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Abstract Stable auxotrophic mutants of the methyl-
otroph Methylophilus methylotrophus AS1 were obtained
by a novel mutagenesis technique in which electropo-
ration is used to transport the chemical mutagen
N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) across
the cell membrane. By combining chemical mutagenesis
with electroporation and screening single colonies for
auxotrophy in 36 different amino acids and growth
factors, 3 auxotrophs per 156 colonies screened were
obtained, whereas no auxotrophs were found with
chemical mutagenesis alone. MNNG mutagen toxicity
was also increased in the methylotroph with this novel
mutagenesis technique (death rate 96% compared to
79%). This technique did not increase the mutation rate
for strain Escherichia coli BK6 which responds well to
simple exposure to the mutagen.

Introduction

Methylotrophic bacteria are those capable of growing
on one-carbon compounds and have been extensively
studied because of their potential commercial value
for producing single-cell protein, amino acids,
pyrroloquinoline quinone, and poly-B-hydroxybutyrate
(Ueda et al. 1991). There have been several genetic
studies on methylotrophs, but progress in this area has
been slow since it has been difficult to create mutants in
methylotrophs (de Vries et al. 1990), and auxotrophic
mutants are especially difficult to obtain (Higgins et al.
1980; Moore et al. 1983; O’Connor and Hanson 1978).
Although mutants of Methylophilus methylotrophus de-
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ficient in glutamate synthase have been isolated using
N-methyl-N’-nitro- N-nitrosoguanidine (MNNG) (Win-
dass et al. 1980) and non-stable auxotrophs have been
obtained (Holloway 1981), no mutation technique has
been described that consistently produces stable auxo-
trophy in this strain. The types of mutagenesis tech-
niques examined in the past include UV irradiation and
chemical alkylating agents such as MNNG, methyl
methanesulphonate, and ethyl methanesulphonate; most
of the mutants obtained in facultative methylotrophs
have been induced using MNNG (de Vries et al. 1990).
Although ethyl methanesulphonate has had success in
mutating Methylobacterium extorquens AM1 (Morris et
al. 1994), and mutants in methanol utilization have been
isolated using UV irradiation in strains Methylobacte-
rium organophilum XX (de Vries 1986), mutagenesis of
methylotrophs remains infrequent. The ineffectiveness of
UV irradiation in methylotrophs has been hypothesized
to involve the lack of an SOS repair system (Higgins
et al. 1980), and chemical mutagens have not been
effective possibly because of their inability to per-
meate the membrane (de Vries 1986; Holloway et al.
1987).

Electroporation has become a useful technique in the
transformation of plasmid DNA into a broad range of
prokaryotic cells (Diver et al. 1990; Farinha and Kro-
pinski 1990; Iwasaki et al. 1994; Jahng and Wood 1994;
Siguret et al. 1994; Smith and Iglewski 1989; Steele et al.
1994; Ueda et al. 1991). This technique involves sub-
jecting competent cells to a brief high electrical impulse
which reversibly permeabilizes cells and allows plasmid
DNA to diffuse into the cell (Smith and Iglewski 1989).
The membrane is repaired during subsequent growth in
complex medium.

On the basis of this successful plasmid DNA mobi-
lization, it seemed reasonable that this method may be a
general diffusion system for other molecules that might
otherwise have problems permeating the cell membrane
because of charge or size. In this work, a novel technique
for introducing the chemical mutagen MNNG into
M. methylotrophus AS1 through electroporation has
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been developed. This method resulted in an increased
mutation frequency in this strain as compared to simple
exposure to the mutagen.

