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Current oscillations at about 24 MHz were observed during electrotransformation (ET) of the thermophilic
anaerobes Clostridium thermocellum ATCC 27405, C. thermocellum DSM 1313, and Thermoanaerobacterium
saccharolyticum YS 485, using a pulse gated by a square signal generated by a custom generator. In experiments
in which only the field strength was varied, all three of these strains resulted in a one-to-one correspondence
between the appearance of current oscillations and successful ET. Oscillations accompanied ET of both C.
thermocellum strains only at field strengths of =12 kV/cm, and ET was only observed above the same threshold.
Similarly, for T. saccharolyticum, oscillations were only observed at field strengths of =10 kV/cm, and ET was
only observed above the same threshold. When a passive electrical filter consisting of an inductor and resistor
in parallel was added to the system to prevent the development of oscillations, ET efficiencies were reduced
dramatically for all three strains at all field strengths tested. The maximum tested field strength, 25 kV/cm,
resulted in the maximum measured transformation efficiency for all three strains. At this field strength, the
efficiency of ET in the absence of oscillations was decreased compared to that observed in the presence of
oscillations by 500-fold for C. thermocellum ATCC 27405, 2,500-fold for C. thermocellum DSM 1313, and 280-fold
for T. saccharolyticum. Controls using the same apparatus with Escherichia coli cells or a resistor with a value
representative of the direct current resistance of typical cell samples did not develop oscillations, and ET
efficiencies obtained with E. coli were the same with or without the electrical filter included in the pulse
generator circuit. The results are interpreted to indicate that spontaneously arising oscillations have a large
beneficial effect on transformation efficiency in the system employed here and that the development of

oscillations in this system is affected by the cell species present.

The power of modern biotechnology has been applied to a
very unequal extent across the microbial world because the
functional transfer of foreign genes has not been achieved yet
for many species and strains. In particular, gene transfer pro-
tocols are not available for most species of gram-positive ob-
ligate anaerobes. Moreover, the protocols which have been
reported for such bacteria often have efficiencies (e.g., trans-
formants pg~' DNA) that are several orders of magnitude
lower than those routinely achieved with easily transformed
organisms such as Escherichia coli, Bacillus subtilis, and several
yeast species (12, 14, 21).

Thermophilic, anaerobic, saccharolytic bacteria are of inter-
est in the context of cellulosic biomass fermentation in both
biotechnological processes and natural environments (1, 4-9,
15). In particular, cocultures of the cellulolytic Clostridium
thermocellum with noncellulolytic thermophiles capable of us-
ing xylose and other hemicellulose-derived sugars have been
proposed for the conversion of all fermentable biomass com-
ponents to ethanol (7, 8, 13, 16). Recently, we reported elec-
trotransformation (ET) of Clostridium thermocellum DSMZ
1313 with an efficiency of 2 X 10° transformants wg ', using a
custom pulse generator and cuvette design (17). The condi-
tions optimized for C. thermocellum DSMZ 1313 were also
shown to result in an ET efficiency of 5 X 10* transformants
pg ! for strain ATCC 27405. Mai and Wiegel reported (11),
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and subsequently improved (10), an electrotransformation
protocol for the xylan-utilizing noncellulolytic thermophile
Thermoanaerobacterium saccharolyticum JW/SL-YS 485, re-
sulting in transformation efficiencies of ~1 X 10° transfor-
mants ug ' DNA.

