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Abstract We have developed a system for the biolistic 
transformation of barley using freshly-isolated micro- 
spores as the target tissue. Independent transformation 
events led, on average, to the recovery of one plant per 
1 x 107 bombarded microspores. Putative transformants 
have been regenerated using phosphinothricin as a selec- 
tive agent. R o plants have been transferred to soil approx- 
imately 2 months after bombardment. Integration of the 
marker genes bar and uidA has been confirmed by South- 
ern analysis. The marker genes are inherited in all prog- 
eny plants confirming the expected homozygous nature of 
the R o plants. 
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Introduction 

Cereals have proven to be recalcitrant to genetic engineer- 
ing since they do not belong to the natural host range of 
Agrobacterium. Several transformation techniques have 
been developed but to-date only three methods have been 
found suitable for obtaining transgenic cereals: transfor- 
mation of totipotent protoplasts (for review see Vasil and 
Vasil 1992), particle bombardment of regenerable tissue 
cultures (for review see Sanford 1990) and, more recently, 
tissue electroporation (D'Halluin et al. 1993). These tech- 
niques depend on the availability of efficient and compe- 
tent tissue-culture systems. 

In barley considerable progress has been made in the 
improvement of tissue-culture systems. It is now reprodu- 
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cibly possible to establish embryogenic suspensions from 
which fertile plants can be regenerated (Jghne et al. 1991 
a; Mordhorst and L6rz 1992; Huang et al. 1993). The re- 
generation of protoplast-derived plants has also been re- 
ported (J~ihne et al. 1991 b; Funatsuki et al. 1992; Golds et 
al. 1994). Although the stable transformation of barley pro- 
toplasts is a successful and routinely-used method (Laz- 
zeri et al. 1991) it has not been possible until now to com- 
bine both techniques in order to obtain stably-transformed 
fertile barley plants. 

The application of biolistic methods appears to be more 
promising as they have proven suitable for the stable trans- 
formation and regeneration of several cereals such as maize 
(Gordon-Kamm et al. 1990), rice (Cao et al. 1992), wheat 
(Vasil et al. 1992), oat (Somerse t  al. 1992), sugarcane 
(Bower and Birch 1992) and barley (Wan and Lemaux 
1994). For these experiments, regenerable suspension or 
callus cultures have been used as target tissues. The suit- 
ability of these tissues is limited because the regeneration 
capacity of cells gradually declines during maintenance, 
and the risk of somaclonal variation increases. Albinism, 
phenotypic abnormalities, or reduced fertility have been 
reported for transgenic maize (Gordon-Kamm et al. 1990), 
wheat (Vasil et al. 1992), oat (Somerset  al. 1992) and bar- 
ley (Wan and Lemaux 1994). 

Therefore, it is desirable to deliver the DNA directly 
into primary explants having a high regeneration capacity. 
In cereals, scutellar tissues of rice (Christou et al. 1991), 
maize (Koziel et al. 1993) and wheat (Weeks et al. 1993; 
Becker et al. 1994) have been shown to be suitable for this 
purpose, but immature inflorescences of tritordeum (Bar- 
celo et al. 1994) have also been used successfully to ob- 
tain stably-transformed plants. 

In barley the most reliable and efficient regeneration 
system is based on the culture of microspores. For plant- 
breeding purposes the cultivation of whole anthers is well 
established for several genotypes and high numbers of re- 
generants can be obtained (Kuhlmann and Foroughi-Wehr 
1989). However, the cultivation of isolated microspores in 
liquid medium has been found to be superior to anther cul- 
ture since the regeneration frequency could be significantly 
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increased (Olsen 1991; Ziauddin  et al. 1992; Hoekstra et 
al. 1993; Mordhorst  and L6rz 1993). Isolated microspores 
are very attractive for the application of t ransformation 
techniques because they are unicel lular  and can easily be 
regenerated to homozygous,  dihaploid plants, which is sig- 
nif icant  for breeding purposes. Therefore several attempts 
have been made to transfer DNA directly to barley micro- 
spores. 

