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Factors Affecting Transformation Efficiency
of BCG with a Mycobacterium-Escherichia
coli Shuttle Vector pYUBI18 by

Electroporation

Sang-Nae Cho', Jm-Hee Hwang', Sun Park’, Yunsup Chong ,
Sung-Kyu Kim®, Chul-Yong Song , and Joo-Deuk Kim'

BCG has been one of the vehicles for multi-recombinant vaccine. However, low transformation
efficiency of BCG with plasmid DNA hampered studies involving expression of foreign antigens
in BCG. In an effort to determine the optimal conditions, this study was initiated to investigate
factors involved in the transformation of BCG with a Mycobacterium-Escherichia coli shuttle
vector, pYUBIS8, by electroporation. Mycobacterium bovis BCG (strain 1173P2) was grown in
Middlebrook (M) 7H9 broth containing albumin-dextrose-catalase and 0.05% tween 80, and
transformed BCG was grown in M7HI0 agar containing kanamycin for counting viable cells.
Pretreatment of BCG with 10 mM CaCl, improved the transformation efficiency, but overnight
incubation of BCG with 1% glycine did not. The transformation efficiency in BCG also varied
depending on voltage, resistance, and DNA concentration. The maximum transformation
efficiency was obtained when the infinity resistance, 12.5 Kv/cm, and 100 ng of DNA.were used,
and reached 1.4 x 10° CFU/ug of plasmid DNA, which is about 3 ~100 times greater than those
from previous reports. The transformation conditions described in this study, therefore, will give

us a better position for employing BCG as a vehicle for developing multi-recombinant vaccines.
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Tuberculosis is still a major public health problem
in most parts of the world, killing more than three
million people each year. One of the approaches to
control the disease is to develop an effective vac-
cine. Although the BCG vaccine has been available
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for a long time, its protection efficiency has varied
markedly between field trials (Ten Dam, 1984) and
it is still controversial. One of the strétegies to
improve BCG vaccine is to over-express protective
antigens of Mycobacterium tuberculosis in, BCG or
human cytokines, thus augmenting the host im-
munity against tuberculosis (Jacobs Jr et al, 1987;
Stover et al. 1992). For example, the MPT70 anti-
gen from M. tuberculosis H37TRv was expressed in
BCG (Matsumoto et al. 1995), and human IL-2 in
BCG (Kong and Kunimoto, 1995).

In addition, BCG has been one of the ideal
vehicles for multi-recombinant vaccines against
other infectious diseases. For example, foreign genes,
including tetanus toxin fragment C (Stover et al.
1991), OspA of Borrellia burgdorferi (Stover et al
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1993), nef of human immunodeficiency virus (Win-
ter et al. 1991), and gp63 of Leishmania major
(Abdelhak et al. 1995) were expressed in BCG.

One of the major obstacles in cloning and the
expression of foreign genes in BCG, however, was
the difficulty in delivering vectors containing recom-
binant molecules to the organisms mainly due to a
rather complex cell wall structure of mycobacteria
(Draper, 1982). The transformation efficiency in
BCG with Mycobacterium-Escherichia coli shuttle
vectors by electroporation ranged from 10° to 10*
CFU/ug DNA, which were markedly lower than 10%
CFUjug in E. coli (Lugosi et al. 1989; Garbe et al.
1994).

Electroporation momentarily disrupts the ceil
membrane by electric field pulses thus enabling
foreign DNA to enter the cells, while factors affect-
ing the transformation efficiency include voltage,
resistance, and DNA concentration (Forster and
Neumann, 1989; Chang et al. 1992). In addition,
strains of BCG, culture media and duration, and
pretreatment of culture affected the transformation
of BCG with vectors (Lugosi et al. 1989; Garbe et
al. 1994). However, no systemic studies on these
conditions have been reported to date, and this study
was therefore initiated to examine such variables to
obtain maximum transformation efficiency of BCG
with one of thc Mycobacterium-E. coli shuttle
vectors, pYUBI18.