Materials and methods

Bacterial strains and growth conditions

Methylophilus methylotrophus AS1 is a type 1 methylotroph and
was a generous gift from Professor R. S. Hanson (Tsuji et al.
1990) at the University of Minnesota. This strain was grown in
MacLennan minimal medium (MacLennan et al. 1971) containing
0.5% (v/v) methanol (Fisher Scientific, Tustin, Calif.), and colony
growth of these cells was characterized by a distinct reddish hue.
Escherichia coli BK6 [A(lacIPOZ)C29, lacY™, hsdR, galU, galK,
strA®, leuB6, trpC9830, A(srl-recA)306::Tnl0] was obtained from
laboratory stocks (Wood et al. 1990). The growth medium for this
strain was Luria-Bertani medium (LB) (Sambrook et al. 1989)
and was cultured at 37 °C. Exposure to MNNG (Aldrich
Chemical Co., Milwaukee, Wis.) and cell membrane recovery
were performed in M9 medium (Rodriguez and Tait 1983) sup-
plemented with 0.4% (w/v) casamino acids (Difco Laboratories,
Detroit, Mich.) and 0.5% (v/v) methanol (Fisher Scientific)
(M9CM medium). All screening was performed in M9 minimal
medium supplemented with 0.4% (w/v) glucose (Fisher Scientific)
and 36 different amino acids and growth factors as described by
Holliday (1956). Amino acids and growth factors were purchased
from United States Biochemical Corp. (Cleveland, Ohio) with the
exception of L-asparagine and L-proline, which were purchased
from Fisher Scientific, and r-glutamic acid, prL-ornithine, L-phe-
nylalanine, L-tyrosine, and L-valine, which were purchased from
the Sigma Chemical Co. (St. Louis, Mo.). All solid media con-
tained the liquid medium supplemented with 1.5% (w/v) Bacto-
Agar (Difco Laboratories).

Mutagenesis by electroporating
N-methyl-N'-nitro- N-nitrosoguanidine

A 20-ml sample of exponentially growing cells (4go0 = 0.3-0.5)
was washed three times in 300 mM sucrose at 4 °C and resus-
pended in 200 pl 300 mM sucrose (4 °C). This is a slight modifi-
cation of the method developed by Smith and Iglewski (1989) and
has been used previously in this laboratory (Jahng et al. 1996). A
100-pg sample of a 10-mg/ml stock solution of MNNG, dissolved
in dimethylsulphoxide (Fisher Scientific) and stored at 4 °C, was
added to 80 pl of these sucrose-washed cells, and the cells were
electroporated in a 4 °C 0.2-cm electroporation cuvette from Bio-
Rad Laboratories (Hercules, Calif.) with a Gene Pulser and a Pulse
Controller unit (BioRad Laboratories) at 25 puF, 200 Q, and 11 kV/
cm. After electroporation, 1 ml MOCM for M. methylotrophus AS1
and LB for E. coli BK6 was immediately added to the cuvette and
the contents were transferred to a microcentrifuge tube and placed
in a 37 °C hot block. After allowing for cell membrane repair and
additional exposure to the mutagen (5 h or 12 h for M. met-
hylotrophus AS1 and 30 min for E. coli BK6), these cell suspensions
were diluted and plated on M9CM/agar plates for M. met-
hylotrophus AS1 and LB/agar plates for E. coli BK6. After growth
at 37 °C, colonies were counted, and the percentage of cells killed
through exposure to the mutagen and electroporation were deter-
mined by comparing the number of viable cells after electro-
poration in the presence of MNNG and the number of viable cells
after electroporation only to the number of viable cells originally
present.

Auxotrophic screening

The Holliday selection procedure (Holliday 1956) screens for
auxotrophy in 36 different growth factors (each made aseptically in

sterile distilled water and stored at 4 °C) using 12 different M9/agar
plates (pools) supplemented with 0.4% (w/v) glucose and growth
factors. A slight modification of this procedure was used for
screening mutants of E. coli BK6 (leuB6, trpC9830). Since E. coli
BK6 is already auxotrophic in leucine and tryptophan, all pools
were supplemented with leucine and tryptophan. This had the re-
sult of screening for 34 growth factors for E. coli BK6 mutants as
opposed to 36 for M. methylotrophus ASI.