We report here that current oscillations with a frequency of
~24 MHz are observed during ET of both C. thermocellum and
T. saccharolyticum when a square, non-oscillatory input signal
is used to control a pulse generator (19, 22), using a previously
reported ET protocol (17). Spontaneous (i.e., not applied ex-
ternally) current oscillations at much lower frequencies have
been observed in prior studies using the same circuit and cu-
vette design, with ~100-kHz oscillations observed for Clostrid-

TABLE 1. Bacterial strains used for this study

Microorganism Source?
Escherichia coli
Top 10 Invitrogen
Clostridium thermocellum
ATCC 27405 ..o ATCC
DSM 1313 DSMZ

Thermoanaerobacter saccharolyticum
YS 485

Gift from Juergen Wiegel”

¢ Invitrogen, Grand Island, NY; ATCC, American Type Culture Collection,
Manassas, VA; DSMZ, Deutsche Sammlung von Mikroorganismen und Zellkul-
turen, Braunschweig, Germany.

b University of Georgia, Athens.
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FIG. 1. Schematic diagram of the custom-built generator featuring a passive in-line filter.

ium acetobutylicurn ATCC 824 (18) and ~17-kHz oscillations
observed for Corynebacterium glutamicum ATCC 13032 (19).
Externally applied oscillatory electrical pulses were shown to
be effective for ET of C. acetobutylicum, with the ET efficiency
being a strong function of the frequency (18). Externally ap-
plied oscillatory pulses have also been used for ET of other
microorganisms (14) and mammalian cells (3, 23).

The objectives of this study are to report improved ET
conditions for C. thermocellum and T. saccharolyticum, to char-
acterize the current oscillations observed during ET of both of
these organisms, and to evaluate the significance of these os-
cillations. Specific questions to be answered in this work in-
clude the following. Does the appearance of oscillations de-
pend on the species of microbe being tested? How does the
magnitude of applied voltage impact the appearance and fea-
tures of oscillations? Is there a relationship between the ap-
pearance of oscillations and conditions that result in successful
ET? If oscillations are prevented from occurring, is the effi-
ciency of ET impacted?

MATERIALS AND METHODS

Media, strains, and cultivation conditions. The strains used for this study are
listed in Table 1. C. thermocellum and T. saccharolyticum were grown in DSM 122
broth as described elsewhere (http://www.dsmz.de/media/med122.htm), with the
following modifications: the concentration of K,HPO, - 3H,0O was reduced from
7.2 g liter ™! to 1.9 g liter ™!, and glutathione was replaced by cysteine-HCI at a
final concentration of 0.5 g liter~!. For growth on plates, 0.58% Difco agar-agar
(Becton Dickinson, Sparks, MD) was added to modified DSM 122-cellobiose
broth (cellobiose agar). Cellobiose agar additionally contained erythromycin
(Em) and lincomycin (Lm), each at 20 pg ml~!, for the selection of transfor-
mants of C. thermocellum or 200 pg ml~ ! of kanamycin (Km) for the selection of
transformants of 7. saccharolyticum (all antibiotics were purchased from Sigma,
St. Louis, MO). All manipulations associated with the preparation of cultures
and subsequent ET were carried out inside an anaerobic chamber equipped with
a model 2000 incubator (Coy Laboratory Products, Inc., Grass Lake, MI). E. coli
Top 10 cells (Invitrogen Corporation, Carlsbad, CA) were grown at 37°C in
Columbia broth or on Columbia agar (Columbia broth plus 1.2% Difco agar-
agar) containing 200 wg ml~' of ampicillin (Ap) (Sigma, St. Louis, MO) for the
selection of transformants, when appropriate.

Plasmid DNA. The shuttle plasmid pIKM1 (6.3 kb; Ap* Em" Lm" Km") (11)
was a gift from Juergen Wiegel (University of Georgia, Athens). pIKM1 DNA
was isolated from E. coli using a QIAGEN Plasmid Midi kit (QIAGEN Inc.,
Valencia, CA). The detection of plasmid DNA in presumptive transformants was
performed as described elsewhere (17).

