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Abstract The introduction of exogenous DNA into
Escherichia coli is a cornerstone of molecular biology.
Herein, we investigate two new mechanisms for bacterial
transformation involving either the use of microwave irra-
diation or a freeze—thaw protocol in liquid nitrogen.
Ultimately, both methods afforded successful transfer of
plasmid DNA into bacterial cells, with the freeze—thaw
technique yielding efficiencies of ~10°. More importantly,
both techniques effectively eliminated the need for the prep-
aration of competent cells.
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Introduction

The introduction of exogenous DNA into bacterial cells is a
cornerstone of molecular biology and thus has become a
fundamental technique in innumerable laboratories [1].
Bacterial transformation has been the subject of a variety
of investigations as it is essential for applications involving
molecular cloning, mutagenesis, protein expression, and
many others [2]. Currently, there are several known methods
for efficient introduction of the exogenous DNA into a
variety of bacterial species; however, each has distinct ad-
vantages and disadvantages, requiring the necessity for fur-
ther studies to improve this prevalent technique [1].
Transformation protocols generally involve a three-step
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procedure: the preparation of competent cells, a physical shock-
ing of the cells, and a recovery. The two most common methods
for transformation of E. coli cells are chemotransformation and
electroporation, each differing in their cell preparation and
method of physical shock. We set forth to develop new methods
of rapid transformation of bacterial cells using either low tem-
peratures or microwave irradiation and shortening the protocol
by the removal of a time-consuming competent cell
preparation.

Chemotransformation involves the pre-treatment of cells
with multiple washings/incubations containing CaCl, to aid in
the uptake of plasmid DNA [3-5]. It is speculated that the
divalent cation serves as a mechanism to shield the negatively
charged DNA backbone from the charge of the phospholipid
bilayer, increasing its cellular membrane permeability [6].
Typically, these chemically competent cells are then incu-
bated on ice to solidify cellular membranes, exposing
pores for DNA transport. In order to shock the cell to
increase uptake, chemotransformations utilize a brief pulse
of heat (often 42 °C for 45-60 s) followed by a recovery
prior to growth on agar [7]. Chemotransformations have
been demonstrated to have transformation efficiencies
ranging from 10° to 10° cfu [1].

Electroporation requires a competent cell preparation that
removes many of the conducting ions from the cell media and
generates highly concentrated cells. Cells are typically con-
centrated and washed with a glycerol solution several times in
order to increase transformation efficiency. Once prepared,
cells are subjected to an electrical pulse (5-10 kV/cm
for 5-10us), resulting in the transient formation of pores
within the membrane for the transport of plasmid DNA.
This technique is highly efficient (ranging from 10° to
10" cfu), but requires specialized equipment for the
delivery of the electrical pulse [8, 9]. Moreover, the
requisite of both approaches for lengthy and variable
preparation of competent cells warrants further investi-
gation of other mechanisms for transformations to yield
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a more rapid, more practical, and more robust method-
ology for the introduction of foreign DNA into bacterial
cells.

Based on the rapidly advancing field of microwave tech-
nologies, we became interested in exploring the use of
microwave irradiation for bacterial transformation [10].
While microwaves have previously been utilized to enhance
the rate, yield, and purity of organic reactions, they have
more recently been employed in biological systems ranging
from PCR [11, 12] and DNA hybridizations [13] to the
activation of enzymatic catalysis [14, 15]. The oscillating
electromagnetic wave is thought to directly interact with
dipoles and ions to induce molecular motion, resulting in
highly efficient heating. Due to the prevalence of significant
dipoles within many biomacromolecules (including DNA,
proteins, and phospholipid bilayers) [10], we speculate that
these molecules should be susceptible to the effects of
microwave irradiation. Specifically, due to the involvement
of nucleic acids, membrane-associated proteins, carbohy-
drates, and phospholipids in the process of bacterial trans-
formation, the effect of microwaves on this important
biological technique appeared optimal for investigation.
Additionally, due to the direct interaction of microwaves
with the cells and plasmid DNA, we considered that it might
be feasible to obtain high transformation efficiencies with-
out any special preparation of the cells associated with other
techniques, eliminating the significant amount of effort as-
sociated with competent cell preparation.

