treatment with 10 mol /L 2,4-D is a more general observed phenomenon for single
cells or small cell clusters of both dicotyledonous and monocotyledonous species.

Without mannitol pretreatment, in anther culture it was possible to induce plant production after 2,4-D
treatment only in anther cultures. Without mannitol pretreatment no embryogenic type of microspores can
be recognized at the moment of microspore isolation, and plating efficiency never reached 1%. In anther
culture without mannitol pretreatment, a higher molarity and/or longer presence of 2,4-D was required and
resulted only in about 1 green plant per anther. After application of a mannitol pretreatment, plant
production increased at least 10 times.

To our knowledge this is the first report on microspore-derived barley plants via androgenesis without
any pretreatment. The combination of 2,4-D and anther pretreatment with mannitol as trigger for
microspore differentiation is discussed.
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I ntroduction

Synthetic auxins such as 2,4-dichlorophe
noxyacetic acid (2,4-D), are essential
constituents of culture media that are
used for production of embryogenic
cultures of both dicotyledonous and
monocotyledonous plants such as the
Gramineae rice (Abdullah et al., 1986),
wheat (Vasil et al., 1990), maize (Morocz
et al., 1990) and barley (Liihrs and Lérz,
1987). 2,4-D has been used to induce
dedifferentiation or, if applied at a higher

concentration, for induction of
embryogenesis. Dudits et al. (1992)
observed that a 10 times higher

concentration than used for the initiation
of dedifferentiation, induces embryo-
genesis in dedifferentiated microcallus
suspensions of carrot and alfalfa.
Comparable results are obtained for
cucumber (Tabei et al., 1991) and the
monocotyledonous species Pennisetum in
florescense-derived callus and Asparagus in
stem-derived callus (Talwar and Rashid,
1990; Levi and Sink, 1991).

From carrot cell cultures, it is known
that there are at least two phases in the
differentiation from single cells into
embryos. The development of the first
phase requires exogenous auxin, whereas
the second phase is inhibited by the same
growth regulator (Komamine et al,
1990). The response to exogenous auxin
in somatic embryo induction appears to
depend on the nature of the explant used
in the experiment (Zimmerman, 1993).

Generally in microspore culture, if
(synthetic) auxins are used they are
present during the entire induction
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period. However in cereal microspore
culture, auxins have rarely been used sofar
as growth regulators (Tiwari and Rahim-
baev, 1991; Hassawi et al., 1990; Ball et
al,  1993).  Generally  6-benzyl-
aminopurine (BAP) is used (a.o. Olsen,
1987; Hoekstra et al., 1993). Datta and
Potrykus (1989) stated that low auxin
was important for the development of
embryos, because it prevents the
development of unorganized cultures. A
significant negative effect of 2,4-D, if
applied for a long period, on plant
regeneration and green plant percentage
is shown in wheat anther culture (Ball et
al., 1993).

In the present paper we studied,
whether 2,4-D can induce plant
development in barley microspores and
under which conditions maximal plant
formation was achieved. Moreover, the
importance of anther tissue in
microspore-derived plant formation was
investigated upon 2,4-D treatments with
and without mannitol pretreatment.

Materials and Methods

Growth of the donor plants Hordeum vulgare L. cv.
Igri, selection of material, mannitol pretreatment
of anthers and culture conditions were as described
previously (Hoekstra et al. 1993) with the
following modifications. Anthers (without Ficoll)
or microspores were cultured in medium I at 350
mOs.kg' (Hoekstra et al, 1992) with 2.5%
coconut water. When the majority of ELS were at
least I mm in diameter, ELS were plated on
medium IIT (Hoekstra et al., 1992) with 0.4 mol /L
Kinetin (Sigma).

Microspore culture
After isolation, 5x10° or 7x10° embryogenic
microspores  were  plated on  Transwell
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polycarbonate filters with pore size 12 pm
(Costar). At 10 d.a.i., the filters were cut out of
their frame, to enable culture of embryo-like
structures (ELS) in 1 mlL liquid medium. The
ploidy level of representative plants was
determined by flow cytometric analysis of the
relative nuclear DNA content.

Anther culture

Thirty anthers (equivalent to 1/2 spike) of several
spikes were randomnized used per parameter.
There was no need for the use of filters.

The effect of the concentration and the time
that 2,4-D was present in the medium, was studied
in relation to both the ability of the microspores to
develop into ELS and the number of plants
subsequently formed (result section A). Taking the
best variables found for plant regeneration, the
capacity to develop plants of 5x10° embryogenic
microspores was assessed on the first 500
developing ELS after careful transfer with forceps
to medium III (Hoekstra et al. 1992) containing
0.4 mol /L Kinetin. The regene-ration efficiency of
microspore culture with the continuous presence of
4x10° mol/L 2,4-D in the above mentioned
modified medium I (without the use of filters), and
application of 4x10° Mol /L 6-BAP according to
Hoekstra et al. (1993), was compared (result
section B). The effect of 2,4-D with omittance of
mannitol pretreatment was tested at 10° to 10*
mol/L 2,4-D and different time periods of its
presence in both anther and microspore culture
(result section C).

No standard deviation
is given in the figures,
since due to differences

R:sults

A. Effect of 2,4-D conditions after mannitol
pretreatment on plant production

Microspore culture

In order to remove 2,4-D from the culture
medium, microspores were cultured on a
filter. The optimal density for culture
efficiency of microspores on filter was
assessed (Table 1). At a higher microspore
density, a higher percentage of microspo-
res developed into ELS. The regeneration
into plants however, was maximal when
3x10® microspores were present on the
filter. The latter density was at the
threshold level enabling development of
ELS (indicated by the high standard
deviations). In subsequent experiments
the microspores were cultured at a density
of 5x10° and 7x10? per filter.

The influence of continuous presence of
2,4-D on the development of microspores
into plants was tested for the
concentration range as indicated in Figure
1. The size of the ELS was reduced at 10”
mol/L or higher. At these concentrations

Table 1: The influence of various microspore densities, grown on a filter, on
the culture efficiency. Culture conditions were 10 mol/L 2,4-D continuously
present, in microspore culture with pretreatment.

in microspore develop- . .

mental stage and plating microspore density on filter

density, the absolute 3x10° 5x10° 7x10° 10%

numbers varied.

However the pattems of | gy c/qengity) | 0674094 3741133 496185 574+1.14

the figures were repro-

ducible, throughout 4 x100

independent experi-

ments. (plant¥ELS) | 7504149 5504106 0.15£0.54 0.09+0.61
x100 ]
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Figure 1: 2,4-D concentration range, continuously
present, in microspore culture with pretreatment,
and its effect on the number of ELS produced on
day 14 and the number of green plants develo-

ped.

an accumulation of proembryos was
observed; however, no development into
green plants took place. The optimal
concentration for green plant develop-
ment was 10°® mol/L. At lower concen-
trations of 2,4-D, the cell structure of the
ELS loosened and the ELS developed into
friable callus.

For each of 3 different molarities of
2,4-D the effect of the period of time that
the auxin was present on the development
of microspores into plants was investiga-
ted (Figure 2). In Figure 2a the positive
effect of a continuous presence of 10°
mol/L 2,4-D on plant regeneration was
confirmed. This concentration had to be
present at least for 7 days in order to get
a strong induction of differentiation. A
shorter application time resulted in
structures with a friable appearance. In
Figure 2b and 2c the concentration of
2,4-D was increased. No significant effect
on the number of developing ELS was
observed for 10° mol/L (Figure 2b),
whereas reduced number and size of the
ELS was visible if a concentration of 10*
mol/L was tested for a prolonged period
of time (Figure 2c). A high number of
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Figure 2: A time course of a. 10° mol/L, b. 107
mol/L and c. 10" mol/L 2,4-D after mannitol pret-
reatment in microspore culture and its effect on
the number of ELS produced on day 14 and on
the number of green plants developed.

¢ = continuously present

plants was produced if 10° mol/L was
present either 1 h or 3 days and if 10*
mol/L was present for 1 h or 1 day.

Anther culture

Anther culture also showed maximal plant
formation after treatment with 10” or
10* mol/L 2,4-D for 1 h, or 10 mol/L
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Table 2: Green plant production in microspore culture with pretreatment, resulted in similar
for 5 different 2,4-D regimes. ¢ = continuously present freque_ndes of both
green  and  white
Concentration and time present of 2,4-D plantS; dependmg on
. . . the  developmental
10°M g 10°M stage and  culture
c 1h 3d 1h Id conditions used,
between 25 and 50
nplantsperanther | 203 129 149 147 158 green  plants  per
S —————— anther were obtained.

continuously. However, the time of 2,4-D
presence required for plant formation, is
less restricted than in microspore culture
(data not shown).

B. Plant production with 2,4-D under optimal
conditions, after mannitol pretreatment
In A. several conditions were clearly
suboptimal for regeneration. For the best
5 parameters as obtained in A., the
number of regenerated plants upon 2,4-D
treatment was determined in microspore
culture under optimal regeneration
conditions. No significant difference in
plant production was found between
these various culture conditions tested
(see Table 2). Further, of 59 regenerants
about 23% was haploid, 71% had the
diploid level and their fertility (85%) was
similar to the donor material. No changes
in gross morphology of plants were
visible, and no event of somaclonal
variation was found by barley breeders in
field-grown seed progeny from pretreated
and subsequently 2,4-D treated micro-
spores.

A comparison of microspore culture in
the presence of 4x10° mol/L 2,4-D with
the regularly applied 4x10° mol/L BAP

C. Effect of 2,4-D conditions without mannitol
pretreatment on plant production

Microspore culture

Without mannitol pretreatment, no
embryogenic type of  microspores
(Hoekstra et al., 1993) can be recognised
at the moment of isolation. Even when
the plating density was adjusted to 2.5-
3x10* microspores per filter, the plating
efficiency did not reach 1%. This result
was also not improved either, when the
optimal parameters for anther culture
without pretreatment were applied in
microspore culture.

Anther culture

For each of 3 different molarities of 2,4-
D, the effect of the period of time that
the auxin was present on the development
of microspores into plants was investiga-
ted with omittance of the mannitol
pretreatment (Figure 3). Determination
of average ELS production was unreliable
14 days after anther culture. Therefore,
the numbers of ELS were counted after
approximately 25 days, and were
thereafter plated on plant regeneration
medium. Growth of microspores was
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Figure 3: A time course of a. 10 mol/L, b. 10
mol/L and ¢. 10* mol/L 2,4-D without mannitol
pretreatment in anther culture and its effect on
the number of ELS before plating and on the
number of green plants developed. ¢ = continu-
ously present.

reduced in all cases compared with their
development after mannitol pretreatment.
If no 2,4-D was applied or if 10* mol/L
2,4-D was present continuously, growth
was even more negatively affected. Plant
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regeneration at 10° mol/L 2,4-D was very
low and observed only if the growth
factor was present for 7 days or longer
(Figure 3a). Regeneration was visible
when 10 mol/L. 2,4-D was present for all
periods of time tested, but a slightly
better frequency was obtained when 2,4-
D was applied for at least 7 days (Figure
3b). Using 10* mol/L 2,4-D (Figure 3c),
maximal regeneration efficiencies were
found when the growth regulator was
present for 3 days. However, when 10™
mol/L 2,4-D was continuously present in
the culture medium, no regeneration was
observed.

D iscussion

In this report we showed that 2,4-D can
be applied as successfully as 6-BAP for
production of plants in anther and
microspore culture. We observed a
relationship between the concentration
and the period of time that 2,4-D should
be present in order to induce maximal
regeneration. At low concentrations, 10°®
mol/L, optimal results are obtained if the
growth factor is present continuously. At
high concentrations e.g. 10* mol/L, the
period that it is present, however, should
be reduced drastically. These data are in
agreement with the prediction of Ball et
al. (1993), who argued that a putative
positive effect will be found for a
shortened application time at high 2,4-D
concentrations in wheat anther culture.
Furthermore, the necessity for a short
2,4-D application at higher concen-
trations might explain the negative effect
of 2,4-D in cereal anther and microspore
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culture, reported by Kasha et al. (1990),
Tiwari and Rahimbaev (1991) and
Hassawi et al. (1990). An alternative
approach to prevent inhibition of embryo
maturation by prolonged auxin presence,
is the use of IAA, the easily degradable
natural auxin (Datta and Potrykus,
1989).

The method of 2,4-D application for
plant production in barley anther and
microspore culture, is comparable to its
use for somatic embryogenesis. At low
concentrations, or if 2,4-D was not long
enough present, unorganised tissue was
generated. When app. 10° mol/L 2,4-D
present for several days, embryogenesis is
induced in various seed, seedling and
plant tissues for carrot, cucumber, Pennise-
tum and Asparagus (resp. Dudits et al,
1991; Tabei et al, 1991; Talwar and
Rashid, 1990; Levi and Sink, 1991). The
1 h pulse treatment with 10™* mol/L 2,4-
D in dicotyledonous microcallus of alfalfa
resulting in morphogenesis (Dudits et al.,
1991), gave, in our hands similar results
in the monocotyledonous  barley
microspores that were pretreated on
mannitol. When the synthetic auxin 2,4-
D was applied at high concentration
during a prolonged period, hampered
growth of ELS was observed, together
with complete inhibition of embryo
maturation and germination (this could
be due to high endogenous 2,4-D levels).
Dudits et al. (1991) states that embryo-
genesis occurs in the presence of 2,4-D, at
concentrations that already inhibit the
growth of callus tissues, and this
hypothesis is confirmed by our results.

A comparison between anther and

microspore culture has been performed
earlier in barley, and some differences are
described (Hoekstra et al., 1992). Upon
2,4-D application in anther and
microspore culture, a high similarity was
observed. Furthermore in anther culture,
the presence of 2,4-D in mannitol was
investigated. No significant difference in
efficiency of plant production was found,
whether 2,4-D was applied during, after,
or both during and after pretreatment
(data not shown).