Electrotransformation. A custom-built pulse generator featuring the cell sam-
ple in series with other circuit elements as well as custom-built cuvettes was used
as described elsewhere (17). The cultivation of anaerobic thermophiles prior to
ET, pulse application, postpulse sample processing, and determination and anal-
ysis of cell viability were performed as described previously (17), with the fol-
lowing modification: prior to ET, overnight cultures were diluted 1:7 to 1:10
instead of 1:3 with sterile prewarmed (58°C) DSM 122-cellobiose broth contain-
ing 20 p.g ml~! of isoniazid (Sigma, St. Louis, MO). The duration of the electrical
pulse applied was as indicated previously. The preparation of E. coli cells for ET
and the selection of recombinants were performed as described elsewhere (20).
Cell suspensions of thermophilic anaerobes or E. coli contained approximately 9
% 1010 cells ml~" and were kept on ice until use. For cell-free controls, cell
suspensions were replaced either by high-performance liquid chromatography
(HPLC)-grade water (Sigma, St. Louis, MO) or by a set of three low-inductance
10-kQ resistors (TO 220 style thick film power resistors; Ohmite Mfg. Co.,
Rolling Meadows, IL) (cell sample resistive equivalent) connected in series. As
described previously (17), ET was carried out using 90 to 100 pl of cell suspen-
sion in 2.0-ml disposable centrifuge tubes with 305 stainless steel electrodes and
a single square input pulse of 10 ms. For experiments aimed at investigating the
importance of induced oscillations with respect to ET, we used a custom-built
linear filter composed of TO 220 style thick film power resistors (Ohmite Mfg.
Co., Rolling Meadows, IL) with a total resistance of 29 k() in parallel with a
toroidal 107-wH filter inductor (Magnetek, Inc., Los Angeles, CA). The filter was
switched in series with the other elements of the above power circuit so that it
could be bypassed to eliminate the filtering effect on the pulse current (Fig. 1).

Monitoring of pulse current. Experiments aimed at characterizing the electri-
cal response of cell suspensions to an applied pulse, rather than ET per se, were
carried out using the same conditions except that no added DNA was present,
electrodes were made of the titanium alloy VK-2 (JCV Sphere, Saratov, Russian
Federation) instead of stainless steel, the duration of the pulse was 6 ms rather
than 10 ms, and 50-pl cell samples in 0.5-ml disposable tubes were used instead
of 2.0-ml tubes. Different pulse durations and sample volumes were used for
characterization of the electrical response in order to prolong the life of the
electrodes. Twenty identical 50-pl cell samples were prepared and kept on ice in
disposable 0.5-ml polypropylene tubes used as cuvettes. For each such sample,
the power capacitor was charged to a certain voltage, at 200-V increments. The
electric field strengths at cell samples were calculated for the peak pulse voltage
(leading edge). Each time, the power supply was disconnected from the capacitor
before pulse application. After each pulse, electrodes were washed with water,
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FIG. 2. Voltage versus time plots obtained during application of an electrical pulse to various samples. Voltage was measured at the 20-() pulse
current sensor. Vertical scale, 5 V/division; horizontal scale, 2 ms/division, except in panel C. (A) C. thermocellum ATCC 27405; (B) T.
saccharolyticum YS 485; (C) image A, with a horizontal scale of 20 ns/division. Controls contained the indicated components instead of a sample
containing cells of a thermophilic anaerobe. (D) 50-k(} resistor; (E) cuvette filled with HPLC-grade water; (F) E. coli Top 10 in HPLC-grade water.

and then both electrode surfaces were polished with jewelry-fine abrasive (Delta
Tool and Polishing Supplies Co., Inc., Garwood, NJ) backed by a flat piece of
2-mm-thick cardboard to restore the initial electrical properties of the electrode
surfaces. Thereafter, the abrasive was removed by washing twice with 96%
ethanol, with subsequent drying of the surfaces. The pulse current passing
through each sample was recorded with an oscilloscope (Agilent Technologies,
Colorado Springs, CO). Extensive control experiments established that the cur-
rent versus time patterns, and in particular key features such as current oscilla-
tions, were highly reproducible and were essentially the same for the conditions
used for ET and for electrical response characterization.

