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A b s t r a c t  We report the generation of transgenic barley 
plants via PEG-mediated direct DNA uptake to protoplasts. 
Protoplasts isolated from embryogenic cell suspensions of 
barley (Hordeum vulgare L. cv ' Igr i ' )  were PEG-treated 
in a solution containing a plasmid which contained the neo- 
mycin phosphotransferase (NPT II) gene under the control 
of the rice actin promoter and the nos terminator. Colonies 
developing from the treated protoplasts were incubated in 
liquid medium containing the selective antibiotic G418. 
Surviving calli were subsequently transferred to solid me- 
dia containing G418, on which embryogenic calli devel- 
oped. These calli gave rise to albino and green shoots on 
antibiotic-free regeneration medium. NPT II ELISA re- 
vealed that approximately half of the morphogenic calli 
expressed the foreign gene. In total, 12 plantlets derived 
from NPT-positive calli survived transfer to soil. Southern 
hybridization analysis confirmed the stable transformation 
of these plants. However, the foreign gene seemed to be 
inactivated in plants from one transgenic line. Most of the 
transgenic plants set seed, and the foreign gene was trans- 
mitted and expressed in their progenies, which was ascer- 
tained by Southern hybridization and NPT II ELISA. 
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Introduction 

Genetic engineering of monocots is of special interest as 
these species include a number of agronomically impor- 
tant crops such as cereals (L6rz et al. 1988). As they are 
not readily transformed by Agrobacterium, various trans- 
formation methods have been proposed and attempted 
(Potrykus 1990). Among them, two approaches, particle 
bombardment and protoplast transformation, have been ex- 
tensively used until now. The former method has lately 
yielded transgenic plants in many grass species (for a re- 
view see Vasil 1994). However, the protoplast approach 
has had relatively less success except in rice and a few re- 
ports in maize (Vasil 1994). 

Barley is an important crop as a brewing material as 
well as an animal feed. Therefore great efforts have been 
made to produce transgenic barley by the two methods de- 
scribed above (L6rz and Lazzeri 1992), which has led to 
very recent success using the particle bombardment tech- 
nique (J~ihne et al. 1994; Ritala et al. 1994; Wan and Le- 
maux 1994; Hagio et al. 1995). However, the generation 
of transgenic plants using the protoplast system has not 
previously been reported, although fertile plants have been 
recovered from protoplasts (J~hne et al. 1991; Funatsuki 
et al. 1992; Golds et al. 1994; Kihara and Funatsuki 1994), 
and stably transformed cell lines have been obtained via 
PEG-induced direct DNA uptake into protoplasts (Lazzeri 
et al. 1991). 

In this article, we report the production of fertile trans- 
genic barley plants by direct DNA delivery to protoplasts. 

Materials and methods 

Protoplast transformation 

Three regenerable cell suspension lines (ILR-C3, ILR-C5, ILR-C7; 
Funatsuki and Kihara 1994) of barley (Hordeum vulgare L. cv 'Igri') 
were used as protoplast sources. Protoplasts were isolated and 
washed as described previously (Funatsuki and Kihara 1994) using 
LKW solution [2:1 (v:v) LWS (Lazzeri et al. 1992):HBW (Funatsu- 
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ki et al. 1994)]. Transformation was performed basically according 
to Lazzeri et al. (1992). From 0.5 to 1.5 million protoplasts were sus- 
pended in 250 ~1 of Ca-SP solution containing 100 mM CaC12, 0.6 
M sorbitol, 5 mM MES (pH 5.8) and 50 ~tg of plasmid DNA. Sub- 
sequently 600 pl of PEG solution [40% PEG 1500 (Wako, Osaka) 
dissolved in Ca-SP solution without plasmid, pH 7.0] was added. The 
suspension was allowed to stand for 15 rain with occasional gentle 
shaking and was diluted with 15 ml of LKW solution. Protoplasts 
were collected by centrifugation (50 g, 8 rain) and were then embed- 
ded in molten LI medium (Lazzeri et al. 1991) containing 1.25% ag- 
arose before being cultured with feeder cells as described by Funat- 
suki et al. (1992). As a too-high plating density results in a decrease 
in plating efficiency and regeneration frequency (Funatsuki, unpub- 
lished data), the plating density was adjusted to 5.0xl05 cells/ml. 

Plasmid construct 

ferred to hormone-free mL2 medium for further development. When 
strong root systems were developed, plantlets were transplanted to 
soil. After 2-4 weeks of acclimatization at 18~ plants were vernal- 
ized at 4.5~ for 1 month at least and were subsequently grown to 
maturity at 12~ in a growth chamber. 