Comparison of the pattern of
regeneration with and without mannitol
pretreatment in anther culture, reveals
high similarity. There are two remarkable
differences however. The number of
plants produced was strongly reduced
without pretreatment. In addition the
pattern  in the figures of 2,4-D
concentration and time period of its
presence required for regeneration was
shifted. Without pretreatment, micro-
spores only in the presence of anther
tissue, can to a limited extent produce
plants upon application of a higher and
longer presence of 2,4-D. Non-pretreated
isolated microspores showed an extremely
declined level of plating efficiency upon
2,4-D treatment, not enabling plant
formation. After application of a certain
shock treatment (e.g. sugar starvation,
cold, high 2,4-D concentration), the
anther tissue apparently acquires the
capacity to mediate a switch from the
gametophytic to the sporophytic path-
way. We suppose that in anther culture
with and without, and in microspore
culture only with anther pretreatment,
another inductive trigger for differen-
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tiation is active besides exogenous applied
2,4-D. To our knowledge, all papers on
microspore-derived (cereal) plant produc-
tion describe a certain pretreatment. The
pretreatment of barley microspores can be
a cold period of spikes (Huang and
Sunderland, 1982), or mannitol starva-
tion of anthers (Roberts-Oehischlager et
al.,, 1990). During both treatments the
microspores are surrounded by the anther
tissue. We hypothesize that in anther
culture and in culture of pretreated
microspores, the trigger for induction of
differentiation is mediated by more than
one signal. The highest efficiency of plant
production is achieved by application of a
signal strength that is optimal for a
specific cell competence. Fundamental
research in this field will contribute to
unraveling induction of plant
development.
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hapter 5

Androgenesis in Hordeum vulgare L.
The role of ABA during anther pretreatment,
on a solution containing mannitol and calcium

S. Hoekstra, LR. van Brouwershaven, S. van Bergen, R.A. Schilperoort & M. Wang

S ummary

Pretreatment induced androgenesis of Hordeum vulgare L. cv. Igri was investigated in order to find factors
which control optimal plant production. The influence of what is called pre-medium, and of the concentra-
tion of both mannitol and calcium was studied. Increasing concentrations of each of the compounds, also
resulting in a higher osmolality, improved plant production. Optimal plant production was obtained upon
anther pretreatment on 30 mM CaCl, adjusted with mannitol to 440 mOs.kg". The rather high calcium
concentration and the observation that calcium could be replaced by potassium ions, suggested a role of
these ions as osmotic agents. Since ABA is involved in several developmental processes and is known to be
induced by osmotic stress we studied ABA, and ABA, levels during pretreatment. Optimal plant production
was observed at a lower ABA, concentration than the initial value. This suggested a negative correlation
between androgenetic potential and ABA level, which became even more evident when the ABA, values
were considered. Our overall data indicated that both a defined ratio ABAJABA, level was required
throughout pretreatment, but in particular in a period around 24 hours, for optimal microspore-derived
plant production. The mechanism of pretreatment for induction of androgenesis is discussed.

haploids can be produced via
androgenesis if three requirements are
met. First, the developmental stage of the
microspores should be at the verge of
mitosis (Hoekstra et al., 1992). Second,

I ntroduction

Integration of microspore-derived plants
in plant breeding is hampered by large

genotypic differences in anther response.
Of many barley genotypes, doubled

the right hormone treatment is necessary
for induction of plant production. For
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barley this is achieved either by 6-benzyl
aminopurine (BAP) in culture medium
(Olsen, 1987; Hoekstra et al.,, 1993) or
by a specific 2,4-dichlorophenoxyacetic
acid (2,4-D) application (Hoekstra et al.,
1996). And third, the right pretreatment
of the anthers is needed in order to switch
the gametophytic pathway into a
sporophytic  development  of  the
microspores. For barley, a pretreatment
can be a cold treatment of spikes (Huang
and Sunderland, 1982) or anthers can be
pretreated on a mannitol solution
(Roberts-Oehlschlager and  Dunwell,
1990). The latter pretreatment enhances
doubled-haploid production in barley; the
microspore viability is increased and a
higher efficiency of plant production is
achieved (Hoekstra et al, 1994).
Optimization of culture conditions, in
particular taking into account the
microspore developmental stage and the
use of growth regulator, reduced the
genotype dependency of androgenesis
(unpublished data, Hoekstra et al).
Knowledge about biological processes
involved in effects of pretreatment, might
result in the development of a genotype
independent protocol for androgenesis.
Little is known about the processes that
are affected by the pretreatment. Heberle-
Bors (1989) suggests that during
pretreatment, starvation due to the
absence of useful saccharides, is the basis
for the occurence of certain degradation
processes in pollen grains, resulting in the
induction of pollen embryogenesis.
Especially in tobacco the starvation effect
is pronounced, if pretreatment is
performed in nitrogen-free medium with
mannitol. Pretreatment of anthers from
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barley, resulting in plant production, can
be performed using similar conditions as
for pollen preculture of tobacco, i.e. on
mannitol dissolved in what is called a pre-
medium. Mannitol is thought to create
osmotic stress. The presence of the sugars
mannitol during pretreatment and
maltose during culture, are important to
have proper osmotic pressure for
microspore-derived barley plant product-
jon (Hoekstra et al, 1993). From
literature, e.g. Davies and Jones (1991), it
is known that, in response to certain
stress treatments like osmotic pressure
and cold, ABA is produced. ABA-induced
gene expression by mannitol as osmotic
agent is observed in e.g. cell suspension
cultures (Leonardi et al, 1995). In
addition, relatively high ABA, levels are
correlated with  high  embryogenic
potential of Pennisetum and carrot cells
(Rajasekaran et al., 1987a, b; Kiyosue et
al., 1992). In the case of tobacco andro-
genesis, anthers are pretreated for 2 days
on 0.5 M mannitol or by treatment with
10° M ABA for 1 to 3 days. If tobacco
anthers, for the induction of
androgenesis, are pretreated on 0.5 M
mannitol for 1 day, a 2-fold increase in
ABA;, concentration is  measured
(Imamura and Harada, 1980).

The other part of barley pretreatment is
the pre-medium, which predominantly
consists of CaCl,, MgSO, and KNO,.
From literature it is known that calcium
jons play a role in embryogenesis
(Timmers et al., 1989; Overvoorde and
Grimes, 1994; Jansen et al.,, 1990). No
significant influence of magnesium ions
has been reported for gametophytic
embryogenesis (Reynolds, 1990).
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Potassium ions, however, stimulate
somatic embryogenesis in alfalfa (Shetty
and McKersie, 1993) and have been used
for pretreatment induced androgenesis of
several species. For the production of
doubled haploid plants of barley, rice and
wheat, 10 to 20 mM KNO, have been
used during mannitol pretreatment (resp.
Wei et al., 1986; Ogawa et al., 1992; Hu
et al, 1995), whereas tobacco
microspores are pretreated in mannitol
with 20 mM KCI (Kyo and Harada,
1986).

In this paper, the role of ABA in barley
androgenesis as well as the anther
pretreatment elements mannitol and pre-
medium, was investigated.

Materials and Methods

Materials

Donor plants of Hordeum vulgare L. cv. lgri were
grown in a phytotron under conditions described
previously (Hoekstra et al, 1992). Monoclonal
antibody to free (+)ABA was purchased from
Idetek, Inc. (San Bruno, Calif., USA). Rabbit anti-
mouse alkaline-phosphatase conjugate, (+)ABA
and bovine serum albumin (grade suitable for
enzyme-linked immunosorbent assay; ELISA) were
obtained from Sigma (St. Louis, Mo., USA).
Fluridone was kindly provided by the Bulb
Research Laboratory, Lisse, Netherlands.

Androgenesis

Selection of material, mannitol pretreatment and
culture conditions were as described previously
(Hoekstra et al., 1992) with the following
modifications. Anthers of several spikes were
randomly distributed over the parameters to be
tested and per parameter 30 anthers were used.
Anthers were pretreated on 0.37 M mannitol
dissolved in pre-medium, containing 10% M CaCl,,
10° M MgSO,7H,0, 10 M KNO,, 2x10* M
KH,PO,, 10* M KI and 107 M CuSO,.2 H,0 (440
mOskg?!, by Osmomat), what is called

pretreatment solution. After 4 days the anthers
were transferred to medium I without Ficoll at 350
mOskg'. The first 100 developing ELS were
carefully transferred with forceps to medium III
and the rest was plated directly, at the moment
that the majority of ELS were at least 1 mm in
diameter. After 3 weeks plant production was
assessed per group of 30 anthers.

The osmolality of the pretreatment solution was
adjusted with mannitol to values of 350, 440 and
540 mOs.kg". MgSO, at 0,0.01,0.1, ] mM and a
concentration range of CaCl, were tested in pre-
medium. Omittance of CaCl, was used in stead of
EGTA to overcome the weak calcium buffering
capacity of the latter at the pH of pre-medium.
KCl, KNO, and Ca(NQ,), were tested at 10 and
20 mM in modified pre-medium (with resp. 1 mM
Ca(NOy),, CaCl, and KCl in stead of KNO,). Pre-
medium with 10, 30 and 40 mM CaCl, was
adjusted to an osmolality value of 440 mOs.kg*
with mannitol.

At defined times the pretreatment solution was
removed and new pretreatment solution was added
to the anthers. (+)2-cis-4-trans-ABA (Sigma) was
added from a stock solution (4 mM in 5% ethanol)
to obtain a range of concentrations (in a volume of
max. 25 pl) at the start and removed at 24 hours of
pretreatment. Fluridone was added at a
concentration of 40 mg/l from the beginning and
removed at 24 hours of pretreatment.

Note: Data in the Tables and Figures, are
presented in percentages of regeneration on pre-
medium since the absolute numbers varied, due to
differences in microspore developmental stage and
ELS density during culture. The patterns of the
figures were reproducible, however, throughout at
least 3 experiments. In table 1 numbers of
regenerated plants are presented, to give an
indication of the absolute numbers of plants
obtained per 30 anthers.

ABA extraction

After treatment, anthers and pretreatment solution
were seperately frozen in liquid N, Pestle
maceration of the frozen anthers was not necessary
for ABA extraction (unpublished results, M. Wang
et al.). The contents of the Eppendorf vials were
freeze dried. The samples were extracted at 150
rpm, 4°C with cold methanol (containing 100 mg/l
butylated hydroxytoluene and 0.5 g/l citric acid
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monohydrate). The anther samples were extracted
twice each time in 0.5 ml for 24 hours. The
pretreatment  solution samples were treated
similarly, except that the first extraction was
performed in 1.0 ml. The vials were centrifuged at
8,000g for 15 min at 4°C and the supernatants of
the samples were pooled. The samples were
concentrated in a Speed-vac system (Savant) and
the volume adjusted to 25 pl with methanol. The
samples were stored at -80°C until assay.

ABA ELISA assay

The assay of the amount of ABA in anthers and in
pretreatment solution was carried out by an
enzyme-linked immunosorbent assay (ELISA) as
described by Wang et al. (1995). No interference
in the (+)ABA ELISA was observed by commercial
mannitol, in contrast to what is noted by Belefant
and Fong (1989).

Results

Pretreatment solution elements

For optimal doubled haploid plant
production of barley, a pretreatment
solution consisting of mannitol and pre-
medium, was used. The influence of these
elements on doubled haploid production
was tested. Without pretreatment, no
doubled haploid plants can be produced
(Hoekstra et al., submitted). Anther
pretreatment on water induced very
limited plant production. The efficiency
of plant production was significantly
improved, if mannitol was present during
pretreatment. A higher mannitol concen-
tration accompanied by a higher
osmolality of the pretreatment solution,
resulted in an increase of green plant
production upto a concentration of 0.37
M mannitol. At higher mannitol concen-
tration the number of plant produced
remained constant (Table 1).

Table 1: The influence on plant production of
different mannitol concentrations without pre-
medium, during pretreatment. The results of one
experiment are shown and expressed in number of
plants per 30 anthers. From other experiments
similar data were obtained. Numbers in parenthe-
ses indicate the osmolality of the pretreatment
solution (in mOs.kg?).

mannitol n plants
0 10 0)
0.3 65 (310)
0.37 86 (400)
0.44 89 (500)
e e

Table 2: The influence of Ca?*, K*, CI' and NO,~-
ion concentrations during pretreatment in pre-
medium, on plant production. The number of
plants obtained per 30 anthers, are expressed in
percentages.

ions in mM n plants
Ca®* K* CI"  NO;y

10 1 20 1 100
20 1 40 1 114+33
10 1 I 20 123+49
20 1 1 40 106+37
1 10 10 2 80x17
1 20 20 2 8151
1 10 1 10 8437
1 20 1 20 7430
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Table 3: The influence of different CaCl, concen-
trations (in mM) in pre-medium without and with
mannitol at 440 mOs.kg’, on plant production.
The number of plants obtained per 30 anthers, are
expressed in percentages. Numbers in parentheses
indicate the osmolality of the pretreatment soluti-
on (in mOs.kg?).

CaCl, n plants
pre-medium pre-medium with
mannitol

0 35+13 0) 202+61  (400)
10 100 (31) 323+74 (450)

20 | 133253 (58) . -
30 193+55 (82) 450+40 (450)
40 | 248+80 (93) 242486 (440)

ratio ABA / ABA;

48
Time (hours)

Figure 1: Changes in the exogenous ABA concen-
tration for 4 different pretreatments each of 30
anthers, expressed as the ratio ABA/ABA, (endo-
and exogenously in pgr per mi).

Insert: Plant production efficiency after 4 diffe-
rent pretreatments for 96 hours; the number of
plants obtained per 30 anthers, are expressed in
percentages.

W = water, P = pre-medium, M = mannitol,

MP = mannitol with pre-medium

Changes in the magnesium ion

concentration did not significantly alter
the number of plants produced (data not
shown). Apparently there was no special
Mg?* concentration required for optimal
induction of gametophytic embryo-
genesis. Calcium could be replaced by
potassium for induction of androgenesis
at 10 and 20 mM, independent of the
anion used (Table 2).
Caldum appeared to be slightly more
effective than potassium. Therefore, the
effect of a wider range of CaCl,
concentrations was tested on plant
production (Table 3). The stimulatorory
effect of calcium was confirmed, since
omittance of CaCl, resulted in the same
small number of plants, as found for
pretreatment on water (Figure 1).
Moreover, an increase of the CaCl,
concentration, leading also to slightly
higher osmolalities of the pretreatment
solution, enhanced the number of plants
produced. Higher concentrations, 50 mM
and 60 mM, of CaCl, did not result in
further improvement of plant production
(data not shown). If the various CaCl,
concentrations were combined with
mannitol (pretreatment solution at 440
mOs.kg'), a clear stimulation of plant
production was observed and an optimum
was found at 30 mM CaCl, (Table 3).

ABA; and ABA, concentrations during
pretreatment. The observed stimulation of
plant production by mannitol indicates,
that osmotic pressure plays an important
role in pretreatment induced
androgenesis. In such cases ABA is
reported to be involved (Davies and
Jones, 1991). Therefore it could also in
our case be speculated that ABA might be
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Table 4: ABA concentration a. intracellular (ABA,) in pgr per 10° gr DW and b. extracellular (ABA,) in
pgr per ml, measured between 4 and 96 hours of pretreatment of 30 anthers. Pre-medium contained 10
mM CaCl, and 0.37 M mannitol was applied. One experiment consisted of all samples, with anthers

randomly distributed. DW = dry weight

time pretreatment solution
mannitol
water pre-medium mannitol with
pre-medium
ABA 0 1.06+0.78 1.06+0.78 1.06+0.78 1.06+0.78
4 2.50+1.09 2.56x1.10 4.29+1.99 3.10+0.95
24 371x1.14 4.03+1.43 3.98+0.84 4.48+1.04
48 2.27x1.10 3.33+0.13 2.82+1.99 2.98+0.80
96 1.07+0.82 0.99+0.73 0.80:0.12 0.70+0.45
ABA, 0 <45 <45 <45 <45
4 <45 <45 <45 100+15
24 1589+213 7424247 1317£171 477+209
48 3672+96 673128 1767+658 794+335
96 5996+523 43442308 3746+117 2355278

involved in pretreatment induced barley
androgenesis by mannitol, and perhaps
supported by the CaCl, containing pre-
medium. Therefore ABA,; and ABA, levels
were  determined  during  anther
pretreatment  using four  different
conditons, namely water, pre-medium,
mannitol, and mannitol with pre-medium
(Table 4). The ABA; concentration
increased in all four conditions upto 24
hours and thereafter decreased again. The
ABA, concentration continuously
increased dramatically in the course of 96
hours, except for pre-medium, resulting in
2.5x10% M (+)ABA for the water
treatment after 96 hours (Table 4). The
decrease of ABA, concentration in the
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presence of mannitol with pre-medium
resulted in a value that was lower than
the initial ABA, level. The ABA, levels of
the other three conditions after 96 hours
were higher, but it can not be excluded
that this is due to contamination of ABA,,
since ABA, represents 96% of the total
ABA concentration (Figure 1 and Table
4). A negative correlation was observed
between the ratio ABA/ABA; and the
embryogenic capacity induced (Figure 1).
For both cases with mannitol in the
pretreatment, the ratio ABA/ABA,
gradually increased during pretreatment,
whereas for the other conditions the ratio
ABA_/ABA, reached not only a much
higher level but also within a shorter
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period. Summarizing, we see that for
optimal plant production the ABA,
concentration in a period of about 24
hours to 48 hours should be relatively
low, that mannitol has some additional
positive effect, and that at the end of
pretreatment the ABA, concentration
should not be too high. Furthermore, the
ABA, level in mannitol with pre-medium
at 4 hours is significantly higher than in
the other cases.

g

___i
_i

plants (%)
3 B8
_{
_{

8

n
o0

o

C __[time I s I v
400£87 | 12 | 40087 400187
16 | 613275 6131275
20 | 622+356 6224358

AT71209 | 24 | 7762141 | 4774209 | 477+209 | 7761141
7941335 | 48 19384177 | 18224101
72 13664191 | 13224357
2355+278| 96 | 20861420 | 20984264 | 10054262 | 786£159

Figure 2: The influence of refreshment of the
pretreatment solution (mannitol with pre-medi-
um) at various times, on a. plant production
upon 96 hours of pretreatment and b. exogenous
ABA concentration in the removed pretreatment
solution in pgr per ml, compared to the exoge-
nous ABA level accumulating in time in the con-
trol. The number of plants obtained per 30 an-
thers, are expressed in percentages. C = control,
no refreshment, ABA_ values are from Table 4.

