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PolyethyleneglycoMnduced Transformation 
of Bacillus subtilis Protoplasts by Bacterial Chromosomal DNA 
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Summary. Bac i l lus  sub t i l i s  protoplasts, which in the 
presence of polyethyleneglycol (PEG) are transformed 
by plasmid D N A  (Chang and Cohen 1979) can also 
be transformed under these conditions by chromo- 
somal DNA.  Transformation in this case occurs at 
a much lower frequency, not fully accounted for by 
the heterogeneity of this DNA.  Another  unexpected 
feature of  the t ransformation studied, which may ex- 
plain why it previously went unnoticed, is that D N A  
concentrations higher than 1-2 ~tg/ml decrease the 
yield of transformants,  without showing signs of  gen- 
eral toxicity. 

PEG-induced protoplasts (PIP) t ransformation 
for chromosomal  markers  operates normally with 
protoplasts prepared f rom a non-transformable bacte- 
rial mutant .  The evidence indicates that both  native 
linear and plasmid DNAs  must  somehow be forced 
into the cells as a result of P E G  action. Denatured 
chromosomal  D N A  however is almost inactive in PIP 
transformation.  No competit ion between chromo- 
somal and plasmid DNAs  could be detected, when 
the D N A  tested as inhibitor was in tenfold excess. 

sensitive process recently described by Bibb et al. 
(1978) and by Chang and Cohen (1979). According 
to these authors, only supercoiled D N A  is fully active 
in PIP transformation (activity is low or negligible 
with open-circular or linear plasmid DNA,  respective- 
ly, and homologous chromosomal  D N A  is completely 
inactive), but the recipient protoplasts need not be 
derived f rom competent,  or even transformable bacte- 
ria. 

The observation that protoplasts could be trans- 
formed in the presence of PEG by chromosomal  
D N A  was first made by K. Fodor,  working in this 
laboratory with D N A  that were believed to be f rom 
a hybrid made by fusion between B. subt i l i s  and B. 
m e g a t e r i u m .  It was felt that this observation, at 
variance with the published work of Chang and Co- 
hen (1979), would be easier to interpret and carry 
more weight, if it could be repeated with D N A  from 
standard B. subt i I i s  strains of the 168 line. With 
such strains PIP transformation for chromosomal  
traits could easily be confirmed, and is described 
in this paper. 

Introduction 

Exposure of bacterial protoplasts to polyethylenegly- 
col (PEG) is an efficient way of inducing their fusion, 
which results in the subsequent formation of genetic 
recombinants (Fodor and Alf61di 1976; Schaeffer 
e tal .  1976; Hopwood  et al. 1977). In the presence 
of plasmid DNA,  this exposure may also lead to PEG- 
induced protoplast  (PIP) transformation,  a DNase  
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Material and Methods 

Bacterial Strains. Protoplasts from three strains have been used 
as recipients in transformation experiments. Two of them, $3 
(Ade Ura- Trp ) and S13 (Met Leu Thr ) have already 
been described (Schaeffer et al. 1976; L6vi et al. 1977). The third 
strain, MO214 (Ade- Ura- Spo-), is a Trp+Spo - derivative of 
S 3 isolated after transformation with excess DNA from MO213 
(spoOA47 acf-1). (spoOA5NA was the initial designation for this 
spo mutation, which simultaneously blocks sporulation at stage 
zero and prevents the appearance of competent cells, Ionesco et al. 
1970). 

MO215, another $3 derivative which in this work was used 
as a source of plasmid DNA, carries in addition to the auxotrophic 
markers of S 3 the chloramphenicol-resistance plasmid pC 194. Ori- 
ginating from Staphylococcus aureus this plasmid is stable and 
expressed in B. subtilis (Ehrlich 1978). 

0026-8925/80/0179/0589/$01.20 



590 C. L6vi-Meyrueis et al. : Bacillus subtilis Protoplasts by Chromosomal DNA 

Protoplast Preparation. Based on lysozyme action in SMM (an 
hypertonic buffer, Wyrick and Rogers 1973), the protoplasting 
treatment has been applied as described (Schaeffer et al. 1976), 
unless specified otherwise. 

Preparation of Plasmid DNA. A cleared lysate was first prepared 
according to Guillen et al. (1978) from 4 x 102° MO215 protoplasts 
suspended in 16 ml of SMM. Pure plasmid DNA was then prepared 
from it following the method of Humphreys et al. (1975), which 
includes a concentration of the DNA by precipitation with a 10% 
PEG solution, and an isopycnic centrifugation followed (after dye 
removal from the heavier plasmid DNA band) by extensive dialysis 
against TE buffer (0.05 M Tris-HC1, 0.005 M EDTA, pH 8.2). 