Although microspores are surrounded by the int ine and 
exine cell walls they have been used as target cells for di- 
rect DNA uptake mediated either by PEG or by electric 
pulses. In this way, it has been possible to demonstrate tran- 
sient expression of a reporter gene in barley (Kuhlmann  
et al. 1991) and maize (Fennel l  and Haup tmann  1992) 

but the regenerat ion of t ransformed plants could not be 
achieved. 

Barley microspores have also been tested for their suit- 
ability for t ransformation by microinject ion but this 
method does not seem to be very promising (Bolik and 
Koop 1991, Olsen 1991). 

In the present  study we report the reproducible trans- 
formation of barley by particle bombardment  using micro- 
spores as target cells. 

Materials and methods 

Plant material 

Experiments were carried out using the winter-type barley cv Igri. 
Seeds were germinated in a peat/soil mix in a growth chamber 
(14/12~ day/night, 16 h photperiod, 10000-16000 lx). After 2 
weeks, seedlings were vernalized for a period of 8 weeks (2 ~ 9 h 
light, 4000 lx). Fertilizer (0.7%o Wuxal, N: P: K approximately 
12:4:6) was applied 8 weeks after vernalization and the treatment 
was carried out with each watering. One to two weeks before the first 
spikes were harvested the plants were transferred to a controlled 
greenhouse (18/14~ day/night, 16 h light, at least 18000-20000 
lx) and fertilizing was increased to 1%o Wuxal. 

Culture media 

The medium for isolation and culture of microspores (MS) was a 
modified MS medium which had a total nitrogen content of 20 raM, 
as described by Mordhorst and L6rz (1993). For selection of micro- 
spore cultures, the glutamine was omitted from the medium while 
the other components remained unchanged. Basta was used as a se- 
lective agent in concentrations of 3-5 mg/1 of phosphinothricin 
(PPT). The regeneration medium was similar to the selection medi- 
um but the amount of maltose was reduced to 30 g/1 and the 6-Ben- 
zylaminopurine (6-BAP) was omitted while the concentration of Bas- 
ta ranged between 3 and 10 mg/1 of PPT. 

All media were adjusted to pH 5.6 with KOH and filter sterilized. 
For solid media, the solutions were made double-concentrated, and 
mixed with an equal volume of a double-concentrated, autoclaved 

gelling-agent solution. The following gelling agents were tested in 
different concentrations: 
Type I-A-Agarose (Sigma): 1.0%, 0.8%, 0.6%, 0.4%. 
SeaPlaque Agarose (FMC): 2.0%, 1.5%, 1.0%. 
GelRite (Roth): 0.2%, 0.4%. 

Isolation of microspores 

The isolation of microspores was performed according to the proto- 
col of Mordhorst and L6rz (1993). The viability of microspores was 
determined by staining with fluorescein diacetate (Widholm 1972). 

Culture of microspores 

Several culture systems were tested in order to find the appropriate 
plating method suitable for particle bombardment. The freshly-iso- 
lated microspores were either plated on filters or on solid medium. 
When the first method was used, about 5 x 105 viable microspores 
were plated on a filter (Schleicher and Schall, 0.2 pin pore size) and 
after 1 h 1 ml of liquid medium was added. For culture on solid me- 
dium, the microspores were plated either in droplets or spread on the 
surface of the induction medium. Cultures were left for about 1 h on 
the clean bench prior to bombardment. For further culture, micro- 
spores were incubated in the dark at 26 ~ 

Selection of microspore cultures 

Two to three weeks after bombardment, cultures which contained 
visible microcalli (50-80 gm diameter) were transferred to selection 
medium. The microcalli of each plate were divided and transferred 
to media containing 3, 4 and 5 mg/1 of PPT. Some microcalli were 
transferred to a non-selective medium without glutamine in order to 
determine the regeneration frequency of the microspores. Cultures 
were incubated for a further week in the dark at 26 ~ before they 
were transferred to a room with 16 h light at 24 ~ After about I-2 
weeks in the light, regenerating plantlets were selected and cultured 
on regeneration media containing 3-10 mg/1 of Basta. Rooted plant- 
lets were transferred to soil, vernalized (for conditions see above), 
and grown to maturity in the greenhouse. 