MATERIALS AND METHODS
Bacterial strains and cultures

BCG 1173P2 (WHO International BCG Reference
Center, Statens Seruminstitut, Copenhagen, Den-
mark) was maintained in an Ogawa egg media
(Chadwick, 1982). For use in transformation, BCG
was cultured in Middlebrook 7H9 broth (Difco
Laboratories, Detroit, MI, USA) containing 0.05%
(v/v) Tween 80 supplemented with albumin-dex-
trose-catalase (M7H9-ADC-Tw) (Sigma Chemical
Co., St. Louis, MO, USA) at 37°C in a shaking
incubator. For counting the colony forming unit
(CFU), BCG was plated on a M7H10 agar plate
containing cyclohexamide (100 pg/ml) (Sigma Che-
mical Co.) to prevent fungal growth during a long
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incubation period. In order to select transformed
BCG, kanamycin (10 ug/ml) (Sigma Chemical Co.)
was added to M7HI10 agar containing ADC.
Mycobacterium smegmatis and E. coli were also
included in this study as controls for comparing the
transformation efficiency. M. smegmatis mc*155
(Snapper et al. 1990) was provided by W.R. Jacobs,
Jr. (Albert Einstein College of Medicine, Bronx,
NY, USA) and cultured in M7H9-ADC-Tw broth at
37°C for preparation of competent cells. Kanamycin
(25 ug/ml) was added to M7H10 agar to select the
transformed cells. E. coli DHS5a (gift from W.R.
Jacobs, Jr.) was grown in LB broth (Luria-Bertani,
Difco Laboratories), and kanamycin was used at 50
ug/ml in LB agar for selection of transformed cells.

Preparation of cultures for electroporation

In order to prepare BCG cells for transformation,
BCG was grown in M7H9-ADC-Tw broth at 37°C
for 2 weeks in a shaking incubator. Then, 5 ml of
culture was transferred to 500 ml of M7HS-ADC-
Tw broth and cultured further for 6 to 7 days to
reach readings of 0.4-1.0 at O.D. 600. BCG cultures
were placed on ice for 1 h and harvested by
centrifugation at 8,000 x g at 4°C for 15 min. The
packed cells were re-suspended in one-tenth volume
(50 ml) of 10% glycerol and centrifuged at 8,000
x g at 4°C for 15 min. This procedure was repeated
4 times. Finally, the packed cells were re-suspended
in_one-hundredth volume (5 ml) of 10% glycerol. M.
smegmatis cultured in M7H9-ADC-Tw and E. coli
in LB broth were prepared by the same procedure
described above for electroporation.

Cosmid DNA

A 12 kb Mycobacterium-E. coli shuttle cosmid
vector pYUBI18 (Jacobs Jr. et al. 1991), provided by
W.R. Jacobs, Jr., was prepared from E. coli ec’88
containing the cosmid vector by the alkaline-sodium
dodecyl sulfate methods (Sambrook et al. 1989).
The cosmid DNA was purified by the polyethylene
glycol precipitation method, and its concentration
was determined by the standard method (Sambrook
et al. 1989).
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Electroporation

BCG cells were transformed with the cosmid
pYUB18 DNA by electroporation using a Gene
Pulser (Bio-Rad Laboratories, Inc., Richmond, CA,
USA) as described by Lugosi er al. (1989) with
minor modifications. Briefly, 0.4 ml of concentrated
BCG cells were mixed with 5 ul of pYUB18 DNA.
The mixture was added to 0.2 cm electrode gap
pulser cuvette, and the cuvette was then placed on
ice for 10 min. After electroporation in various
conditions, the contents were washed out with 1.0
ml of M7H9-ADC-Tw broth and incubated at 37°C
for 1 h. The cells were diluted by 10-fold, and 50
ml from each dilution was spread on the M7H10-
ADC plate containing 25 pug/ml of kanamycin in
triplicate and incubated at 37°C in a2 CO;, incubator.
After 3 to 4 weeks, the number of colonies were
counted. Transformation efficiency was expressed as
the number of BCG colonies (i.e., transformed cells)
per 1 g of DNA per 107 viable BCG cells, in which
viable cells after pulse were determined in non-
selection media without kanamycin.

Statistical analysis

Each experiment was conducted 3 times, and the
paired Student’s ¢-test was employed for comparison
between treatment groups. Statistical significance
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Fig. 1. Effect of pretreatment of BCG cells on trans-
Sformation efficiency. Results are expressed as the mean
(plus standard deviations) of colony forming units trans-
Sformed with the pYUBI8 vector in three experiments.

Glycine
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was set at p<0.05. Data were expressed as mean+
standard errors of mean.

