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A B S T R A C T

Bacterial transformation is a crucial step in the genetic manipulation of a bacterium. However, Gram-positive
bacteria are difficult to transform and consequently many different methodologies have been developed. Here,
we examined the transformation efficiencies of an electroporation protocol by varying three main factors: the
composition of the electroporation buffer, the strength of the electric pulse, and the composition of the recovery
media. Overall, transformation efficiency was enhanced when we prepared the electrocompetent cells at room
temperature instead of an ice-cold temperature. The protocol detailed in this work was demonstrated to be
applicable to another B. cereus strain and two other Bacillus species, and has the potential to be applied to other
undomesticated Gram-positive and/or rhizospheric bacterial strains that are difficult to transform using current
methodologies.

1. Introduction

The Bacillus cereus group comprises several species of Gram-posi-
tive, spore-forming bacteria. Due to their highly conserved genome
sequence (70–75%), many species such as B. anthracis, B. mycoides, B.
thuringiensis, B. weihenstephanensis and B. cereus belong to the B. cereus
sensu lato group (Bazinet, 2017). The bacteria in this group are ubi-
quitous and display a wide variety of phenotypes, such as the human
pathogen B. anthracis, and some function as plant-growth promoters,
such as B. cereus (Rasko et al., 2005).

Bacillus cereus sensu lato strain B25 has been isolated from the maize
rhizosphere and studied as a biocontrol agent for use against the maize-
infecting phytopathogenic fungus Fusarium verticillioides (Figueroa-
López et al., 2016). Its effectiveness has been demonstrated in green-
house experiments as well as in field trials (Lizárraga-Sánchez et al.,
2015). To understand deeper the plant-growth promoting traits of B.
cereus, it is crucial to be able to genetically manipulate its genome.
However, in contrast to type strains or lab-cultivated strains such as B.
subtilis, many rhizospheric Bacillus strains have proven difficult to ma-
nipulate, particularly when routine protocols are not always applicable
for introducing plasmids (Schurter et al., 1989; Turgeon et al., 2006). In
addition, different studies have shown that transformation of some
Bacillus species requires non-methylated plasmid DNA (Macaluso and
Mettus, 1991), while other species require methylated plasmid DNA

(Groot et al., 2008).
Various Bacillus transformation protocols have been reported, in-

cluding some that improve the natural competence of strains or trans-
form protoplasts, and others that modify the electroporation buffers
with hyperosmotic agents, vary the voltage pulses, or even use wall-
weakening techniques (Masson et al., 1989; Turgeon et al., 2006; Xue
et al., 1999; Zhang et al., 2011). Likewise, Jirásková et al. (2005) de-
scribed an electroporation protocol for Clostridium perfringens that
yielded better transformation efficiencies when the cells were prepared
at room temperature rather than at 4 °C. Tu et al. (2016) reported that a
Gram-negative electroporation protocol could be improved by raising
the temperature at which the competent-cells are made (which typi-
cally requires ice-cold temperatures). Here, we describe a novel way to
improve an existing protocol for room-temperature electro-transfor-
mation of Bacillus cereus that could be applied to other Gram-positive
bacteria.

2. Materials and methods

2.1. Bacterial strains and plasmids

Bacillus cereus B25, B. cereus B14, B. subtilis B6, B. thuringiensis B29
and the Escherichia coli strains Top10, BL21 (cytosine methylation de-
ficient: dcm−), GM33 (adenine methylation deficient: dam−) and
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GM2163 (adenine and cytosine methylation deficient: dam−, dcm−)
were routinely grown on LB agar and LB broth at 37 °C with orbital
shaking at 225 rpm. The following antibiotics concentrations were
used: 150 μgmL−1 ampicillin for E. coli and 5 μgmL−1 chlor-
amphenicol for B. cereus. The plasmid pAD4325, which harbors a gene
coding for a green fluorescent protein (GFP) and confers resistance to
ampicillin and chloramphenicol, was propagated into each of the four
E. coli strains mentioned above. Plasmid DNA was purified using the
Plasmid Miniprep Kit (QIAGEN, Cat No. 27106; Hilden, Germany) and
was quantified with a Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific; Waltham, MA, USA).

