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The impact of growth conditions on electroporation of Lactococcus lactis subsp. lactis LM0230 (previously
designated Streptococcus lactis LM0230) was evaluated. Cells grown in M17 broth supplemented with 0.5%
glucose (M17-Glu) and two chemically defined synthetic media, FMC and RPMI 1640, all supplemented with
0.24% DL-threonine or 0.5% glycine, were harvested, washed with double-distilled water, diluted, and porated
in the presence of 1 ,ug of pGB301 DNA with a Transfector 100 (BTX, Inc., San Diego, Calif.) or a Gene Pulser
(Bio-Rad Laboratories, Richmond, Calif.). Transformants were recovered at consistently higher efficiencies for
cells grown in FMC or RPMI 1640 (103 to 104 transformants per ,ug of DNA) than for cells grown in M17-Glu
(101 to 102 transformants per ,ug of DNA). Other parameters influencing electroporation of L. lactis cells grown
in chemically defined media were growth phase and final concentration of cells, concentration of plasmid DNA,
voltage achieved during poration, and expression conditions. A high degree of variability in transformation
efficiencies was evident for replicate samples of cells pulsed with either electroporation machine. A trend
toward decreased variability was observed for duplicate samples of cells prepared on the same day. In addition,
storage studies done with a large batch of cells prepared on the same day indicated that freezing dry cell pellets
at -60°C had no deleterious effect on transformation efficiencies over a 30-day period when a new 0.2-cm
cuvette was used for porating each sample.

Electroporation has become increasingly popular as a tool
for transforming bacterial cells. Although it is much simpler
and faster than previous transformation methods using such
chemicals as CaCl2 (18) and polyethylene glycol (7), reported
electroporation efficiencies have been quite variable for
bacteria, ranging from 0 to 109 transformants per ,ug of DNA.
Intact bacterial cells at various growth phases and final
concentrations have been suspended in a variety of buffers,
pulsed at field strengths ranging from 3 to 17 kV/cm and
pulse durations of 100 [Ls to 1 s, and expressed under a
variety of time and temperature conditions (3-6, 8, 9, 11, 13,
15, 17, 18, 21). In addition, there are a variety of commer-
cially available electroporation units which allow the inves-
tigator to set different parameters, such as the desired
voltage, pulse duration, capacitance, and resistance. No
data which directly compare results obtained with different
electroporation machines and cells grown under identical
conditions are currently available.
The objective of this study was to evaluate the impact of

growth conditions on electroporation of Lactococcus lactis
subsp. lactis LM0230 (previously designated Streptococcus
lactis LM0230) grown in M17 broth (20) and two chemically
defined synthetic media, FMC (19) and RPMI 1640 (14). The
media were also supplemented with 0.24% DL-threonine or
0.5% glycine, agents that weaken the cell wall (12). Use of
the FMC chemically defined medium was previously dem-
onstrated to alter the bacterial cell surface of Streptococcus
mutans and overcome the formation of extracellular enzyme
aggregates (16). Parameters influencing transformation of L.
lactis cells grown in defined media, including growth phase
and final concentration of cells, concentration of plasmid
DNA, voltage achieved during poration, and expression
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conditions, were examined. Transformation efficiencies ob-
tained with the same cell preparations were compared fol-
lowing electroporation with a Transfector 100 (BTX, Inc.,
San Diego, Calif.) and a Gene Pulser (Bio-Rad Laboratories,
Richmond, Calif.).

MATERIALS AND METHODS
Bacterial strains and plasmids. L. lactis subsp. lactis

LM0230, a plasmid-free derivative of L. lactis C2, was
grown in M17 broth (20) supplemented with 0.5% (wt/vol)
glucose (M17-Glu). For testing of defined media, LM0230
cells were initially grown in M17-Glu overnight and then
subcultured (5%) into FMC medium (19; formulation pre-
pared by KC Biologicals, Lenexa, Kans.) supplemented
with 0.95% (wt/vol) beta-glycerophosphate and 2% (wt/vol)
glucose or into RPMI 1640 (14; formulation prepared by
GIBCO Laboratories, Grand Island, N.Y.) supplemented
with 0.3% (wt/vol) glucose. Additional studies were done
with LM0230 cells grown in M17-Glu, FMC, or RPMI 1640,
each supplemented with 0.24% DL-threonine (M17-Glu-Thr,
FMC-Thr, or RPMI 1640-Thr, respectively) or 0.5% glycine
(M17-Glu-Gly, FMC-Gly, or RPMI 1640-Gly, respectively).
L. lactis JK301, harboring the 9.8-kilobase vector pGB301
(2), was propagated in M17-Glu containing 10 ,ug of eryth-
romycin per ml. All strains were incubated at 32°C.