Plasmid construct 

For particle bombardment, the plasmid pDB 1, which has been de- 
scribed previously (Becker et al. 1994), was used. This plasmid con- 
tains the uidA gene under the control of the actin-1 promoter, and 
the bar gene under the control of the cauliflower mosaic virus 
(CaMV) 35S promoter (Fig. 1). 

DNA precipitation and microprojectile bombardment 

Plasmid DNA was adsorbed to gold particles of an average size 
between 0.4 to 1.2 gm (Heraeus, Karlsruhe, Germany) as described 
previously (Becker et al. 1994). The particles were resuspended in 
either 60, 120 or 240 gl of ethanol. For each bombardment, 3.5 gl of 
the suspended DNA-coated particles were spread onto the surface of 
the macrocarrier. The particle gun employed in these experiments 
was a PDS 1000/He gun (BioRad, Mtinchen, Germany). 

Fig. 1 Schematic representa- 
tion of plasmid pDB 1 used in 
the transformation experiments 
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Histochemical and fluorometrical GUS assays 

GUS activity was determined either histochemically, as described by 
McCabe et al. (1988), or fluorometrically, according to the protocol 
of Jefferson (1987). Transient GUS activity in bombarded micro- 
spores was analysed histochemically by incubating microspores for 
24 h at 37 ~ in staining buffer 2 days after bombardment. The GUS 
activity of leaves was determined histochemically and fluorometri- 
cally. Chlorophyll of histochemically-stained leaves was extracted 
by incubation in absolute ethanol for 2 h at 65~ 

Herbicide application 

All selected regenerants, as well as all R 1 plants, were sprayed with 
an aqueous solution of B ASTA containing 150 mg/1 of PPT and 0.1% 
Tween 20. 

DNA isolation and Southern-blot analysis (Southern 1975) 

As described by Dellaporta et al. (1983), total genomic DNA was 
isolated from leaf tissue of selected regenerants and their progeny. 

Twenty micrograms of genomic DNA, uncut, digested with SalI 
or with BamHI/SacI (to cut out the bar and uidA gene) and with NcoI 
(to determine the number of integration sites per genome), was sep- 
arated by electrophoresis in 0.8% agarose (25 V overnight). DNA 
was blotted to Hybond N membranes according to a protocol de- 
scribed by Amersham, England. The detection of introduced DNA 
was performed using a modified protocol of the non-radioactive di- 
goxigenin chemiluminescent method of Neuhaus-Url and Neuhaus 
(1993). The modifications are described by Becker et al. (1994). Hy- 
bridization signals were visualized on X-Omat AR film (Kodak, 
Rochester, USA). 

PCR-labelling of probe DNA 

Probe DNA was labelled as described previously (Becker et al. 1994). 

Results 

Culture of  microspores and regeneration 

For using the particle gun it is necessary to plate the mi- 
crospores on a dry surface. Therefore, different plating 
methods have been tested. One possibility is to plate the 
microspores on filters. In experiments where liquid induc- 
tion medium has been added after 1 h, to reach a final den- 
sity of  5 x 105 microspores/ml,  no further development  of  
the microspores was observed. A more convenient  method 
is culture on solid medium. On agarose-solidified media, 
the frequency of  initial divisions was very low and the de- 
velopment  o f  aggregates occured only rarely, whereas mi- 
crospores f rom the same preparation cultured in liquid me- 
dium regenerated to plants with high frequencies. There- 
fore, different agents and varying concentrations for the 
solidification o f  media have been tested but only on induc- 
tion media  containing 0.2% GelRite did the microspores 
divide reproducibly and develop to embryos (Fig. 2 A). 
The microspores have been plated in droplets because the 
plating density had to be very high to trigger microspore 
development  (Fig. 2 B). Platin~g efficiencies of  up to 3% 
could be achieved when 2 x  10~ were spread 
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Table 1 Regeneration frequency of microspores (MS) cultured on 
solid induction medium (eight independent experiments) 