Materials and methods

Optimized preparation of competent cells 2xYT media
(4 mL) was inoculated with Escherichia coli Novagen
BL21(DE3) strain of cells and then incubated for 16 h at
37 °C to stationary phase. The starter culture (1 mL) was
then added to fresh 2xYT media (100 mL) and incubated
with vigorous shaking at 37 °C and monitored by routine
optical density measurements on a spectrophotometer at
600 nm to assess bacterial growth. At the desired density,
the culture was centrifuged at 4,000 rpm for 20 min. The
resulting cell pellet was resuspended in either deionized
water or glycerol, for a final cell optical density of 27.7.
The resuspended cells were then aliquoted (100 pL each)
and kept on ice.

Liquid nitrogen transformation An aliquot of BL21(DE3)
cells was kept on ice, and plasmid DNA (1 uL, 70 ug) was
added. The cells were incubated on ice for 5 min and then
submerged in liquid nitrogen for 20 s. After thawing, the
cells were either subjected to a second freeze cycle or
recovered in 2xYT media (500 uL), followed by 1 h of
incubation at 37 °C. Cells were then plated on Luria-
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Bertani (LB) plates containing appropriate antibiotics
and incubated overnight at 37 °C. Colonies were count-
ed to assess transformation efficiency, and individual
colonies from these plates were selected to ensure the
presence of plasmid DNA.

Microwave CoolMate transformation An aliquot of BL21
(DE3) cells was kept on ice, and plasmid DNA (1 pL,
70 pg) was added. The cells were incubated on ice for
5 min and then placed in a Discover CoolMate vessel.
Each sample was cooled in the CoolMate to a specific
temperature (typically —30 °C) before it was subjected to
microwave radiation and simultaneous cooling. The temper-
ature was monitored using a fiber optic probe, and upon the
conclusion of the microwave pulse, the sample was removed
from the vessel and thawed to room temperature. The cells
were recovered in 2xYT media (500 uL), followed by 1 h of
incubation at 37 °C. Cells were then plated on LB plates
containing appropriate antibiotics and incubated overnight
at 37 °C. Colonies were counted to assess transformation
efficiency, and individual colonies from these plates were
selected to ensure the presence of plasmid DNA (see
Supplementary Data).

Results and discussion

Development of microwave-mediated bacterial
transformations Recent reports investigated the ability of
traditional microwaves to substitute for a heat shock during
chemotransformations and found a three-fold increase in
transformation efficiency when employing a 1-min pulse at
180 W [16, 17]. However, these studies utilized prepared
calcium chloride competent cells which already displayed
transformation efficiencies of ~107 cfu. Thus, the water bath
heat shock was simply replaced with a brief microwave heat
shock. Moreover, the use of a conventional microwave does
not rely on focused microwaves, potentially making the use
of a microwave reactor more advantageous as a mechanism
to harness the microwave energy and afford more repro-
ducible results. Based on these studies, we hypothesized
that it may be feasible to further enhance the utility of
these transformations and potentially eliminate the need for
competent cell preparation by employing focused microwave
irradiation. Initially, an E. coli BL21(DE3) strain of cells was
grown to either log phase (ODggq 0.5) or stationary phase
(ODgqq 3.2) followed by centrifugation and resuspension in
either 1:1 LB/water or 1:1 LB/glycerol. The cells were then
incubated on ice for 10 min with a pET plasmid containing
ampicillin resistance and subjected to brief pulses (2 or 5 s) of
microwave irradiation (50, 100, 150, 200, or 300 W) in a
CEM Discover microwave reactor. Due to the intensity of the
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focused beam of microwave irradiation, the irradiation time
was dramatically reduced when compared to previous litera-
ture settings in conventional kitchen microwaves. The tem-
perature achieved with each pulse was recorded, and
appropriate controls were performed in the absence of micro-
wave irradiation (see Supplementary Data). All transforma-
tions were recovered in 2xY T media for 1 h at 37 °C and then
plated on LB agar containing ampicillin. Unfortunately, nei-
ther the microwave samples nor the controls yielded colonies
that would signify a successful transformation. In order to
assess if the microwave irradiation decreased the viability
of the cells, the same pulses were performed without
plasmid DNA and plated on agar in the absence of any
antibiotic. No differential in colony growth was observed
between microwave-irradiated samples and nonirradiated
controls, indicating that the brief pulses of microwave
irradiation were not affecting cellular viability and were
not sufficient in transforming noncompetent cells.