Isolation of plasmid DNA. Plasmid DNA was isolated from
L. lactis JK301 by the method of Anderson and McKay (1).
Purification of plasmid DNA by CsCl density gradient cen-
trifugation in the presence of ethidium bromide and analysis
by agarose gel electrophoresis were performed by the stan-
dard methods described by Maniatis et al. (10).

Cell preparation conditions. An overnight culture of L.
lactis subsp. lactis LM0230 was inoculated into 50 ml of
M17-Glu broth (1% inoculum), FMC broth (5% inoculum),
or RPMI 1640 broth (5% inoculum), each supplemented with
0.24% DL-threonine or 0.5% glycine, and grown to the
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stationary phase. Cells were harvested, washed, and sus-
pended in 1.25 ml of ice-cold double-distilled water (ddH2O)
as described previously (11). In addition, cells grown in
RPMI 1640-Thr were harvested at various phases of growth
(optical densities at 600 nm [OD60], 0.2, 0.4, 0.7, and 1.2,
corresponding to early-log, mid-log, late-log, and stationary
phases, respectively), washed, suspended in ddH2O, and
diluted to cell concentrations of 1010, 109, 108, and 107
CFU/ml prior to electroporation.
For storage studies, 1,200 ml of cells was grown in RPMI

1640-Thr, harvested at the stationary phase (OD600, 1.2), and
washed with ddH2O as described previously (11). After the
final ddH2O wash, aliquots of pelleted cells were either air
dried for 30 min and frozen as dry pellets or suspended in
10% glycerol prior to storage at -20 or -60°C. Samples
stored at -60°C were submerged in liquid nitrogen for 30 s
before storage. Prior to electroporation, the dry cell pellets
were suspended in 1.25 ml of ddH2O and the 10% glycerol
samples were allowed to thaw. The number of cells in each
sample was determined by enumeration on M17-Glu me-
dium. Cells were porated on the day of preparation and
following 2, 9, 16, 23, and 30 days of storage.

Electroporation parameters. Purified plasmid DNA (0.01 to
2 ,ug) was added directly to a semi-micro disposable cuvette
(VWR Scientific, Chicago, Ill.) containing 200 [ul of chilled
cell suspension for use with the Transfector 100 or to a
0.2-cm-gap Gene Pulser disposable cuvette (Bio-Rad) con-
taining 400 ,ul of chilled cell suspension. The cells were
exposed to one high-voltage electric pulse which ranged
from 300 to 900 V (corresponding to field strengths [E1 of 5 to
17 kV/cm) and which was applied for 4.5 to 6.4 ms (theoret-
ical time constant, 5 ms) with the Transfector 100 apparatus
as described previously (11). For the Gene Pulser, the
voltage was set at 2.5 kV (E = 12.5 kV/cm), the capacitor
was set at 25 ,uF, and the pulse controller was set at the
200-fl parallel resistor, which allowed a theoretical time
constant of 5 ms to be generated (actual time constant, 2.5 to
3.9 ms) in a 0.2-cm-gap disposable cuvette. The pulse
controller unit connected to the Gene Pulser allowed safe
operation of the unit while generating higher field strengths
(6 to 12.5 kV/cm) for samples of small volume and high
resistance. Both electroporation units were tested at their
maximum voltage settings.

Following electroporation, cells were kept on ice for 10
min, diluted 1:2 in M17-Glu broth, and incubated at 30°C for
2 h before being plated. In addition, to study the effects of
dilution prior to the expression period, we serially diluted
cells 1:2, 1:5, 1:10, and 1:100 in M17-Glu broth before
incubating them. Survivors were enumerated on M17-Glu
agar following incubation at 32°C for 24 h. Transformants
were enumerated on M17-Glu agar containing 2.5 ,ug of
erythromycin per ml following incubation at 32°C for 36 to 48
h. Controls included experimental trials in which either the
electric pulse or the plasmid DNA was omitted. Transfor-
mants were confirmed by the presence of plasmid DNA
following agarose gel electrophoresis.