Exp. Total no. of Green plants/ Albino plants/ 
no. cultured MS 1 x 105 MS 1 x 105 MS 

1 3.3x105 121 4.2 
2 2.1 x 105 153 2.3 
3 3.5 x 105 18 0.8 
4 3.8 x 105 56 0.8 
5 3.8 x 105 49 0.8 
6 3.3x105 114 5.1 
7 2.8 x 105 103 0 
8 2.2 x 105 87 0.5 

Table 2 Successfully-used parameters for particle bombardment of 
barley microspores 

Parameter Optimum 

Distance between 
A: rupture disk and macrocarrier 
B: macrocarrier and stopping screen 
C: stopping screen and sample 
Gas pressure 
Partial vacuum 
Particles 
Particle amount 

2.5 cm 
0.8 cm 
5.5 cm 
1 100-1800 PSI 
27 inch Hg 
Gold (size 0.4-1.2 gin) 
58 gg 

on induction medium (3-cm diameter) whereas no divi- 
sions occurred when less than 5 x  105 microspores have 
been cultured. However,  for optimization o f  part icle-bom- 
bardment conditions it is useful that as many dishes as pos- 
sible are available. Therefore, the droplet culture was used 
although it was not possible to determine plating efficien- 
cies. Densities of  2 -5  x 105 microspores/droplet  led to op- 
timal results. The regeneration frequency displayed a very 
high variability, strongly depending on the growth condi- 
tions of  donor  plants. In eight independent experiments re- 
generation frequencies between 18 and 153 plants per 
1 x 105 viable microspores were obtained (Table 1). On av- 
erage 82 green plants per 1 x 105 microspores were regen- 
erated. 

Parameters for particle bombardment  

Optimization of  bombardment  conditions for barley mi- 
crospores has been based on the analysis of  transient ex- 
pression of  the uidA gene. Microspores have been bom- 
barded with the plasmid pDB 1 (Fig. 1) carrying both the 
uidA and the bar marker genes. The highest numbers o f  
uidA-expressing microspores was achieved when the pa- 
rameters shown in Table 2 were used for particle bombard-  
ment. An average of  1% of  the bombarded microspores ex- 
pressed the uidA gene in the histochemical  assay (Fig. 3 
A). The number  of  blue microspores was not significantly 
influenced by the helium gas pressure. Within a range of  
1 100-1 800 PSI high expression levels have been found. 
However,  lower (450-900  PSI) or higher (2 000 -2  200 PSI) 
pressures resulted in a reduced number  of  transient GUS 
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Fig. 3 



signals. In the case of higher gas pressures the viability of  
microspores, which was determined by staining with FDA, 
decreased. Gas pressures lower than 2000 PSI had no de- Exp. 

n o .  
tectable influence on microspore viability. Three different 
amounts of particles were tested (116, 58 and 29 gg gold 
per bombardment).  With increasing amounts of  particles a 

1 2.2x106 
higher number of  transient GUS signals was achieved. No 2 4.2x 10 6 

influence on microspore viability was observed using 58 3 5.1x 106 
and 29 ~tg of gold per bombardment.  An amount of 116 gg 4 5.5 x 106 
of gold led to a slight decrease of  viability. For stable trans- 5 4.6 x 106 
formation experiments 58 ~tg gold per bombardment was 6 1.5x106 
chosen. 7 4.1x106 

8 3.8x106 
9 2.6• 

Selection of transformants 

Barley microspores plated on solid medium containing 420 
rag/1 of glutamine have been bombarded with gold parti- 
cles coated with the plasmid pDB 1 1-2 h after isolation. 
Bombarded microspores have been cultured for 2 weeks in 
the dark at 26~ During this time proembryogenic struc- 
tures developed which were then transferred for 2 addi- 
tional weeks to a glutamine-free induction medium con- 
taining 3-5 mg/1 of PPT. A concentration of 3 mg/1 of PPT 
was sufficient to completely inhibit the development of 
non-bombarded control calli. 

