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ARTICLE INFO ABSTRACT

Keywords: Bifidobacteria are representative probiotics which are defined as live microorganisms that confer a health
Bifidobacterium benefit on the host. Because of their safety and healthfulness when applied to humans, bifidobacteria are suitable
Plasmid vector as genetically engineered bacteria for applications to benefit human physiology and pathology. However, mo-
Transformation lecular biological studies of bifidobacteria have been limited due to insufficient genetic tools including effective
E:é;mporanon transformation methods. The aim of this study is to improve the electroporation-mediated transformation effi-

ciency of bifidobacteria to a reproducibly high level. The crucial factors that determine electroporation effi-
ciency are the restriction-modification system, together with the cell wall and cell membrane structure of the
bacteria. We optimized the bifidobacterial electroporation conditions by focusing on these factors as well as the
amount of plasmid DNA used, the electrical parameters and the bacterial growth phase. As a result, the elec-
troporation efficiency of B. bifidum BGN4 drastically and consistently increased from 10° to 10° CFU / ug DNA.
The most significant factor for increasing the electroporation efficiency was the cell wall weakening mediated by
NaCl, which improved the electroporation frequency by 20 times. Because the optimized electrotransformation
conditions reported here should be widely applicable to other Bifidobacterium species, these could promote the
extensive genetic manipulation of the various Bifidobacterium species in future studies.

1. Introduction

The human intestine is densely populated by as many as 10'° to
10 microorganisms (Suau et al., 1999). Most of these are obligate
anaerobes including the clostridia, eubacteria, and bacteroides groups
and the genus Bifidobacterium. Bifidobacterium is one of the dominant
organisms in the gut microflora of healthy children and adults com-
prising > 1% of the total bacterial count (Blaut et al., 2002; Matsuki
et al., 2004a; Matsuki et al., 2004b).

Bifidobacteria are Gram-positive, anaerobic, catalase-negative and
fermentative bacteria which have beneficial effects on human health
and diseases including physiological functions, nutrition, anti-cancer,
immunological responses and resistance to infection (Aoki et al., 2016;
Argnani et al., 1996; Jia et al., 2008; Kim and Ji, 2006; Ku et al., 2016;
Lee et al., 2002; Mitsuoka, 1990; Sivan et al., 2015; Ventura et al.,
2009; You et al., 2004). Because of these advantages, bifidobacteria are

considered to be representative probiotics which are defined as live
microorganisms that confer a health benefit on the host (Sanders,
2008). Therefore, bifidobacteria are suitable as a genetically engineered
bacteria to augment human for use in human physiology and pa-
thology. However, molecular biological studies on bifidobacteria have
been limited by the insufficient genetic tools including effective trans-
formation methods. Even though electroporation, a highly efficient
transformation method, is used for bifidobacteria, the electroporation
efficiency of bifidobacteria is usually < 10* CFU / ug DNA in previous
studies (Argnani et al., 1996; Guglielmetti et al., 2007; Park et al.,
1999a; Rossi et al., 1996; Sangrador-Vegas et al., 2007; Shkoporov
et al., 2008).

In this study, we aimed to improve the electroporation-mediated
transformation efficiency of bifidobacteria to a reproducibly high level.
The crucial factors that determine electroporation efficiency are the
restriction-modification system (R-M system), cell wall and cell
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Table 1
Bacterial strains and plasmids used in this study.
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Bacterial strain

Source or reference

Escherichia coli DH5a
Bifidobacterium bifidum BGN4
Bifidobacterium bifidum KCTC 3440
Bifidobacterium bifidum KCTC 3418
Bifidobacterium breve KCTC 3419
Bifidobacterium pseudocatenulatum SJ32
Bifidobacterium longum RD65
Bifidobacterium longum RD72
Bifidobacterium lactis RD68
Plasmid

pBES2

Lab stock

Isolated from breast-fed infant feces (Park et al., 1999)
Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Purchased from Korean Collection for Type Culture
Isolated from healthy human feces (Park, Ji, Ko, Jung, Ustunol and Pestka, 1999)
Isolated from healthy human feces

Isolated from healthy human feces

Isolated from healthy human feces

Characteristics

7.6 kbp, Ap®, Cm®

membrane structure of bacteria. We optimized the bifidobacterial
electroporation conditions by focusing on these factors. In addition, we
evaluated whether the optimized electroporation methods can be ap-
plied to other Bifidobacterium species. To the best of our knowledge, this
is the first study to use cell wall-weakening agents and a cell membrane
permeabilizing agent on bifidobacteria to enhance the electroporation
efficiency.