RESULTS

Effect of medium composition on electroporation efficiency.
L. lactis subsp. lactis LM0230 cells were initially tested in a
defined medium, FMC, which had been formulated by KC
Biologicals and was available in our laboratory. Stationary-
phase (OD600, 1.2) cell suspensions of LM0230 grown in
M17-Glu, M17-Glu-Gly, M17-Glu-Thr, FMC, and FMC-Thr
were harvested, washed, and pulsed in the presence of 1 ,ug
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FIG. 1. Cell suspensions of L. lactis subsp. lactis LM0230 grown
in various media (M17-Glu, M17-Glu-Gly, M17-Glu-Thr, FMC, and
FMC-Thr) and pulsed over the range of field strengths available on
the Transfector 100. The cells were pulsed for 5 ms with 1 ,ug of
pGB301 DNA at each of the voltages tested. Trials were performed
in duplicate and then averaged prior to plotting the data.

of pGB301 DNA over a range of field strengths with the
Transfector 100. Figure 1 illustrates the number of transfor-
mants obtained after delivery of a 5-ms pulse at E = 5, 9, 13,
and 17 kV/cm. Cells grown in FMC-Thr resulted in transfor-
mation efficiencies 5- to 10-fold greater than did cells grown
in the other media tested. In addition, greater transformation
efficiencies were achievable with higher field strengths (E =
13 to 17 kV/cm). LM0230 cells grew poorly in FMC-Gly
medium and therefore were not included in this study.
Although efficiencies were much higher for cells grown in
FMC, this medium is not commercially available and re-
quires extensive preparation; therefore, an alternative com-
mercially available defined medium, RPMI 1640, was evalu-
ated.
LM0230 cells were grown in M17-Glu and RPMI 1640 to

the stationary phase (OD60O, 1.2), harvested, washed, and
suspended in ddH2O to a final concentration of 5 x 1010
CFU/ml. Cells were pulsed at 900 V (E = 17 kV/cm) for 5 ms
in the presence of 1 ,ug of pGB301 DNA. In an average of
three trials, transformation efficiencies were up to 100-fold
higher for cells grown in RPMI 1640 than for cells grown in
M17-Glu (data not shown). To determine other parameters
that may influence electroporation of L. lactis cells grown in
defined media, we examined the growth phase and final
concentration of cells, voltage achieved during poration,
concentration of plasmid DNA, and cell expression condi-
tions.

Effect of other parameters on electroporation efficiency. (i)
Culture age, cell concentration, and voltage. Suspensions of
LM0230 cells grown in RPMI 1640-Thr to various growth
phases (OD6., 0.2, 0.4, 0.7, and 1.2, corresponding to
early-log, mid-log, late-log, and stationary phases, respec-
tively) and diluted to final concentrations of 1010, 109, 108,
and 107 CFU/ml were electoporated with the Transfector
100. Aliquots were subjected to one 5-ms pulse in the
presence of 1 ,ug of pGB301 DNA at field strengths of 13, 15,
and 17 kV/cm. Figure 2 illustrates the transformation effi-
ciencies obtained at each field strength tested. A marked
increase in transformation efficiency was demonstrated with
stationary-phase cells at high cell concentrations (5 x 1010
CFU/ml) porated at the highest field strength tested (E = 17
kV/cm). These conditions agree with previous data for
M17-Glu-grown cells (11); however, electroporation with
cells grown in defined media resulted in transformation
efficiencies approximately 10-fold higher than did electropo-
ration with M17-Glu-grown cells.
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FIG. 2. Electroporation of L. lactis subsp. lactis LM0230 at
various phases of the growth cycle and at various cell concentra-
tions. A 5-ms pulse was delivered at 3 voltages, 700 V (A), 800 V
(B), and 900 V (C), which correlated to field strengths of 13, 15, and
17 kV/cm, respectively. Trials were performed once for each cell
concentration at each voltage, and 1 1±g of pGB301 DNA was used
for each trial.