In order to evaluate the effect of  glutamine-free induc- 
tion medium, calli have also been transferred to non-selec- 
tive media where the glutamine was added or omitted, re- 
spectively. Surprisingly, the addition of glutamine to the 
induction medium resulted in a negative effect on the re- 
generation capacity of the microspore cultures. In ten in- 
dependent experiments the plant regeneration capacity was 
significantly higher on glutamine-free induction medium 
(Fig. 2 C). 

After 1 week of culture on selection medium in the dark, 
the plates were transferred to light. Regenerating plantlets 
were then transferred to hormone-free regeneration me- 
dium (Fig. 3 B). Plantlets showing GUS activity in their 
leaves (Fig. 3 C) have been cultured on regeneration me- 

Fig. 2A-C Barley microspore culture. A Influence of gelling agent 
on culture response of microspores from the same isolation. Left: in- 
duction medium solidified with 0.8% Type I-A Agarose (Sigma); 
middle: induction medium solidified with 0.2% GelRite; right: liq- 
uid induction medium. B Influence of plating density on culture re- 
sponse of microspores from the same isolation. Decreasing densities 
from 2 x 106 microspores (upper row, left) to 3 x 105 (lower row, right) 
per dish (3 cm diameter). C Influence of glutamine on regeneration 
frequency of microspore-derived aggregates. Left: medium with 420 
rag/1 of glutamine; right: medium without glutamine 

Fig. 3A-F Stages in the production of transgenic barley plants. 
A Transient GUS activity in microspores 48 h after bombardment. 
B Regeneration of a barley plant under selection conditions using 
5 mg/1 of PPT. C GUS activity in leaf tissue of transgenic barley. 
D Fertile transgenic barley plant. E GUS activity in pollen grains of 
a homozygous R 0 plant. F BASTA-resistant progeny of transgenic 
barley plants. Left: resistant transgenic progeny; right: sensitive con- 
trol plants 1 week after herbicide application 

Table 3 Summary of nine transformation experiments 
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Total no. of Gas Selection Total Activity 
bombarded pressure pressure no. of 
microspores selected GUS PAT 

plants 

1550PSI 5mg/1PPT 1 + + 
1550PSI 3mg/1PPT 2 - + 
1800PSI 4mg/1PPT 1 - + 
1300PSI 4mg/1PPT 1 + + 
1800PSI 4mg/1PPT 1 + + 
1550PSI 4mg/1PPT 1 - + 
1550PSI 4mg/1PPT 3 - + 
1300PSI 5mg/1PPT 1 + + 
l l00PSI 3mg/1PPT 1 - + 

dium containing the same concentration of PPT as during 
callus induction. For plantlets which were negative in the 
histochemical GUS assay the concentration was increased 
to 8-10 mg/1 of PPT. Seven to eight weeks after isolation 
and bombardment of the microspores putative transfor- 
mants were transferred to soil. In nine independent experi- 
ments 12 plants were selected. However, from 19 bom- 
bardments it was not possible to select any plant. From 
each experiment, bombarded microspores have been plated 
on non-selective, glutamine-free induction medium in or- 
der to test the regeneration frequency. The selection of pu- 
tative transformants has always been correlated with high 
regeneration frequencies of the microspores. In all experi- 
ments resulting in no plant regeneration at all the regener- 
ation frequency of the cultures was extremely low. Table 
3 summarizes the results obtained in nine successful trans- 
formation experiments. In total, these experiments and the 
non-successful ones ~roduced, on average, one trans- 
formed plant per 1 x 10'  microspores. However, when only 
the successful experiments are taken into account an aver- 
age of one transgenic plant per 2.8 x 106 microspores was 
regenerated. 