I = refreshment at 12, 16, 20 and 24 h

II = refreshment at 24 h

III = refreshment at 24,48 and 72 h

IV = refreshment at 12, 16, 20, 24,48 and 72 h

Manipulation of the ABA, concentration. The
above results suggest that the ABA,
concentration somehow has an effect on
the induction of androgenesis. Specifically
the period around 24 hours was of
interest in this respect. Therefore the
influence of a reduction of ABA, level was
investigated at different time intervals
before and beyond 24 hours of
pretreatment. A reduction of the ABA,
concentration was achieved by refreshing
the pretreatment solution at several time
intervals  (Figure 2). The ABA,
concentration was determined in the
removed solution. The data indicated that
there was not much difference in ABA,
concentration and plant production
between one (after 24 hours) or more
refreshments of the pretreatment solution
in the period upto 24 hours, and no
refreshment. If the pretreatment solution
was refreshed repeatedly up to 24 hours,
a slightly increased ABA, level after 24
hours was observed. Refreshments of the
solution up to and including 24 hours did
not affect the ABA, concentration of the
pretreatment solution after 96 hours, nor
the plant production. However, if the
pretreatment solution was refreshed from
24 hours onwards, both a lower ABA,
concentration at the end of pretreatment
and a reduced plant production was
observed. The efficdiency of plant
production was even more reduced if the
pretreatment solution was removed at
several time intervals during the complete
period from 12 to 96 hours. So, the
minor changes that occurred in the ABA,
concentration up to and including 24
hours of pretreatment on pre-medium had
a limited effect on plant production.
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Figure 3: The influence of a. fresh pretreatment
solution after 24 hours (24h) on green plant pro-
duction after 4 different pretreatments of 96 hours
(C) and b. the exogenous ABA level in pgr per ml
after 96 hours of pretreatment. The number of
plants obtained per 30 anthers are expressed in
percentages.

W = water, P = pre-medium, M = mannitol,

MP = mannitol with pre-medium
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Changes thereafter, however, did have an
effect. With respect to this it is of interest
to note that the ABA_ values observed for
24 hours and 48 hours in the refreshment
samples are clearly higher than found in
the samples without refreshment (Table
4, mannitol with pre-medium). To see
whether the composition of the
pretreatment solution had an effect if a
change in ABA, level was made, by
refreshment of the solution after 24 hours
in the course of a 96 hours pretreatment,
4 different solutions were tested (Figure
3). The ABA, concentration was deter-
mined after 96 hours of pretreatment and
plant production was assessed. For
pretreatment on mannitol with or
without pre-medium, no significant effect
of refreshment of the solution after 24
hours on total plant production was
observed. The removal of ABA, at 24
hours also did not much affect the ABA,
concentration determined after 96 hours
in mannitol with pre-medium, whereas in
the case of mannitol pretreatment the
value was reduced. If anthers were
pretreated on pre-medium, a slight
negative effect on green plant production
was observed if the solution was refreshed
after 24 hours, while the ABA,
concentration at the end of pretreatment
was found to be strongly reduced. A
marked increase in green plant
production, accompanied by a decrease in
ABA, level at 96 hours, was observed, if
the pretreatment was performed on water
with refreshment of the solution after 24
hours. These data show that the ABA_
level at 96 hours is not a reliable
indication for plant production efficiency.

Moreover, the effect of ABA_ on
induction of androgenesis was further
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studied by application of exogenous
(x)ABA. An ABA concentration range
from 10° upto 10* M was tested in pre-
medium. Only for 107 and 10° M a
slightly increased plant production was
found (data not shown). Therefore, the
four different pretreatment solutions were
used to study the effect during 24 hours,
of the addition of 107 M (+)ABA at the
start of the 96 hours pretreatment (Figure
4). The concentration of 6000 pgr
(+)ABA, per ml at 96 hours in water
pretreatment (Table 4) equals 2.5x10® M
(+)ABA, and 5x10® M (+)ABA. A clear
positive effect of the ABA addition on
plant production was observed for

2507 g 24n

175
1501

1251

plants (%)

100+

75

50 1

w P M MP

Figure 4: Plant production after 4 different pretreat-
ment solutions with refreshement of the pretreat-
ment solution after 24 hours (24h); and the influen-
ce of the added 107 M ABA during the first 24
hours of pretreatment (ABA). The number of plants
obtained per 30 anthers, are expressed in percenta-
ges.

W = water, P = pre-medium, M = mannitol,

MP = mannitol with pre-medium

pretreatment on pre-medium. Exo-
genously applied ABA did not influence
the regeneration efficiency for mannitol
containing solutions, while a strong
reduction was found for water. Without
addition of ABA to mannitol with pre-
medium (Table 4), ABA_ was already
detected after 4 hours of pretreatment,
whereas the level of ABA, in the other
pretreatment solutions was below level of
detection. Apparently, the presence of a
relatively high level of ABA, during the
first 24 hours of pretreatment only has an
effect in the absence of mannitol. The
effect is negative for water that already
seems to produce a lot of ABA, in the
period between 24 hours and 96 hours,
and positive for pre-medium that
normally has much lower levels in the
same period (Table 4). In preliminary
experiments the presence of added 107 M
ABA during the entire pretreatment was
tested, and resulted in reduced plant
production when anthers were pretreated
on mannitol with pre-medium, whereas
on water only a slight negative effect on
plant production was found (data not
shown).

Manipulation of the ABA, concentration. It
has been shown that ABA, synthesized in
response to water stress (see also Table
4), is an apo-carotenoid; carotenoids are
precursors of ABA (Parry and Horgan,
1991). Fluridone is an inhibitor of the
carotenoid biosynthesis (Bartels and
Watson, 1978). Fluridone-treated barley
plants therefore do not accumulate ABA
because of carotenoid deficiency rather
than plastid dysfunction (Gamble and
Mullet, 1986). For manipulation of the
ABA, concentration, the presence of
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fluridone during the first 24 hours of
pretreatment was investigated. The
concentration of ABA, was determined
after 24 hours of pretreatment on the 4
different pretreatment solutions. The
presence of fluridone, resulted in an ABA,
level of 3.19+0.65 pgr per 10° gr DW
after 24 hours in all treatments (data not
shown), which was only a small reduction
compared to the control (Table 4).
Therefore, the ABA, concentration was
determined after 24 hours and at the end
of the pretreatment of 96 hours.
Application of fluridone resulted in an
ABA, level of 325%74 pgr/ml after 24
hours in all treatments (data not shown),
which for all cases except mannitol with
pre-medium is much lower than found
normally (Table 4). The ABA, data after
96 hours and comesponding plant
production efficiencies are shown in
Figure 5. Fluridone inhibited de novo ABA
synthesis, which resulted in a reduced
ABA, level of about 1400 pgr per ml after
96 hours of pretreatment in all
conditions. The ABA, level after 96 hours
again does not reflect plant production
efficiency. The presence of fluridone
during the first 24 hours, resulted in all
cases in an increase in bleached plant
production and in a large decrease in
plant production for mannitol. For
mannitol with pre-medium the presence
of fluridone resulted in a less pronounced
decrease in the total number of plants.
For the two pretreatments without
mannitol, however, a strong stimulation
of plant production was oberved. It can
be concluded that a specific level of ABA,
is required in a period between 24 hours
and 48 hours, and that only in the
presence of mannitol de novo ABA
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plants (%)

ABAg concentration (%)
B EREREN

Figure 5: The influence of a. the presence of 40
mg/l fluridon during the first 24 hours (F) of
pretreatment on green and white plant producti-
on for 4 different pretreatment solutions (C) and
b. the exogenous ABA level in pgr per mi after 96
hours of pretreatment. The number of plants
obtained on the first 100 ELS per 30 anthers are
expressed in percentages of green (G) and ble-
ached (B) plants upon pretreatment on pre-medi-

um.

The numbers in the bars of Figure 5a are the
standard deviations.

W = water, P = pre-medium, M = mannitol,
MP = mannitol with pre-medium

synthesis was required in the first 24
hours for optimal plant production.
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D iscussion

A proper pretreatment is one of the
requirements for doubled haploid
production in barley. We identified two
factors in the pretreatment solution,
mannitol and caldum, which were of
crucial importance for efficient plant
production. In this study, the optimal
concentration of calcium for plant
production is 30 mM (in the presence of
mannitol), which is relatively high. For
androgenesis in Solanum sp. the optimum
calcium concentration is 3 mM (in the
presence of 19 mM K*7 Reynolds, 1990).
This author further reports that CaCl,
can be substituted by Ca(NO,),, and not
by other bivalent ions such as e.g.
magnesium. This is in agreement with our
results; our data showed moreover, that
Ca** could be replaced by K*. This result
and the relatively high concentration
used, give an indication for a possible role
of these ions as osmotic stress agents like
mannitol in the pretreatment. However
caldium might also have a specific
function in the induction of androgenesis.
Other data from our laboratory indicated
that programmed cell death, also known
as apoptosis, takes place in the anther
tissue during pretreatment (preliminary
results). The key characteristic of
apoptosis is the systematic fragmentation
and degradation of nuclear DNA (Raff,
1992). This DNA ladder is very often
caused by the action of calcium-
dependent nucleases (Bowen, 1993).
From our present data, we conclude that
for plant production an osmotic
pretreatment of microspores (i.e. 0.3-0.4
M mannitol in the presence of minimal
10 mM Ca®* or K*), apparently is a

general pre-condition for the species
barley (Wei et al., 1986), wheat (Hu et
al, 1995), rice (Ogawa et al., 1992),
Solanum carolinense L. (Reynolds, 1990)
and tobacco (Imamura and Harada,
1980; Kyo and Harada, 1986).
Furthermore we assume, that differences
in optimal mannitol (and calcium)
concentration per species can be
explained by differences in sensitivity
towards osmotic pressure. Our data
suggest that, the appropriate osmotic

stress controls the optimal ratio
ABA/ABA, needed for embryogenic
induction in the microspores. The

importance of ABA; levels has been
determined for morphogenic competence
in Pennisetum sp. by Rajasekaran et al.
(1987a). Furthermore, these authors
show that application of ABA enhances
somatic  embryogenesis, and that
inhibition of plant production is observed
by addition of fluridone in the induction
medium. The use of fluridone on donor
plants even causes the loss of capacity for
embryogenesis  (Rajasekaran et al,
1987b).

With regard to a correlation between
androgenetic capacity and ABA level, the
literature  appears to be rather
controversial. Johansson et al. (1982)
report that appropriate pretreatment of
Anemona canadensis to induce
androgenesis, reduced the ABA,
concentration at the end of pretreatment
nearly 4 times, whereas Imamura and
Harada (1980) demonstrate the presence
of a peak in ABA, concentration after 24
hours of mannitol pretreatment in
tobacco anthers. Both data, nevertheless,
are in agreement with our study, showing
a peak in ABA, level after 24 hours and a
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reduction in ABA, concentration at the
end of the mannitol pretreatment after 96
hours with or without pre-medium. These
conditions were the best for plant
production. In our study, a negative
correlation between plant production
efficiency and ABA concentration was
most pronounced if we looked at the
ABA_ level and the ratio ABA/ABA, at the
end of the pretreatment. The importance
for plant production of the ABA, level
and the ratio ABA/ABA, has not been
reported earlier. Imamura and Harada
already proposed a specific level for ABA,
in 1980. These authors have shown in a
time range experiment using 10° M ABA,
that a 1 to 3 days period of pretreatment
stimulate plant production in tobacco
androgenesis. For wheat androgenesis, Hu
et al. (1995) observe a stimulation by
application of ABA (about 10° M)
throughout the pretreatment. Kyo and
Harada (1985) show that application of
5x10° M ABA in the second half of the
pollen pretreatment stimulated embryo
production in tobacco. From our data we
conclude that, during the period between
24 hours and 48 hours, specific ABA
levels both inside and outside the cell
must be present.

In our investigation, the presence of
fluridone during the first 24 hours of
pretreatment resulted in a large decrease
of the number of plants for mannitol and
and a lower decrease for mannitol with
pre-medium, indicating that normally
there is a need for de novo ABA synthesis
during the first 24 hours in the presence
of mannitol. So, a certain level of ABA, is
required for plant production. However,
de novo ABA synthesis during the first 24
hours of pretreatment was apparently not
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required for optimal plant production if
pretreatment occurred in pre-medium or
water. Both data together suggest that in
the latter cases, after removal of
fluridone, sufficient ABA is synthesized to
reach the right level for optimal plant
production. Probably this level must be
reached in the period between 24 hours
and 48 hours. Fluridone is also known as
a bleaching herbicide, inhibiting phytoene
desaturation in the presence of 7x10® M
fluridone (Mayer et al. 1989). In our
study the number of bleached plants
indeed was much higher for fluridone
(about 10* M) during pretreatment than
for the controls.

The increase of the ratio ABAJ/ABA
during  anther  pretreatment  was
important for induction of androgenesis.
The ratio ABA/ABA can be changed
either by modification in (the rate of)
ABA synthesis or by changes in the
metabolism which result in reduction of
ABA level. The presented data show that
de nove ABA synthesis is important during
the first 24 hours of pretreatment, but it
remains to be tested whether this is also
the case at a more progressed stage of
pretreatment. In addition, changes of
ABA catabolism could also be involved in
the regulation of the ratio ABA/ABA; and
were not investigated in this study.
Differences in ABA, concentrations
between treatments, also can be explained
by transport or diffusion of ABA, into the
solution. Alternatively, the increase of
ABA, between 24 and 96 hours of
pretreatment, could be due to leakage of
ABA, from dying cells. Preliminary data
from our laboratory support the last
possibility. We found that during
pretreatment in mannitol with pre-
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medium, anther tissue showed a high
degree of systematic DNA fragmentation
and degradation after 72 hours, while the
DNA had disappeared completely by 96
hours. The microspores within this tissue,
however, showed normal viability.
Therefore we assume, that depending on
the conditons of pretreatment, ABA
synthesis is induced to a certain level that
it corresponds to the level of (osmotic)
stress experienced by the cell. The
concentration of mannitol used in our
study correlates with the appropriate
stress level needed for induction of
apoptosis (Cotter and Al-Rubeai, 1995)
and probably protects the surviving
microspores against a shock due to a
sudden too high level of ABA_, such as in
the case of water pretreatment. The role
of calcium is to enable action of calcium-
dependent nucleases required for the
process of apoptosis, thereby preventing
the cell’s contents (i.e. ABA, in our study)
spilled into the extracellular space (Raff,
1992).