To corroborate the auxotrophy identified by growth on the
Holliday selection plates, mutant colonies were cultured in M9
minimal medium supplemented with 0.5% methanol and the pro-
spective specific amino acids and growth factors being tested. These
potential auxotrophs were also grown in M9 minimal medium and
0.5% methanol (M9M medium) with no amino acid or growth
factor additions to determine the extent of mutation for these
strains.

Results

Three stable auxotrophic mutants of M. methylotrophus
AS1 were created using the electroporation/mutagenesis
treatment with MNNG, and they remained stable after 2
weeks of growth on M9/agar plates supplemented with
0.4% glucose and the growth factors in question
(Table 1). After 5 h of MNNG exposure and membrane
repair, 52 colonies were screened for 36 different growth
factors using the Holliday selection technique, and one
mutant auxotrophic in folic acid was found (Table 1).
By increasing the MINNG exposure and membrane re-
pair time to 12 h, two additional auxotrophic mutants
(one polyauxotrophic in serine and alanine, and another
polyauxotrophic in glutamic acid and inositol) were
found after screening 104 colonies (Table 1).

As a control, sucrose-washed cells were also treated
with MNNG but not electroporated, the other condi-
tions being identical to those for the electroporation/
mutagenesis treatment (MNNG exposure time of 12 h).
A total of 156 colonies were screened with the Holliday
pools and none displayed auxotrophy for the 36 growth
factors. One additional negative control was performed
in which sucrose-washed cells were electroporated
without the mutagen, and screened for mutations. Of the
104 additional colonies screened, none displayed auxo-
trophy.

Thousands of competent cells were also plated in
serial dilutions onto the M9CM/agar plates to determine
the cell survival rate after the different treatments de-
scribed. MNNG with no electroporation resulted in a
42.3% death rate of M. methylotrophus AS1 after 12 h of
exposure in M9CM (relative to no MNNG exposure or
electroporation), whereas exposure to the MNNG with
electroporation resulted in a 96% death rate after 12 h in
the same medium. Electroporation alone resulted in a
79% death rate of the methylotrophs compared to
untreated sucrose-washed cells. This result suggests that
electroporation leads to enhanced diffusion of MNNG
into the cell.

Further screening of the auxotrophic mutants of
M. methylotrophus AS1 in liquid culture confirmed the
results obtained with the Holliday selection plates. It
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Table 1 Auxotrophic mutants created in this study. The death rate was calculated by comparing the number of viable cells after the
treatment described to the number of viable cells receiving no treatment. MNNG N-methyl-N’-nitro-N-nitrosoguanidine

Strain Treatment Auxotrophy Number of Death rate ~ Mutant name
colonies screened (%)
M. methylotrophus AS1 Electroporation/ Folic acid 52 95.6 M. methylotrophus
MNNG (5 h) AS1 DGF1
M. methylotrophus AS1 Electroporation/ Serine and alanine 104 96.0 M. methylotrophus
MNNG (12 h) AS1 DGF2
Glutamic acid and M. methylotrophus
inositol AS1 DGF3
M. methylotrophus AS1 MNNG alone (12 h) None 156 42.3
M. methylotrophus AS1 Electroporation alone None 104 78.7
E. coli BK6 Electroporation/ Serine and glycine 156 99.8 E. coli BK6 DGFla
MNNG (30 min) Arginine and E. coli BK6 DGF2
ornithine
Cysteine and sodium E. coli BK6 DGF3
thiolate
Biotin E. coli BK6 DGF4
Cytosine E. coli BK6 DGF5
E. coli BK6 MNNG alone Serine and glycine 156 99.8 E. coli BK6 DGF1b
(30 min) Glycine (3 mutants) E. coli BK6 DGF6a—c
Phenylalanine E. coli BK6 DGF7
Folic acid E. coli BK6 DGF8
E. coli BK6 Electroporation None 104 76.8
alone

should be noted that, in liquid culture, the M. meth-
ylotrophus AS1 mutants were able to grow very slowly
(compared to the wild-type strain) in minimal medium
that lacked the auxotrophic compound. This may be due
to leaky mutations or crossfeeding of necessary metab-
olites.