RESULTS
Pretreatment of BCG cells

In order to increase permeability of BCG cell
walls, BCG cultures were treated with 1% glycine
for 24 h before harvesting. For modified CaCl,
treatment, the harvested cells were mixed with
one-tenth of the original volume of transformation
buffer consisting of 30 mM potassium acetate, 50
mM MnCl;, 10 mM CaCl,, 15% glycerol and placed
on ice for 15 min, followed by washing 4 times with
10% glycerol. Control cells had no pretreatment
after washing with 10% glycerol as described above.
pYUBI18 DNA (500 ng) was added to each cuvette,
and the electroporation conditions for voltage,
resistance and capacitance were 12.5 kV/cm, 1,000
ohms, and 25 yFD, respectively. The pretreatment of
BCG cultures with 1% glycine for 24 h killed more
than 70% of the organisms (data not shown) and
resulted in lower transformation efficiency than
control (Fig. 1). On the other hand, CaCl,-treated
BCG cells gave a higher transformation efficiency
compared to control, although there was no sta-
tistical significance (p>0.05). Therefore, CaCl.-
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Fig. 2. Effect of electroporation voltage on transforma-
tion efficiency. Results are expressed as the mean+
standard deviations of colony forming units transformed
with the pYUBIS8 vector in three experiments.
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treated cells were used in the rest of the experi-
ments.

Voltage and resistance

The effect of voltage on the transformation effici-
ency was determined by transforming CaCl2-treated
BCG cells at different voltages in'fixed conditions
of 1,000 ohms, 25 uFD, and 500 ng of DNA/
cuvette. As shown in Fig. 2, transformation effici-
ency increased as voltage did, and 12.5 kV/cm gave
the highest transformation (p<0.05). Likewise,
when the effect of resistance was examined at the
fixed conditions of 500 ng DNA/cuvette, 12.5
kV/cm, and 25 uFD, transformation efficiency
increased as the resistance did, and the infinity
resistance gave the highest transformation (p <0.05)
(Fig. 3).

DNA concentration

pYUBI18 DNA concentration may be one of the
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Fig. 3. Effect of electroporation resistance on trans-
formation efficiency. Results are expressed as the mean
(plus standard deviations) of colony forming units trans-
formed with the pYUBI8 vector in three experiments.

factors affecting the transformation efficiency of
BCG. In order to examine the effect of DNA
concentration on transformation efficiency, CaCls-
treated BCG cells were transformed with 50 to
1,000 ngfcuvette at the fixed electroporation con-
ditions of 12.5 kV/cm, 1,000 ohms, and 25 4FD. In
BCG cells harvested from 6-day cultures, 100 ng
DNA/cuvette gave the highest transformation effici-
ency of 1.1x10° CFU/ug DNA (Fig. 4).

Comparison of transformation efficiency in BCG
with E. coli and M. smegmatis

For comparison of the transformation efficiency
of BCG with that of other organisms, the optimal
conditions for transformation were examined in M.
smegmatis and E. coli as well as in BCG. As shown
in Table 1, the transformation efficiency in E. ¢oli
was 1.6 x 10° CFU/ug DNA at the conditions of 100
pg DNA/cuvette, 12.5 kV/cm, 200 ohms, and 25
UFD. E. coli DNA over 1 ng/cuvette and the resi-
stance over 200 ohms resulted in a marked reduction
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Fig. 4. Effect of DNA concentration on transformation

efficiency. Results are expressed as the mean *standard

deviations of colony forming units transformed with the

pYUBIS8 vector in three experiments.

Table 1. Electroporation conditions for the highest transformation efficiency

Organism DNA Resistance Voltage Time Efficiency
g (ng/cuvette) (ohm) (kV/cm) constant (s) (CFU/ugDNA)
E. coli 0.1 200 12.5 46 1.6x10°
M. smegmatis 100 1000 125 17.0 3.8 % 10°
BCG 100 infinity 125 45.0 1.4%10°
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in transformation efficiency (data not shown). In M.
smegmatis, the transformation efficiency of 3 8 x 10°
CFU/ug DNA was obtained when the electropora-
tion was carried at 100 ng DNA/cuvette, 12.5
kV/cm, 1,000 ohms, and 25 uFD. Unlike in BCG
cells, the resistance of infinity gave a lower trans-
formation efficiency in M. smegmatis (data not
shown). The maximum efficiency of transformation
of BCG with pYUB18 DNA reached 1.4 X 10° CFU/
ttg DNA at the conditions of pretreatment with
CaCl,, 100 ng DNA/cuvette, 6-day cultivation, 12.5
kV/cm, infinity resistance, and 25 yFD. The time
constant also differed markedly from 4.6 msec in E.
coli to 17.0 msec in M. smegmatis and to 45.0 msec
in BCG reflecting the difference in cell wall struc-
ture.