2. Materials and methods

2.1.1. Bacterial strains and plasmid DNA

The various species of Bifidobacterium and plasmid used in this study
are listed in Table 1. Bifidobacteria were grown at 37 °C in MRS
medium (BD Difco™, Sparks, MD, USA) containing 0.05% L-cystei-
ne‘HCL.

The shuttle vector pBES2 was used in this study. pBES2 was con-
structed from a cryptic plasmid from Bifidobacterium longum MG1 li-
gated to pUC19 and possesses a chloramphenicol-resistance marker
(Park et al., 2003).

2.1.2. DNA manipulation

Plasmid DNA was extracted from Escherichia coli DH5a transfor-
mants harboring pBES2 with a Plasmid Purification Mini Kit
(Nucleogen, Gyeonggi-do, South Korea) and methylated in vitro by CpG
(M.SssI) and GpC (M.CviPI) methyltransferases (NEB, Ipswich, MA,
USA). The amount of DNA was measured by a Qubit 4 Fluorometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA). To identify the
plasmid from the transformants, plasmid DNA was extracted with a
Plasmid Purification Mini Kit (Nucleogen) following an initial lysis step.
Cells were resuspended in lysis buffer supplemented with lysozyme
(20 mg / ml) and incubated at 37 °C for 1h. The extracted DNA was
digested with restriction enzyme Xbal (Fermentas, Waltham, MA, USA)
and was identified by comparing the restriction patterns with the ori-
ginal E. coli derived plasmid DNA.

2.1.3. Preparation of electrocompetent cells

Overnight cultures in MRS broth containing 0.05% L-cysteine‘HClL
were diluted into 50 ml of fresh MRS broth supplemented with 0.05% L-
cysteine'HCl, 0.2 M sucrose (final concentration) and increasing con-
centrations of NaCl (0, 0.05, 0.1 or 0.2M, final concentration) and
glycine (0, 0.75, 1, 1.25 or 1.5%) for some experiments. The inoculated
50 ml MRS broth with the additives were anaerobically incubated at
37 °C until the ODggq reached from 0.2 to 0.7. The bacteria were har-
vested by centrifugation and washed three times with 40 ml of elec-
troporation buffer (0.5M sucrose and 1mM ammonium citrate,
pH6.0). The final cell pellet was resuspended in 0.5ml of ice-cold
electroporation buffer.

113

2.1.4. Electroporation

A 0.1-ml volume of cell suspension was mixed with 1, 50, 100, 500
or 1000 ng of plasmid DNA, respectively, and kept on ice for 30 min.
and then transferred to a pre-cooled Gene Pulser cuvette (Bio-Rad,
Hercules, CA, USA). If necessary, cell suspensions mixed with DNA were
incubated in the presence of 0.5, 1, 1.5 or 2% ethanol (v/v) for 10 min
shortly before the pulse delivery. The cuvette was pulsed at various
field strengths and parallel resistances using the Gene Pulser Xcell
Microbial Electroporation System (Bio-Rad). Following the electro-
poration, 0.9 ml of MRS broth supplemented with 0.05% L-cysteine-HClL
and 0.2 M sucrose (final concentration) was added to the bacteria and
incubated at 37 °C for 3 h under anaerobic condition. The bacteria were
then plated onto MRS agar containing 3 pg / ml of chloramphenicol.
The plates were incubated for 36 h under anaerobic condition.

3. Results

To enhance the bifidobacterial electrotransformation efficiency, we
first chose Bifidobacterium bifidum BGN4 as the experimental strain. B.
bifidum BGN4 is used as a probiotic strain in global food markets be-
cause of its reported benefits. BGN4 exhibits an outstanding colon cell
adhesive ability among other bifidobacteria (Kim et al., 2003; Ku et al.,
2009), significant immunoregulatory capacities (Hong et al., 2009; Kim
et al., 2005; Kim et al., 2007; Lee et al., 2002; Lee et al., 2006) and anti-
cancer effects (Ku et al., 2009; You et al., 2004). In addition to these
features, BGN4 originates from human and is therefore suitable for use
as genetically modified probiotics.