(ii) DNA concentration. The effect of plasmid DNA con-
centration on the total number of transformants obtained by
electroporation with the Transfector 100 was examined.
LM0230 cells were grown in FMC-Thr and RPMI 1640 media
and porated at 900 V (E = 17 kV/cm) for 5 ms in the presence
of various concentrations (0.01, 0.05, 0.1, 0.5, 1, and 2 Vig) of
purified pGB301 DNA. An increase in transformation effi-
ciency was observed with increasing DNA concentrations
(data not shown). The same trend was reported previously
with cells grown in M17-Glu (11).

(iii) Dilution prior to expression. LM0230 cells grown in
RPMI 1640-Thr to the stationary phase were porated in the

presence of 1 ,ug of pGB301 DNA with the Transfector 100
(900 V, 5 ms) or the Gene Pulser at 2.5 kV (E = 12.5 kV/cm)
and 25 ,uF (pulse controller set at 200 fl). Following electro-
poration, cells were kept on ice for 10 min, diluted 1:2, 1:5,
1:10, and 1:100 in M17-Glu broth, and incubated at 30°C for
2 h. In an average of four trials with the Gene Pulser, the
transformation efficiency for cells diluted 1:2 was 382 trans-
formants per ,ug ofDNA; this increased 10-fold to an average
of 2,000 transformants per ,ug of DNA when cells were
diluted 1:100. Transformant values increased at a substan-
tially higher rate than did survivor values (data not shown).
This result is consistent with results obtained in a previous
study with cells grown in a rich medium (11).
Comparison of the Transfector 100 and the Gene Pulser.

Washed LM0230 cells grown to the stationary phase (OD6.,
1.2) in M17-Glu, FMC, or RPMI 1640, each supplemented
with 0.5% glycine or 0.24% DL-threonine, were suspended in
ddH2O to a concentration of 5 x 1010 CFU/ml and porated in
the presence of 1 ,ug of pGB301 DNA with the Transfector
100 or the Gene Pulser. Table 1 lists the average transfor-
mation efficiencies and 95% confidence levels obtained for
replicate samples grown on separate days and porated with
each electroporation unit. LM0230 cells grew poorly in the
defined media supplemented with 0.5% glycine and therefore
were not included in this study. The 95% confidence levels
indicated an extremely high degree of day-to-day variability
of transformation efficiencies for cells porated with either
electroporation unit.
To determine how much variability may be attributed to

minor differences in the growth conditions of the cells, we
pulsed duplicate samples of cells grown in M17-Glu, M17-
Glu-Thr, RPMI 1640, and RPMI 1640-Thr with the Trans-
fector 100 and the Gene Pulser. Table 2 lists the average
efficiencies and 95% confidence intervals obtained under
these conditions. Since cells were prepared at the same time,
trial numbers were kept at a minimum so that cells were not
kept on ice too long before poration. Although the sample
size was small, there was again a trend toward higher
efficiencies for cells grown in defined media. With the
exception of two samples porated with the Transfector 100
(cells grown in RPMI 1640 on day 1 and cells grown in
M17-Glu on day 3), the 95% confidence intervals decreased
for all same-day cell preparations tested, indicating that
differences in sample preparation accounted for at least
some of the observed variability.
These results indicated that it might be beneficial to

prepare a large batch of recipient cells and store aliquots
frozen until needed. To determine whether frozen storage
would have a negative effect on transformation efficiency,
we prepared LM0230 cells under optimum conditions
(growth in RPMI 1640 medium to the stationary phase
[ODwo, 1.2]) and froze them at -20 and -60°C. Cells were
stored as dry pellets or suspended in 10% glycerol, sampled
at various times over a 30-day period, and porated with the
Gene Pulser. Listed in Table 3 are transformation effi-
ciencies obtained with a new curvette for each trial, as well
as results obtained with the same cuvette throughout the
30-day period. Although the Bio-Rad cuvettes were designed
to be used once, because of the cost and availability it was
tempting to use a single cuvette for several experiments prior
to discarding it. Freezing dry cell pellets with liquid nitrogen
and storing them at -60°C over a 30-day period had no

deleterious effects on transformation efficiency when a new

cuvette was used for each sample.
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TABLE 1. Transformation efficiencies obtained with LM0230 cells grown in various media