NPT II ELISA 

NPT II protein was detected using an ELISA kit (5 prime-3 prime, 
Boulder). Soluble proteins were extracted from calli or leaves in 
0.1 M Tris-HC1 (pH 8.0) containing 1.0 mM of PMSF with a mortar 
and a pestle. Protein content was determined using a protein assay 
kit (Bio-Rad, South Richmond), and 10-200 pg of protein was ap- 
plied to each well. The content of NPT II protein was determined ac- 
cording to the manufacturer's instruction. 

Plasmid pActlDneo (E. Miller, in preparation) was used to confer 
antibiotic resistance to transformed cells. The plasmid contained the 
NPT II structural gene and the nos terminator from pRT99 (T6pfer 
et al. 1988) under the control of the rice actin promoter derived from 
pActlDGus (McElroy et al. 1990) (Fig. 1). 

Selection and culture of transformed cells 

We employed four selection methods with three levels of selection 
strength, summarized in Fig. 2. After 15-I 8 days of culture without 
antibiotic, feeder cells were washed away and agarose blocks were 
cultured in 3 ml of L1 liquid medium containing 25 ~ag/ml of G418 
(Geneticin, Gibco) with gentle shaking (50 rpm). After 2 weeks, col- 
onies developing on or in agarose blocks were transferred to modi- 
fied L2 solid medium (mL2, Funatsuki et al. 1992) supplemented ei- 
ther with 2.5 rag/1 of 2,4-D (in selection method 2, 3) or with 0.5 
mg/1 of 2,4-D and 1.0 mg/1 of BAP (in selection method 0, 1) which 
contained zero (in selection method 0) or 20 gg/ml of G418 (in se- 
lection methods 1, 2, and 3). In selection methods 1 and 2, calli on 
antibiotic-containing media were removed as soon as embryogenic 
structures appeared, while in selection method 3, cells were exposed 
to antibiotic for l month. Embryogenic structures were subsequent- 
ly transferred to mL2 medium without G418 and were cultured un- 
til shoot regeneration was observed. Regenerated shoots were trans- 
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Southern-blot hybridization 

Southern-blot hybridization was performed basically following the 
standard protocol of Sambrook et al. (1989). Total DNA was isolat- 
ed from leaf tissue of plants regenerated from NPT + calli according 
to Varadaraj an and Prakash (1991) with the modification that ethid- 
ium bromide was added to the extraction buffer. Ten to fifteen mi- 
crograms of DNA, undigested or digested with EcoRI and NcoI en- 
donucleases, were applied to a 1.0% agarose gel (EO 10; Takara, Kyo- 
to) and electrophorated. After transfer to nylon membrane (Hybond 
N § Amersham), plant DNA was hybridized with the probe prepared 
by the random primed labelling method using [c~-32P] dCTP (Amers- 
ham). The probe employed was the protein-coding region of the NPT 
II gene (0.8-kb BamHI fragment isolated from plasmid pActlDneo). 

R e s u l t s  

Protoplast t ransformat ion and culture 

Three embryogenic  cell suspensions were used as proto- 
plast  sources. These lines regenerated green shoots at fre- 
quencies of over 500 (ILR-C3), 36 (ILR-C5) and 66 (ILR- 
C7)/106 protoplasts when cultured without t ransformation 
treatment  (Funatsuki  and Kihara 1994). Protoplasts iso- 
lated from these cultures were treated with PEG solution 
conta in ing p A c t l D n e o  (Fig. 1), which carries the NPT I1 
gene driven by the rice actin promoter  (McElroy et al. 
1990). PEG treatment  reduced protoplast plat ing efficiency 
by 2 0 - 5 0 %  compared with control plates. 

Selection of G418-resis tant  calli and shoot regenerat ion 

Fig. 1 Construction of pActlDneo. Arrows show the restriction 
sites. The bold character 'T' represents the terminator from the nop- 
aline synthase gene 

Agarose blocks conta in ing 15-day- to 18-day-old proto- 
plast-derived colonies were transferred into l iquid med ium 
supplemented with 25 pg/ml  of G418. 