Preparation of Chromosomal DNA. Two types of chromosomal 
DNA preparation have been used in this work. Type I D N A  was 
prepared from plasmid free 168 Trp + cells, according to a tradition- 
al procedure (Sonenshein et al. 1974). When it was suspected to 
contain harmful traces of detergent, an alternative procedure pro- 
ducing detergent-free chromosomal DNA from MO215 cells was 
worked out. In heavy protoplast suspensions such as that described 
above some protoplasts lyse spontaneously. After centrifugation 
the detergent-free supernatant can be used as a source of bacterial 
DNA, which is then concentrated and purified by density gradient 
centrifugation as described (Hnmphreys et al. t975). DNA from 
the lighter band, after dye removal and final dialysis against TE 
buffer, is electrophoretically free of plasmid DNA, and is thereafter 
referred to as Type II chromosomal DNA. 

DNA Assay. DNA was assayed either chemically (Burton 1956) 
or spectrophotometrically (Hotchkiss 1957). 

Traditional Transformation. Transformation of competent bacteria 
was carried out as described by Sonenshein et al. 1974. 

Polyethyleneglycol-Induced Protoplast Transformation. Some modi- 
fications suggested by our experience with protoplast fusion 
(Schaeffer et al. 1976) have been introduced in the procedure de- 
scribed by Chang and Cohen (1979). Grown in nutrient broth, 
bacteria were resuspended in SMM buffer to an O.D. at 570 nm 
of 2.0 (4 x 108 colony-forming units/ml); treatment by lysozyme 
(200 pg/ml) was reduced to 30 min at 37 ° C, with gentle shaking. 
Chromosomal or plasmid DNA, or their mixture, was added to 
0.5 ml of protoplast suspension, at concentrations appearing in 
the Tables and Figures. This suspension was then exposed for 
1 min to 0.5 ml of a 40% (wt/vol) PEG solution in SMM, and 
immediately plated onto the rich regeneration agar medium of 
Wyrick and Rogers (1973) containing 5 ~tg of DNase per ml. Regen- 
eration rate after PEG treatment was calculated from colonies 
counted after a 3 day incubation at 37 ° C. Replica plating took 
place the same day, to either nutrient agar supplemented with 
chloramphenicol (20 pg/ml), or to variously supplemented minimal 
medium (Schaeffer et al. 1976). By this modified method, phenotyp- 
ic expression of the transformants takes place on the regeneration 
medium. As shown in Fig. 1 the modifications introduced do not 
significantly affect the response to exposure to plasmid DNA. It 
has been checked that, as implied in Chang and Cohen's paper, 
plasmid transformation is completely dependant on PEG treat- 
ment. 

Denaturation and Renaturation of DNA. Solutions of chromosomal 
DNA, 10 lag/ml in 2 x SSC (0.3 M NaC1, 0.03 M Na 3 citrate), were 
exposed to 100°C for 10min, and then either immediately 
quenched at 0 ° C, or annealed at 65 ° C for 150 min, depending 
on whether denatured or renatured DNA was being prepared (Mar- 
mur et al. 1962). 
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Fig. 1. PIP transformation as a function of pC 194 DNA concentra- 
tion. Protoplasts derived from growing bacteria were treated by 
varying concentrations of pC 194 DNA. Regenerated bacteria were 
counted, and Cm R transformants among them. Dotted line: the 
response published by Chang and Cohen, 1979. Solid line: the 
response obtained with S 3 cells by the modified procedure de- 
scribed under Methods 

Results 

1. PIP Transformation with Type I Chromosomal 
DNA Preparations 

When transformation of S 3 protoplasts to Ade +, or 
of S 13 protoplasts to Leu ÷ was tried, using Type I 
chromosomal DNA, transformants were formed 
(Fig. 2, curves 1 and 2, respectively). An unusual fea- 
ture of these curves is that the yield of transformants 
(in the protoplast population which successfully re- 
turned to the bacterial form) decreased rather abrupt- 
ly at D N A  concentrations higher than 1-2 ixg/ml, 
rather than staying constant as is usual with compe- 
tent bacteria. With both strains a maximal yield of 
approximately 5 × 10-5 was observed for D N A con- 
centrations close to 1 lag/ml, suggesting a toxicity of 
the Type I D N A  preparation used. 