There was no significant benefit of adding electro-
poration to the MNNG mutagenesis treatment for E. coli
BK6 since MNNG is much more toxic to this strain:
100% of the cells exposed to MNNG for 1 h were killed;
hence, the MNNG exposure and membrane recovery
time were reduced to 30 min. Five auxotrophic mutants
were obtained with MNNG mutagenesis combined with
electroporation while six auxotrophic mutants were
found with the control of MNNG treatment alone
(Table 1). Both simple exposure to MNNG for 30 min
and MNNG treatment combined with electroporation
resulted in a 99.8% death rate (relative to no MNNG
exposure or electroporation); therefore, there was no
increase in toxicity. For the auxotrophic mutants of
E. coli BK6 in liquid culture, the results obtained with
the Holliday selection plates were confirmed.

Discussion

Since MNNG has been successfully used to create several
mutant E. coli (Ito et al. 1994; Reed and Hutchinson 1987;
Satoet al. 1991), it is reasonable that electroporation does
not increase the mutation rate for this strain since there
seems to be no difficulty in MNNG diffusion across the
E. coli membrane. However, for M. methylotrophus ASI,

the results presented here suggest that the main difficulty
in mutating this strain lies in the chemical mutagen dif-
fusing across the cell membrane, as suggested by de Vries
et al. (1990) and Holloway et al. (1987).

Since electroporation is an effective transformation
procedure for the introduction of plasmids into met-
hylotrophs (Jahng et al. 1996), and the basis of electro-
poration is to compromise the integrity of the cell
membrane so that plasmid DNA may diffuse into the
cell, the results shown here indicate that this same pro-
cedure may be used to introduce MNNG into the met-
hylotrophs, and thus increase the mutation rate. It also
seems reasonable that this procedure would work with
other strains that are difficult to mutagenize as well as
with other chemical mutagens (e.g. methyl methanesul-
phonate and ethyl methanosulphonate) and many other
chemicals.

Acknowledgements This work was supported by the U. S. Army
Research Office grant DAAHO04-95-1-0310. We are grateful for
the gift of Methylophilus methylotrophus AS1 from Professor
R.S. Hanson.

References

Diver JM, Bryan LE, Sokol PA (1990) Transformation of Pseudo-
monas aeruginosa by electroporation. Anal Biochem 189: 75-79

Farinha MA, Kropinski AM (1990) High efficiency electroporation
of Pseudomonas aeruginosa using frozen cell suspensions.
FEMS Microbiol Lett 70: 221-226

Higgins 1J, Best DJ, Hammond RC (1980) New findings in meth-
ane-utilizing bacteria highlight their importance in the bio-
sphere and their commercial potential. Nature 286: 561-564



108

Holliday R (1956) A new method for the identification of bio-
chemical mutants of micro-organisms. Nature 178: 987

Holloway BW (1981) The application of pseudomonad-based ge-
netics to methylotrophs. In: Dalton H (ed) Microbial growth on
Clcompounds: Proceedings of the third international symposium
held in Sheffield, UK 12-16 August 1980, Heydon, London, pp
317-324

Holloway BW, Kearney PP, Lyon BR(1987) The molecular ge-
netics of C1 utilizing microorganisms: an overview. Antonie van
Leeuwenhoek 53: 47-53

Ito T, Nakamura T, Maki H, Sekiguchi M (1994) Roles of tran-
scription and repair in alkylation mutagenesis. Mutat Res,
DNA Repair 314: 273-285

Iwasaki K, Uchiyama H, Yagi O, Kurabayashi T, Ishizuka K,
Takamura Y (1994) Transformation of Pseudomonas putida by
electroporation. Biosci Biotechnol Biochem 58: 8§51-854