Fig .  2 Selection and culture Selection 
methods for G418-resistant calli. 
L1 L1 liquid medium, mL2 modi- method 
fied L2 medium, G G41S, D 2,4- 0 
D, B BAP. The numbers follow- 
ing G, D and B show the concen- I 
trations (pg/ml). Parentheses 
represent the periods of selection II 
passages (w week, x until em- 
bryogenic structures appeared) III 

1 st passage 

L1 + G20 (2w) 

L1 + G20 (2w) 

L1 + G20 (2w) 

L1 + G20 (2w) 

2nd passage 

mL2D0.5B1.0 

mL2D0.5BI.0 + G25 (x) 

mL2D2.5 + G25 (x) 

mL2D2.5 + G25 (4w) 

3rd passage 

mL2DO.5B1.0 

mL2DO.5B1.0 

mL2DOI5B1.0 

mL2DO.5B1.0 
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Fig. 3A-F Generation of transgenic barley plants. A Colony devel- 
opment after first selection passage: CS Control plate with G418, CN 
control plate without G418, T transformation-treated plate with 
G418. B Development of embryogenic structure from G418 r callus. 
C Green shoot regeneration. D Transgenic plants grown in growth 
chamber. E Fertile transgenic plant. F Its spike 

After 2 weeks of culture, three patterns were observed 
with regard to colony development; (1) no visible colony 
in control plates (C-plates) nor in plates containing trans- 
formation-treated protoplasts (T-plates), (2) no, or few, col- 
onies in C-plates but many more in T-plates (Fig. 3A), or 
(3) numerous colonies (typically more than 50 per plate) 
both in C-plates and in T-plates. In cell line ILR-C5, pat- 
terns 1 and 2 were observed, while in cell lines ILR-C3 and 
ILR-C7, patterns 2 and 3 were often seen. In experiments 
showing pattern 3, further selection was not carried out as 
escapes were expected to account for a large proportion of 
the colonies. Visible colonies from T-plates and C-plates 
were transferred to solid media according to four different 
selection methods (Fig. 2). With selection method 0, which 
was employed only in experiments where no colony was 
seen in C-plates in the first selection, numerous embryo- 

genic structures were formed on mL2 medium. With other 
methods, embryogenic calli developed from colonies de- 
rived from T-plates (Fig. 3B) while, with one exception, 
no such structure was seen in colonies from C-plates, al- 
though enlargement of bleached calli was sometimes ob- 
served. Albino or green shoots were regenerated after these 
embryogenic calli were transferred to antibiotic-free mL2 
medium (Fig. 3C). The exceptional embryogenic callus 
from a C-plate formed a poor albino shoot-like structure, 
which, however, soon ceased growth. 

NPT II ELISA of morphogenic calli 

To determine whether the G418-resistant, morphogenic 
calli really expressed the foreign gene, NPT II ELISA was 
carried out. No NPT II protein was detected in morphogenic 
calli obtained from selection 0 as far as we tested. As shown 
in Table 1, where the other selection methods were adopted, 
the NPT II protein was detected in 14 independent calli with 
green shoots and nine independent calli with albino shoots. 
NPT II-positive (NPT II § calli could be obtained from all 
cell lines used. Selection methods 1 and 2 allowed escapes 
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Table 1 Results of NPT II 
ELISA of G418-resistant, mor- 
phogenic calli 

Exp. Cell line No. of Selection No. of NPT+/calli examined b 
protoplasts method a calli 
(xl0 ~ Albino Green 

1 ILR-C7 0.5 1 4 1/1 0/3 - 
2 ILR-C3 1.0 1 9 - 0/2 - 

lI 9 3/4 3/3 2 
3 ILR-C7 1.0 I 11 1/1 3/3 1 

II 9 - 0/6 0 
4 ILR-C5 2.0 I 1 - 0/1 - 

II 4 1/4 1 
5 ILR-C3 1.0 III 2 1/1 - 
6 ILR-C3 4.5 I 7 1/1 2/2 0 

II 9 - 3/3 3 
III 9 2/2 2/2 0 

Total 74 9/10 14/29 7 

a See Fig. 2 
b No, of NPT II-positive calli / no. of calli which gave rise to albino or green shoots 

Transfer 
to soil 

Table 2 Summary of the analyses of transgenic lines 

Line No. of NPT II ELISA a Southern 
plants analysis 

Callus Leaf 

Fertility b 

T-19 4 1.0-2.0 - + + 
T-20 4 2.0< 1.0-2.0 + + 
T-21 1 1.0-2.0 1.0-2.0 + - 
T-45 1 0.5-1.0 0.5-1.0 + + 
T-49 2 2.0< 2.0< + + 

a Content of NPT II protein (~tg) in 1 mg total soluble protein; 
-, < 0.5 
b +, fertile; -, sterile 

at similar frequencies, while all morphogenic  calli proved 
NPT II § from selection method 3. However  the prolonged 
cultqre of emb~yogenic structures on re,L2 medium with 
G 4 ! 8  yield,ed a!bifio shoots at a higher frequency and re- 
sulted in the inhibi t ion of further growth of the green shoots. 
Calli  from selection method 2 regenerated more rooted 
plants than did those from selection method 1. 

