






Figure 1. Plant regeneration from primary rice calli. A) Callus formation in the area corresponding to the scutellum from a mature seed of rice 
variety Perla, after 8 days of culture in a callus induction medium. B) Callus proliferation from mature seed of rice var. Leda, after 4 weeks 
in a callus induction medium. C) Somatic embryo-like structures on a rice callus after 6 days of culture on the regeneration medium. D, E) 
Germination of the somatic embryos. F) Proliferation of shoots and roots. G) Regenerated rice plants growing in the greenhouse after being 
transferred to soil. 





The percentage of callus formation was similar in 
japonica and indica rice varieties, but the frequency 
of regenerable calluses was strongly dependent on 
the genotype (Table 1). Indica rice varieties produced 
a 65–85% of regenerable calluses and each callus 
yielded an average of 2.1–4.3 plantlets, while in the ja-
ponica varieties tested 25–60% of calluses regenerated 
into plants with an average of 1.0–2.2 plantlets per cal
lus. These results allowed the classification of the two 
indica varieties Perla and IAA-Cu-14 and the japonica 
variety Leda as highly regenerable, when compared 
to the regeneration capacity data published for other 
indica and japonica rice varieties (Rueb et al., 1994, 
Jain et al., 1996a, Seraj et al., 1997). Nevertheless, the 
number of plants regenerated from calluses could be 
increased after high osmotic treatments (see results of 
bombardment). 

Optimization of bombardment parameters and their 
effect on the regeneration capacity 

To ascertain that highly regenerable primary calluses 
of rice varieties Leda and Perla, were suitable targets 
for microprojectile-mediated transformation, selected 
calluses were bombarded with gold particles coated 
with a GUS-encoding plasmid and transient expres
sion of the reporter gene was analysed 48 h after 
bombardment. The proliferation stage of the calluses 
to be bombarded was selected according to the re
generation capacity of each variety (Table 1). This 
stage corresponded to 8 days of culture in the callus 
induction medium for Perla and 4 weeks for Leda. 

The optimization of physical bombardment para
meters was performed in order to produce the highest 
levels of gene expression in primary rice callus 
without reducing their regeneration capacity. The ac
celeration of microprojectiles determines the particle 
penetration and the cell viability of target tissues. The 
DuPont gene delivery system allows the control of the 
particle acceleration by modifing the target distance 
and/or the helium pressure using different rupture 
discs (Sanford et al., 1993). Adjusting the gas pressure 
with 1100 psi rupture discs to 7.5 MPa, primary cal
luses of varieties Perla and Leda were bombarded at 
distances of 6, 9 and 12 cm from the stopping plate. 
In both varieties shorter distances produced higher 
numbers of blue spots per callus area, but reduced 
their regeneration capacity in relation with the non-
bombarded control (Figure 3). After comparing the 
GUS expression levels and the regeneration capacity 
in each case, distances of 6 and 9 cm appeared more 

suitable for obtaining the highest frequencies of GUS 
expressing cells per regenerable callus. In similar ex
periments, Jain et al. (1996b) bombarded rice cell 
supensions twice, at 9 cm and 12 cm keeping the gas 
pressure at 1500 psi, and obtained high levels of tran
sient expression with minimum damage to the cells. 
In our case, when primary rice calluses of variety 
Perla were bombarded twice at 6 cm target distance 
at 1100 psi, no effect was detected in the number of 
blue spots/callus, but the percentage of regenerable 
calluses was reduced about 1.5-fold and the number of 
regenerated plants per callus decreased almost 2-fold. 