In this study, we proceeded with the experiments by applying the
optimal conditions of the previous step to the next step. The following
sequence of conditions were investigated: 1) in vitro methylation, 2)
amount of plasmid DNA, 3) electrical parameters, 4) bacterial growth
phase, 5) cell wall weakening agent, and 6) cell membrane permeabi-
lizing agent. Each step was repeated three times independently. The
transformation efficiency was expressed as the number of transformants
per ug of DNA added. Several colonies per plate were randomly selected
and the plasmid DNA in the transformants was identified by comparing
the restriction patterns with the original E. coli derived plasmid DNA or
by sequencing. Results were compared using a nonparametric one-way
ANOVA test and post-hoc test (Duncan's multiple range test). P < .05
was considered as statistically significant. Because this study aimed to
develop a high-efficiency electroporation protocol, we adopted the
experimental method if it showed a consistently high electroporation
efficiency in all three experiments, even if it was not statistically sig-
nificant.

3.1.1. In vitro methylation

The restriction-modification (R-M) systems of BGN4 have not been
studied in detail. We investigated which commercial methyltransferase
is the most appropriate to protect against the possible R-M systems
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Fig. 1. Effect of in vitro methylation on the electro-
transformation of B. bifidlum BGN4. Cells were in-
cubated in MRS broth supplemented with 0.05% L-
cysteine'HCI and 0.2 M sucrose (final concentration)
at 37 °C until an ODggo reached 0.4. CpG / GpC /
double methylated / untreated plasmid DNA (pBES2)
or the corresponding plasmid isolated from BGN4 of
50ng was added to the competent cell suspension
and electroporation was conducted under 12.5 kV /
cm field strength, 200 Q resistance and 25 pF capa-
citance. Experiments were repeated three times in-
dependently. All the groups except pBES2 isolatd
from BGN4 were analyzed by one-way ANOVA.
Result for GpC methylated DNA was significantly
higher than the results of CpG methylated and un-
treated DNA.

Untreated CpG GpC

present in BGN4 (Fig. 1.). GpC methylated plasmid DNA was 8 times
more effective than the CpG methylated one, whereas the untreated one
yielded no transformants. Double methylated DNA showed no additive
effect. This means that BGN4 has an R-M system which can be effec-
tively avoided by in vitro GpC methylation rather than by CpG methy-
lation. Therefore, we decided to use GpC methylated DNA in the next
steps of this study. The transformation efficiency of pBES2 isolated from
BGN4 and GpC methylated pBES2 was compared to determine how
much GpC methylation blocks the R-M systems in BGN4 (Fig. 1.).
PBES2 isolated from BGN4 gave a 5.3 fold higher electroporation fre-
quency as compared to the corresponding GpC methylated plasmid. As
a result, GpC methylation does not completely cover the R-M systems of
BGN4, which reflects the fact that in vitro methylation is convenient and
effective but may have low versatility (Suzuki, 2012).

3.1.2. Amount of plasmid DNA

Various amounts of plasmid DNA were added to the electro-
competent cells to determine the optimal amount of DNA for the
electroporation. As the amount of DNA increased, the number of
transformants also tended to increase, but the transformation efficiency
was not the same (Fig. 2B.). The largest number of transformants was
obtained from the largest amount of DNA (1 ug) used in this study and
the greatest electrotransformation efficiency was obtained when 50 ng
of plasmid DNA was used. To minimize the amount of time and work
and maximize the electrotransformation efficiency, we decided to use
50 ng of DNA. Although the standard deviation is high, this is the early
stage of the optimization; thus, many factors that affect the transfor-
mation efficiency were not yet controlled for, and there are batch-to-
batch variations in the electroporation process. In addition, because the
transformation efficiency should be adjusted to 1pg DNA, as the
amount of inserted DNA becomes smaller, the standard deviation be-
comes greater. The raw data show that the tendencies between each
independent experiment are not different (Fig. 2A.).