Due to the requisite for aqueous media and the presence
of various ions during transformations, the samples were
found to rapidly heat when subjected to short microwave
pulses. In order to optimize transformation conditions and
maximize the power of the microwave input, the experi-
ments were transitioned to a CEM CoolMate system. The
instrument utilizes a jacketed reaction vessel, allowing for
the continuous flow of pre-chilled microwave transparent
solvent (at —50 °C), providing simultaneous cooling in the
presence of microwave irradiation. Additionally, the CoolMate
allows for a rapid cooling of the sample immediately after the
microwave pulse in a fashion that mimics the post-heat shock
transfer of cells to ice during chemotransformations. Due to the
ability to modulate temperatures while maintaining microwave
irradiation, this technique affords the ability to more directly
observe the role of the microwaves within the transformations.
Cells were grown to log phase (ODggg 0.5) or early stationary
phase (ODggo 1.0) and then centrifuged and resuspended in
either 1:1 LB/water or 1:1 LB/glycerol and transferred directly
to the CoolMate with a pET plasmid containing an ampicillin-
resistance marker. The transformation was then cooled
to =30 °C in the CoolMate (~1 min) and subjected to micro-
wave irradiation (100, 200, or 300 W) for a brief amount of
time (10-30 s). After a 1-h recovery in 2xYT media at 37 °C,
the cultures were plated on ampicillin LB agar and incubated
overnight. These conditions afforded viable colonies harboring
the ampicillin resistance plasmid, signifying a transformation
event, albeit at low transformation efficiency (Table 1). The
highest transformation efficiencies were observed using 15 s
pulses with 300 W of power, yielding efficiencies of 213 cfu.
Lower efficiencies were observed at shorter and longer pulses
and at lower microwave powers. In order to ensure that colony
growth was a result of the introduction of the desired plasmid,
a colony was selected, grown, and the plasmid DNA was
reisolated. Its presence was confirmed via a restriction enzyme

Table 1 Microwave-assisted transformation efficiencies

Power (W)  Time (s) Initial temperature (°C)  Transformation
efficiency

0 10 0 0

0 30 0 0

0 10 =30 0

100 10 =30 24

200 10 =30 94

300 10 =30 94

300 15 =30 213

300 30 =30 101

300 60 =30 24

300° 30 =30 0

300° 2 25 0

For microwave transformations, all cultures were grown to an ODgo of
0.5

*Sample was resuspended in 10 % glycerol instead of water

®Sample was irradiated in standard CEM Discovery system without
cooling, reaching a temperature of 50 °C

digest and visualization on an agarose gel (Fig. 1a). Moreover,
to ensure that the cells were still capable of protein expression
following microwave irradiation, a green fluorescent protein
(GFP) gene in the plasmid was expressed, yielding functional
fluorescent protein (Fig. 1b). Additionally, when microwave
conditions were replicated using a —30 °C bath followed by
transfer to a conventional heat block to recapitulate the micro-
wave temperature profile, the transformations yielded no

a

AR 1

Fig. 1 Validation of DNA transformation. a Following either a liquid
nitrogen or a microwave transformation of a pET22-GFP plasmid, a
culture of cells was grown and the plasmid was isolated and digested with
EcoRI. Analysis of the digest on 1 % agarose gel confirms the presence of
the plasmid DNA. b To further confirm the transformation and the com-
petence of the cells, the GFP protein was expressed, purified, and analyzed
via SDS-PAGE. Successful transfer of plasmid DNA while retaining
cellular function is demonstrated by the presence of GFP fluorescence
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bacterial colonies (see Supplementary Data). This result con-
firms that the introduction of the plasmid DNA is a result of the
microwave exposure and not just due to a cryogenic effect that
has previously been reported [18]. Moreover, the increasing
transformation efficiency with increasing power settings
strongly indicates an active role of the microwave field on
the bacterial transformation. These results suggest the impor-
tance of the microwaves, as they potentially disrupt bacterial
membranes, affording the effective transfer of foreign DNA
into the cell. While the transformation efficiencies are low,
these results demonstrate the potential utility of microwave
irradiation within complex biological systems and indicate that
the microwaves themselves are the active agent in these
transformations.