The histological observations showed that the GUS 
expressing cells were located in the peripheral cell 
layers of the callus from which somatic embryos are 
produced in the regeneration process, when the os
motic concentration used was 0.4M (Figure 4A, B). 
Rice calluses treated with higher osmotic concentra
tions tended to show the GUS expressing cells in 
deeper cell layers (Figure 4C–F). Large blue spots ap
peared as a result of diffusion from a densely stained 
central cell, independently of the osmotic treatment. 
Similar effect of diffusion has been also described by 
Christou & Ford (1995) in bombarded immature rice 
embryos using the electric discharge particle acceler
ation. In particular, concentrations of 1.2 M mannitol, 
sorbitol or equimolar mixture of both, showed the 
blue color diffused through the tissue section mak
ing it difficult to locate the transformed cell, which 
could reflect some kind of cell damage. In fact, only a 
few cells from the peripheral region of calluses treated 
with 1.2 M osmoticum continued to divide (Figure 4E, 
F), which is in agreement with the reducted frequency 
of calluses regenerating plants after treatment with 
1.2 M osmoticum (Table 2), although the number of 
regenerated plants per callus was increased. 

The regeneration frequency of bombarded calluses 
was always lower in comparison to non-bombarded 
calluses (mean decrease of regenerable calluses from 
80 to 50%, Table 2) as also described with bombard
ment. The number of plants regenerated per callus 
(from 9.4 ± 0.8 to 4.8 ± 0.3; Table 2). However, pre-
and post-bombardment osmotic treatment had an op
posite effect on the regeneration capacity. Increasing 
the concentration of the osmo-protectant in the regen
eration medium resulted in a decrease in the number 
of regenerable calluses, but the number of regener
ated plants per bombarded callus reached values up to 
14.2 ± 1.2 and 16.5 ± 1.3 after treatments of 1.2 M 
mannitol and 1.2 M sorbitol respectively. This was an 
increase over the value of 9.4 ± 0.8 obtained for non-



Figure 3. Effect of bombardment target distances on the GUS expression and the regeneration capacity of microbombarded primary rice 
calluses. GUS activity is expressed as the average number of blue spots per 10 mm of primary rice callus bombarded at 6, 9, and 12 cm from 
the stopping screen plate. The regeneration capacity is the % of plants regenerated from bombarded calluses at the different target distances. 
C: control non-bombarded calluses. Data are means of three experiments using 15 calluses per bombardment and two bombardments per target 
distance. Bars indicate standard error of the mean. Rice var. Perla (•) and Leda (d). 

Figure 5. GUS expression and regeneration capacity of bombarded primary rice calluses of indica (Perla and IAA-Cu-14) and japonica (Senia, 
Leda, Thainato, Thaibonnet) varieties. GUS activity is expressed as the average number of blue spots per 10 mm2 of primary rice callus treated 
with 0.4 M mannitol and bombarded at 6 cm target distance with 1100 psi rupture discs. The regeneration capacity indicates the% of plants 
from bombarded calluses. Data are means of two experiments using 15 calluses per bombardment and three bombardments per variety. 



bombarded explants (Table 2). The improvement in 
the regeneration capacity could be a response to the 
stress treatment similar to those reported in rice callus 
after dehydration and high osmolarity shocks (Higuchi 
& Maeda, 1991; Christou & Ford, 1995; Jain et al., 
1996a). 

The bombardment parameters (1100 psi rupture 
discs, 6–9 cm target distance and one shot) which we 
have shown to target the gene delivery into peripheral 
cells of primary rice calluses from which somatic em
bryos can develop, were used to transform primary 
calluses of six different rice varieties. After treatment 
with 0.4 M mannitol for 4 h before and 16 h after 
DNA delivery, bombarded calluses were histochem-
ically analysed for GUS activity, and regeneration 
capacity. The evaluation of these parameters showed 
a strong dependence on the genotype (Figure 5). The 
expression of the reporter gene was detected in all rice 
varieties studied, but at different frequencies. The re
generation capacity of bombarded callus treated with 
0.4 M mannitol was also different for each variety, but 
a reduction of 25–30% was always observed in com-
parision to the respective non-bombarded controls. It 
can be concluded that by manipulating the bombard
ment parameters, both the frequency of transgenic 
expression as well as the regeneration capacity of the 
bombarded cells can be substantially affected. 
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