3.1.3. Electrical parameters

The optimization of the electroporation process involves several
important factors. The three main parameters are the wave form, which
is the pulse shape, the field strength and the pulse length. The field
strength is measured as the voltage delivered across an electrode gap
and presented as the applied voltage divided by the gap size of the
electroporation cuvette. The pulse length is the duration of time that
the sample is exposed to the pulse. These parameters should be opti-
mized for different species and even strains (Lofblom et al., 2007). The
optimal electrical condition of B. bifidum BGN4 was found by adjusting
these parameters. The Gene Pulser Xcell Microbial Electroporation
System (Bio-Rad, USA) used in our laboratory supports three wave
forms: a square wave pulse, exponential decay wave pulse, and time-
constant pulse. Among these, the exponential decay wave pulse is
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GpC+CpG  pBES2 isolated from BGN4

routinely used for electroporation of bacteria. When it is used, the
voltage rises rapidly to the peak voltage set then decreases over time.
The pulse length in an exponential decay wave pulse is called the time
constant which is not the same as the time-constant pulse and is defined
as the time required for the voltage of the untruncated pulse to decline
to 1 e ! (~37%) of the peak amplitude (Lofblom et al., 2007;
Shigekawa and Dower, 1988). The time constant is modified by ad-
justing the resistance and capacitance values. Hence, we found the
optimum electrical conditions by adjusting the field strength and re-
sistance while using the exponential decay wave pulse. The effects on
the transformation efficiency for field strengths of 12.5 and 15 kV / cm
and resistances between 50 and 600 Q2 were evaluated. The best effi-
ciency was obtained under a field strength of 15 kV / cm and a re-
sistance of 200 Q, which is approximately 2 times higher than that of
the existing conditions used in the laboratory with a field strength of
12.5 kV / cm and a resistance of 200 Q (Table 2).

3.1.4. Bacterial growth phase

We investigated the effects of the bacterial growth phase on the
transformation efficiency. Overnight-grown BGN4 were inoculated into
50 ml of MRS broth supplemented with 0.05% L-cysteine-HCl and 0.2 M
sucrose (final concentration) and cultured until the ODg(( reached from
0.2 to 0.7. when the ODgoo was 0.4 (early-exponential phase), the
transformation frequency was notably increased, which is 2.9 times
higher than the second highest efficiency of ODggo 0.3 and 15 times
higher than the lowest efficiency of ODggg 0.7 (Fig. 3.).

3.1.5. Cell wall weakening agent

We added cell wall weakening agents to the medium to investigate
their effects on the electroporation efficiency. Glycine has been fre-
quently shown to increase the electroporation efficiency in some bac-
teria (Gerber and Solioz, 2007; Hashiba et al., 1990; Holo and Nes,
1989; Kim et al., 2005; Pyne et al., 2013; Thompson and Collins, 1996),
and NaCl was used in one study (Palomino et al., 2010). Based on this,
glycine and NaCl were each tested to determine whether these additives
enhance the electroporation efficiency of B. bifidum BGN4. The highest
glycine and NaCl concentrations were selected as 1.5% and 0.2 M, re-
spectively, to minimize the inhibition of the bacterial growth and the
experiments were performed at lower concentrations accordingly.
When 0.2 M NaCl was used to treat the cells, an approximately 20-fold
increase in the electroporation frequency was obtained compared to the
control without any treatment (Fig. 4B.). However, glycine, already
known to be effective for several bacteria, did not enhance transfor-
mation in our study with B. bifidum BGN4 (Fig. 4A.).

3.1.6. Cell membrane permeabilizing agent
Finally, we investigated whether ethanol which is known to be ef-
fective with some species of bacteria (Assad-Garcia et al., 2008; Pyne
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A
Expt. 1 Expt. 2 Expt. 3
Amount of Transformation Transformation Transformation
plasmid DNA  Transformants efficiency Transformants efficiency Transformants efficiency
(CFU / pg DNA) (CFU / pg DNA) (CFU / pg DNA)
1ng 1 1,000 0 0 0 0
50 ng 48 960 10 200 39 780
100 ng 55 550 12 120 53 530
500 ng 227 454 54 108 157 314
1,000 ng 500 500 175 175 160 160
B
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Fig. 2. Effect of amount of plasmid DNA on the electrotransformation of B. bifidum BGN4. Cells were incubated in MRS broth supplemented with 0.05% L-
cysteine'HCl and 0.2 M sucrose (final concentration) at 37 °C until an ODgoo reached 0.4. Separately, 1, 50, 100, 500, 1000 ng of GpC methylated plasmid DNA
(pBES2) was added to the competent cell suspension and electroporation was conducted under 12.5 kV / cm field strength, 200 Q resistance and 25 pF capacitance.
Total number of transformants (dark bar) and electrotransformation efficiency (light bar) were quantified. Experiments were repeated three times independently.