Our presented data indicated that ABA
is also acting from outside the cell, in casu
on the microspores. There has been much
debate as to the initial site of action of
ABA eliciting cellular responses, in
particular as to whether the ABA receptor
is located in the cytosol (Assmann, 1994)
or faces outward into the extracellular
matrix (Allan and Trewavas, 1994).
Recently, in 2 systems evidence for
extracullular action of ABA has been
reported. Wang et al. (1995) show that
diffusion of ABA, into the medium plays a
role in germination of barley embryos. In
other morphogenetic responses as turion
production in Spirodela polyrrhiza L., it is
demonstrated that ABA triggers a

morphogenic switch. In the latter system,
ABA most likely interacts with a
plasmalemma-located receptor system to
induce turion production (Smart et al.,
1995). It is interesting to note that the
morphogenetic  switch  for  turion
production, is induced by environmental
effectors like nitrate deficiency and cold,
which both also induce gametophytic
embryogenesis. Apparently, the involve-
ment of an ABA trigger is a more general
phenomenon and not restricted to the
morphogenetic  switch  from  the
gametophytic to the sporophytic pathway
in pollen.
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Androgenesis in Hordeum vulgare L.
Apoptosis and the effect of lipo-oligosaccharides
during anther pretreatment

S. Hockstra, M.W. van der Heijden, B.]. Oppedijk, I.R. van Brouwershaven,
S. van Bergen, F. Heidekamp & R.A. Schilperoort

S ummary

Characteristics of senescence were investigated during the pretreatment of anthers needed to induce
gametophytic embryogenesis in cultured barley microspores. Degradation of chlorophyll in the anthers and
a specific pattern of changes in the intracellular ABA were found both during and without pretreatment.
During pretreatment, different RNA transcripts which may result from the corresponding ABA-induced
genes were detected in the anther tissue as well as in the microspores. Pretreatment resulted in pronounced
degradation of protein and RNA. However, breakdown of DNA was peculiar since a well-defined
fragmentation pattern of the nuclear DNA was observed, suggesting programmed cell death, also known as
apoptosis. Furthermore, expression of the hydrolytic enzyme glucanase throughout pretreatment was
shown, whereas expression of the hydrolytic enzyme chitinase was induced during pretreatment. A
stimulatory effect of lipo-oligosaccharides (LOS) application on microspore-derived plant production was
observed only during pretreatment of anthers. In the discussion, a mechanism for induction of
androgenesis is proposed.

I are called embryogenic microspores.
ntroduction These embryogenic microspores can be
For the production of (doubled) haploid  recognized microscopically by their
plants from microspores i.e. via  increased size (50-60 pm in diameter)
gametophytic embryogenesis, pretreat-  and red interference of the exine
ment of anthers and microspores is  (Hoekstra et al., 1993). Little is known
generally essential. During this pretreat-  about the biological processes occurring
ment, microspores change into cells that ~ during  pretreatment. In the model
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system barley, a few studies have been
performed to investigate the effects of
anther pretreatment on gametophytic
embryogenesis. It was found that
pretreatment on mannitol with pre-
medium is the best condition for plant
production (Hoekstra et al., submitted).
Recently, for plant production in barley
the importance of a certain concentration
of endogenous as well as exogenous
abscisic acid (ABA) during pretreatment
in the period between 24 to 48 hours was
demonstrated (Hoekstra et al.,
submitted). It is known that the hormone
ABA plays a role in the process of
senescence (Davies and Jones, 1991).
Cho and Kasha (1992) suggest that the
mannitol pretreatment in barley is
responsible for the occurrence of
senescence. These authors show that lipid
peroxidation takes place in membranes of
anthers during such a pretreatment. Inclu-
sion of free radical scavengers not only
delayed and suppressed lipid peroxidation
and ethylene production during the early
culture period, but also reduced embryoid
production. During pretreatment, also

changes in cell wall properties are
observed (Sunderland et al.,, 1984).
Senescence  involves  synthesis  of

hydrolytic enzymes, most importantly
glucanases (Salisbury and Ross, 1991),
which are responsible for cell wall
degradation. Moreover, glucanase
together with chitinase are detected in
embryogenic cell suspension cultures of
barley (Kragh et al., 1991). By the action
of chitinases, lipo-oligosaccharides (LOS)
are assumed to be released from plant-
derived precursor molecules (probably cell
wall fragments). These molecules are
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supposed to play a role in early
embryogenesis (de Jong et al., 1993). In
the model system carrot de Jong et al.
(1993, 1995) demonstrate a reduced level
of 32kD chitinase in a 11 mutant cell
line. In this mutant the embryogenic
capacity is rescued by adding chitinase or
by application of LOS, which are known
as Nod-factors. Nod-factors are secreted
by Rhizobium in the process of nodule
induction and symbiotic nitrogen fixation
(Spaink et al., 1991).

In the present study, characteristic
features of senescence (Salisbury and Ros,
1991; Smart, 1994), such as degradation
of chlorophyll, proteins and RNA, a
constant DNA level, and a specific
pattern of intracellular ABA (ABA))
concentration were investigated during
pretreatment induced androgenesis of
barley. We also studied the expression of
genes during pretreatment by differential
display using family specific domain
primers of genes that are known to be
"ABA responsive” (a.0. Chandler and
Robertson, 1994; Skriver and Mundy,
1990) and of chitinase and glucanase.
Also, the effect of LOS on androgenesis
was studied.

Materials and Methods

Materials

Donor plants of Hordeum vulgare L. cv. Igri were
grown in a phytotron under conditions described
previously (Hoekstra et al, 1992). Monoclonal
antibody to free (+)ABA was purchased from
Idetek, Inc. (San Bruno, Calif., USA). Rabbit anti-
mouse alkaline-phosphatase conjugate, (+)ABA
and bovine serum albumin (grade suitable for
enzyme-linked immunosorbent assay; ELISA) were
obtained from Sigma (St. Louis, Mo., USA). Lipo-
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oligo saccharides, i.e. the nodABCL-dependent
metabolites of Rhizobium leguminosarum bv. viciae
(Spaink et al., 1991) were kindly provided by dr.
H. Spaink, Institute of Molecular Plant Sciences,
Leiden University, Netherlands.

Androgenesis

Selection of material and culture conditions of
anthers were as described previously (Hoekstra et
al,, 1996) with a few modifications. In short,
anthers containing late uninucleate microspores,
were pretreated on mannitol with pre-medium for
a period of 4 days (these days are indicated as day
-4, -3, -2, -1 and 0); at day O anthers were
transferred to medium I (Hoekstra et al.,, 1992)
without hormones. Regeneration was assessed per
30 anthers on the first 100 developing embryo-like
structures (ELS) and the remaining structures were
plated at once on medium III (Hoekstra et al.,
1992) with 1 mg/l Kinetine.

As a control for possible effect(s) of anther
harvest conditions or in vitro culture conditions, 30
anthers were cultured without any pretreatment
directly on medium I.

The number of viable microspores during anther
pretreatment was determined by squashing 1 ml of
the anther tissue and staining the squashed
material with about 20 gl Fluoresceine Di-Acetate
(stock 5 mg/ml in acetone).

A concentration range of lipo-oligosaccharides
was added during or after pretreatment; in
addition the anthers were cultured directly without
pretreatment on medium I with or without lipo-
oligosaccharides.

Weight and protein determination

Anther fresh weight as well as the dry weight was
measured after 16 hours of freeze drying of the
samples. Protein in frozen ground anthers was
determined using the bicinchoninic acid protein
assay. Bovine serum albumin (BSA) was used as a
standard (Smith et al., 1985).

Chlorophyll measurement

Anthers were ground in 80% acetone with a pestle.
The debris was removed by centrifugation.
Chlorophyll specific absorption was measured on
supernatan aliquots at 662.5 nm.

ABA axtraction and ELISA assay

Anthers were put into Eppendorf vials and frozen
with liquid N,. Pestle maceration of the frozen
anthers was not necessary for ABA extraction
(unpublished results, M. Wang et al.). The
contents of the Eppendorf vials were freeze dried.
The samples were extracted at 150 rpm, 4°C with
cold methanol (containing 100 mgl butylated
hydroxytoluene and 0.5 gl citric acid
monohydrate) twice each time in 0.5 ml for 24
hours. The vials were centrifuged at 8,000g for 15
min at 4°C and the supernatants of the samples
were pooled. The samples were concentrated in a
Speed-vac system (Savant) and the volume
adjusted to 25 pl with methanol. The samples were
stored at -80°C until assay.

The assay of the amount of ABA in anthers and
in pretreatment solution was carried out by an
enzyme-linked immunosorbent assay (ELISA) as
described by Wang et al. (1995).

RNA isolation

Samples containing either anthers and/or
microspores were used for total RNA isolation. Mi-
crospores were isolated according to Hoekstra et
al. (1993) with the modification that the isolation
was performed at 4°C. The material was harvested
directly from the plant or after 1, 2, 3 or 4 days of
pretreatment. The material and a steel pestle, used
for grinding the material, were frozen in liquid
nitrogen. Glass from the tips of pasteur pipets was
ground and added in a ratio pollen:glass equivalent
to 1:2 in an Eppendorf vial. Glass and plant mate-
rial were gently mixed with a stainless steel
spatula. Subsequently the mixture was ground for
10 seconds with the cold steel pestle (manufactu-
red to fit in the vial) mounted in an electric screw-
driver. The process of chilling in liquid nitrogen,
mixing and squashing was repeated three times.
The degree of pollen disruption was established by
microscopy. In general, an average of 70% of the
pollen was damaged. Total RNA was isolated from
the crushed cells using a micro RNA isolation
method according to Chomczynski and Sacchi
(1987) using 4 M guanidinium-isothiocyanate,
0.02 M sodium citrate, 0.5% sarcosyl and a phe-
nol/chloroform extraction step. A DNase treatment
was applied to remove residual DNA from the
RNA sample.

Total RNA was isolated from aleuron and from
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embryos that were 2 days imbibed on water
according to Wang et al. (1992), from leaf and
shoot according to  Chomezynski and Sacchi
(1987).

DNA isolation

Samples of anthers containing microspores were
used for genomic DNA isolation. Anthers were
frozen in liquid nitrogen and homogenized as
described in the section RNA isolation. DNA was
isolated from the samples according to Koes et al.
(1995).

Domain directed differential display

One ug total RNA was converted to first strand
cDNA with the "First-strand cDNA synthesis kit"
(Pharmacia) in a volume of 33 pl and 0.4 pM
T,,Adapterprimer. 1.5 ul cDNA pool was amplified
by PCR, using 0.5 uM Adapter primer, 0.5 pM
family specific domain primer, 1.25 U Tag DNA
polymerase (Pharmacia) and 0.2 mM dNTPs in Ix
PCR buffer (Pharmacia). The family specific
domain primers were chosen based on sequence
comparison using the Wisconsin GCG software
package, and directed against a conserved sequence
located at 200-700 bp from the poly-A tail. For
maximum specificity, the degree of degeneracy was
kept as low as possible, Primers used in this work
were as follows: T17-Adapter (STTTTTTTTT-
TTTTTTTT-AGCTACAGCTGAGCTCAG3)),
Adapter (5'GCTACAGCTGAGCTCAGS'), "ABA
responsive” (5'CGAA-GAGGAACTA(C/G)AA-
(C/G/A)AGG3"),  Chitinase  (5'C(G/C)GCAG-
TAGGT(C/T)TTGGT) and Glucanase (5'CAA-
GAG(C/T)AACTTGTACC(G/T)CT3")

Reaction mix-tures were heated to 95°C for 3 min.
Thirty cyles of linear amplification were performed
in a Perkin-Elmer machine, using denaturation for
45 sec at 95°C, annealing for 60 sec at 52°C for
the Glucanase and "ABA responsive” primers and
at 59°C for the Chitinase primer, the extension
step was done for 60 sec at 72°C, followed by a
final 10 min elongation at 72°C. A 3 pl of each
PCR reaction was separated on a 2% (w/v) agarose
gel in Ix TBE buffer and stained with ethidium
bromide.

The protocol applied in this study was similar to
the RACE method described by Frohman et al.
(1988), who used a single 17-mer gene-specific
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oligonucleotide primer in combination with a
(dT)17-adapter to amplify copies of the region at
the 3'end. According to these authors, optimization
of annealing temperature, number of cycles, buffer
condition, and extension time of the initial (+)
strand synthesis reaction reduced the production
of aspecific bands. The method was further
modified by using a primer for a conserved family
domain (Fischer et al., 1995).

Results

Pretreatment induced changes

During anther pretreatment, the switch
from the gametophytic to the sporophytic
pathway takes place. When anthers were
cultured directly on medium I without
pretreatment, no plant production was
observed (Hoekstra et al., 1996). Known
characteristics of senescence were investi-
gated during anther culture both on
pretreatment solution and on medium. A
clear colour change of the anthers from
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Figure 1: The chlorophyll content (absorption at
662.5 nm) and ABA, concentration (in pgr/10° gr

of DW) of 30 anthers during anther pretreatment.
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Figure 2: Fresh weight (FW, in 10 g), dry weight
(DW, in 107 g) and protein content (in 10°® g) per
30 anthers during pretreatment (+pre) and
without pretreatment (-pre).

green to yellow was observed during pre-
treatment and could be quantified by
spectrofotometric measurement of chloro-
phyll (Figure 1a). A similar degradation of

chlorophyll was also observed if anthers
were cultured without pretreatment (data
not shown).

Furthermore, a peak in ABA; concen-
tration was measured at day -3, during
pretreatment (Figure 1b) as well as
without pretreatment.

Moreover, during pretreatment large
changes in the rigidity of the anther wall
were observed. Furthermore, the increase
of anther fresh weight was quadrupled if
anthers were cultured without pretreat-
ment, whereas the value was only doubled
at the end of pretreatment (Figure 2a).
Much less difference was found in dry
weight with or without pretreatment
(Figure 2b). If anthers were cultured
without pretreatment the protein level
was relatively constant, whereas a
considerable loss of protein was observed
during pretreatment (Figure 2c).
Subsequently, the level of RNA and DNA
in anthers was determined during
pretreatment.

RNA isolation from microspores

Difficulties in isolating large amounts of
RNA from (immature) pollen were
experienced. In pilot experiments we
obtained very low yields of RNA from
microspores using a standard method for
total RNA isolation from leaves. As a
consequence, it took about 3 months to
collect sufficient material to obtain one
RNA sample of 10 pg. Traditional ways
to disrupt cells, like sonification or squas-
hing in the presence of sand did not result
in a yield improvement of RNA isolated
from the microspores. Most likely this
was due to the presence of the exine,
which is composed of sporopollenin, a
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Table 1: Genomic DNA and total RNA (in pg per 30 anthers) isolated from anthers, total RNA (in ug per
30 anthers) isolated from microspores at day 0, and microspore vitality (in %) during pretreatment.

a = anther, m = microspore

day DNA a RNA a RNA m % vitality

-4 283+1.2 24.3+5.1 n.d. 27.5x4.9

-3 13.5+1.3 15.4+9.2 n.d 21.0x0.0

2 10.4+1.8 7.6x4.0 n.d. 24.5%2.1

-1 2.4+0.5 2.6+0.8 n.d. 24.5+49

0 2.1x03 1.7+0.7 1.5+0.6 26.0+4.2
e — —

complex substance that is very resistant
to degradation (McCormick, 1993).
Besides this, pollen contain large amounts
of RNAses (Matousch and Tupy, 1985).
So, the main problem was the disruption
of the exine without degrading the RNA
inside the cell Application of glass
splinters and a specially designed pestle,
together with an operating temperature
below 0°C, were essential factors for a
succesfull RNA isolation. Typically, about
100 pgr total RNA per microspore was
isolated at day -4. Using the above descri-
bed protocol, for the most difficult stage,
namely microspores at day O, also about
100 pgr total RNA per embryogenic
microspore was routinely isolated. The
quality of the RNA was tested on agarose
gels. No degraded RNA was detected in
the samples (data not shown). The size of
the mRNA molecules was assessed using
RT-PCR amplification. This method
resulted in a banding pattern containing
cDNA fragments up to 2 Kb (data not
shown).
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Degradation processes in  anthers during
pretreatment

A considerable decrease of total RNA was
found during pretreatment (Table 1). At
day 0, the amount of total RNA obtained
from anthers was almost similar to that of
microspores. A decrease in the amount of
RNA in the anthers might be explained
by a strong reduction in the number of
viable cells. This is supported by the
observation that during pretreatment the
decrease in the amount of DNA and RNA
was of the same magnitude (Table 1).
Gelelectrophoresis of the DNA samples
showed a clear banding pattern, indicative
for extensive intranucleosomal cleavage
(Figure 3). Apparently the anther tissue
was dying due to the pretreatment, as no
decrease in RINA levels was found if an-
thers were cultured without pretreatment
directly on medium I (data not shown).
Therefore the viability of the microspores
in the anther tissue during pretreatment
was investigated. No difference was found
in the percentage of microspores that
fluoresced upon staining with FDA
between anther culture with (Table 1) or
without (data not shown) pretreatment.
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Figure 3: Genomic DNA (1 ug per lane), isolated
from anthers during pretreatment, was loaded on a
1% (w/v) agarose in TBE buffer, stained with
ethidium bromide and separated electropho-
retically. The number above each lane corresponds
with the day of pretreatment.