2.2. Electroporation buffers

Electrocompetent cells were prepared using six different reported
buffers: PEB (272mM sucrose, 1 mM MgCl2·6H2O, 7mM phosphate
buffer, pH 7.4), HEB (272mM sucrose, 1 mM MgCl2·6H2O, 7mM
HEPES, pH 7.3) (Luchansky et al., 1988), ETM (0.5M sorbitol, 0.5 M
mannitol, 10% glycerol, pH 7.0) (Zhang et al., 2011); SHMG (250mM
sucrose, 1 mM HEPES, 1mM MgCl2·6H2O, 10% glycerol, pH 7.0)
(Turgeon et al., 2006), KS (1mM HEPES, glycerol 10%, pH 7.0)
(Shatalin and Neyfakh, 2005), and SA (10% sucrose) (Aukrust et al.,
1995).

2.3. Preparation of electrocompetent cells

For each electroporation buffer (EB), a 5-mL overnight LB culture of
Bacillus cereus B25 was diluted 100-fold in 50mL fresh LB and in-
cubated (37 °C, 225 rpm) until the culture reached an OD600 of 0.4.
Then, the cell culture was centrifuged (10min at 4500 rpm) at room
temperature. The cell pellet was then resuspended with 5mL of EB (1/
10 of the original culture volume) by gently pipetting. Next, the cell
suspension was immediately divided into five 1.6mL microcentrifuge
tubes (1 mL each) and centrifuged at room temperature for 1min at
10,000 rpm. In total, three washes with 1mL of EB were performed. For
each wash, the cell pellet was gently resuspended with the micropipette
and centrifuged at room temperature for 1min at 10,000 rpm. Finally,
the cells in each microcentrifuge tube were resuspended in 100 μL EB.
Each step in the preparation of ice-cold electrocompetent cells was the
same except that once the culture reached an OD600 of 0.4, the cells
were cooled on ice for 10min and the washing steps were performed at
4 °C.

2.4. Electroporation

Electroporation was carried out in an Eppendorf® Electroporator
2510. 90 μL of electrocompetent cells were mixed with 400 ng of
plasmid and loaded into a previously cooled 1mm electroporation
cuvette. The cells were given an electric pulse (either 620, 1250 or
1800 kV/cm) for 5ms. After the electric pulse, 900 μL of LB or SOC
(0.5% yeast extract, 2% tryptone, 10mM NaCl, 2.5mM KCl, 10mM
MgCl2·6H2O, 10mM MgSO4·7H2O, 20mM glucose) media were added
to the cells. The suspension was incubated for 2 h at 37 °C without
agitation, after which it was plated onto LB agar supplemented with
chloramphenicol and incubated for 16 h at 37 °C. Electroporation con-
trols were performed by electroporating cells lacking any added
plasmid DNA.

2.5. Data analysis

All transformation experiments were conducted three times in-
dependently. The transformation efficiency (number of transformants
(CFU)/μg of plasmid DNA) was calculated for each experiment and the
statistical significance of transformation efficiency differences among
treatments was determined using a one-way ANOVA test.

2.6. Fluorescence microscope observation

Bacillus cereus B25 transformation was confirmed by epifluorescence
microscopy, based on the GFP expression of plasmid pAD4325. For this,
strain B25 as well as B25 transformed with pAD4325 were grown
overnight in 5mL LB broth. The next day, 5 μL of the culture were
spotted onto a 1-cm2 agarose pad (UltraPure™ Low Melting Point
Agarose, Thermo Fisher Scientific, Cat No. 16520050; Waltham, MA,
USA) placed previously on a glass slide. Immediately after pipetting, the
agarose pad was covered with a coverslip and bacteria were imaged
using a Leica DM6000 fluorescent microscope with the I3 filter cube
(BP 450-490 excitation filter).

3. Results

3.1. Determination of the DNA methylation requirements for
transformation

Our initial attempts to electroporate B. cereus B25 with plasmid
pAD4325 isolated from E. coli Top 10 were unsuccessful when using
each of the six electroporation buffers (EB) with a 620 kV/cm electric
pulse. As a minimum, we had expected a poor transformation efficiency
in which at least one EB worked. Since there were no transformants, we
hypothesized that strain B25 might require non-methylated DNA,
which is necessary for B. anthracis (Marrero and Welkos, 1995) but
contrary to what has been reported for other B. cereus strains (Groot
et al., 2008).