et al.,, 2013; Sharma et al., 2007) improves the electrotransformation
efficiency by altering the properties of the cell membrane. Because
ethanol tolerance varies depending on the strain (Gold et al., 1992), we
examined the tolerance of B. bifidum BGN4 by inoculating this strain
with MRS medium containing various concentrations of ethanol. Be-
cause the growth of BGN4 was considerably retarded at above 2% (v/v)

Table 2

ethanol, the effect of ethanol on the electroporation efficiency was in-
vestigated at lower concentrations. Ten minutes prior to the electro-
poration, ethanol was added to a cell-DNA suspension. In the ethanol-
treated groups, the electroporation efficiency generally tended to be
higher than that in the untreated group. Among them, the 2% ethanol-
treatment provided a 1.7-fold increase in the electroporation efficiency

Effect of electrical parameters on the electrotransformation of B. bifidum BGN4. Cells were incubated in MRS broth supplemented with 0.05% L-cysteine-HCl and
0.2 M sucrose (final concentration) at 37 °C until an ODgo reached 0.4. GpC methylated plasmid DNA (pBES2) of 50 ng was added to the competent cell suspension
and electroporation was conducted under indicated field strength and resistance at 25 uF capacitance. Experiments were repeated three times independently.

Field strength (kV / cm)

Resistance (Q)

50 100 150 200 300 400 500 600

12.5 Time constant (mS) 1.3 2.6 3.6 4.7 5.2 6.2 7.7 7.9

Transformation efficiency (transformants / ug DNA) 387 533 160 2680 2330 113 2040 987

15 Time constant (mS) 1.3 2.5 3.7 4.7 6.5 7.9 8.5 9.8
Transformation efficiency (transformants / ug DNA) 1040 2350 3540 4810 2290 607 53 40
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Fig. 3. Effect of bacterial growth phase on the electrotransformation of B. bi-
fidum BGN4. Cells were incubated in MRS broth supplemented with 0.05% L-
cysteine'HCl and 0.2M sucrose (final concentration) at 37 °C until an ODggg
reached from 0.2 to 0.7. GpC methylated plasmid DNA (pBES2) of 50 ng was
added to the competent cell suspension and electroporation was conducted
under 15 kV / cm field strength, 200 Q resistance and 25uF capacitance.
Experiments were repeated three times independently. Result for ODgoo 0.4 was
statistically significantly higher (by one-way ANOVA) than the results of the
others.

compared with the no ethanol treatment (Fig. 5).

During this study, we optimized the conditions for electroporation-
mediated transformation of Bifidobacterium. The optimized conditions
drastically improved the electrotransformation efficiency from 10° to
10° which is about a 72-fold increase from the existing conditions in our
laboratory (Table 3). The differences between the initial method and
the optimized method are the use of cell wall weakening agent and cell
membrane permeabilizing molecule and the electrical parameter
change, thereby these factors are key points to increase the electro-
poration efficiency of BGN4. Among them, using the optimization
scheme employed herein, the cell wall weakening mediated by NaCl is
the most significant factor, which improves the electroporation fre-
quency by 20 times. In order to identify whether these methods can be
applied to other Bifidobacterium species, two B. bifidum strains, B. breve,
B. pseudocatenulatum, two B. longum strains and B. lactis were assayed.
As a result, the electroporation efficiencies increased from 2.5 to 14
times as compared with the initial method and the transformants ap-
peared in all tested species even the species which were not trans-
formed under the initial method (Table 4).

4. Discussion

Electroporation-mediated transformation is generally more efficient
than chemotransformation and is widely used with Gram-positive and
Gram-negative bacteria (Itoh et al., 1994; Iwasaki et al., 1994; Wirth
et al., 1989). The average electroporation efficiency is 10* - 10° CFU /
ug DNA and even up to 10'°CFU / ug DNA for E. coli (Aune and
Aachmann, 2010; Dower et al., 1988; Hanahan et al., 1991). However,
bifidobacteria are vulnerable to oxygen and have a multilayered and
complex cell wall (Fischer et al., 1987) as well as restriction-mod-
ification systems making it difficult to acquire a high electroporation
efficiency (Serafini et al., 2012). Indeed, the electroporation efficiency
of bifidobacteria was usually < 10* CFU / ug DNA in previous studies
(Argnani et al., 1996; Guglielmetti et al., 2007; Park et al., 1999b; Rossi
et al., 1996; Sangrador-Vegas et al., 2007; Shkoporov et al., 2008). Such
a lack of efficient transformation methods has limited molecular-level
studies and food-grade vector development of bifidobacteria. Therefore,
we focused on finding highly efficient electroporation protocols for