Transfector 100a Gene Pulserb

Medium No. of Mean no. of ±95% Confidence No. of Mean no. of ±95% Confidence
replicate transformants/pg interval (102) replicate transformants/p.g interval (102)

trials of DNA (102)c trials of DNA (102)c

M17-Glu 7 0.6 0.3 3 4.0 6.5
M17-Glu-Thr 6 2.3 2.2 2 9.2 18.0
FMC 3 1.8 1.8 2 12.1 10.3
FMC-Thr 2 9.7 3.1 2 39.3 1.2
RPMI 1640 4 3.6 4.2 3 19.0 10.7
RPMI 1640-Thr 4 6.5 9.5 5 50.5 28.7

a Cells (200 RI) were porated at 900 V (E = 17 kV/cm) for 5 ms in the presence of 1 pg of pGB301.
b Cells (400 R1) were porated at 2.5 kV (E = 12.5 kV/cm) and 25 ,F; the pulse controller was set at 200 Ql.
c Average transformation efficiency for the indicated number of replicate trials.

DISCUSSION ml) of stationary-phase cells pulsed at 900 V (E = 17 kV/cm)
for 5 ms (Fig. 2). Since these results agreed with previously

Our~~~~~~~~iiileetooainsuiswtL.lcisup. developed electroporation parameters for cells grown in
lactis LM0230 demonstrated that the highest transformation M17-lu ied thatete growt in

efficiencies were obtained when dense suspensions (final MI 1640 ined red ehance th of cells
concentration, 5 x 1010 CFU/ml) of stationary-phase cells beIng ta fored witout altering the ndito usedlo
were pulsed at 900 V (E = 17 kV/cm) for 5 ms in the presence beleng transformed wthoutalteinng the conditions used for

of plasmid DNA with a Transfector 100 unit (11). Although electroporation.
these conditions were sufficient to achieve efficiencies of 103 To our knowledge, no other work comparing electropora-
transformants per p.g of DNA, results on a day-to-day basis tion machines with cells grown under identical conditions
were quite variable, ranging from 1 to 103 transformants per has been published. With access to a Gene Pulser, we were

p.g of DNA. We were thus interested in studying other able to compare this unit with the Transfector 100 unit. The
factors influencing electi oporation in an attempt to decrease growth of LM0230 in defined media was advantageous in
this variability, as well as to further improve transformation increasing transformation efficiencies in both electroporation
efficiency. units. Average efficiencies calculated over a series of repli-

In this study, we focused on the impact of growth condi- cate trials for each medium tested demonstrated that trans-
tions on electroporation of L. lactis ,.,p. lactis LM0230. formation efficiencies were 3- to 6-fold higher for cells grown
Cells grown in FMC or RPMI 1640 defined medium consis- in FMC or RPMI 1640 than for cells grown in M17-Glu with
tently exhibited much higher efficiencies than did cells grown the BTX unit or the Bio-Rad unit, and the addition of 0.24%
in M17-Glu, and these efficiencies increased even more with DL-threonine to the defined media resulted in even greater
the addition of 0.24% DL-threonine, an agent known to efficiencies, which were 10- to 16-fold higher than those in
weaken bacterial cell walls (12). A 10-fold increase in trans- M17-Glu-grown cells (Table 1). Both machines appeared to
formation efficiency resulted when cells were grown in be responsible for some of the variability which was evident
FMC-Thr (Fig. 1), and cells grown in RPMI 1640-Thr exhib- by the large 95% confidence intervals (Table 1).
ited up to a 100-fold increase in transformation efficiency. A comparison of the 95% confidence intervals reported in

Transformation efficiencies for RPMI 1640-Thr grown Tables 1 and 2 indicated that at least some of the variability
cells were greatest for high concentrations (5 x 1010 CFU/ in transformation efficiencies could be explained by differ-

TABLE 2. Comparison of transformation efficiencies obtained with same-day LM0230 cell preparations

Transfector 100a Gene Pulser'