Jahng D, Wood TK (1994) Trichloroethylene and chloroform de-
gradation by a recombinant pseudomonad expressing soluble
methane monooxygenase from Methylosinus trichosporium
OB3b. Appl Environ Microbiol 60: 2473-2482

Jahng D, Kim CS, Hanson RS, Wood TK (1996) Optimization of
trichloroethylene degradation using soluble methane monoox-
ygenase of Methylosinus trichosporium OB3b expressed in re-
combinant bacteria. Biotechnol Bioeng 51: 349-359

MacLennan DG, Ousby JC, Vasey RB, Cotton NT (1971) The
influence of dissolved oxygen on Pseudomonas AM1 grown on
methanol in continuous culture. J Gen Microbiol 69: 395-404

Moore AT, Nayudu M, Holloway BW (1983) Genetic mapping in
Methylophilus methylotrophus AS1. ] Gen Microbiol 129: 785-
799

Morris, CJ, Biville F, Turlin E, Lee E, Ellermann K, Fan W-H,
Ramamoorthi R, Springer AL, Lidstrom ME (1994) Isolation,
phenotypic characterization, and complementation analysis of
mutants of Methylobacterium extorquens AM1 unable to syn-
thesize pyrroloquinoline quinone and sequences of pgqD, pqqG,
and pqqC. J Bacteriol 176: 1746—1755

O’Connor ML, Hanson RS (1978) Linkage relationships between
mutants of Methylobacterium organophilum impaired in their
ability to grow on one-carbon compounds. J Gen Microbiol
104: 105-111

Reed J, Hutchinson F (1987) Effect of the direction of DNA rep-
lication on mutagenesis by N-methyl-N’-nitro- N-nitrosoguani-
dine in adapted cells of Escherichia coli. Mol Gen Genet 208:
446-449

Rodriguez RL, Tait RC (1983) Recombinant DNA techniques: an
introduction. Benjamin/Cummings Menlo Park, Calif

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, New York

Sato M, Nunoshiba T, Nishioka H, Yagi T, Takebe H (1991)
Protective effects of sodium selenite on killing and mutation by
N-methyl-N’-nitro-N-nitrosoguanidine in E. coli. Mutat Res
250: 73-77

Siguret V, Ribba A-S, Cherel G, Meyer D, Pietu G (1994) Effect of
plasmid size on transformation efficiency by electroporation of
Escherichia coli DH5a. Biotechniques 16: 422-426

Smith AW, Iglewski BH (1989) Transformation of Pseudomonas
aeruginosa by electroporation. Nucleic Acids Res 17: 10509

Steele C, Zhang S, Shillitoe EJ (1994) Effect of different antibiotics
on efficiency of transformation of bacteria by electroporation.
Biotechniques 17: 360-365

Tsuji K, Tsien HC, Hanson RS, DePalma SR, Scholtz R, LaRoche
S (1990) 16S ribosomal RNA sequence analysis for determi-
nation of phylogenetic relationship among methylotrophs. J
Gen Microbiol 136: 1-10

Ueda S, Matsumoto S, Shimizu S, Yamane T (1991) Transforma-
tion of a methylotrophic bacterium, Methylobacterium ex-
torquens, with a broad-host-range plasmid by electroporation.
Appl Environ Microbiol 57: 924-926

Vries GE de, Kues U, Stahl U (1990) Physiology and genetics of
methylotrophic bacteria. FEMS Microbiol Rev 75: 57-102

Vries GE de (1986) Molecular biology of bacterial methanol oxi-
dation. FEMS Microbiol Rev 39: 235-258

Windass JD, Worsey MJ, Pioli EM, Pioli D, Barth PT,
Atherton KT, Dart EC, Byrom D, Powell K, Senior PJ (1980)
Improved conversion of methanol to single-cell protein by
Methylophilus methylotrophus. Nature 287: 396-401

Wood TK, Kuhn RH, Peretti SW (1990) Enhanced plasmid sta-
bility through post-segregational killing of plasmid-free cells.
Biotechnol Tech 4: 3641