A BLAST search of the B25 strain genome (Douriet-Gámez et al.,
2017) allowed us to find an McrA homologue identical to that of B.
cereus ATCC 14579, and a protein with 80% identity to B. anthracis
McrB3P. These proteins belong to the type IV restriction-modification
system, which are defense mechanisms used by bacteria to restrict
foreign DNA. The restriction enzymes of this system are methyl-de-
pendent, specifically, both McrA and McrB3P cleave the 5-methylcy-
tosine methylated form of DNA. The presence of this MDRE (Methyl-
Dependent Restriction Enzyme) in B. cereus B25 means that this strain
restricts methylated DNA (as when plasmid DNA is isolated from E. coli
Top10). Consequently, its own DNA remains non-methylated, which
can explain why we were unable to transform it.

To verify whether strain B25 DNA is non-methylated, we performed
genomic DNA digestions with the restriction enzymes MboI, DpnII
(which are both blocked by dam methylation, i.e. adenine methylation)
and EcoRI (which is not sensitive to methylation) and used methylated
plasmid DNA digestion as a control. With this experiment we suggested
that the B25 DNA was not methylated, since it was restricted by MboI
and DpnII, whereas the plasmid DNA was not. Furthermore, EcoRI was
able to restrict both genomic and plasmid DNA, as expected (Fig. 1).

Since these results indicate that transformation of the B25 strain
requires non-methylated plasmid DNA, we then isolated plasmid DNA
from the E. coli strains BL21 (dcm−), GM33 (dam−) and GM2163
(dam−, dcm−) to determine if any transformants could be obtained
under these circumstances. We expected to obtain transformants when
using plasmid isolated from strains GM33 (dam−) and GM2163 (dam−,
dcm−) being that in both strains, adenines are not methylated and
consistently, the B25 MDRE should not restrict the plasmid DNA.
Nonetheless, transformants were only obtained with the plasmid from
strain GM2163.

We then verified the methylation status of plasmids from all four E.
coli strains tested. We found that plasmid DNA from strain Top10 was
only cleaved by EcoR1 and both MboI and DpnII were blocked as ex-
pected. Plasmid DNA from strain GM2163 (that is no adenine or cyto-
sine methylated) was cleaved by the three restriction enzymes also as
expected. Plasmid DNA from BL21 strain which is adenine-methylated
was cleaved with EcoR1 but partially cleaved with MboI and DpnII.
Finally, plasmid DNA from strain GM33 was cleaved with EcoR1 but
only partially cleaved with MboI and DpnII (Supplemental Fig. 1). This
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experiment shows that DNA of strain GM2163 is not methylated while
DNA of strain Top10 is. Interestingly, DNA of strains BL21 and GM33
are somehow hemi-methylated since they were partially cleaved by
MboI and DpnII. Thus, we continued using this plasmid DNA to search
for the best conditions for our electroporation method.

3.2. Transformation efficiency and the varying of electroporation buffers,
voltage pulse and recovery medium

The aim of electroporation is to generate pores on the bacterial
membrane so that exogenous molecules such as plasmid DNA can enter
the cell (Prasanna and Panda, 1997). After reviewing the extensive
literature, we selected six different reported electroporation buffers
(EB) that vary in electrolyte composition and pH (see Materials and
Methods), with three different voltage pulses (620, 1250 and 1800 kV/
cm) and two recovery media (LB broth or SOC). B. cereus B25 was then
electroporated with plasmid pAD4325, a low-copy number Gram-po-
sitive – E. coli shuttle vector that carries a constitutively expressed GFP.
The transformation efficiencies for each condition are listed in Table 1.
No transformants were recovered using the ice-cold protocol.

Table 1 shows that the best transformation efficiency
(4.50 ± 0.25×103 CFU μg−1) was obtained with the electroporation
buffer PEB, a voltage pulse of 620 kV/cm, and the SOC bacterial culture
recovery medium. This value was significantly different (P≤ .05) from
the values for cells recovered in LB broth (3.45 ± 0.12×103 μg−1), or
cells that received a voltage pulse of 1250 kV/cm in either LB or SOC
(3.29 ± 0.17×103 UFC μg−1). In contrast, the sucrose and KS buffers
yielded the lowest efficiencies. No transformants were recovered at
1800 kV/cm, except for when the PEB buffer was used with SOC.
Overall, the transformation efficiencies were the highest when the
voltage pulse was 620 kV/cm for all the EB except KS (P≤ .05).