Analyses  of t ransformed plants 

Of 14 plantlets derived from seven independent  NPT II + 
lines which were transferred to soil, 12 plants from five 
lines survived the transfer (Table 2, Fig. 2D). Total DNA 
was isolated from the leaf tissues of these plants, and the 
presence  and the integrat ion of the foreign gene was ex- 
amined by Southern hybr idizat ion (Fig. 4, Table 2). As the 
rice aetin promoter  has been proved to be functional ,  even 
when deleted to the E c o R I  site (Fig. 1, McElroy et al. 
1990), plant  DNA was digested with the endonucleases  
Not I  and EcoRI .  Bands of the expected size of 1.9 kb were 
seen in all plants except for l ine T-20. Addi t ional  bands 

Fig. 4A, B Southern-blot hybridization of total DNA from trans- 
genic plants. Total DNA was digested with EcoR1 and NotI (A), or 
undigested samples were used (B). The BamHI fragment (800 bp) of 
pActlDneo was used as a probe. Lane 1, pActlDneo (5 pg); lane 2, 
pActlDneo (1 pg); lane 3, protoplast-derived non-transformed p!ant; 
lane 4, plant of T-20; lane 5, plant of T-49; lane 6, plant of T-19; lane 
7, plant of T-21 



Fig. 5 Southern-blot hybridization of total DNA from progenies of 
transgenic plants. Total DNA was digested with EcoRI and NotI. The 
BamHI fragment (800 bp) of pActlDneo was used as a probe. Lane 
1, pActlDneo (1 pg); lane 2, protoplast-derived non-transformed 
plant; lanes 3, 6, 7, NPT + progenies of T-20 plant; lanes 4, 5, NPT- 
progenies of T-20 plant 

with larger or smaller sizes were also observed, indicating 
that rearrangement and/or DNA methylation of the foreign 
gene had occurred (Fig. 4A). When undigested samples 
were used, all signals were found at high molecular weight, 
showing the integration of the foreign gene in the barley 
genome (Fig. 4B). Very strong signals were detected in line 
T-19 in both analyses, indicating that this line carried a 
high copy number of the transgene. 

To determine whether these plants expressed the for- 
eign gene, NPT II ELISA was performed using their leaf 
tissues. In T-20, T-21, T-45 and T-49 plants, similar or 
slightly lower levels of the NPT II protein were detected 
compared with those found in their callus stage (Table 2). 
However, T-19 plants had undetected levels of the protein, 
although this line was clearly NPT II-positive at the callus 
level (Table 2). 

Analyses of progenies of the transgenic plants 

Self-fertile plants were obtained in four transformed lines 
(T-19, T-20, T-45, T-49) while T-21 plants set no seed (Fig. 
2E-F, Table 2). To determine whether the transgene was 
transmitted and expressed, NPT II ELISA was carried out 
using randomly chosen progenies (T 1 generation) Of lines 
T-20 and T-49. Ten of fifteen progenies of line T-20 and six 
of twelve progenies of line T-49 proved NPT II positive. In 
addition, Southern analysis was performed using several 
T-20 progenies to confirm the presence of the transgene. As 
shown in Fig. 5, positive signals were detected in all NPT 
II § progenies although the band patterns differed from that 
of the T o plant. One NPT II- progeny carrled no transgene 
while positive bands were detected in the other one. 

Discussion 

We have obtained fertile, transgenic barley plants derived 
from transformed protoplasts. This success is mostly due 
to the combination of improved protocols for barley pro- 
toplast culture (Funatsuki et al. 1992; Funatsuki and Ki- 
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hara 1994) and barley protoplast transformation (Lazzeri 
et al. 1992). The employment of relatively mild selection 
conditions was also of importance. 

The use of highly morphogenic protoplast sources is one 
of the key factors for protoplast transformation systems 
(Potrykus 1990). The difficulty in producing cell suspen- 
sions providing highly morphogenic protoplasts is likely 
to prevent the generation of transgenic plants using proto- 
plast systems in recalcitrant crops such as wheat. We have 
used three cell suspension lines and have obtained trans- 
genic barley plants in all of them. Similar levels of plant 
regeneration from protoplasts have also been obtained in 
independent studies (Funatsuki et al. 1992; Kihara and Fu- 
natsuki 1994). These results suggest that the establishment 
of a reproducible barley transformation system using prow 
toplasts has now become feasible, although the efficiency 
still needs to be improved. 