116

Journal of Microbiological Methods 159 (2019) 112-119

3.0x10°

2.5x10°% -

2.0x10°% -

1.5x10° 4

103 -

Transformants / zg DNA

5.0x10% -

0%

0.75% 1% 1.25% 1.5%

Glycine

2.0x10°
1.5x10° A
105

5.0x10%
2.0x10%—

1.5x10*

Transformants / ug DNA

104

5.0x10° -

0 4

0.05M 0.1M

NacCl

Fig. 4. Effect of cell wall weakening agents on the electrotransformation of B.
bifidum BGN4. Cells were incubated in MRS broth supplemented with 0.05% L-
cysteine'HCI, 0.2 M sucrose (final concentration) increasing concentrations of
NacCl (0-0.2 M, final concentration) or glycine (0-1.5%) at 37 °C until an ODgqo
reached 0.4. GpC methylated plasmid DNA (pBES2) of 50 ng was added to the
competent cell suspension and electroporation was conducted under 15 kV / cm
field strength, 200 Q2 resistance and 25 uF capacitance. A. Investigation of gly-
cine concentrations. B. Investigation of NaCl concentrations. Experiments were
repeated three times independently.

bifidobacteria in this study. First, we chose a suitable strain of bifido-
bacteria which accepts plasmid DNA. B. bifidum is predominant in the
gut population of healthy breast-fed infants (Milani et al., 2013; Turroni
et al., 2012). Because it colonizes initially in the infantile intestine, B.
bifidum exists widely among the intestinal bifidobacterial population in
healthy adults (Ku et al., 2016; Turroni et al., 2014). Among these
bacterial strains, B. bifidum BGN4 originates from the feces of a breast-fed
infant and is widely used as a probiotic strain in global food markets
because of its reported benefits (Kim et al., 2003; Ku et al., 2009; Hong
et al., 2009; Kim et al., 2007; Kim et al., 2007; Lee et al., 2002; Lee
et al., 2006; You et al., 2004). In this respect, we decided to use B.
bifidum BGN4 as the experimental strain.

The important factors determining the electroporation efficiency are
the R-M system, cell wall and cell membrane of a bacteria, so we fo-
cused on them. At first, we tried to overcome the R-M systems of BGN4.
R-M systems of several Bifidobacterium sp. have been determined by
classical restriction analysis (Hartke et al., 1996; Khosaka et al., 1983;
Khosaka et al., 1982; Kim et al., 2010; O'Connell Motherway et al.,
2009) and by methylome analysis generated by single molecule real-
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Fig. 5. Effect of cell membrane permeabilizing agent on the electro-
transformation of B. bifidum BGN4. Cells were incubated in MRS broth sup-
plemented with 0.05% L-cysteine-HCl, 0.2 M sucrose (final concentration) and
0.2M NaCl (final concentration) at 37 °C until an ODggo reached 0.4. GpC
methylated plasmid DNA (pBES2) of 50 ng was added to the competent cell
suspension and the DNA-cell suspensions were supplemented with 0.5, 1, 1.5 or
2% ethanol (v/v) ten minutes prior to pulse delivery. Electroporation was
conducted under 15 KV / cm field strength, 200 Q resistance and 25 pF capa-
citance. Experiments were repeated three times independently.

Table 3
Comparison between optimized high-level electroporation method and initial
low-level method.

Condition Initial method Optimized method
Bacterial growth phase ODggp 0.4 ODgp 0.4
Cell wall weakening agent added - 0.2 M NaCl
to medium
Amount of plasmid DNA 50ng 50ng

Types of DNA methylation GpC methylation
Cell membrane permeabilizing -

agent

added to cell-DNA suspension
Electrical parameters

GpC methylation
2% Ethanol

12.5 kV / c¢m, 25 pF, 15 KV / cm, 25 F,

200 Q 200 Q
Transformation efficiency (CFU / 2.04 x 10° 1.46 x 10°
ug DNA)
Table 4

Comparison of electroporation efficiency of other Bifidobacterium species be-
tween initial method and optimized method.