When the same DNA preparation was used to 
transform $3 competent cells, however, increasing 
D N A  concentration from 1 to 10 pg/ml did not 
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Fig. 2. PIP transformation as a function of chromosomal  D N A  
concentration. Recipient strains and t ransformation procedure as 
described under Methods:  Solid lines: t ransformations with Type I 
DNA.  Dotted lines: t ransformations with Type II DNA.  (1) • 
$3 cells t ransformed to Ade+;  (2) • S13 cells t ransformed to 
Leu~ ; (3) • S 13 cells t ransformed to Thr+;  (4) [] S 13 cells trans- 
formed to Leu+;  (5) o S13 cells t ransformed to Met+ ;  (6) z~ 
MO214 cells t ransformed to Ade +. The protoplast  regeneration 
data f rom the four experiments appear in Table 1. Curves 3, 4 
and 5 are from the same experiment 

change the efficiency of transformation (4 x 105 trans- 
formants per 1 x l0 s bacteria at the competence peak). 
Thus, the inhibitory effect of D N A  concentrations 
higher than 1 gg/ml is specific of PIP transformation. 

In their description of the PIP transformation by 
plasmid DNA the reminder was given by Chang and 
Cohen (1979), that residual traces of detergent in the 
DNA preparation may be toxic to protoplasts. If this 
were the reason for the apparent toxicity observed 
here, the wall regeneration rate also should be af- 
fected. Since this apparently is not the case (Table 1), 
interference of excess D N A  with some step of the 
transformation process is indicated. The data in Ta- 
ble 1 illustrate the extent to which regeneration rates 
fluctuate. Their average values in these experiments 
(23%, 12% and 17.5% for $3, S13 and MO214, 
respectively) do not show any clearcut strain-depen- 
dance. 

2. PIP Transformation with Type H Chromosomal 
DNA Preparations 

To rule out any effect due to detergents, a Type II 
DNA preparation was made. DNA prepared in this 

way has at no time been in contact with detergents 
(see Methods). Bell shaped curves similar to those 
already observed were obtained, however, when S 13 
protoplasts were transformed by Type lI DNA 
(Fig. 2, curves 3, 4 and 5). Maximal yield is seen to 
depend slightly on the particular kind of transfor- 
mants being scored, but the decrease in yield at su- 
praoptimal concentrations is independant of the type 
of D N A  preparation being used. As expected, wall 
regeneration is unaffected by Type II D N A  concen- 
tration either (Table 1, experiments 3, 4 and 5). 

3. Transformation for Chromosomal Markers 
of PEG-Treated Protoplasts Derived 
from Non-Transformable Bacteria 

In order to be transformed by plasmid DNA, PEG- 
activated protoplasts need not be derived from com- 
petent, or even transformable bacteria (Bibb et al. 
1978; Chang and Cohen 1979). Whether the same 
is true when chromosomal DNA is used instead (i.e. 
when transformation requires recombination) has 
been checked by using protoplasts from MO214, a 
non-transformable asporogenous mutant. As can be 
seen from experiment 6 (Fig. 2 and Table 1) the re- 
sponse with this strain is identical to that given by 
S 3, which is transformable (experiment 1, Fig. 2 and 
Table 1). 

4. Sensitivity of PIP Transformation 
for Chromosomal Markers to DNA Denaturation 

In a classical transformation system, full activity of 
exogenous DNA requires that it be in its native, dou- 
ble-stranded form. This requirement is not due to 
unability of single-stranded D N A  to carry out genetic 
transformation, but rather to the fact that under nor- 
mal conditions competent bacteria do not take up 
denatured DNA (Marmur and Lane 1960; Lacks 
1977). In the PIP transformation studied here, in 
which competent cells play no role, it seemed worth 
investigating how denaturation of chromosomal 
DNA would affect its biological activity. 

Prepared as described under Methods, solutions 
of presumably denatured and renatured chromosomal 
DNA were made and immediately used, together with 
native DNA, in PIP transformation experiments at the 
nearly optimal concentration of 0.43 pg/ml. In two 
independant experiments, the transforming activity 
of denatured DNA was 1.3% and 3.5% that of native 
DNA, and renaturation increased the residual activity 
by a factor of three. Limited as it was, this reactiva- 
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Table 1. Regeneration rate of PEG-treated protoplasts used in 
transformation experiments 

Talbe 2. Lack of inhibition by plasmid DNA of PIP transformation 
by chromosomal DNA 

Experiment Recipient DNA Regeneration 
strain gg/ml % 

1 $3 0 t5 
0.17 12 
0.43 30 
1.7 35 

2 S13 0 11 
0.043 4 
0.13 14 
0.86 15 
2.15 34 
4.30 3 

3, 4, 5 S 13 0 15 
0.42 12.5 
0.85 50.8 
1.7 12 0.02 
4.25 11.5 0.02 

6 MO214 0 12.5 0.20 
0.043 16 0.20 
0.086 16 
0.43 14 
0.86 29 

Chromosomal DNA pC 194 DNA Ade + transformants 
gg/ml gg/mi among regenerants 

0.30 0 2.0 x 10 -s 
0.30 3 2.7x 10 s 

The transformation data from the four experiments mentioned 
below are given in Fig. 2 