RESULTS

Improved ET conditions for C. thermocellum and transfor-
mation of 7. saccharolyticum. Changing the dilution of over-
night cultures with fresh medium from 1:3 to a dilution of 1:7
to 1:10 when preparing cells for electroporation resulted in a
small but statistically significant increase in ET efficiency com-
pared to the conditions we reported previously for C. thermo-
cellum (17). In particular, the use of a 1:7 to 1:10 dilution ratio
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FIG. 3. Transformation efficiency and appearance of spontaneous oscillations in relation to field strength for ET of C. thermocellum ATCC
27405. (A) ET efficiency. (B) Oscillations for field strengths of 11 kV/em (1), 12 kV/em (2), and 25 kV/em (3). Vertical scale, 5 V/division;

horizontal scale, 2 ms/division.

in the presence of isoniazid at 20 pg ml~" increased the effi-
ciency of ET with pIKM1, using erythromycin/lincomycin co-
selection, from (2.5 = 0.5) X 10° to (5.06 = 0.32) x 10°
transformants wg ! for strain DSM 1313 and from (6.4 *+ 0.14)
X 10* to (7.53 * 0.12) X 10* transformants pug ' for strain
ATCC 27405, with an electric field strength of 25 kV/cm.

The revised preferred conditions found to be effective for
these two C. thermocellum strains were also evaluated for ET
of Thermoanaerobacterium saccharolyticum YS 485, using
pIKM1 with selection based on kanamycin resistance. 7. sac-
charolyticum was teadily transformed [(7.42 = 0.19) X 10°
transformants g~ " DNA at 25 kV/cm] under these conditions,
without further optimization. The transformation of 7. saccha-
rolyticum was confirmed by PCR and plasmid rescue experi-
ments (data not shown) similar to those we described previ-
ously (17).

Observation of current oscillations during electrotransfor-
mation. During monitoring of the pulse current, rapid varia-
tions of the current over time were observed for C. thermocel-
lum ATCC 27405 (Fig. 2A), T. saccharolyticum YS 485 (Fig.
2B), and C. thermocellum DSM 1313 (data not shown). Ad-
justing the oscilloscope timescale revealed regular oscillations
with a frequency of 24.14 MHz, as shown in Fig. 2C for C.
thermocellum ATCC 27405. An oscillation frequency of 24.14

MHz was also observed with C. thermocellum DSM 1313 and T.
saccharolyticum YS 485 (data not shown). Although the ap-
pearance and magnitude of oscillations were subsequently
found to depend on the magnitude of the voltage applied to
samples, the frequency of oscillation was unchanged for all
conditions under which oscillations were observed for the
three thermophilic strains investigated.

Control experiments were carried out to test whether the
appearance of high-frequency current oscillations is dependent
on the presence of cell-containing samples and the identity of
the cells in the sample. Either no oscillations or only very-low-
frequency (<500 Hz) low-amplitude oscillations were observed
when the cell sample was replaced by a sample resistive equiv-
alent (Fig. 2D), HPLC-grade water (Fig. 2E), or a suspension
of E. coli cells (Fig. 2F). Successful ET of E. coli was verified,
although current oscillations were not observed.

Investigation of current oscillations and ET efficiency as a
function of electric field strength. The ET efficiency was inves-
tigated in relation to the electric field strength, with all param-
eters but the field strength maintained at the revised preferred
conditions identified above. For C. thermocellum ATCC 2704,
a minimum field strength of 12 kV/cm was required before
transformation was observed, with progressively higher trans-
formation efficiencies observed up to the maximum field
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FIG. 5. ET efficiency in relation to field strength in the presence and absence of high-frequency oscillations for ET of C. thermocellum ATCC 27405.
(A) Transformation efficiencies. Symbols: A, efficiency without in-line filter preventing high-frequency oscillations; m, efficiency with in-line filter.
(B) Voltage traces during pulse application at 25 kV/cm without in-line filter (1) and with in-line filter (2). Vertical scale, 5 V/division; horizontal scale,
2 ms/division.
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strength tested, 25 kV/cm (Fig. 3). The current passing through
cell samples during pulse application was measured at all field
strengths for which the transformation efficiency was evalu-
ated, with data for only selected field strengths shown. A one-
to-one correspondence between successful ET and the appear-
ance of oscillations was observed. In particular, oscillations
were not evident for field strengths of 11 kV/cm (Fig. 3B, panel
1) or lower, at which transformation did not occur, but were
observed for field strengths from 12 kV/cm (Fig. 3B, panel 2)
to 25 kV/em (Fig. 3B, panel 3), at which transformation did
occur. C. thermocellum DSM 1313 also exhibited a minimum
field strength of 12 kV/cm in order for transformation to occur
as well as a one-to-one correspondence between successful ET
and the appearance of oscillations (data not shown).