DISCUSSION

This study shows that there are numerous factors
affecting the transformation efficiency of BCG with
the pYUBIS8 -cosmid vector by electroporation.
Electroporation is a simple and rapid procedure by
which target cells have momentary membrane
breakdowns or pores through which DNA enters the
cells (Weaver and Powell, 1989; Chang et al. 1992).
Due to its simplicity, this procedure has been widely
applied to both eucaryotic and procaryotic cells.
Since the high voltage of electric pulse gave a
physical effect on the cell wall or membrane, its
constituents and integrity are major factors affecting
the efficiency of DNA delivery by electroporation
(Neumann et al. 1992; Weaver and Barnett, 1992).
Thus electroporation conditions vary markedly
depending on the cell wall structure, even among
procaryotes. The mycobacterial cell wall, including
BCG, consists of a large content of lipid moiety
(over 60% of dry weight) thus giving it very high
hydorphobic nature (Draper, 1982), which interferes
with membrane transport of hydrophilic molecules
such as DNA.

In order to loosen the BCG cell walls, Lugosi et
al. added glycine at 1% one-to-two days before
harvesting cells (Lugosi et al. 1989). In this study,
however, pretreatment with 1% glycine resulted in
reduction of viable cells by more than 70% and gave
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a lower transformation efficiency. On the other
hand, the CaCl, treatment, which has been widely
used for preparing competent cells for transforma-
tion with foreign DNA (Sambrook et al. 1989), gave
a greater transformation efficiency compared to
control cells. But control BCG cells, i.e., BCG cells
just washed with 10% glycerol, also showed com-
parable transformation efficiency. Thus, depending
on the purpose of the experiment both CaCl, treated
cells and cells washed with 10% glycerol can be
used for transformation with foreign DNA.

The next factors examined in this study were
voltage and resistance. Snapper et al. used 6.25
kV/cm for transformation of BCG, but in this study,
the maximum efficiency was obtained at 12.5 kV/cm
(Snapper et al. 1988). Likewise, 12.5 kV/cm gave
the highest transformation efficiency in animal cells
and E. coli (Chermnomordik, 1992). Resistance was
also one of the major factors in the electroporation
model (Weaver and Barnett, 1992). In our study,
anything over 200 ohms was detrimental to E. coli
(data not shown), while 1000 ohms and infinity
resistance were required to obtain the maximum
efficiency in M. smegmatis and BCG, respectively.

DNA concentration for optimal transformation
efficiency was also variable depending on mycobac-
terial species. Lugosi et al. examined DNA concen-
tration ranging from 50 ng to 2 ug/cuvette and
reported the maximum efficiency of 1.0 - 2.7X 10*
CFU/ug DNA when DNA was used at the con-
centration of 100 and 500 ng/cuvette for trans-
formation of BCG (Lugosi et al. 1989). Our study
also showed the highest efficiency at 100 ng/cuvette
and a much lower efficiency at the DNA concen-
tration of 1000 ng/cuvette in BCG transformation.
This differed markedly from the previous report by
Garbe et al. in which the maximum efficiency was
obtained at 1.25 ug DNA for transformation of BCG
and M. vaccae and 5 ug DNA for Mycobacterium
w (Garbe et al. 1994).

Transformation efficiency also varied depending
on DNA size and types, i.e., DNA libraries, plas-
mids, and the nature of plasmids. This implies that
each plasmid or DNA library should be examined
to determine its optimal concentration for trans-
formation of BCG or other mycobacteria. For ex-
ample, the transformation efficiencies of 4 X 10’
CFU/ug DNA of p16K1 plasmid (Garbe ez al. 1994)
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and 1x 10" CFU/ug DNA of pBAK 14 (Zhang et al.
1991) in M. smegmatis have been reported. These
were markedly lower than our results, which had an
efficiency of 3.8 10° CFU/ug DNA of pYUBI8 in
M. smegmatis. When BCG was previously used as
the host cell, the maximum efficiency had been 8
% 10°/ug DNA for pl6R1 (Garbe er al. 1994) and
42X 104/ug DNA for pYUBI13 (Lugosi et al. 1989).
Thus, the efficiency of 1.4X 105/ug DNA of
pYUBI18 in our study was three times as high as that
reported by Lugosi et al. (1989). To reach this ef-
ficiency level in BCG, CaCl,-treated competent
BCG cells were used and the electroporation con-
ditions were 12.5 kV/cm, infinity resistance, 100 ng
of pYUB18 DNA/cuvette, and 25 uFD in capaci-
tance, respectively.

This study therefore clearly suggests that the
optimization of electroporation conditions is neces-
sary to have the maximum transformation efficiency
for each host organism and DNA type.
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