$3 protoplasts were transformed as described to Ade + by chromo- 
somal DNA in suboptimal concentration in the presence of a ten- 
fold excess of pC 194 DNA 

Table 3. Lack of inhibition by chromosomal DNA of PIP transfor- 
mation by pC 194 DNA 

pC 194 DNA Type I DNA Cm R transformants 
gg/mi gg/ml among regenerants 

0 0.66 x 10 3 
0.20 0.77 x 10 3 
0 5.6 x 10 -3 
2.0 5.0 × 10 -3 

pC 194 DNA and Type I chromosomal DNA were added to $3 
protoplasts. Transformation was tested after PEG treatment as 
described under Methods 

t ion insures tha t  the previous  inac t iva t ion  was no t  
(at least  entirely)  due to degrada t ion .  Thus in PIP  
t r ans fo rma t ion  for  c h r o m o s o m a l  marke r s  as in t rans-  
f o r m a t i o n  of  compe ten t  bacter ia ,  b io logica l  act ivi ty  
requires  tha t  D N A  be doub le - s t r anded .  

5. Do Chromosomal and Plasmid D N A  compete 
with One Another in PIP Transformation ? 

In the absence o f  P E G  t r ea tmen t  p ro top las t s  canno t  
be t r ans fo rmed  by  p lasmid  D N A .  W e  checked tha t  
PIP  t r ans fo rma t ion  for  c h r o m o s o m a l  trai ts  also was 
ent i rely dependan t  on exposure  to P E G  (da ta  not  
shown).  To see whether  p lasmid  D N A  competes  with 
c h r o m o s o m a l  D N A  for  t r ans fo rma t ion  by the latter,  
a suspens ion  of  S 3 p ro top las t s  conta in ing  a subopt i -  
mal  concen t ra t ion  (0 .30gg /ml )  of  c h r o m o s o m a l  
D N A  and a tenfold  excess of  pC 194 D N A  was P E G -  
t reated,  and  A d e  + t r a n s f o r m a n t  bac te r ia  were scored 
in the usual  way. N o  inhib i t ion  could  be detected 
(Table  2). Wi th  the same system the same conclus ion 
was reached in the converse  exper iment ,  when chlor-  
amphen ico l - res i s t an t  (Cm R) t r ans fo rman t s  were 
scored in the presence of  a tenfold  excess o f  ch romo-  
somal  D N A  (Table  3). Thus,  in PIP  t r ans fo rmat ion ,  
there  seems to be no compe t i t i on  for  pene t ra t ion  be- 
tween CCC D N A  and  l inear  nat ive D N A .  

D i s c u s s i o n  

The P E G - i n d u c e d  t r a n s f o r m a t i o n  o f  B. subtilis pro to -  
plasts  invest igated in this w o r k  differs in three ways 
at  least  f rom tha t  descr ibed  by  Chang  and Cohen  
(1979): the t r ans fo rming  D N A  used is l inear  and 
c h r o m o s o m a l  ra the r  than  supercoi led  and plasmidic ,  
the t r ans fo rma t ion  efficiency is much  lower,  and  the 
response  to vary ing  D N A  concen t ra t ion  shows a 
ra ther  sha rp  and mos t  unusua l  o p t i m u m  (Fig. 2). 

T r a n s f o r m a t i o n  f requency (up to 5 x 1 0 - s  a m o n g  
the regenera ted  bac ter ia )  is ca. 104 t imes lower  than 
with  p lasmid  D N A .  Since with c h r o m o s o m a l  D N A  
only one c h r o m o s o m e  segment  (out  of  one hundred  
l ibera ted  by  shear ing f rom the bac te r ia l  genome)  is 
po ten t i a l ly  t r ans fo rming  for  any one marke r ,  a fre- 
quency reduced  by  a fac tor  of  10 z was to be expected.  
A fur ther  reduc t ion  o f  a s imilar  magn i tude  m a y  indi-  
cate either,  tha t  the unknow n  mechan i sm by which 
D N A  is taken  up  in the presence of  P E G  is much  
more  efficient with supercoi led  D N A  than  it is with 
l inear  D N A ,  or  tha t  bo th  forms are t aken  up  equal ly  
well, bu t  tha t  l inear  D N A  is more  sensitive to inact i -  
va t ion  within the pro top las t s .  ( Inac t iva t ion  of  incom-  
ing t r ans fo rming  D N A  has been shown to take  place 
wi thin  minutes  in B. subtilis pro top las t s  der ived f rom 
n o n - c o m p e t e n t  bac ter ia ,  and  ascr ibed to enzymat ic  
activit ies present  in such cells;  H i r o k a w a  and Ikeda  
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1966). Both possibilities are compatible with the ob- 
servation (Chang and Cohen 1979) that pC 194 DNA, 
once linearized, is from 10 to 100 times less active. 
Studying the penetration in the presence of PEG of 
radioactive DNAs, and their biological activity after 
reextraction, should supply the answers. In spite of 
its low frequency there is no doubt about the PEG-  
dependence of the PIP transformation studied in this 
work, since in agreement with previous work (Tichy 
and Landman 1969; Wilson and Bott 1970) no trans- 
formants are formed at all in the absence of PEG 
treatment. 