Similarly, for T. saccharolyticum, successful ET required a
field strength of =10 kV/cm (Fig. 4 A), at which high-fre-
quency current oscillations were observed (Fig. 4B, panels 2
and 3). For field strengths of <10 kV/cm, neither oscillations
nor transformation was observed (Fig. 4B, panel 1).

Impact of eliminating current oscillations on ET efficiency.
A passive electrical filter was designed to eliminate high-fre-
quency current oscillations. The filter was added to the pulse
generator circuit as described in Materials and Methods, and

FIG. 6. ET efficiency in relation to field strength in the presence and absence of high-frequency oscillations for ET of C. thermocellum DSM
1313. (A) Transformation efficiencies. Symbols: A, efficiency without in-line filter preventing high-frequency oscillations; m, efficiency with in-line
filter. (B) Voltage traces during pulse application at 25 kV/cm without in-line filter (1) and with in-line filter (2). Vertical scale, 5 V/division;
horizontal scale, 2 ms/division.

ET efficiencies were compared in the presence and absence of
such oscillations. For C. thermocellum ATCC 27405, the ET
efficiency observed in the absence of the filter was higher than
that observed with the filter, by at least 10-fold, for all field
strengths tested (Fig. SA). For the highest field strength tested
(25 kVem), resulting in the highest observed ET efficiencies,
the presence of the filter reduced the ET efficiency 500-fold,
from (7.53 = 1.2) X 10* transformants pg~ ' to (1.51 = 0.36)
X 10? transformants wg~*. An approximately 1,000-fold reduc-
tion in transformation efficiency in the presence of the filter
compared to that without the filter was also observed for C.
thermocellum DSM 1313 at all voltages tested (Fig. 6A). Sim-
ilarly, for T. saccharolyticum YS 485, the transformation effi-
ciency without the filter was higher than that observed with the
filter, by at least 100-fold, for all voltages tested. At 25 kV/cm,
which also resulted in the highest observed ET efficiency for T.
saccharolyticum, the presence of the filter reduced the ET
efficiency 280-fold, from (7.42 = 0.19) X 10° transformants
pg ! without the filter to (2.63 = 0.15) X 10° transformants
pg ! with the filter (Fig. 7A). For all three strains, the pres-
ence of the filter eliminated high-frequency oscillations, as may
be seen by comparing Fig. 5B, panels 1 and 2, for C. thermo-
cellum ATCC 27405, comparing Fig. 6B, panels 1 and 2, for C.
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thermocellum DSM 1313, and comparing Fig. 7B, panels 1 and
2, for T. saccharolyticum YS 485.