Optimization of low-temperature transformations In the
process of performing various controls in the absence of
microwave irradiation to find an optimal protocol to mimic
the microwave temperature profile, a rapid freezing of the
cells was attempted using liquid nitrogen (—196 °C), cooling
the cells dramatically below —30 °C. Following a recovery,
this protocol yielded a surprisingly high transformation ef-
ficiency of ~10* cfu. Low-temperature transformations in
bacteria have been previously reported, originally by
Dityatkin et al. in 1972 [18]; however, they have only found
widespread use in Agrobacterium tumefaciens transforma-
tions [19-21], and examples in E. coli are rare. This is most
likely due to relatively low transformation efficiencies com-
pared to other methods and the overall prevalence of both
electroporation and heat shock protocols. Most notably, a
report by Takahashi et al. attempted a similar freeze—thaw
transformation with non-chemically competent cells, but
only obtained efficiencies of ~100 with optimized condi-
tions [22]. Further research in the same report and by other
laboratories elucidated that substantially higher freeze—thaw
efficiencies can be obtained by using chemically competent
cells and substituting a freezing procedure for the heat
shock. While under optimal condition efficiencies of ~10°
were reported, most of these methods resulted in efficiencies
that were at least 1-2 orders of magnitude lower and still
required a degree of competent cell preparation [21-24].
Thus, the ability to eliminate the time and use of sometimes
expensive reagents associated with competent cell prepara-
tion while still maintaining relatively high transformation
efficiencies represents an advance to the field.

In order to optimize the results observed in our freeze—thaw
transformation, several experimental variables were altered
including the number of freeze—thaw cycles, the temperature
of the transformation, the concentration of divalent cations
(which have previously been documented to serve as buffers
to shield the negatively charged phosphodiester backbone of
DNA), and the ODg of the bacterial cells (Table 2). Overall,
it appears that the optimal transformation conditions involved
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Table 2 Freeze—thaw transformation efficiencies

Cell Freeze-thaw Cation  Freeze Transformation
OD600* cycles additive® temperature (°C) efficiency

0.1 1 - -196 52x10°
0.1 2 - -196 2.9x10*
0.2 1 - -196 2.8x10°
0.2 2 - -196 2.8x10°
0.4 1 - -196 8.4x10*
0.4 2 - -196 2.3%10°
0.6 1 - -196 2.2x10°
0.6 2 - -196 3.7x10°
0.8 1 - -196 1.6x10°
0.8 2 - -196 3.5x10*
1.0 1 - -196 5.0x10°
1.0 2 - -196 4.8x10*
3.0 1 - -196 7.2x10°
0.6 1 - —94 1.17x10°
0.6 1 - -78 1.6x10?
0.6 1 - —42 38

0.6 1 - =30 0

0.6 2 NH,Cl  —196 8.9x10
0.6 2 MgClL,  —196 1.5x10°
0.6 2 CaCl, -—196 1.1x10°

#OD¢p to which culture was grown and then resuspended to an ODggg
of 27.7

® Growth media supplemented with 10 mM of the chloride salt

the growth of the cell culture to an ODgqg 0f 0.5-0.6, followed
by concentration and subjection to two freeze cycles directly
in liquid nitrogen. The presence of 10 mM Mg*" or Ca®"
cations in the growth media did not hinder the transformation,
but also did not provide any significant advantage compared
to the absence of the cation supplements. The cell density
appears to have a moderate effect on the transformation (as the
overall number of cells is normalized prior to freezing), with
cells in early stages of replication and in stationary phase
exhibiting lower overall efficiencies than cells in log phase.
Increasing the freeze temperature negatively impacted the
transformation efficiency, with any temperature above
—42 °C resulting in no transformants. This appears to be a
critical temperature for transformation success, as previously
observed microwave controls provided no colonies when
incubated at —30 °C. Several different plasmids of various
sizes were examined harboring different origins of replications
and antibiotic resistance, and consistently high transformation
efficiencies were detected (see Supplementary Data).
Moreover, the use of purchased chemically competent
cells yielded no difference in transformation efficiency, dem-
onstrating the lack of necessity for an additional procedure to
prepare chemically competent cells. Isolation of plasmid and
expression of a GFP reporter protein were also performed to
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ensure the presence of the foreign DNA and the retention of
cellular function under these conditions. Additionally, the abil-
ity to perform simultaneous double transformations of two
plasmids was found to be possible with this methodology,
albeit at the expected decreased efficiency associated with the
uptake of two separate plasmids (~10%). While none of the
transformation efficiencies are comparable to that obtained by
electroporation, transformations of ~10° are still highly effi-
cient and useful for most practical purposes. Additionally, this
approach obviates the requirement for substantial cell prepara-
tion prior to transformation and does not require additional
equipment (e.g., an electroporator), making it applicable to
virtually any laboratory.