Domain directed differential display
Expression of three gene families was
investigated during pretreatment in
anthers isolated and cultured under sterile
conditions. Using differential display with
a family specific domain primer, several
transcripts of "ABA responsive” genes
were detected. One transcript of about
400 bp was pronouncedly present in the
anther samples of day -4 and -3, and was
also present in leaf and shoot samples.

In lane E1 and all microspore samples, an
aspecific fragment of slightly higher mole-
cular weight than the previous band, was
obtained when only the adapter primer
was present. Another RNA transcript of
about 650 bp was clearly present at day -
3 in the whole anther. Latter transcript
was observed also in the samples derived
from isolated microspores starting from
day -3 and was visible till the end of
pretreatment; expression was also found

432-10WAAITAM

Figure 5: Domain directed differential display for
glucanase of total RNA, derived from anthers
during pretreatment on mannitol with pre-
medium. The numbers above each lane correspond
with the day of pretreatment. M = molecular
weight marker (lambda DNA digested with Sspl);
A = aleurone; W = water; A, = aleurone with
adaptor primer; A, = aleurone with family specific
domain primer.

in the control samples of leaf, shoot and
embryo (Figure 4). Fragments ranging
from 300 upto 700 bp were expected
deduced from the size of known “ABA
responsive” genes in databanks.

If the primer, composed of base sequences
of a conserved region in the glucanase
family was used, one bright band was
detected in all pretreatment samples of
the anther tissue (Figure 5). Especially
small fragments, like the strong but broad
200 bp glucanase band, were diffuse due
to random annealing of the oligo-dT
primer to the poly-A tail (a fragment of
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Figure 4: Domain directed differential display for “ABA responsive” genes of total RNA, derived from both
anthers and microspores, during pretreatment on mannitol with pre-medium. The numbers above each lane
correspond with the day of pretreatment. M = molecular weight marker (lambda DNA digested with Sspl);
Ant =anther; Msp = microspore; L = leaf; S = shoot; E = embryo; W = water; E, = embryo with adaptor
primer; E, = embryo with family specific domain primer.
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Figure 6: Domain directed differential display for chitinase, derived from both anthers and microspores,
during pretreatment on mannitol with pre-medium. The numbers above each lane correspond with the day
of pretreatment. M = molecular weight marker (lambda DNA digested with Sspl); Ant = anther; Msp =
microspore; L = leaf; S = shoot; E = embryo; W = water; E, = embryo with adaptor primer; E, = embryo
with family specific domain primer.
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200 to 300 bp was expected from
databank information). Besides the strong
band, also a faint band was visible at
about 500 bp, which was due to aspecific
adapter priming (lane Al). With the
same approach, two chitinase RNAs of
about 300 and 500 bp, showed highest
expression in decreasing levels from day
-3 to day O of pretreatment in the anther
tissue, which correponded with the
expected sizes ranging between 300 and
500 bp (Figure 6). The chitinases,
however, appeared to be different from
the observed chitinases expressed in leaf,
shoot and embryo (Figure 6). The
aspecific adapter band in lane EI
appeared to be slightly larger than the
300 bp band.
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Figure 7: Plant formation in anther culture (in 96)
upon treatment with lipo-oligo saccharides (LOS,
in M) applied during or after pretreatment.

Note: Data are presented in percentages of
regeneration, since due to differences in
microspore developmental stage and ELS density
during culture, the absolute numbers varied. The
patterns of the figures were however, reproducible
throughout several experiments.

The influence of lipo-oligosaccharides on
androgenesis

Application of LOS was performed for
culture conditions, specified as during,
after and without pretreatment, with no
growth  regulators  present  during
pretreatment or in medium I.

If LOS were applied without pretreat-
ment, nearly no plants developed (data
not shown), as is wusual under this
condition (Hoekstra et al, 1996).
Applying LOS after pretreatment, did not
significantly improve plant production
(Figure 7). However, if LOS were applied
during pretreatment, a significant positive
effect on plant production was found with
an optimum at 107 M of LOS (Figure 7).

D iscussion

The process of senescence can be
described by features like a decline of
chlorophyll, a specific ABA; pattern, a
decrease in proteins and RNA levels,
while the DNA level remains constant,
and an increase of hydrolytic enzyme
concentration (Salisbury and Ross, 1991;
Smart, 1994). The colour change of the
anthers from green to yellow during
pretreatment observed in this study, was
accompanied by chlorophyll degradation
and perhaps due to starvation of
carbohydrates (Elamrani et al., 1994).
The decline of chlorophyll as well as the
specific pattern of ABA; (an increase
followed by a rapid decline) are typically
described for senescence (Smart, 1994)
and in this study observed upon culture in
vitro. These phenomena, apparently, are
not specific for the induction of
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gametophytic embryogenesis. In the
present work, under the conditions where
androgenesis was induced, in addition to
chlorophyll degradation, also protein and
RNA break down (resulting in mainly
microspore-derived RNA at day 0) was
observed. In contrast to what happens
during senescence however, we observed
DNA cleavage into well defined fragments
before total degradation occurred.
Degradation of DNA into oligomers of
oligonucleosome-sized ~ fragments  as
observed in this study, is a hallmark for
programmed cell death, which also is
called apoptosis (Raff, 1992). This author
describes that another characteristic of
apoptosis is shrinkage or fragmentation of
the nucleus and cytoplasm, avoiding the
cells contents being spilled in the
extracellular space and thereby preventing
accidental cell death. For further proof
for the occurence of programmed cell
death during pretreatment, is in progress.
In many of the cases studied until now,
an increase in the cytoplasmic calcium
concentration appears to serve as a
common, early signal for initiation of
apoptosis (Ojcius et al., 1991). Calcium is
also thought to activate preexisting
endogenous endonucleases (Bowen, 1993;
Mittler and Lam, in press). Some
developmental pathways as well as some
environmental insults, as disruption of
cell-matrix (Frisch and Francis, 1994) or
cell-cell (Bates et al., 1994) interactions,
or exposure to stress (Bowen, 1993),
result in the activation of apoptosis.
According to Greenberg et al. (1994),
active oxygen and peroxidation plays a
prominent role in apoptosis. In animals,
apoptosis is a ubiquitous phenomenon
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and plays an important role in the
development of organs and whole
organisms (Vaux et al., 1994) and in the
control of tissue homeostasis (Raff,
1992).

In plants, little is known about the
occurrence of apoptosis beyond the
descriptive level, but apoptosis is thought
to be involved in vascular tissue
development (Chasan, 1994) and in
hypersensitive response to pathogens
(Greenberg et al., 1994; Mittler and Lam,
in press). A specific level of stress or
certain cellular conditions are needed for
induction of apoptosis (Cotter and Al-
Rubeai, 1995; Mittler et al., 1995). This
could be in agreement with the specific
pretreatment  conditions required for
induction of gametophytic embryo-
genesis.

According to Sunderland et al. (1984) for
induction of androgenesis, degradation of the
tapetum as well as properties of the anther wall are
critical, and are more akin to those of maturing
anthers near to anthesis (Sunderland et al., 1984).
Comparison with literature data from microspore
development in vivo, reveal that in most species the
tapetum begins to degenerate shortly after the first
pollen mitosis and is usually not present anymore
at anthesis. So, anther dehiscence in vive involves
programmed destruction of specific cell types
(Goldberg et al., 1993). The development of
microspores, starting from the stage around the
first pollen grain mitosis, into mature anthers
normally takes 10 to 11 days (Hoekstra et al,
unpublished). During anther pretreatment,
degradation of the tapetum probably occurred
earlier and did not have taken more than 3 days
(see DNA level in Figure 3; Cho and Kasha, 1992).

From the data presented in this study,
we propose the following mechanism of
androgenesis induction. The anther is
exposed to several kinds of stress. Upon
harvest the cell-cell communication with
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the vascular tissue is interrupted and the
anther is placed on a solution containing
mannitol and caldum as major
components. In the anther tissue
chlorophyll breaks down, and ABA is
synthesized. At day -3 in the anther tissue
a peak in gene expression is observed of
stress-induced  genes  like  “ABA
responsive” genes and chitinase. The
observed ABA; peak at day -3 of

pretreatment  coincided ~ with  the
occurence of anther-derived "ABA
responsive”  transcripts.  Under  the

appropriate stress conditions, i.e. in the
presence of mannitol and 30 mM calcium
ions (Hoekstra et al., submitted),
nucleases that initiate programmed cell
death are activated. Accidental cell death
is prevented and thereby leakage of
endogenous ABA is limited. May be LOS
are freed from the anther tissue during
the process of apoptosis. Since the anther
tissue is degrading, the microspores
become gradually exposed to the
pretreatment solution and a specific level
of exogenous ABA. The microspores
enlarge under these osmotic circum-
stances and microspore-derived “ABA
responsive” transcripts, correspondig to
the specific exogenous ABA level, are
expressed: the production of what are
called embryogenic microspores, is
established at the end of pretreatment.
Degradation of the anther tissue for
induction of androgenesis probably
requires the activation of many genes that
are also initiated during the process of in
vivo anther dehiscence. An example are
genes that encode hydrolytic enzymes
required for cell wall degradation, such as
glucanases (Goldberg et al., 1993). Four

different glucanases have been isolated
during in vivo anther development in
Lathyrus sp. and the temporal pattern of
expression of each glucanase gene is
unique (Neelam and Sexton, 1995). In
this study, one major glucanase transcript,
being expressed throughout pretreatment,
was detected. The expression of both
glucanase and chitinase can be induced by
pathogens (Ignatius et al., 1994), and a
wide range of chemical compounds (van
Loon, 1985) like ethylene (Siefert et al.,
1994). Our data suggest that these
enzymes can also be induced under
aseptic  conditions by  apoptosis.
Moreover, these enzymes have been
detected in the medium of embryogenic
cell suspension cultures of barley (Kragh
et al., 1991) and are shown to play a role
in early embryo development in vitro
{DeJong et al., 1993). We detected diffe-
rent chitinase transcripts early during
pretreatment in the anther tissue, which
is slightly after the highest ethylene
production at 12 hours of culture (Cho
and Kasha, 1992). Indeed, Schmidt et al.
(1993) mentioned that chitinase genes
are also expressed in the absence of
pathogens and that not all plant-produced
chitinases do have an antifungal activity
in vitro. The observation that expression
of plant chitinases is correlated with plant
development indicates that chitin-like
molecules occur in uninfected plants and
could play a role in plant development
(Spaink and Lugtenberg, 1994). There is
growing evidence that plants may be able
to synthesize molecules analogous to Nod
factors, which stimulate division in
protoplasts derived from legumes and
non-legumes (Schmidt et al., 1993b;
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Spaink et al., 1993). Thus, rhizobial Nod
factors may be mimicking endogenous
plant factors and consequently receptors
for Nod factor-like molecules could be
present in both leguminous and non-
leguminous species, having a more general
role than symbiosis alone (Bono et al,
1995). In our study, a positive effect of
application of Nod-like molecules was
achieved, only when applied during
pretreatment. We speculate that under
optimal pretreatment conditions of
androgenesis, apoptosis induces anther-
derived glucanases and chitinases. Chiti-
nase subsequently releases LOS from the
anther wall, which contribute to the in-
duction of embryogenesis in microspores.
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hapter 7

General Discussion

In this chapter, first an overview of
efficiencies during the development from
microspore into plant will be described.
The tempting question  whether
androgenesis follows the process of
embryogenesis, is raised. Second a
mechanism by which androgenesis might
be induced is presented. Third, the major
parameters in the assumed model are
discussed, based on comparison with
literature.

Efﬁciencies and embryogenesis

The efficiency of microspore derived plant
production, determines the applicability
of androgenesis in breeding. In chapter 1,
2, 3, 4 and 5, factors have been described
that influence the plant production
efficiency. In table 1, an overview of
regeneration efficiencies of anther and
microspore culture with the model variety
of barley, cv. Igr, is presented. The
differences found in  regeneration
efficiencies, can be explained by
difference in the various parameters of

the method used. Data from Table 1
reveal that the regeneration efficiency of
barley androgenesis has been improved at
least five-fold (see also chapter 3), and
based on the results presented in chapter
5 a further improvement of about 40%
can be expected. In conclusion, after
comparison with literature data, the
importance of the major parameters
studied in the chapters 2 to 6, eg.
material selection including microspore
developmental stage, pretreatment and

growth  regulator  application,  is
confirmed.
With regard to the microspore

developmental stage, the existence of a
window for maximal plant production has
been described in chapter 2. In fact, the
required window of late uninucleate
microspore turned out to be very small.
It is probably linked with a specific stage
in the cell cycle. Apparently cells only
become competent, if the inducing trigger
is applied before stages of final
differentiation into mature pollen, with
characteristics like starch deposition,
mRNA accumulation (Goldberg et al,
1993), are commenced. Indeed,
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Table 1: Regeneration efficiencies reported in
literature for androgenesis in barley cv. Igri.
* suboptimal conditions

Reference(s) n plants
anther culture

Knudsen et al. 1989 2
Olsen 1987 4.6
Jahne et al. 1991 7.2
microspore culture

Ziauddin et al. 1990 29
Olsen 1991 9.4
Kuhlman et al. 1991 10
Mordhorst et al. 1993 4.8
Cistué et al. 1995 17.4
Hoekstra et al. chapter 2 12.4
Hoekstra et al. chapter 3 50
Hoekstra et al. chapter 4 158 |