Analysis of R0-plants 

All selected regenerants have been tested for GUS activ- 
ity by staining leaf pieces histochemically. Only four of 
the regenerants have proven to be GUS-positive. In GUS 
negative plants no activity was detectable using the fluo- 
rometrical assay, either. 

About 1 month after vernalization regenerants have 
been screened for phosphinothricinacetyltransferase (PAT) 
activity by spraying whole plants with an aqueous solution 
of the herbicide BASTA. One week later plants were scored 
and none of the 12 regenerants showed any necrosis, 
indicating the functional activity of PAT. 

Five transformed R o plants have been analysed by 
Southern-blot hybridisation for the presence of the intro- 
duced genes. No hybridisation signals could be detected i n  
non-transformed control plants to the uidA or bar coding 
regions. Genomic DNA was digested either with SalI, 
which excised the 550-bp bar fragment, or with 
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copies (Fig. 4, Panel B, lanes B, E, H, L, O). Integration 
of additional rearranged copies into the genome was evi- 
dent for both genes. 

Hybridisation of undigested genomic DNA of each 
tested plant resulted in signals in the high-molecular- 
weight range indicating the integration of the two marker 
genes into the genomic DNA (Fig. 4, Panel A, lanes B, E, 
H, L, O and Panel B, lanes D, G, K, Q). However, only 
weak signals have been observed for the bar gene. 

Phenotype of R o plants 

All transformed plants showed normal morphology and 
were self-fertile (Fig. 3 D). Most plants displayed a full 
seed set and only two plants showed a reduction by 50%. 

Microspores of all transformants have been stained his- 
tochemically for the presence of GUS activity. All pollen 
grains of plants without any detectable GUS activity in 
leaves were completely GUS negative. GUS-positive R o 
plants produced pollen grains which expressed the uidA 
gene exclusively indicating the homozygous state of the 
transformants (Fig. 3 E). 

Fig. 4A, B Integration of the bar (Panel A) and uidA (Panel B) 
genes in the genome of five R 0 plants analysed by Southern blots. 
All plants are PAT positive. Plants I and V are GUS positive, plants 
II, III and IV show no detectable GUS activity. Lanes labelled "U" 
show undigested genomic DNA (20 gg/lane); lanes 1 show DNA di- 
gested either with SalI (Panel A) or with BamHI/SacI (Panel B) to 
cut out the introduced gene; lanes 2 show DNA digested with NcoI 
to determine the number of integration sites per genome. NC, nega- 
tive barley control; PC, positive wheat control. Hybridization was 
performed using a DIG-11-dUTP-labelled bar (Panel A) or uidA 
(Panel B) probe 

BamHI/SacI, to release the 1.8-kb uidA fragment. Genomic 
DNA digested with Sal I hybridized to DIG-labelled bar 
fragments appears to contain intact copies of the bar gene 
(Fig. 4, Panel A, lanes C, F, J, M, P). The number of inte- 
gration sites or copies per genome, as determined by NcoI 
digests, ranges from one to five events (Fig. 4, Panel A, 
lanes D, G, K, N, Q). 

Only four of the analysed plants contain intact uidA 
fragments (Fig. 4, Panel B, lanes C, F, J, M, P). With plant 
II a hybridisation signal of about 2.8 kb has been detected. 
This plant does not exhibit GUS activity as assayed by ei- 
ther the histochemical or the fluorometric techniques. Al- 
though plants III and IV contain intact copies of the uidA 
gene, neither of them displays enzyme activity. The num- 
ber of integration sites per genome varies from one to five 

Analysis of progeny 

In order to analyse R 1 plants as early as possible immature 
embryos (approximately 1.5-3 mm) of two plants have 
been dissected from young caryopses and cultured on hor- 
mone-free regeneration medium containing 3 mg/1 of PPT. 
Two-hundred-and-ten embryos derived from plant V 
(PAT+/GUS+) and 189 embryos dissected from plant III 
(PAT+/GUS-) have been germinated and transferred to 
soil. All R 1 plants were phenotypically normal. 