After electroporation, several transformants were verified by
plasmid extraction (data not shown) followed by fluorescent micro-
scopy, in order to observe the GFP expression (Fig. 2, panels a and b).
To verify plasmid maintenance, transformed B. cereus B25 were re-

plated consecutively for five days, and again observed under fluores-
cence microscopy (Fig. 2, panels c and d). These observations indicate
that strain B25 was indeed transformed with plasmid pAD4325 and was
able to maintain the plasmid in subsequent generations.

Finally, we tested the best conditions found (buffer PEB, voltage
pulse of 620 kV/cm, and SOC as recovery medium) with three other
strains of rhizospheric Bacillus: B. cereus B14, B. subtilis B6 and B.
thuringiensis B29 with transformation efficiencies of
1.35 ± 0.10× 103 CFU μg−1, 1.79 ± 0.12×103 CFU μg−1 and
1.04 ± 0.08× 103 CFU μg−1 respectively.

4. Discussion

The genetic manipulation of a bacterium requires the ability to
transform it. Electroporation is an easy and efficient transformation
technique that can facilitate the entry of exogenous molecules such as
plasmid DNA by creating pores on the bacterial membrane via electrical
shock (Prasanna and Panda, 1997). This methodology has been widely
and successfully used in Gram-negative bacteria, however its applica-
tion with Gram-positive microorganisms requires some adaptations,
due to differences in membrane composition (Moran et al., 2017; Piggot
et al., 2011).

Bacillus cereus B25, a Gram-positive maize rhizospheric bacterium,
has been shown to act as a biocontrol agent against fungal infections
(Lizárraga-Sánchez et al., 2015). One recent report proposes that it
exerts its action against phytopathogenic fungi through the production
of chitinases, although this remains to be confirmed (Figueroa-López
et al., 2017). Therefore, the ability to transform the B25 bacterium by
electroporation is a prerequisite for manipulating its genome. However,
as various reports in the literature point out, environmental strains such
as this one, are not as easy to transform as type- or lab-cultivated
strains.

We did an extensive search for the best electroporation conditions
for this strain that exposed a wide variety of possible electroporation
techniques. Therefore, we decided to examine the most representative
approaches. In addition, we improved the reported technique by raising
the temperature at which the electrocompetent cells are made (usually
an ice-cold temperature). Importantly, Tu et al. (2016) demonstrated
that the ice-cold temperatures affect the fluidity and permeability of the
bacterial membrane, which makes it more difficult for them to survive,
thus decreasing the transformation efficiency.

Fig. 1. DNA digestion of genomic DNA of strain B25 and pAD4325 plasmid
isolated from E. coli Top10. Lanes: L, DNA Ladder 1 Kb plus (Invitrogen); 1,
control without enzyme; 2, restriction with MboI; 3, restriction with DpnII; 4,
restriction with EcoRI. Restriction enzymes MboI and DpnII are blocked by Dam
methylation while EcoRI is not sensitive to methylation. This experiment shows
that the B25 genomic DNA is not methylated since it is digested by MboI and
DpnII whereas the plasmid pAD4325 is not. pAD4325 length: 7.262 kbp. EcoRI
sites in pAD4325: one. Kbp: kilobase pair. Lanes 1 correspond to 300 ng gDNA
and 192 ng plasmid. Lanes 2, 3 and 4 correspond to 5 μL of each restriction
reaction where plasmid and gDNA are diluted 10 times.

Table 1
Transformation efficiencies of Bacillus cereus (as number of CFU μg−1) with the
non-methylated plasmid pAD4325. Each experiment was performed three times
and SD is presented. NT: no transformants were obtained.