Sangwan and Sangwan-Norreel (1987)
hypothesize that in all androgenic species,
starch accumulation only started at the
late bicellular stage, wheras in the
recalcitrant species accumulation occurred

throughout pollen development.
Espedially as in barley a large part of the
microspore  population spontaneously

diploidizes, the optimal stage might be
different compared to other species,
however, does not seem to be specific for
barley. In tobacco, the application of the
DNA replication inhibitor hydroxyurea
during  pretreatment, reveals accu-
mulation of vegetative cells with the
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nucleus in S-phase which correlates with
an increased embryo formation (Zarsky et
al., 1992). Similar results are obtained by

application  of the  microtubule
reorganizer, colchicine (Zaki and
Dickenson, 1991; Szakacs and Barnabas,
1995). These authors hypothesize

symmetrical division as being required for
embryo development. Considering the
efficiency during the development of
microspore into plant, in general high
frequencies of first divisions are observed,
although only a small fraction of the
microspore  population develops into
plants. To date, in the model species
Brassica napus cv. Topas at least 40% of
the microspores undergoes a first division,
but only 1% forms a plant (Custers et al.,
pers. comm.); in Nicotiana sp. upto 90% of
the microspores start to divide, but the
percentage that develops into plant has
never been critically determined (Heberle-
Bors et al., pers. comm.); in Hordeum
vulgare cv. Igri 15% of the microspores
progress until the first division three days
after isolation, and about 10% of the
isolated microspores develop into plants
(Hoekstra et al., unpublished data).
Apparently at most 10% of the
microspores develop into a plant and this
makes a hypothesis of many microspore
subpopulations  being  embryogenic,
possible. It would be very interesting to
evaluate which microspores eventually
develop into a plant. In collaboration
with dr. T. Golds and prof.dr. H.U. Koop
(University of Munich, Germany), a few
cell tracking experiments were performed.
Preliminary data revealed this to be
extremely difficult. Although Dbarley
microspores could be embedded in
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agarose (according to Golds et al., 1992)
which was necessary for position fixation
in a culture, the development upon
isolation dramatically progressed within a
few hours which hindered appropriate
determination of the  microspore
morphology directly after isolation. Upon
pretreatment in barley, a mixture of both
asymmetric and symmetric division was
observed and continuation of pollen
maturation has never been observed
under these conditions. In conclusion, cell
tracking could not be commenced beyond
the globular stage (about 16 days after
microspore isolation) and could not be
performed until and including the plantlet
stage (Hoekstra, Golds and Koop,
unpublished data). Sofar, no clear
evidence for the requirement of
symmetric divisions for embryogenic
development has been demonstrated to
my opinion, as the complete develop-
ment from a single microspore into a
plant has never been followed. Besides
Touraev et al. (1995) show that upon
symmetrical  division, = gametophytic
development can be completed in
tobacco, resulting in germination of
pollen. These authors only recently
observed similar to the situation in
barley, both symmetrical and asym-
metrical microspore mitoses and the
formation of multicellular structures from
the products of both types of division in
tobacco (Touraev et al., in press).
Furthermore, the plane of the first
division is supposed to be a first
indication whether the development of
microspore into plant indeed follows the
embryogenic pathway. Comparison of the
developmental pattern during gameto-

phytic and zygotic embryogenesis shows,
that the polarity of the zygote (Goldberg
et al, 1994) strongly resembles the
morphology of what is called an
embryogenic microspore. The importance
of an asymmetrical first division in
zygotic  embryogenesis  has  been
emphasized by de Jong et al. (1993).
West and Harada (1993) state that a
transverse and asymmetric division of the
zygote is not a prerequisite for
embryogenic development in all plants
and that there is no universal pattern of
early cell cleavages. Pattern formation in
the zygotic embryo of  Arabidopsis
depends largely on cell-cell commu-
nication (Jiirgens, 1995). According to
Meinke (1991) the initial division of the
zygote is often transverse, but subsequent
division patterns clearly differ between
taxonomic groups. For the monoco-
tyledonous species barley, early phases of
zygotic  embryogenesis are largely
characterized by irregular patterns of
early cell divisions (Sheridan, 1995).
From our investigations we also got the
impression that, with the exception of the
first division, other cell divisions within
the exine occur at random. However, a
random plane of division in early
gametophytic embryogenesis is also
observed in Brassica napus (Telmer et al.,
1995; Yeung et al., 1996). Latter authors
find some differences in the morphology
of zygotic and microspore-derived
embryos and obtain the indication from
their studies, that the tissues of the
microspore-derived embryo are not always
fully determined. Only after breakage of
the exine, in both species a protoderm is
formed, a key morphological feature of
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embryogenesis in androgenesis. Moreover,
from our microscopic observations no
indication for indirect or secondary
embryogenesis was found, since embryo-
like structures as a whole acquired a
smooth epidermal layer. These data do
not elucidate the questions when the
embryogenic  development of the
microspores is initiated and whether a
phase specific for gametophytic embryo-
genesis, that s characterized by
unorganized growth, preceeds embryo-
genesis. Based on the interpretation of
both literature and experimental data,
here the assumption is made that in
microspores the first (a)symmetric
division followed by an irregular pattern
of divisions, is part of an early direct
embryogenic pathway which takes place
under specified in vitro conditions.

A model proposed for the induction
of androgenesis

The importance of optimal pretreatment
for maximal microspore-derived plant
formation, has been demonstrated in
various chapters: the time of pretreatment
duration in chapter 2, the influence of the
osmolality in chapter 3, the presence of
anther tissue during pretreatment
(chapter 4) and the concentrations of as
well mannitol as calcium ions in chapter
5. Based on the results of chapter 4, 5
and 6, a model was generated by which
the mechanism of androgenesis induction
in barley might be explained. Key
experimental data have been used to
propose a mechanism for optimal plant
production from androgenesis and that is
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visualized in Figure 1 and will be outlined

below.

Note: In the description of the model two fonts are
used in order to differentiate between experimental
data and hypothesis: data from literature or from
previous chapters of this thesis are printed in
normal font, WHEREAS HYPOTHETICAL INFOR-
MATION IS DISPLAYED IN SMALL CAPITAL.

pon harvest and wounding, the
anther is subjected to stress in several
ways. First of all, cell-cell communication
is interrupted, and the supply of nutrients
from the vascular tissue has been cut off.
Secondly, under optimal conditions for
androgenesis the anther is subjected to a
stress treatment: the anther is placed on a
solution, containing mainly mannitol and
calcium ions. The anther wall blocks the
entry of these compounds into the locule
containing microspores. Sensing the
stress, the anther starts to break down the
chlorophyll and to increase the ABA,
level. Around day -3 general stress-
induced mRNAs, like “ABA responsive”
(Skriver and Mundy, 1990) and chitinase
(Collinge et al., 1993), are synthesized in
the anther tissue. THEREUPON, protein
and RNA are degraded, and between day
-3 and -2 de novo ABA synthesis takes
place. Under THE APPROPRIATE stress
conditions in the presence of calcdum
jons, CA’*-DEPENDENT ENDONUCLEASES
BECOME  ACTIVATED RESULTING IN
NUCLEOSOMAL FRAGMENTATION, leading
to programmed cell death or apoptosis.
THE PRESENCE OF MANNITOL IN THE
PRETREATMENT  SOLUTION  PREVENTS
ENHANCED ANTHER CELL DEATH DUE TO
AN INAPPROPRIATE OSMOTICAL LEVEL. As
a result of programmed cell death, the
ANTHER  tissue gradually degrades
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| ﬁ STRESS i I

Figure 1: A schematic presentation of the mecha-
nism proposed during anther pretreatment on
mannitol with pre-medium leading to androgenesis
in barley.
B = ABA, S =pretreatment solution,
= microspore, [3 = anther tissue

between day -3 and -1, ABA; DISPERSES
LITTLE BY LITTLE INTO THE
EXTRACELLULAR  SPACES AND THE
PRETREATMENT SOLUTION, AND LIPO-
OLIGO-SACCHARIDES (LOS) MIGHT BE
FREED FROM THE CELL WALL BY CHITINASE
ACTIVITY. An increase of the ABA, level is
already detectable 4 hours after the
anthers are placed on the solution. DUE
TO THE BREAK DOWN OF THE ANTHER
TISSUE, THE MICROSPORES WITHIN THE
ANTHER COME IN CONTACT WITH the
gradually increasing ABA, concentration
TOGETHER WITH THE PRETREATMENT
SOLUTION AND MAYBE LOS, STARTING
FROM DAY -2. From that time point on,
the microspores show expression of
mRNAs from “ABA responsive” genes. A
hypo-osmotical situation in 440 mOs/kg
{by calcium ions and mannitol) is created
resulting in fresh weight increase and
enlargement of the microspores, and
finally in the generation of embryogenic
microspores.

he question now rises, what happens
under  suboptimal conditions for
androgenesis, like the other three
conditions (pre-medium, mannitol and
water) analysed in chapter 5. In the
presence of pre-medium, CALCIUM IONS
PROMOTE PROGRAM MED CELL DEATH and
ABA is gradually released into the
solution until day -2. However, as no
mannitol is present, NO APPROPRIATE
OSMOTICAL ENVIRONMENT IS SENSED and
during the last stages of apoptosis around
day -1, STILL a rapid increase of ABA,
takes place. During pretreatment on
water or mannitol, calcium ions are
absent and a sudden extreme increase of
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ABA, occurs AS DURING ACCIDENTAL CELL
DEATH. In the presence of mannitol a
proper osmotical environment is created,
and the rise of the ABA, level is less
extreme compared to pretreatment on
water, but still far too high for optimal
induction of androgenesis.

The microspores respond OPTIMALLY to a
STIMULATORY BUT NON-TOXIC level of
ABA,, below 1000 pg/ml as in the
environment of pre-medium  with
mannitol at 440 mOs/kg. Under these
circumstances ABA SIGNAL
TRANSDUCTION ~ TAKES PLACE and
significant production of specific nRNAs,
like “ABA responsive” occurs in the
microspores. THESE TRANSCRIPTS AND
ACTIVATION OF OTHER GENES INVOLVED
IN STRESS RESPONSE PROBABLY ARE
REQUIRED FOR THE DEVELOPMENT INTO
EMBRYOGENIC MICROSPORES.

A central part in the above described
model for induction of androgenesis, is
activation of programmed cell death in
the anther tissue. Whether a cell will
divide, differentiate or undergo apoptosis
is determined by controls of the cell cycle,
which govern the transitions of cell
populations into and out of the
proliferative state (Jacobs, 1992; King
and Cidlowski, 1995; Meikrantz and
Schlegel, 1995). Certain cell cycle
proteins, like cyclin-dependent kinases
have been suggested to control apoptosis
(Meikrantz and Schlegel, 1995). Further
testing of the occurrence of apoptosis
during induction of embryogenesis would
be worthwhile. For example, it would be
interesting to know, whether Ca®*-
dependent endonuclease activity can be
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detected in the anther tissue (Mittler and
Lam, 1995), or whether fragmentation of
nuclei in cells from the anther wall can be
observed during different pretreatment
conditions (Earnshaw, 1995). Until very
recently, a correlation between activation
of programmed cell death and induction
of embryogenesis has not been published.
Havel and Durzan (1996) show that the
process of apoptosis occurs during diploid
parthenogenesis and early somatic
embryogenesis of spruce.

In the presented model, apoptosis
occurs in the anther tissue that surrounds
the microspores. However, in addition
apoptosis might take place in
microspores. Only in the species Brassica
and Nicotiana, microspores are generally
pretreated without the presence of anther
tissue, for development into a plant. In
other species only very few if any plants
are obtained when microspores are
pretreated without anther tissue (Table
2). Moreover, pretreatment of isolated
microspores more often results in plants,
if the pollen developmental stage at
pretreatment initiation is mid-binucleate
(Kyo and Harada, 1986). Wei et al
(1986) report the same for barley, and
mention that uninucleate pollen will die
when pretreated without anther tissue.

Several explanations for the difference
in capability of haploid plant production
can be argued, without the presence of
anther tissue during pretreatment,
considering tobacco and rapeseed versus
barley and rice. One reason might be that
suboptimal regeneration conditions have
been applied, comparable to the Kyo data
that are improved by Touraev; however,
after scrutinizing media and methods
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used, this seems to be very unlikely.
Another reason might be that the
concentration of a  mitosis-related
compound or signal (required for the
induction of stress genes leading to
embryogenic microspores), and that such
molecules are not present in unicellular
microspores and too low abundant or not
as active in rice and barley bicellular
pollen; it is plausible that the
concentration or activity of such
molecules is very dependent on the
developmental stage of the starting
material. Moreover, such molecules could
be generated in the right molarity, if
pretreatment takes place in the presence
of the anther tissue (the developmental
stage of the microspores progresses during
pretreatment within the anther).

A third reason might be that an
apoptosis-related compound or signal is
too low abundant in isolated uninucleate
microspores of rice and barley, and can be

generated by apoptosis in the anther
tissue both in vitro and in wive. Such
molecules could be supplied in vive by the
tapetal cells (these are present in vive only
till shortly after the first pollen mitosis;
Goldberg et al., 1993). ABA could play a
role in the model as a signal or by
retardation of cell cycle completion to
provide more time for the signal
transduction (Miiller et al., 1994). The
nature of such (a) signal(s) might be
diverse: it could also be a cell wall
component stored during this specific
developmental stage of the exine, or it
could be a nucleotide. Uridine e.g. is
found to act as a morphogen in plant
roots (Smit et al., 1995).

A last reason that can be argued is that
different species have a different
mechanism for the induction of
androgenesis, e.g. apoptosis is required in
monocotyledonous crops, whereas this is
not the case in dicotyledonous species.

Table 2: Plant production from isolated microspores pretreated without anther tissue presence in
various species, with the developmental stage at isolation, plant production, and the corresponding

references listed.
* 5-10% are mitotic or bicellular pollen

Species  Stage embryos plants
Brassica U/B* many many
Nicotiana ~ U/B* many many
Nicotiana U 0 0

B many 0
Hordeum U 0 0

B many 14
Hordeum U 0 0
Oryza B many 3

Reference(s)
Gland et al. 1988; Custers et al. 1994

Touraev et al. 1996
Kyo and Harada 1986

Wei et al. 1986
Hoekstra et al. chapter 4 and

unpublished data
Ogawa et al. 1994
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25°C (chapter 5), if compared to cold

Pretreatmcnts that induce andro-  pretreatment of spikes where no extra
genesis and a comparison with  calcium ions are added, can be explained

somatic embryogenesis

by a 15-fold increased influx of calcium at
4°C compared to 25°C (Monroy and

Activation of the cell death process is  Dhindsa, 1995).
dependent on certain cellular conditions,

and a spedific
level of stress is
needed (Cotter
and Al-Rubeai,
1995; Mittler et
al., 1995). In
chapter 5, the
importance  of
relatively  high
calcium con-
centrations du-
ring pretreat-
ment is demon-
strated for
barley. As
already
mentioned
earlier,
microspores are
equally
efficiently
induced into the

sporophytic
pathway  after
cold pre-
treatment of
barley  spikes.
The  beneficial
effect of
increased
calcium con-

centration
during anther
pretreatment at
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Table 3: Various treatments that induce gametophytic embryogenesis in different
species, with the the most important references.