To select protoplast-derived calli transformed with the 
NPT II gene, Lazzeri et al. (1992) gave more than two pas- 
sages of selection on solid medium with 25 gg/ml and 
found no escape of surviving calli. Similar results have 
been obtained in wheat (Marsan et al. 1993). Both sets of 
authors have suggested that their selection conditions 
might be too stringent. We employed four selection meth- 
ods with three levels of selection strength. Selection 
method 0 appeared too mild as all calli which we tested 
proved NPT II negative, although a screening with more 
samples might have detected a few positive ones. The re- 
sults with selection method 3 suggested that selection on 
mL2 medium for 1 month was too strong. Only with selec- 
tion methods 1 and 2, could transformed plants that grew 
to maturity be generated, indicating that this or a similar 
selection strength may be optimal to produce barley plants 
transformed with the NPT II gene. In addition, more 
healthy transgenic plants were recovered from selection 2 
than from selection 3, although it is not certain whether the 
difference is significant because the comparison was based 
on relatively few plants. However, if this is a true effect, 
it would suggest that the physiological or developmental 
state of cells has an influence on the sensitivity of those 
cells to selection agents, since the two methods differed 
only in hormonal condition. 

With regard to the generation of escapes, one unex- 
pected phenomenon was observed; where selection method 
1 or 2 was used, some untransformed cells from T-plates 
developed embryogenic structures on selection medium 
and gave rise to green shoots, which was never seen with 
calli from C-plates. This may be attributed to the protec- 
tive effect of truly transformed cells adjacent to the escapes 
and suggests that a secondary screening system is needed 
even with a selection system which completely inhibits the 
growth of negative controls. 

Southern analyses have clearly shown the presence and 
the integration of the transgene in the genome of barley 
plants and their progenies. However, not all transformants 
expressed the transgene at detectable levels in their leaf 
tissues even when the gene products had been detected at 
the callus stage. Furthermore, one line of the T-20 proge- 
nies carrying the transgene did not contain the gene prod- 
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uct. This  inac t iva t ion  of  t ransgenes  m a y  have been the re-  
sult  of  D N A  methyla t ion ,  s ince this process  has been re-  
por ted  to be induced  by  the t r ansgenes '  own m R N A  
(Wasseneger  et al. 1994), to increase  with p lant  deve lop-  
ment  (Borchard t  et al. 1992), or  to occur  in subsequent  gen- 
erat ions depend ing  on the env i ronment  (Linn et al. 1990). 
In addi t ion,  methyla t ion ,  in combina t ion  with gene ar- 
rangement ,  m a y  be par t ly  respons ib le  for  the comp le x  band 
pat terns  seen in Southern  analyses .  Fur ther  s tudies should 
examine  how to control  these undes i rab le  events  genera ted  
in the course  o f  t ransformat ion  procedures .  

Transgenic  ba r ley  plants  have  recent ly  been p roduced  
by  par t ic le  b o m b a r d m e n t  (Jfihne et al. 1994; Ri ta la  et al. 
1994; Wan and Lemaux  1994; Hag io  et al. 1995). This tech-  
nique has the advan tage  that long- te rm cul ture  is not  nec-  
essary  (Vasil 1994) and even intact  p lant  t issues can be 
used (Chris tou et al. 1991; Barce lo  et al. 1994; J~ihne et al. 
1994). However ,  the spec ia l i zed  equ ipment  and the res t r ic-  
t ion of  the use of  this technique  would  pose  p rob lems  in 
re la t ion  to the in tegra t ion  of  this t ransformat ion  sys tem 
into prac t ica l  b reed ing  p rogrammes .  A l though  it is diff i-  
cult  to compare  ef f ic iencies  be tween  dif ferent  t ransforma-  
t ion systems,  based  on the number  of  t ransgenic  plants ,  the 
resul ts  ob ta ined  in the present  s tudy are b road ly  s imi lar  to 
those  ob ta ined  in par t ic le  b o m b a r d m e n t  studies (1 -32  in- 
dependen t  r egenerab le  t ransgenic  l ines).  Therefore ,  it  may  
be wor thwhi l e  to cont inue deve lopmen t  of  both  t ransfor-  
mat ion  sys tems depend ing  on the in tended  appl icat ion.  
Fur thermore ,  the recent  success  in regenera t ing  plants  f rom 
t i s sue-der ived  pro toplas t s  of  cereals  (Gupta  and Pat ta-  
nayak  1993; Ghosh  Biswas  et al. 1994) should  open new 
oppor tuni t ies  for  the deve lopmen t  of  p ro top la s t -med ia t ed  
t rans format ion  systems.  

In conclus ion,  we have  demons t ra ted  that  the produc-  
t ion of  fer t i le  t ransgenic  ba r ley  is feas ib le  by  p ro top las t  
t ransformat ion.  
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