The activity of the uidA gene has been assayed histo- 
chemically by staining leaf pieces. For one plant varying 
staining intensities were detected. From 210 analysed 
progeny plants only three showed no histochemically-de- 
tectable activity, leaf pieces of six plants gave weak GUS 
signals, leaf pieces of 52 plants showed medium staining 
intensities and in 149 plants a dark blue colour was exhib- 
ited in the whole leaf. In none of the tested progeny of plant 
III could GUS activity be detected. 

All progeny of plants III and V have been sprayed with 
an aqueous solution of the herbicide BASTA. They did not 
show any necrotic lesions and proved to be completely re- 
sistant (Fig. 3 F). 

Progeny of plants III and V have been analysed by 
Southern hybridisation. R 1 plants of the parental line V 
have been hybridised to a uidA probe. In all tested R1 
plants, hybridisation signals corresponding to the 1.8-kb 
uidA fragment have been visualized (Fig. 5, lanes B, D, F, 
H, K). Furthermore, the integration pattern of the parental 
line is conserved in the progeny plants (Fig. 5, lanes C, E, 
G, J, L). Progeny of plant III have been analysed using a 
bar probe. All R 1 plants contain intact copies of the bar 
gene with an identical integration pattern to that of in the 
parental line. 



Fig. 5 Southern-blot analysis for R 1 progeny recovered from plant 
V which are GUS and PAT positive. Genomic DNA (20 gg/lane) from 
the primary regenerant (V), a wheat positive control (PC), a barley 
negative control (NC) and four progeny (A-D) were digested with 
BamHI/SacI (lanes labelled with "1") to excise the uidA gene, and 
with NcoI (lanes labelled with "2") to determine the number of in- 
tegration sites per genome. Hybridization was carried out using a 
DIG-11-dUTP-labelled uidA probe 

Discussion 

The aim of the present study was to develop a simple and 
efficient procedure for the biolistic transformation of bar- 
ley microspores. Barley microspores cultured in liquid me- 
dium can be regenerated at high frequencies (Hoekstra et 
al. 1993), but for particle bombardment it is necessary to 
use rather dry target tissues. Therefore, different plating 
methods have been compared. Only on media containing 
0.2% GelRite did microspores divide reproducibly and re- 
generate with a high efficiency. The effect of different gell- 
ing agents on anther-culture response has been demon- 
strated for barley (Sorvari 1986; Kuhlmann and Foroughi- 
Wehr 1989) and wheat (Simonson and Baenziger 1992). 
However, in our experiments we could not detect any dif- 
ference in barley anther-culture response for agarose- or 
GelRite-solidified media. This demonstrates that micro- 
spores respond much more sensitively to the composition 
of media than do anthers. 

The effect of media composition on barley anther and 
microspore culture has been studied in detail (Olsen 1987; 
Hoekstra 1992; Morhorst and L6rz 1993). These reports 
underline the importance of glutamine for the culture and 
regeneration of microspores. Our results show that gluta- 
mine has a negative effect on the development of micro- 
spore-derived aggregates. Similar observations have been 
made for the culture of immature wheat embryos (Becker, 
unpublished results). However, the regeneration frequency 
of microspore cultures varied over a wide range indicating 
the importance of constant growth conditions for donor 
plants. 

The aim of optimization of the parameters for the par- 
ticle bombardment process was to enhance transient trans- 
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formation by minimizing tissue damage. The viability of 
microspores was slightly reduced when helium gas pres- 
sures higher than 1 800 PSI and particle densities of 116 
gg per bombardment were used. 