Species

Nicotiana

Brassica

Triticum

Zea

Hordeum

Inducer Reference(s) i

starvation Kyo and Harada 1986
Heberle-Bors 1989

starvation plus heat ~ Touraev et al. 1996

heat Pechan et al. 1991
Custers et al. 1994

gamma irradiation MacDonald et al. 1988
Pechan and Keller 1989

ethanol Pechan and Keller 1989
colchicine Zhao et al. 1995

anther dissection Osolnik et al. 1993

spike in water Mejza et al. 1993
colchicine Szakacs and Barnabas 1995

starvation plus ABA  Huetal 1995

starvation plus heat ~ Touraev et al. in press

cold plus heat Genovesi 1990

proline on donor Biiter et al. 1991

cold Huang and Sunderland 1982

starvation Roberts-Oehlschlager and Dunwell 1990
Hoekstra et al. chapter 3, 5

24D Hoekstra et al. chapter 4 i

LOS Hoekstra et al. chapter 6

=T == T
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In all conditions required for induc-
tion of androgenesis  mentioned
throughout this thesis, single or multiple
forms of stress are involved. During
pretreatment, osmotic stress is evident.
Further, both BAP and 2,4-D are used in
combination with mannitol pretreatment,
at very high concentrations (10° M or
higher), exceeding physiological
concentrations (chapter 2, 3 and 4).
Moreover, in chapter 4 is demonstrated
that by application of extremely high 2.,4-
D concentrations (10* M for 72 hours),
also plant formation is possible without
mannitol starvation. An overall compa-
rison of treatments applied for induction
of gametophytic embryogenesis in
different species are listed in Table 3 and
revealed that all treatments can be
characterized by the term “stress”.
Further, the requirement of different

Table 4: Various treatments that induce somatic embryogenesis in for

Daucus carota with the most important references.
" in Trifolium sp., Linum sp. and Brassica napus.

stress treatments per species is obvious.
On the contrary, recent experiments by
Touraev et al. (1996 and in press)
indicate that there might be a unified
model for induction of androgenesis. If
these inducing treatments for andro-
genesis are compared with treatments
applied for induction of somatic
embryogenesis (Table 4), a high degree of
similarity can be observed.
Indeed, Dudits et al. (1991) proposed as
a working hypothesis that the formation
of embryos in vitro is a stress response.
The method described by the group of
Komamine (Osuga and Komamine,
1995), requires levels of CaCl, and
mannitol that approach the
concentrations used in chapter 5 (resp. 30
mM and 0.3M), except that the level of
2,4-D is 20 times lower. Masuda et al.
(1995) use in the same carrot system the
presence of 0.4 uM 2,4-D

12 till 24 hours,
which is a ten times
reduced concentration

Inducer Reference(s)

0.05 uM 2,4-D, 15 mM CaCl,,
0.2 M mannitol

12-24 hours 0.4 uM 2,4-D

BAP' Merkle 1990
cold treatment donor Krul 1993
plasmolysis

wounding, pH

heavy metals
Roustan 1989

Osuga and Komamine 1995

Kamada et al. 1979

Wetherell 1984
Smith and Krikorian 1990a, b

Kiyosue et al 1990 and 1992

compared to our results
(chapter 4). Zimmerman
(1993) mentioned that
the time and
concentration of 2,4-D
required for induction
depends on the nature of
the explant and its
competence for embryo-
genesis. The dose-
response characteristics of
growth regulators are
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likely to result from sensitivity variation
among the individual cells that constitute
the responding tissue. In addition,
biotime may be passing at different rates
among individual cells or tissues of a
single plant (Bradford and Trewavas,
1994). It is remarkable that somatic
embryogenesis can also be induced by
BAP in clovers, flax and oilseed rape
{Merkle 1990). Besides, growth regulators
are not necessary for induction in carrot
as mechanically wounded mature zygotic
embryos respond in hormone-free
medium under specific pH conditions
(Smith and Krikorian 1990a and b). The
alternative pretreatment in barley andro-
genesis is cold incubation of spikes, and
in carrot somatic embryogenesis is
enhanced by cold pretreatment of stock
plants (Krul, 1993). Further typical stress
treatments like heavy metals also induce
somatic embryogenesis (Kiyosue et al.,
1990, 1992; Roustan, 1989). Finally it is

Table 5: Examples of a transcript or protein that is induced under different

environmental conditions.

worth to mention that pseudomeiosis is
related to the acquisition of totipotency
in vitro (Terzi and LoSchiavo, 1990).
Their results provide another indication
for the existence of a general mechanism
for induction of both gametophytic and
somatic embryogenesis.

V' arious stress treatments leading
to one pathway or one response?

The question is raised, whether all these
different stress treatments listed in Table
3 and 4, can activate expression of (the
same) genes required for the same cellular
response: induction of embryogenesis. In
Table 5, a few examples are presented of a
transcript or protein that is induced
under a variety of environmental stimuli
used for androgenesis induction. Data
from Table 5 indicate further that there is
a variety of transcripts or proteins
induced  under
apparently similar
conditions.
Below,

Stress type

carbon starvation, highT

water, lowT, highT, ABA, NaCl

lowT, ABA, osmoticum

carbon starvation, highT, heavy metals
water, ABA, salt,drought

References

Tassi et al. 1993
Pareek et al. 1995
Wang et al. 1995

molecular mecha-
nisms are outlined
that contribute to
a general stress
response
according to Ruis

water, lowT, ABA
highT, ABA, heavy metals, ethylene, 2,4-D

lowT, ostmicum, dehydration

Hsieh et al. 1995 and  Schueller
L (1995), together
Ishitani et al. 1995 with other
Ling et al. 1992 relevant literature
Czarnecka et al. 1988 data-. Some
proteins  already

Holappa and Walker-
Simmons 1995
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to stress conditions, like protein kinases,
will be activated by stress signals, as
immediate or early response in the stress
signal transduction pathway. For example
from the wheat abscisic acid-responsive
protein kinase, PKABAI, is suggested
that it may be part of general
environmental stress responses. Latter
gene shares homology with yeast SNF1
protein kinases that are responsive to
nutrient stress (Holappa and Walker-
Simmons, 1995) indicating possible
eukaryotic conservation of a general stress
response. According to Ruis and Schueller
(1995), such immediate or early
responses initiate delayed or late
responses, e.g. the synthesis of heat shock
proteins (HSP). These delayed responses
will protect cells more permanently and
effectively by allowing an adaptation to
persistent stress. Specific gene control
elements and stress-activated transcrip-
tion factors, like heat shock factors (HSF)
binding to them, are necessary for this
production of protective proteins. T h e
investigations of Pareek and co-workers
(1995) on HSP, also called stress
proteins, are a good example for support
of the model of androgenesis induction
presented in this thesis. These authors
observed the accumulation of two HMW
HSPs of 90 and 104 kDa, when rice
plants were subjected to high- and low-
temperature stress, salinity, water stress,
and exogenous abscisic acid application.
Moreover in response to  high-
temperature stress, the same poly-
peptides were found in wheat, sorghum,
pea, maize, mustard and yeast. These
authors suggest that both proteins are
conserved  stress proteins. Indeed,

conservation of the nucleotide sequence
of both HSP genes and their transcrip-
tional activators, HSF genes, has well
been characterized in at least certain cases
(Czarnecka-Verner et al. 1995; Vierling,
1994). Different stress conditions
according to Ruis and Schueller (1995),
might trigger a general stress response by
creating the same intracellular signal, like
alterations in cytoskeletal structures. In
the moss Funaria hygrometrica, a similar
disturbance of polar growth is observed
upon exposure to cither the heavy metal
lead or colchicine (Basile et al., 1995).
Different parts of the described general
stress response mechanism can be
recognized in the data available for the
androgenesis model Brassica napus:
induction is accompanied by accumu-
lation of 70kDa HSP (Cordewener et al.,
1995) and changes in the cytoskeleton,
i.e. disappearance of microtubular arrays,
are observed upon heat treatment (Hause
et al., 1993). By application of the micro-
tubule disruptor colchicine, Zhao et al.
(1996) show that without heat treatment,
rapeseced microspores can also complete
the sporophytic pathway. These data
indicate (only) a general stress response
during induction of embryogenesis.
Activation of hsp genes may simply
reflect a normal stress response, but it is
also possible that specific HSPs are
directly associated with the process of
induction of androgenesis. The latter
possibility is not unlikely, since over the
last few years it has become clear that
many hsp genes, in animals as well as in
plants, are not only induced by heat or
sometimes by other stress factors, but are
also developmentally regulated, primarily
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during gametogenesis and embryogenesis
(Atkinson et al., 1993; Marrs et al., 1993;
Zarsky et al., 1995). An alfalfa LMW hsp
gene is transcriptionally activated in early
somatic embryos (Gybrgyey et al., 1991).
Using this alfalfa cDNA clone, a tobacco
homologue was isolated and its expression
pattern studied in tobacco. Northern
analysis reveals that the transcript is
detected in both early microspore-derived
and zygotic  embryos, expression is
activated at normal temperature during
the dehydration phase of in situ pollen
development, and a dramatic increase of
the transcript level is found upon in vitro
starvation leading to embryogenic
microspores (Zarksy et al., 1995).

Further, the compound 2.4-D also
induces  accumulation  of  HSPs
(Czarnecka et al., 1988). Genes that are
induced upon 2,4-D treatment have been
isolated. Droog et al. (1993) demonstrate
that the encoded proteins show homology
with glutathione S-transferases. Such 2.,4-
D-inducible glutathione S-transferases are
not related to auxin activity or to changes
in the endogenous auxin levels (Flury et
al., 1995). Functions proposed for the
protein by Droog et al. (1993) are
protection against damaging effects of
oxidative reactions or induction of plant
defense genes. Besides, a glutathione S-
transferase gene is found to be induced
during senescence (Smart et al., 1995).
All data available on 2,4-D induced
proteins, point to a role in certain types
of stress.

After application of 2,4-D to an
alfalfa microcallus suspension, the level of
expression of the cdc2 gene was
significantly increased (Dudits et al,

100

1991). The cdc2 encodes a protein
kinase, p34, which is assumed to be a key
regulatory element in the cell cycle
control (Nagl, 1995). The Arabidopsis
cdc2a gene expression is not always
coupled with cell proliferation, but may
reflect a state of competence to divide
and is induced upon 2,4-D treatment
(Hemerly et al, 1993). Comparable
accumulation of the cdc2 transcript, is
detected when LOS are applied (Spaink
et al., 1994). Such chitin derivatives also
occur in secondary plant cell walls of
various plant species (Benhamou and
Asselin, 1989; Spaink et al, 1993).
Expression of some plant chitinases is
correlated with plant development,
indicating also that chitin-like molecules
occur in uninfected plants and could play
a role in plant development (Spaink et al.,
1994). It would be interesting to
investigate which molecule specifically is
required for induction of barley
androgenesis, as a mixture of four
different molecules is applied in the LOS
experiments described in chapter 6.
Chitin-like molecules could be rather
generally involved in induction of
embryogenesis, as these molecules even
might play a role during embryogenesis in
vertebrates (Spaink et al., 1994).

Genes involved in the induction of
embryogenesis

From the text above, it is clear that sofar
aspecific, general stress responsive genes
and their products are found to be
associated with induction of embryo-
genesis. Little is known about specific
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genes involved in the induction of and
during early embryogenesis, as analysis is
hampered by  apparent  material
availability. One gene that produces a
lipid transfer protein (EP2) has been
particularly useful as a marker for
epidermdl cell differentiation during
embryogenesis (Sterk et al., 1991). In two
other studies genes are isolated about 3
days after transfer to auxin free medium
and both studies assume that the gene
products play an important role as a cell
wall protein (Dudits et al., 1991; Sato et
al., 1995). Further, a cDNA differentially
expressed in carrot hypocotyls after 10
hours of 2,4-D treatment, shows no
homology with the EMBL nucleotide
sequence data base (Nagata et al., 1993).
Recently PCR methods are used such as
mRNA differential display (Liang and
Pardee, 1992) espedially suitable for small
amounts of tissue aiming at identification
of active genes. Using this method,
Momiyama et al. (1995) detected
differential expression (of unknown
function) in early stages of eggplant
embryogenesis. Recently Schmidt et al.
(in preparation) isolated a serine kinase
gene, that is correlated with very early
stages of somatic embryogenesis in Daucus
carota. Specifically on molecular analysis
of gametophytic embryogenesis, sofar
only one publication appeared. In wheat,
two embryoid-abundant genes  of
unknown function are detected which
activity starts 2 days after isolation
(Reynolds et al., 1992). Very recently a
first confirmation of part of the model is
found in the results of Reynolds et al. (in
press). His data show accumulation of an
ABA-responsive, early cysteine-labeled

metallothionein transcript during the first
24 to 48 hours of wheat anther culture.
The transcript is absent in freshly isolated
anther tissue, but is also present in
developing zygotic embryos. He further
finds ABA biosynthesis a requirement for
the ability of microspores to form
embryoids.

The importance of the cell wall

Studies aiming at detection of
morphological  differences  between
embryogenic and non-embryogenic tissue
reveal the importance of cell-cell
communication. Once the embryogenic
nature is established, characteristics of
embryogenic cells are a closer adherence
and a higher number of plasmodesmata
(Emons et al., 1992; Kikuchi et al.,
1995). Plasmolysis of explant cells is
shown to enhance induction of somatic
embryogenesis in carrot. These factors are
presumed to alter the epigenetic state of
cells, and may be related in their ability
to disrupt the cell-cell interactions
required to maintain coordinated patterns
of development (Merkle, 1990).
Comparison with the situation during the
early stage of zygotic embryogenesis
shows a barrier between the inner ovule
cell layer and the embryo sac which
prevents the direct transfer of material
between these compartments (disruption
of cell-cell interaction) (Goldberg et al,,
1994). Other factors found to cause
enhancement of embryogenesis induction,
are  arabino-galactan-proteins  (AGP)
(Kreuger et al, 1995; Egersdotter and
VonAmold, 1995). AGPs are proteo-
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glycans occurring on cell membranes and
are supposed to play a role in ao.
pathogen defense (Kreuger and VanHolst,
in press). Recently is shown, that AGPs
identify those cells of the coleoptile which
are committed to programmed cell death
(Schindler et al., 1995). Based on the
model presented in this chapter, these
data could be in agreement and support
the importance of the cell wall. In  the
Fucus zygote it is shown that different
cell fates may be imprinted into the cell
wall (Berger et al., 1994).

It might be that cells in vitro have the
potential to produce putative maternal or
gametophytic factors under the proper
conditions. According to Goldberg et al.
(1994) literature data suggest that
embryo  morphogenesis and  cell
specification events are directed primarily
by the expression of the zygotic genome
after the fertilization process, which
would significantly differ from animals in
which  maternally supplied factors
influence the patterns of early embryo
development. However, with the
involvement of programmed cell death
during in vitro embryogenesis, putative
apoptosis-derived compounds, factors
from the cell wall and cell-cell
communication might mimick maternal
factors occurring during zygotic embryo-
genesis.

Concluding Remarks

The aim of this thesis was two-fold, as is
described in chapter 1, a “direct-breeding-
applicable” part and a fundamental part.
Parameters which are directly applicable
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in breeding for the production of doubled
haploids in barley are presented in
chapter 2, 3, 4 and 6. Further, the
fundamental part focussed on analysis of
the anther pretreatment (chapter 5 and
6), and resulted in the model which is
described above in detail. The model
presented provides two valuable tools for
optimization of androgenesis. Both
screening for the occurrence of apoptosis
and determination of the extracellular
ABA concentration during pretreatment
are fast and efficient methods which can
be performed within a few days in small
amounts of tissue, further enabling
improvement of androgenesis-derived
plants in breeding.

A research lead for the future is
evaluation of the fit of the pretreatment
model for a variety of species in andro-
genesis as well as somatic embryogenesis.
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S ummery

The research described in this thesis
deals with the optimization of
androgenesis, a method by which
(doubled) haploid plants from immature
pollen or microspores are created. In
addition, physiological and molecular
aspects of androgenesis induction were
studied. The method was performed with
the crop barley (Hordeum vulgare L.) and
in all chapters mainly the model cultivar
Igri was used. Haploid plants contain half
the genetic information of what is
generally present in a (diploid) plant.
Such haploid plants are an important tool
in plant breeding for the development of
new varieties with desired traits. Often, it
can be rather complicated to determine
the presence of a trait in a certain plant.
Desired traits, like many disease
resistances, are encoded by multiple genes
that differ in level of dominance. The use
of haploid plants enables a.o. to verify the
presence of these problematic polygenic
resistances, what is called fixation of
traits. By integration of androgenesis-
derived plants in breeding, the quality
and the efficiency for the development of
new varieties can be improved.

In chapter 1 the importance of a
reproducible method for the production
of doubled haploid is outlined.
Furthermore, the state of the art in the
literature and the lack of knowledge in
this field are indicated. Based on these
data and from the results presented in

this thesis, three preconditions are
formulated for an efficient induction of
microspore-derived plant production: (i)
the explant should be in the late-
uninucleate microspore developmental
stage, (ii) a pretreatment of anthers
should be applied and (iii) growth
regulators should be added into the
culture medium. These preconditions are
the key factors that are investigated in
the following chapters.