The second salient characteristic of the PIP-trans- 
formation investigated is the abrupt decrease in trans- 
formant yield regularly observed, when D N A  concen- 
trations exceeding 1-2 gg/ml are used (Fig. 2). A simi- 
lar but much smaller decrease was observed by Chang 
and Cohen (1979) working with pC194 DNA, from 
which residual detergent had been removed by exten- 
sive dialysis. Since the effect in our case was much 
more pronounced and occured at lower D N A  concen- 
tration, we were led to prepare chromosomal DNA 
which at not time had been exposed to detergent 
(Type II preparation). As shown in Fig. 2, the transfor- 
mation-inhibiting activity was still there, however. In- 
troducing additional deproteinization steps with pro- 
teinase K or additional RNase treatments did not 
help either. In transformation of competent cells, 
however, DNA concentration of 10 gg/ml was not 
inhibitory. Thus, the effect seems to be due to DNA 
itself, acting specifically on some step (possibly re- 
combination) of the PIP transformation process. It 
seemed possible that the failure of Chang and Cohen 
(1979) to detect transformation for a chromosomal 
marker might be due to their apparently exclusive 
use of too high a DNA concentration (2 ~tg/ml), but 
we also had to consider the possibility that the modifi- 
cations introduced by these authors in the protoplast- 
ing treatment of Schaeffer et al. (1976) might account 
for the failure. Using the D N A  concentration optimal 
for S 3 we found, however, that protoplasts prepared 
by both methods were transformed, and that in both 
cases transformation was strictly PEG-dependant.  

Recently reported by Vorobjeva etal .  (1980), 
PEG-induced transformation of Bacillus megaterium 
protoplasts by DNA of a megacinogenic plasmid 
takes place at very high frequency, but no PIP-trans- 
formation could be detected when chromosomal B. 
megaterium DNA was used. In the absence of any 
experimental detail the latter observation cannot be 
usefully commented upon. 

PIP transformation by plasmid DNA takes place 
normally with protoplasts derived from a non-trans- 
formable species of Streptomyces (Bibb et al. 1978). 
Similarly in this work protoplasts from a non-trans- 

formable mutant of B. subtilis could be transformed 
for chromosomal traits in the presence of PEG, just 
as well as protoplasts from the transformable parent 
strain. This may be valuable information for investi- 
gators working with species of bacteria from which 
protoplasts can easily be made, but in which no genet- 
ic transfer is available so far. They also strongly indi- 
cate that PEG, a powerful fusogenic agent, is able 
also to 'squeeze'  DNA into cells or membranes, 
whether this D N A  is supercoiled or linear and native. 
This PEG-dependant  mechanism could hardly be 
identical with the physiological take-up mechanism 
of competent bacteria, which requires the synthesis 
of several specific proteins, and results in one strand 
being degraded while the other strand is taken in 
(Lacks 1977). It was therefore of interest to know 
whether, as a result of PEG action, single-stranded 
DNA also was squeezed in. With chromosomal DNA 
we found that double-strandedness is required for 
PIP transformation, as it is for conventional transfor- 
mation, although it needs not be for the same reason. 
The data presented do not exclude that duplex DNA 
is taken in but subsequently degraded. The answer 
to this question, should be forthcoming when use 
is made of radioactive DNA. 

Inhibition experiments carried out to see whether 
chromosomal and plasmid DNA compete with one 
another for transformation failed to detect any such 
competition. Since these two DNAs could hardly com- 
pete for pairing with the chromosome we trust that 
competition for entry was being tested. Our under- 
standing is that the capacity of the PEG to let DNA, 
whatever its molecular structure, is so great that it 
was not limiting in these experiments. 
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