Buffer Voltage (kV/cm) Transformation efficiency

SOC LB

HEB 620 2.45 ± 0.24× 103 2.15 ± 0.22× 103

1250 1.34 ± 0.09× 103 1.20 ± 0.11× 103

1800 NT NT
SHMG 620 2.13 ± 0.15× 103 2.42 ± 0.11× 103

1250 1.85 ± 0.17× 103 1.55 ± 0.90× 103

1800 NT NT
PEB 620 4.50 ± 0.25× 103 3.45 ± 0.12× 103

1250 3.29 ± 0.17× 103 2.98 ± 0.09× 103

1800 1.09 ± 0.17× 101 NT
SA 620 2.23 ± 0.26× 102 2.25 ± 0.01× 102

1250 1.03 ± 0.22× 102 1.30 ± 0.01× 101

1800 NT NT
ETM 620 1.53 ± 0.22× 103 1.24 ± 0.11× 103

1250 0.91 ± 0.08× 103 0.97 ± 0.06× 103

1800 NT NT
KS 620 1.30 ± 0.10× 101 1.08 ± 0.05× 101

1250 1.15 ± 0.08× 101 0.90 ± 0.01× 101

1800 NT NT
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Since our initial attempts to transform B. cereus B25 strain were
unsuccessful no matter the electroporation buffer used, we hypothe-
sized that this strain might require a specific methylation status of DNA
for an efficient transformation. One way to investigate this is through
restriction-modification (RM) systems, which are defense mechanisms
used by bacteria (and archaea) against viral infections. These systems
consist of two proteins: a restriction endonuclease (RE) that recognizes
and cleaves specific DNA sequences, and a methyltransferase (MT) that
transfers methyl groups to the bacterial DNA (specifically, to adenines
by Dam MT and to cytosines by Dcm MT) in order to distinguish it from
foreign (i.e. viral) DNA. RM systems are classified into four groups
based on their mechanism of action, DNA sequence recognition and
substrate specificity. Types I, II and III RM systems cleave non-methy-
lated DNA, whereas type IV restriction enzymes are methyl-dependent
(MDRE) (Marinus and Lobner-Olesen, 2014; Vasu and Nagaraja, 2013).

The MDRE system has been primarily studied in E. coli, where four
enzymes have been found: McrA (which cleaves cytosine-methylated
DNA), Mrr (which cleaves adenine and cytosine-methylated DNA), and
McrB/McrC (which cleaves cytosine-methylated DNA) (Tock and
Dryden, 2005). Interestingly, B. anthracis encodes for type IV MDRE:
Mrr, McrBP, McrB2P and McrB3P. It should be noted here that the ef-
fective transformation of B. anthracis requires non-methylated plasmid
DNA (Sitaraman and Leppla, 2012).

We found a McrA homologue identical to that of B. cereus ATCC
14579 and a protein with 80% identity to B. anthracis McrB3P whose
presence means that this strain required not methylated DNA for
transformation. This hypothesis was corroborated with genomic DNA
digestions that showed that the B25 DNA was not methylated (Fig. 1)
and thus, requires not methylated plasmid DNA to be transformed.

We expected to be able to transform the B25 strain with plasmid
DNA isolated from the E. coli strain GM33 (dam−) but our attempts
were unsuccessful. We digested this plasmid DNA with MboI and DpnII
(Dam sensitive) restriction enzymes and we observed that the DNA was
partially digested (Supplemental Fig. 1), meaning that this DNA is
somehow still partially methylated. Previous work has demonstrated
that dam deficient mutants retain residual DNA adenine-methylation
(Marinus and Lobner-Olesen, 2014), and this phenomena could explain
our results. We obtained transformants when we used plasmid DNA

isolated from strain GM2163 (dam−, dcm−) confirming our results
obtained with the restriction enzymes.

In our experiment, the PEB buffer resulted in the best performance.
No transformants were recovered from the conditions using 1800 kV/
cm electric pulses, which could be due to the formation of a non-viable
number of pores leading to membrane disruption (Kotnik et al., 2015;
Tieleman, 2004).

The pore formation depends on the electric strength applied to the
membrane and is affected by the electric conductivity, osmolarity and
pH of the solution in which the bacteria are electroporated, as well as
the bacterial membrane properties (Moran et al., 2017). In addition to
pore formation, transformation efficiency also depends on DNA con-
centration, rapid pore resealing, and the fitness recovery of the cells
(Kotnik et al., 2015). While most of these parameters can be empirically
determined, several reports that have studied the optimal conditions
listed above provide an approximate idea of the best conditions needed
for electroporation.

Gram-positive bacteria are difficult to transform due to their
membrane traits, which could explain the variety in available electro-
poration methodologies (Moran et al., 2017; Rauch and Leigh, 2015).

As for the buffers, the sole difference between PEB and HEB was the
buffering agent (phosphate and HEPES, respectively). HEPES is a
zwitterionic buffer and does not contribute to the ionic strength of the
solution, whereas phosphate does contribute to the ionic strength and
could help the current flow into the cell and promote cell viability
(Kotnik et al., 2015). In conclusion, this report demonstrates that the
efficient transformation of B. cereus B25 requires non-methylated DNA,
and that the protocol reported here can be applied to obtain transfor-
mants from other Bacillus species. Furthermore, room-temperature
preparation of competent cells could improve the transformation of
other undomesticated strains, thereby enabling their molecular analysis
and genetic manipulation.
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