In chapter 2 the basic method is
described, in which material is used
grown under controlled environmental
conditions. The influence of  four
parameters on plant regeneration, namely
(i) the microspore developmental stage,
(i) the duration of pretreatment, (iii) the
composition of media and (iiii) the
application of aeration, is tested. Optimal
regeneration frequencies were obtained, if
(i) at least 50% of the microspores were
in the mid-late to late uninucleate stage
at harvest of the anthers, if (ii) anthers
were pretreated on a mannitol containing
solution for 4 days, and if (iii) oxygen was
supplied regularly to the cultures.
Addition of vitamines and caseine
hydrolysate to the culture medium
stimulated  regeneration only in
microspore culture. Little if any effect was
observed in anther culture. Microspore
culture was at least five times more
efficient in plant production than anther
culture, resulting in 12,4 green plants per
anther.
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In chapter 3 studies on further
optimization of the method for
microspore culture is presented. The
importance of the osmolality during
pretreatment and in culture was
demonstrated. Further, it is described
how an embryogenic subpopulation of
microspores can  be  recognized.
Combination of optimal osmolality with
adjustment of the microspore population
with regards to homogenity, by
standardizing the density of embryogenic
microspores, resulted in 50 green plants
per anther.

In chapter 4 the effect of varying the
growth regulator concentration in anther
and microspore cultures is shown. In
stead of the generally applied cytokinine
called benzylaminopurine (BAP), the
synthetic auxine 2,4-dichlorophenoxy
acetic acid (2,4-D) was used. Both a 2,4-
D concentration of 10° M continuously
present in the culture medium, and a
higher concentration present for a
shortened period of time (10* M for 1
hour), resulted in similar regeneration
frequencies. The values observed were
comparable to those for the regeneration
obtained in BAP-derived cultures (see
chapter 2 and 3). Production of plants in
the absence of pretreatment also was
possible, although at lower frequendies. It
is concluded, that application of 10* M
2,4-D for 1 hour might be a more general
applicable regeneration method, since
barley microspores as well as small
clusters of Daucus carota cells in
suspension culture produce plants under
such inductive conditions.

Chapter 5 and 6 deal with the
pretreatment conditions for the anther
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tissue. In chapter 5 the influence of
mannitol and calcium jon concentrations
during pretreatment on regeneration
frequency is presented. Optimal results
were obtained by anther pretreatment on
pre-medium containing 30 mM CaCl,
dissolved in mannitol upto an osmolality
of 440 mOs/kg. During pretreatment the
concentration of abscisic acid (ABA), a
stress-related hormone, was determined.
A peak of endogenous ABA after 24 hours
of pretreatment was found, which does
not correlate  with induction of
androgenesis. The level of exogenous ABA
however, proved to be important and was
furhter analysed by either removal of
pretreatment solution or application of
the ABA biosynthesis inhibitor fluridone.
The results show that for optimal
development of plants the exogenous
ABA concentration should be at a specific
level between 24 and 48 hours after
initiation of pretreatment.

In chapter 6 the question is addressed
whether senescense is involved during
pretreatment, and characteristics thereof
are determined. It appeared that not the
process of senescense, but programmed
cell death or apoptosis took place. Based
on ecxpression patterns generated by
domain directed differential display for
“ABA responsive” genes, chitinase genes
and glucanase genes, a model for
induction of androgenesis in pretreated
anthers is proposed. In the model, the
process of calcdium induced apoptosis
plays a central role. Apoptosis is induced
in the presence of calcdium ions by
calcium-depending nucleases. Since no
necrotic cell death occurs, the exogenous
ABA concentration increases little by



Summary

little during pretreatment. A stimulating,
but non-toxic concentration of exogenous
ABA induces the expression of specific
“ABA  responsive” genes in the
microspores, resulting in the generation of
embryogenic microspores at the end of
anther pretreatment. Besides an observed
stimulating effect of lipo-oligosaccharide
(LOS) addition during pretreatment on
plant production, is integrated in the
described model.

In the last chapter the model of
androgenesis induction is discussed in
more detail. Aspects like the microspore

developmental stage, the presence of the
anther wall and various stress-inducing
agents are reviewed. A comparison is
made for induction of embryogenesis
derived from either gametes or somatic
cells. Moreover, efficiencies during barley
androgenesis are compared with Brassica
napus and Nicotiana tabacum. From this
information, the embryogenic microspore
type and the question whether the
development of microspore into plant
follows the embryogenic route, is
discussed and compared with the process
in planta, zygotic embryogenesis.
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S amenvatting

Dit proefschrift  beschrijft  het
optimaliseren van androgenese, een
methode voor het genereren van
(verdubbelde) haploide planten it
onrijpe stuifmeelkorrels, die microsporen
worden genoemd. Daamnaast heeft een
studie van fysiologische en moleculaire
aspecten van androgenese plaats
gevonden. Deze methode is toegepast bij
het gewas gerst (FHordeum vulgare L.) en in
alle hoofdstukken is voornamelijk de
model cultivar Igri gebruikt. Haploide
planten bevatten de helft van alle
genetische informatie, die normaal
gesproken in een (diploide) plant
aanwezig is. Dergelijke planten zijn een
belangrijk hulpmiddel in de
plantenveredeling voor de ontwikkeling
van nieuwe rassen met gewenste
eigenschappen. In veel gevallen is het niet
eenvoudig om vast te stellen of een plant
bepaalde nuttige eigenschappen bezit.

Gewenste  eigenschappen, zoals  bij
voorbeeld vele soorten van ziekte-
resistentie, worden gecodeerd door

meerdere genen die elk verschillende
niveaus van dominantie kunnen bezitten.
In haploide planten is het o.a. mogelijk
om de aanwezigheid van deze lastige
zogenaamde polygene resistenties aan te
tonen. Dit wordt het fixeren van
eigenschappen genoemd. Door integratie
van via androgenese verkregen planten in
de veredeling, kan de kwaliteit en de
efficientie bij het ontwikkelen van nieuwe

rassen worden verbeterd.

In hoofdstuk 1 wordt het belang van
een toepasbare methode voor produktie
van verdubbelde haploiden nader
toegelicht. Voorts zijn in dit hoofdstuk
naast de stand van zaken in de literatuur
tevens de lacunes in kennis op dit
vakgebiek aangegeven. Gebleken is dat
voor inductie van plant produktie via
microsporen, aan een drietal voorwaarden
voldaan moet worden: (i)  het
uitgangsmateriaal moet in het laat-
uninucleate microsporen ontwikkelings-
stadium zijn, (ii) er moet een
voorbehandeling toegepast worden, en
(iii) er moeten groeiregulatoren in het
cultuur medium worden toegediend. Deze
voorwaarden zijn in de volgende
hoofdstukken nader beschreven.

In hoofdstuk 2 wordt de basis methode
beschreven, waarbij wordt gebruik
gemaakt van antheren die afkomstig zijn
van planten die zijn opgegroeid onder
geconditioneerde  omstandigheden. De
invloed van een aantal factoren op
regeneratie van planten, namelijk (i) het
microsporen ontwikkelingsstadium in de
anther, (ii) de lengte van voorbehandeling
van de anther, (iii) de samenstelling van
media en (jiii) gebruik van aeratie,
werden uitgetest. De beste regeneratie
frequenties werden  verkregen, als
tenminste 50% van de microsporen in het
mid-laat tot laat uninucleate stadium was,
als antheren gedurende 4 dagen op een
mannitol bevattende oplossing voor-
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behandeld waren en als regelmatig
zuurstof aan de cultures werd toegevoegd.
Toevoeging van vitamines en caseine
hydrolysaat aan het cultuurmedium heeft
alleen een positief effect op microsporen
cultuur. Weinig of geen effect werd
waargenomen voor antheren cultuur. Bij
toepassing van microsporen cultuur in
plaats van antheren cultuur, werden
minimaal vijff keer zo veel planten
verkregen, resulterend in 12,4 groene
planten per anther.

In hoofdstuk 3 wordt het onderzoek
behandeld dat tot doel had de methode
van microsporen cultuur verder te
optimaliseren. Aangetoond werd dat de
osmolaliteit tijdens de voorbehandeling
en in het kweekmedium van belang was.
Verder werd vastgesteld hoe een
embryogene subpopulatie microsporen
kan worden herkend. In combinatie met
een optimale osmolaliteit, resulteerde
standaardisatie van de dichtheid van de
subpopulatie embryogene microsporen, in
50 groene planten per anther.

In hoofdstuk 4 wordt het effect van het
varieren van de groeistof concentratie in
microsporen cultures getoond. In plaats
van het algemeen gebruikte cytokinine,
dat benzylaminopurine (BAP) genoemd
wordt, werd het synthetische auxine 2,4-
dichlorophenoxy acetic acid (2,4-D)
toegediend. Aangetoond werd dat zowel
een  continue  aanwezigheid van
concentratie 2,4-D (10° M) in het
kweekmedium, als een hogere
concentratie, maar dan gedurende een
kortere tijd (10* M gedurende 1 uur),
resulteerde in  dezelfde regeneratie
frequenties. Er werden waarden gevonden
die vergelijkbaar zijn met waarden
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verkregen uit kweken met BAP (zie
hoofdstuk 2 en 3). In afwezigheid van een
voorbehandeling van antheren is het
eveneens mogelijk om, weliswaar in lagere
frequenties, plant vorming te induceren.
Geconcludeerd is, dat toepassing van 10
M 2,4-D gedurende 1 uur kennelijk een
meer algemeen toepasbare methode is
voor regeneratie, aangezien deze conditie
zowel bij gerst microsporen als bij kleine
clusters van Daucus carota cellen in
suspensiekweken, leidt tot  goede
plantvorming.

Hoofdstuk 5 en 6 handelen over de
voorbehandelings condities van antheren.
In hoofdstuk 5 wordt de invioed van
mannitol en calcium jon concentraties
tijdens de voorbehandeling op regeneratie
frequentie getoond. De beste resultaten
werden verkregen door antheren een
voorbehandeling te geven op pre-medium
dat 30 mM CaCl, bevatte en was opgelost
in mannitol tot een osmolaliteit van 440
mOs/kg. Er werd tevens nagegaan in
hoeverre de concentratie van abscisine
zuur (ABA), een stress-gerelateerd
hormoon, een rol speelt tijdens de
voorbehandeling. Een piek van endogeen
ABA na de eerste 24 wuren van
voorbehandeling werd waargenomen.
Deze was niet gecorreleerd met de
inductie van androgenese. Met behulp
van het wegvangen van exogeen ABA of
het toedienen van de biosynthese remmer
fluridone, werd geconstateerd dat het
niveau van exogeen ABA tussen 24 en 48
uur na het begin van de voorbehandeling,
een specifiek niveau moet hebben voor
optimale ontwikkeling van planten.

In hoofdstuk 6 is gekeken of er sprake
is van een verouderingsproces tijdens de



Samenvatting

voorbehandeling van antheren en zijn de
daarvoor  karakteristicke  kenmerken
bestudeerd. Uit deze studie bleek dat er
geen veroudering, maar  geprogram-
meerde cel dood, ook wel apoptosis
genoemd, plaats vond. Op basis van
expressie patronen verkregen met domein
specifieke differential display’s voor “ABA
responsieve” genen, chitinase genen en
glucanase genen, is een model voor
inductie van androgenese voorgesteld.
Een centrale rol in dit model speelt het
proces van apoptosis. In aanwezigheid
van caldum ionen wordt apoptosis
geinduceerd m.b.v. calcium-afhankelijke
nucleases. Doordat er geen necrotische
celdood plaats vindt, stijgt het gehalte
van exogeen ABA geleidelijk tijdens de
voorbehandeling. Een stimulerende, maar
niet-toxische concentratie van exogeen
ABA initieert de expressie van specificke
‘ABA responsieve’ genen in microsporen,
dat uiteindelijk leidt tot het ontstaan van
embryogene microsporen aan het einde
van de antheren voorbehandeling.
Bovendien is een  waargenomen

stimulerend effect van toediening van
lipo-oligosacchariden (LOS) tijdens de
voorbehandeling op plant produktie,
verwerkt in het beschreven model.

In het laatste hoofdstuk wordt het
model van inductie van androgenese,
uitgebreid bediscussieerd. Aspecten als
het microsporen ontwikkelingsstadium de
aanwezigheid van de antherewand en
verschillende stress-inducerende agentia
worden besproken. Tevens wordt een
vergelijking gemaakt voor inductie van
embryogenese  vanuit gameten en
somatische cellen. Daarnaast worden
efficienties tijdens gerst androgenese
vergeleken met de andere modelgewassen
Brassica napus en Nicotiana tabacum. Aan
de hand van deze informatie wordt het
embryogene type microspore en het
optreden van  het proces van
embryogenese in de ontwikkeling van
microsporen tot plant, bediscussieerd en
vergeleken met het proces dat plaats vindt
aan de plant, de  zygotische
embryogenese.
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S tellingen

Integratie van androgenese in de plantenveredeling wordt belemmerd door
onderschatting van complexiteit van het biologische proces en daardoor ook van
de methodiek.

2,4-D is een stof, die embryogenese induceert in plantecellen, mits het in een
niet-physiologische concentratie en bepaalde tijdsduur toegepast wordt.
Dit proefschrift.

Geprogrammeerde celdood of apoptosis ten gevolge van specificke stress
condities, is nodig voor inductie van in vitro embryogenese.
Dit proefschrift.

De conclusie van Zaki en Dickenson (1991) en Szakacs en Barnabas (1995), dat
een symmetrische eerste deling voor de ontwikkeling van microspore tot plant in

Brassica napus van belang is, is niet onomstotelijk bewezen.
Zaki M.A.M. and H.G. Dickenson. Sex. Plant Reprod. 4: 48-55 (1991)
Szakics E. and B. Barnabas. Euphytica 83: 209-213 (1995)

Microsporen transformatie in combinatie met pollen maturatie zal veel
arbeidsintensieve weefselkweek overbodig maken.

Alwen A., N. Eller, M. Kastler, RM. Benito Moreno and E. Heberle-Bors. Phys. Plant. 79: 194-
196 (1990)

Voor het produceren van stabiel getransformeerde planten is toepassing van
DNA overdracht m.b.v. Agrobacterium tumefaciens te prefereren boven het

deeltjesgeweer.
Hiei Y., S. Ohta, T. Komari and T. Kumashiro. Plant J. 6: 271-282 (1994)
Christou P., T.L. Ford and M. Kofron. Biotechnology 9: 957-962 (1991)

Het aantal niet-detecteerbare differentials, die gegenereerd zijn met mRNA
differential display middels PCR (Liang en Pardee, 1992) kan verlaagd worden,
wanneer in situ hybridisatie als detectie methode gebruikt wordt.

Liang P. and A.B. Pardee. Science 257: 967-971 (1992)

In situ hybridatie experimenten waarbij laag-moleculaire stoffen als IAA

subcellulair worden gelocaliseerd, zijn zeer discutabel.
Ohmiya A. And T. Hayashi. Phys. Plant. 85: 439-445



9. Niet iedere persoon die affiniteit toont voor weefselkweek is per definitie ‘a

person skilled in the art’.
T60/89 (Harvard) O. ]. EPO 268 (1992)

10. Educatie van vandaag is van essentieel belang voor een florerende economie in
de toekomst.

11. Effectief omgaan met de overvloed van data, beschikbaar via electronische
netwerken, vraagt op termijn een aanpassing in de werlwijze.

12. Een onderzoeker is een eigenwijze doorzetter, die lang niet altijd open staat voor
kritiek.

Stellingen behorend bij het proefschrift: ‘Androgenesis in Hordeum vulgare L.’ door
Sietske Hoekstra, Leiden, 1 juli 1996.
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