Bacterial strain Initial method Optimized method

Transformation
efficiency (CFU / pg

Transformation efficiency
(CFU / pg DNA)

DNA)

B. bifidum KCTC 3440 1.3 + 1.2 x 10! 3.3 + 2.3 x 10"
B. bifidum KCTC 3418 0 1.4 + 0.7 x 10
B. breve KCTC 3419 0 7.3 + 2.3 x 10
B. pseudocatenulatum SJ32 0.7 = 1.2 x 10* 1.0 = 0.4 x 10>
B. longum RD65 0 1.3 + 1.2 x 10*
B. longum RD72 2.0 + 1.7 x 10 8.7 + 5.0 x 10
B. lactis RD68 8.9 + 85 x 10° 4.3 + 0.3 x 10*

time (SMRT) sequencing (Bottacini et al., 2017; Mary et al., 2014;
O'Callaghan et al., 2015). However, the R-M systems of BGN4, even B.
bifidum, has not been studied in detail to our knowledge. There are
various strategies to block the R-M system of a transformation host: in
vitro methylation using methyltransferases, in vivo methylation by ex-
pressing methyltransferase genes in E. coli, and removal of specific
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plasmid sites recognized by R-M systems (Suzuki, 2012). We first tried
the most convenient method, in vitro methylation using methyl-
transferases and found that the R-M systems of BGN4 were effectively
blocked by GpC methylation. GpC methylated plasmid DNA was 8 times
more effective than the CpG methylated one, whereas the untreated one
yielded no transformants. Double methylated DNA showed no additive
effect (Fig. 1.). This means that the R-M systems of BGN4 are largely
affected by in vitro GpC methylation rather than by CpG methylation.
The transformation frequency of pBES2 isolated from BGN4 and GpC
methylated pBES2 was compared to determine how much GpC me-
thylation blocks the R-M systems in BGN4. There was a 5.3 fold higher
electroporation efficiency for pBES2 isolated from BGN4 compared to
the corresponding GpC methylated plasmid (Fig. 1.). As a result, be-
cause GpC methylation does not completely cover the R-M systems of
BGN4, applying additional in vitro adenine methylation or in vivo me-
thylation by expressing methyltransferase genes in E. coli is expected to
yield a higher efficiency. The putative R-M systems in BGN4 were ad-
ditionally analyzed through the REBASE website (http://rebase.neb.
com/rebase) using the genome sequence of BGN4. Notably, the ma-
jority of the predicted recognition sites include the sequence where CpG
methylation could work rather than GpC methylation (Supplementary
Table 1). This is in contrast to the result shown in Fig. 1. Among the
putative R-M systems of BGN4, there are several systems in which the
recognition sequence is not predicted. We cautiously suppose that these
less predicted R-M systems have a recognition site where GpC methy-
lation can act and are relatively active in BGN4. To clarify this, it will be
necessary to perform a methylome analysis of BGN4 through single
molecule real-time (SMRT) sequencing.

We next adjusted the initial electrical parameters which were the
field strength and the resistance. The electroporation efficiency nearly
doubled when the field strength was increased from 12.5 to 15 kV / cm
at 200 Q (Table 2), which is consistent with the studies that higher
electric field strengths resulted in greater transformation efficiencies for
Campylobacter jejuni (Miller et al., 1988) and for bifidobacteria (Argnani
et al., 1996; Serafini et al., 2012) as long as the lethality does not ex-
ceed the threshold level. High-voltage pulses during electroporation are
likely to destabilize the cell walls of Gram-positive bacteria (Pyne et al.,
2013; Trevors et al., 1991). Indeed, the electroporation efficiency
tended to increase overall at 15 KV / cm than at 12.5 kV / cm at re-
sistances ranging from 50 to 400 Q. However, once the resistance was
500 Q or above which means the time constant is increased by that
much, the efficiency was the opposite because of the excessive lethality
(Table 2).