Microspores are very promising explants for biolistic 
transformation not only because they are unicellular but 
also as the time required for the production of homozygous 
plants is extremely low. Indeed, the first regenerants are 
already of homozygous nature. This is an important advan- 
tage of the microspore system because transformed plants 
which have integrated foreign DNA in coding regions nec- 
essary for plant metabolism or development will not be se- 
lected. The dihaploid state of the regenerants excludes the 
recovery of plants carrying lethal mutants. In our experi- 
ments we were able to transfer selected plants to soil 7-8 
weeks after bombardment. The risk of somaclonal varia- 
tion and albinism increases with the length of time in cul- 
ture (Kott and Kasha 1984; J~hne et al. 1991 a). In our ex- 
periments we have never observed albinism or morpholog- 
ical abnormalities as reported for maize (Gordon-Kamm 
et al. 1990), wheat (Vasil and Vasil 1992), oat (Somerset  
al. 1992) and barley (Wan and Lemaux 1994). Obviously 
primary explants are more suitable for the generation of 
normal transgenic plants than suspension or callus cultures 
because the time in culture is significantly reduced com- 
pared to embryogenic callus or suspension cultures. 

The transformation efficiency was strongly influenced 
by the regeneration capacity of the actual microspore prep- 
aration. In all experiments where the morphogenetic com- 
petence of the microspore cultures was low it was not pos- 
sible to select putative transformants. In total 28 experi- 
ments were performed but only in nine of them did the 
bombardment of microspores lead to the recovery of trans- 
genic plants originating from independent transformation 
events. 

The regeneration of transgenic plants using PPT as a se- 
lective agent has proven to be very successful. A concen- 
tration of 3 mg/1 of PPT completely inhibited the growth 
of control calli. Using this or higher concentrations we have 
only selected plants which have later been confirmed as 
transformants. These results underline the efficiency of this 
selection system. 

DNA analysis of the transformants confirmed the intro- 
duction of both marker genes. All plants contain intact cop- 
ies of the bar gene, which is also expressed and confers 
BASTA resistance. Only 4 out of 12 regenerants express 
the uidA gene. In Southern-blot analysis a fragment larger 
than the 1.8-kb coding region of uidA has been found in 
one GUS-negative plant. However, some plants contain- 
ing intact copies of the uidA gene also showed no detect- 
able GUS activity. This phenomenon may be due to meth- 
ylation or mutations in the promoter or coding region and 
needs further detailed analysis. 

In addition, other larger or smaller fragments have been 
observed in Southern analysis, suggesting that deletions, 
rearrangements and/or methylations at one or both restric- 
tion sites have occurred. Furthermore, multiple integration 
sites have been observed. This seems to be a general fea- 
ture of microprojectile bombardment (Birch and Franks 
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1991). One plant  conta in ing a s ing le -copy  in tegrat ion of  
bar and uidA has been ident i f ied,  but  this p lant  expressed  
the bar gene only. 

The in t roduced  marker  genes were  inher i ted in all the 
p rogeny  showing an integrat ion pat tern ident ica l  to the pa-  
rental  l ine, which indicates  the homozygous  nature of  R 0 
plants.  

The biol is t ic  t ransformat ion  of  bar ley  microspores  has 
proven to be an interes t ing me thod  for the t ransfer  of  genes 
of  ag ronomic  interest .  H o m o z y g o u s  t ransgenic  plants  can 
be regenera ted  in a very  short  t ime. However ,  the t ransfor-  
mat ion  ef f ic iency is not  very high due to the vary ing  re- 
generat ion f requencies  of  the microspores .  A recent  pub-  
l ica t ion reports  that it  is poss ib le  to min imise  f luctuat ions 
in the compos i t ion  of  the mic rospore  popula t ion  by  grow-  
ing donor  plants  in a def ined,  condi t ioned  envi ronment  
(Hoeks t ra  1993). Therefore ,  it wil l  most  p robab ly  be pos-  
sible to increase  the t ransformat ion  ef f ic iency s ignif icant ly  
when re l iab le  mic rospore  prepara t ions  are used as the tar- 
get t issue for par t ic le  bombardment .  
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