Interestingly, the resuspension of cells in 10 % glycerol
(a cryoprotectant), rather than water, resulted in no
transformants under even the most optimized freeze—thaw
condition. This suggests that a potential mechanism of
transformation is the rapid formation of ice crystals, which
disrupt the bacterial cell wall, providing a means for the
uptake of plasmid DNA. This is corroborated by the fact
that >2 freeze—thaw cycles substantially decrease transforma-
tion efficiencies as significant damage of the cell wall occurs,
decreasing viability. Further investigations are currently under-
way to probe the mechanism of DNA uptake in both micro-
wave and freeze—thaw transformations.

Finally, in order to assess the robust nature of the
transformation protocols, each method was examined to-
wards the transformation of Mycobacterium smegmatis.
This mycobacterium represents a more significant chal-
lenge to the transformation process, as it possesses a
complex cell wall and inefficient genetic transfer systems
[25]. Thus, increasing the number of mechanisms avail-
able for genetic transfer in mycobacteria is desirable in
that it has the potential to significantly advance research
on a variety of diseases associated with these organisms.
While some electroporation protocols have been
established in M. smegmatis, foreign DNA is more com-
monly introduced via the formation of spheroplasts due
to low transformation efficiencies [26-30]. Under identi-
cal low-temperature conditions as employed in the transfor-
mation of E. coli, a pMycVecl plasmid was employed
towards M. smegmatis freeze—thaw transformation [31].
Gratifyingly, the transformation was successful, yielding effi-
ciencies of ~10° cfu (Table 3). This signifies a rapid and

Table 3 Summary of the various transformation techniques

efficient method for the introduction of foreign DNA into M.
smegmatis without requiring any significant preparation of
cells and only employing liquid nitrogen. Although lower
efficiencies were observed in M. smegmatis than for E. coli
using the same technique, this result is expected due to the
more challenging cell wall of the mycobacterium. Moreover,
using an optimized literature-based electroporation protocol
for M. smegmatis, a significant decrease in efficiency is ob-
served when comparing to a similar electroporation in E. coli
(Table 3) [30]. Unfortunately, the microwave transformations
were not transferrable to M. smegmatis, as even under E. coli
optimized conditions no transformants were observed. This is
not necessarily unsurprising as even with E. coli, these
methods led to lower transformation efficiencies than the
corresponding liquid nitrogen transformations. However, cur-
rent studies are underway to translate microwave transforma-
tions to mycobacteria using chemically competent cells and
higher transformation temperatures. Overall, the ability to
utilize simple transformations within a mycobacterium repre-
sents a significant advance to the field.

Conclusion

In conclusion, two mechanisms for the introduction of ex-
ogenous DNA into E. coli have been investigated, demon-
strating the increased applicability of microwave irradiation
on biological systems and providing rapid mechanisms (not
involving significant competent cell preparation) for bacte-
rial transformations. Overall, both of these techniques have
general applicability to the fields of both molecular biology
and chemistry. Perhaps most advantageous is the elimi-
nation of time-intensive preparation of bacterial compe-
tent cells and elimination of sometimes costly reagents
used in competent cell preparation while (especially in
the case of the freeze-thaw procedure) maintaining rel-
atively high transformation efficiencies. The facile and
streamlined procedure is feasible even for undergraduate
researchers, is highly reproducible, and is both time-
and cost-effective. Moreover, the expansion of these
techniques to organisms that are more resilient to the
transfer of genetic material represents a substantial ad-
vancement towards the utilization of mycobacteria in
molecular biology and cloning.

Organism Electroporation with Electroporation with Freeze—thaw Microwave
competent cell noncompetent cells* transformation transformation

E. coli 1.9x10° - 3.7x10° 2.1x10°

M. smegmatis 1.1x10° - 6.9x10° -

#High salt concentrations of cells/media resulted in arching of the sample and no viable cells.
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