Day Medium No. of Mean no. of ±95% Confidence No. of Mean no. of ±95% Confidence
replicate transformants/pg interval (102) replicate transformants/p.g interval (102)

trials of DNA (102)c itra trials of DNA (102), nera

1 M17-Glu 3 0.1 0.1 2 1.4 0.9
RPMI 1640 3 8.9 9.9 2 23.8 4.5
RPMI 1640-Thr 3 4.2 1.9 2 31.2 6.2

2 M17-Glu 3 0.3 0.2 2 0.0 0.0
M17-Glu-Thr 3 3.1 1.0 2 0.0 0.0
RPMI 1640 3 0.2 0.0 2 8.1 2.6
RPMI 1640-Thr 3 1.0 0.7 2 10.6 0.6

3 M17-Glu 5 0.8 1.1 2 10.6 6.4
M17-Glu-Thr 5 1.1 0.8 2 18.4 10.4
RPMI 1640 4 0.1 0.2 2 25.1 3.8
RPMI 1640-Thr 2 0.0 0.0 2 53.9 12.0

a Cells were porated at 900 V (E = 17 kV/cm) for 5 ms in the presence of 1 ,g of pGB301.
b Cells were porated at 2.5 kV (E = 12.5 kV/cm) and 25 p.F; the pulse controller was set at 200 Q2.
c Average transformation efficiency for the indicated number of replicate trials.
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TABLE 3. Effect of storage temperature on transformation
efficiency of L. lactis subsp. lactis LM0230 cells

Transformation efficiency (no. of
transformants/,Lg of DNA, 102) with:

buffer Day New cuvettea Same cuvetteb

-20°C -60°C -20°C -60°C

ddH2O 1 38.4 34.8 24.3 6.8
2 14.6 41.4 11.8 3.8
9 5.1 32.8 1.9 25.7
16 0.2 26.6 0.1 10.3
23 1.2 43.4 1.7 0.2c
30 1.0 53.6 0.4

10% Glycerol 1 17.8 39.3 2.7 41.4
2 1.8 16.5 2.6 2.0
9 2.0 13.1 2.6 5.9
16 1.1 24.4 1.8 4.1
23 15.0 21.7 17.6 0.3c
30 2.0 10.6 3.4

a Each trial was performed with a new 0.2-cm Bio-Rad cuvette for each day
tested.

b Each trial was performed with the same 0.2-cm Bio-Rad cuvette over the
30-day testing period. Cuvettes were washed with 70%o ethanol and then
rinsed with three ddH20 washes prior to being reused.

c Arcing occurred during these trials, and the cuvettes were not used again.

ences in cell preparation from day to day. However, there
are also a number of electroporation system-specific factors
which may contribute to differences between the BTX and
Bio-Rad units with respect to transformation efficiency and
day-to-day variability. These factors include sample cham-
ber volume and design; electrode configuration, composi-
tion, and surface area; and reproducibility of pulse delivery
(peak voltage, field strength, uniformity of the electric field,
pulse duration, and pulse shape). A direct comparison of
these parameters would be necessary to account for distinct
differences between the two electroporation units.

Since the storage of dry cell pellets at -60°C was not
deleterious to transformation efficiencies over a 30-day pe-
riod (Table 3), it would be beneficial to prepare a large
quantity of cells at one time, freeze them in liquid nitrogen,
and store them at -60°C until needed for electroporation
experiments. This would save time by eliminating cell prep-
aration before each experiment and might help to minimize
transformation efficiency variability. This method would be
particularly useful for research focusing on optimizing the
electrical parameters of the electroporation machine for a
certain cell type.
The results clearly indicate that a chemically defined

synthetic growth medium, such as FMC or RPMI 1640, with
the addition of 0.24% DL-threonine, improves the efficiency
of electroporation. Chemically defined media may alter the
bacterial cell surface and produce more favorable conditions
for electroporation than more complex media. Variability in
transformation efficiency is still evident with cells grown in
defined medium and may be related somewhat to the vari-
ability observed in different electroporation machines, sug-
gesting that the large variability in transformation efficien-
cies reported in the literature (0 to 109 transformants per ,ug
of DNA) may be explained in part by day-to-day cell
preparation variability and machine variability. In addition,
these results stress the importance of reporting not only the
maximum transformation efficiency but also the range of
efficiencies obtained for each cell type. These data would aid
the investigator attempting to repeat or adapt published

electroporation protocols, since they would indicate the
range of expected efficiencies. If parameters affecting the
variability of transformation efficiency results are under-
stood and controlled, optimization of electroporation condi-
tions for various bacterial strains will be much easier.
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