DISCUSSION

Current oscillations at about 24 MHz were observed during
ET of C. thermocellum strains ATCC 27405 and DSM 1313 as
well as of T. saccharolyticum YS 485, using a custom pulse
generator gated with a square signal. Current oscillations and
successful transformation were only observed at and above
threshold levels of electric field strength, i.e., 10 kV/cm for T.
saccharolyticum and 12 kV/ecm for both C. thermocellum
strains, with neither oscillations nor transformation observed
below the threshold (Fig. 3B, panel 2, and 4B, panel 2). When
oscillations were prevented by use of a passive electrical filter,
the transformation efficiency decreased 500-fold for C. thermo-
cellum ATCC 27405, 2,500-fold (at 25 kV/cm) for C. thermo-
cellum DSM 1313, and 280-fold for 7. saccharolyticum. The
large differences in ET efficiency observed herein in the pres-
ence and absence of spontaneously occurring oscillations are in
sharp contrast to the much smaller (fivefold or less) differences
observed with and without externally applied oscillations in
prior work involving mammalian cells (3, 23).

These observations establish that oscillations are correlated
with high-frequency transformation for the organisms and
electrical circuit studied. Our results are also consistent with,

but do not prove, the existence of a common factor underlying
both efficient transformation and the development of current
oscillations. Successful ET requires that both electrical and
biological variables be within acceptable ranges. We suspect
that monitoring the current during pulse application may pro-
vide an indication of cell membrane electropermeabilization,
which can be evaluated independently of biological variables
such as restriction/modification systems, plasmid replication,
and functional expression of selective markers.

Further work is needed to explain the origin of the observed
oscillations. Oscillations are possible in similar circuits with no
bacterial cells due to parasitic inductances and capacitances in
the wiring and in the circuit elements in conjunction with the
explicit circuit elements and the gain of the tetrode. However,
our results show that the appearance of oscillations is depen-
dent on the species of bacterium present under the conditions
investigated. Cells of both T. saccharolyticum and C. thermo-
cellum provided similar oscillation patterns at and above the
threshold electric field strengths of 10 and 12 kV/cm, respec-
tively. In contrast, we were not able to observe an excitation of
oscillations when E. coli was substituted for thermophilic
anaerobes at all electric field strengths tested. In addition, no
current oscillations were detected when the cell sample was
replaced with its resistive equivalent or with HPLC-grade wa-
ter. Thus, we can conclude that the electrical characteristics of
the cell samples play an important role in the appearance of
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the spontaneous oscillations observed. These electrical char-
acteristics may include nonlinear and/or time-varying behavior
that cannot be characterized by a linear time-invariant network
or impedance.

In previous work using the same pulse generator employed
herein, Tyurin et al. (18) reported oscillations of C. acetobuty-
licum ATCC 824 at about 100 kHz. When the circuit was
modified to apply a range of selected frequencies to the sam-
ple, the ET efficiency peaked at 100 kHz. These results indicate
that the frequency of spontaneously occurring current oscilla-
tions obtained with the pulse generator used herein is related
to electroporation or associated biological phenomena and
that these oscillations are a determinant of ET efficiency. Ex-
periments involving externally imposed oscillatory signals
would be very informative to undertake with the thermophilic
strains investigated in this study, and they are being planned
but are more demanding to perform because of the higher
frequencies involved. The prior study of Tyurin et al. also
reported the release of numerous intracellular membrane ves-
icles under conditions resulting in spontaneous oscillations and
successful ET. Many gram-positive bacteria have a complex
intracellular morphology. In particular, bacteria of the genus
Clostridium feature prespores in most vegetative cells, as well
as additional intracellular membrane structures (2, 18). E. coli,
which does not form spores, has a relatively simple intracellu-
lar morphology in comparison. We are intrigued by the possi-
bility that when cell membranes are electropermeabilized, in-
tracellular membrane structures of cells of certain bacterial
species become exposed to the applied electric field through
the electropores in the membrane, resulting in dynamic
changes in the impedance of cell samples.

Much remains to be done to elucidate the mechanism and
significance of spontaneous oscillations accompanying high-
efficiency ET of certain thermophilic anaerobes. There appears
to be ample incentive to undertake studies directed toward this
end in light of the interesting fundamental questions involved,
several indications that the appearance of oscillations is closely
associated with high-frequency transformation, and the diffi-
culty and desirability of gene transfer to many microorganisms.
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