The electroporation efficiency is largely dependent on the structure
and density of the cell wall (Aune and Aachmann, 2010); thus, in-
creasing the fragility of the cell wall by using cell wall weakening
agents usually improves the transformation efficiency (Gerber and
Solioz, 2007; Hashiba et al., 1990; Holo and Nes, 1989; Kim et al.,
2005; Palomino et al., 2010; Pyne et al., 2013; Thompson and Collins,
1996). In this study, we used glycine and NaCl as the cell wall weak-
ening agents. The mechanisms by which these additives weaken the cell
wall are somewhat different. Glycine replaces D- and L-alanine residues
in peptidoglycan layers, weakening the cell wall due to reduction of
cross-linking (Hammes et al., 1973). NaCl reduces peptidoglycan in-
terpeptide bridges probably by interfering with the glycine addition
process during peptidoglycan synthesis and results in loose cross-
linking of the cell wall (Palomino et al., 2009; Vijaranakul et al., 1995).
A limitation of using these agents is that they can be toxic to the cells
depending on the species and strain (Aune and Aachmann, 2010).
Therefore it is critical to find the optimal concentration of these ad-
ditives to increase the electroporation efficiency without inhibiting the
cell growth. Glycine and NaCl were added to the extent that they did
not completely inhibit the cell growth, and NaCl, rather than glycine,
worked well in increasing transformation frequency in BGN4 (Fig. 4).
Although glycine is a widely used substance for increasing the elec-
troporation efficiency of Gram-positive bacteria, it did not increase the
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frequency in BGN4 at all. On the other hand, the use of NaCl as a cell
wall weakening agent in electroporation has been reported rarely but it
was effective for bifidobacteria. Because the structure of the cell wall is
different for each species and strain, empirical screening for the type
and concentration of a cell wall weakening agent suitable for the bac-
teria used in the experiments is necessary.

The cell membrane also acts as a physical obstacle during electro-
poration (Pyne et al., 2013). It has been reported that the addition of
ethanol to cells increases the efficiency of electroporation (Assad-Garcia
et al., 2008; Pyne et al., 2013; Sharma et al., 2007). It is well known
how ethanol acts on the cell membrane. Ethanol binds to the lipid-water
interface of the phospholipid bilayers and weakens the hydrophobic
barrier of the membrane, thereby increasing the fluidity and pore size
of it (Barry and Gawrisch, 1994; Baskaran et al., 1995; Ingram, 1986;
Weber and de Bont, 1996). Because ethanol is also toxic to cells at
certain concentrations and ethanol tolerance varies depending on the
strain, we first examined the minimum inhibitory concentration (MIC)
of ethanol against BGN4. Because BGN4 growth was inhibited at an
ethanol concentration above 2% (v/v), the effect of ethanol on the
electroporation efficiency was investigated at lower concentrations.
Though it is not as dramatic as the cell wall weakening agent, the
permeabilization of the cell membrane with ethanol slightly increased
the electroporation efficiency (Fig. 5).

As a result, the electroporation-mediated transformation efficiency
of B. bifidum BGN4 increased from 10° to 10° CFU / ug DNA (Table 3).
The optimized electrotransformation conditions were extensively ap-
plied to other Bifidobacterium species; two B. bifidum strains, B. breve, B.
pseudocatenulatum, two B. longum strains and B. lactis. The electro-
poration efficiencies increased from 2.5 to 14 times as compared with
the initial method and the transformants appeared in all tested species
even the species which were not transformed under the initial method
(Table 4). The differences between the initial method and the optimized
method are the cell wall weakening agent and cell membrane per-
meabilizing agent treatment and the electrical parameter change,
thereby these factors are key points to increase the electroporation ef-
ficiency of all tested Bifidobacterium species. To the best of our knowl-
edge, this is the first study to apply cell wall-weakening agents and a
cell membrane permeabilizing agent to bifidobacteria to enhance the
electroporation efficiency. It is expected that further optimizing the
concentrations of the additives in these newly optimized electropora-
tion conditions considering the diversity of the cell walls and mem-
brane structures of the Bifidobacterium strains would contribute to im-
provement of other bifidobacterial electroporation efficiencies.

5. Conclusions

In this paper, we described an efficient electroporation method for
Bifidobacterium strain. The transformation efficiency of B. bifidum strain
drastically and consistently increased from 10° to 10° CFU / ug DNA.
Because the method was extensively applied to other Bifidobacterium
species, this should allow for the advanced genetic manipulation of the
various Bifidobacterium species in future studies.
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