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To develop a biochemical genetic approach to understanding cell carbon synthesis or metabolic pathways in
methanogens, Methanobacterium ivanovii was selected as a model organism for genetic manipulation studies.
The organism displayed a colony size of 3 to 6 mm in less than 2 weeks and had a plating efficiency of about
90%, which made it suitable for replica plating. Mutagenesis and selection techniques were developed for
selection of acetate auxotrophs. Chemical mutagenesis with ethyl methanesulfonate, followed by enrichment
with bacitracin as a selective agent, resulted in stable acetate auxotrophs. M. ivanovii was very sensitive to UV,
but UV-induced acetate auxotrophs were unstable and reverted within two to four transfers. The acetate
auxotrophs were analyzed in relation to wild type for carbon monoxide dehydrogenase enzyme activity.

Although methanogens are nutritionally diverse, most
described Methanobacteriium species have minimal nutrient
requirements and grow autotrophically under H2-CO with
sulfide and ammonium as the sole sulfur and nitrogen
sources, respectively (19). Methanobacterii,n species (2, 9,
21) do not have obligate requirements for acetate, whereas
Methanococcus and Methanobres'ibacter species (1, 5) re-

quire acetate and can also require amino acids (17).
To develop strategies for selection of auxotrophic mutants

in Methanobacterium species, we have used Methanobac-
teriium ivanovii as a model organism for genetic manipulation
because it significantly assimilates amino acids and acetate
and rapidly forms large colonies on agar at 37°C, which
facilitates replica plating (3, 9).

Although several studies on the genetic manipulation of
methanogenic bacteria have appeared during the last few
years (11, 15, 16), not much work has been reported on the
development of techniques suitable for the isolation of
auxotrophic metabolic mutants. The purpose of this paper is
to describe techniques useful for the isolation of
Methanobacterium mutants, with acetate-requiring strains
as the target auxotroph.

All chemicals used were analytical grade and were ob-
tained from either Mallinckrodt, Inc., Paris, Ky., or Sigma
Chemical Co., St. Louis, Mo. Purified agar was obtained
from Difco Laboratories, Detroit, Mich. All gases were

obtained from Matheson Scientific, Inc., Joliet, Ill., and
were rendered free of oxygen by passage over heated (370°C)
copper filings.
M. ivanovii (2, 9) was grown under H2-CO, (80:20, vol/vol)

at 37°C in phosphate-buffered basal (PBB) medium as de-
scribed elsewhere (14). Culture bottles were inoculated and
pressurized daily with 202.65 kN of H2-CO2 (80:20, vol/vol)
per M2. This medium will be referred to as minimal medium,
while minimal medium with 20 mM sodium acetate will be
referred to as complete medium. All media were reduced
with 2.6 mM sodium sulfide, and to make the media solid,
purified agar (2.3%) was added. Solutions of heat-labile
substances were filter sterilized.
Growth was measured by light scattering at 660 nm either

* Corresponding author.

in a Spectronic 20 colorimeter or in a Gilford 250 spectro-
photometer. CH4 was analyzed with a 600D Aerograph gas

chromatograph (Varian Associates, Palo Alto, Calif.)
equipped with a Poropak R column (Anspec Co., Inc.,
Warrenville, Ill.) and a flame ionization detector by injecting
0.4 ml of gas from culture headspace.
Many attempts to grow M. ivanoi'ii on plates had failed

initially. The following protocol, developed after many tri-
als, has facilitated the plating of M. iv'anoivii on agar medium.
Minimal or complete medium was made as described earlier
with 2.3% Difco purified agar to which potassium phosphate
(pH 7.8) and vitamin solution were added at 0.2 and 0.1 ml/10
ml, respectively. The medium was reduced with either 2.06
mM cysteine sulfide or 2.6 mM sodium sulfide. Reduced
medium (20 to 25 ml per plate) was dispensed on plastic
plates in an anaerobic glove box (M/S Coy Manufacturing
Co., Ann Arbor, Mich.). Individual plates were again re-

duced by spreading 0.1 to 0.2 ml of reducing agent 2 to 4 h
before use. After the culture was spread with a glass hockey
stick, the agar plates were put in an inverted position in a

paint tank (W. R. Brown Intermatic, Spring Grove, Ill.)
which already contained paper towels soaked with 5 ml of
15% sodium sulfide. After the lid was secured, the paint tank
was flushed with H2-CO2 (80:20, vol/vol) at least twice by
overpressurizing it to 20 lb/in2 and releasing the gas. The
paint tank was finally pressurized to 202.65 kN/m2, and any
entry of oxygen during this manipulation was avoided. The
paint tank was incubated at 37°C, during which time produc-
tion of CH4 was monitored as a measure of growth of M.
iivanovii on the plates. The paint tank was repressurized with
H2-CO2 when necessary. After 14 days, the paint tank was

opened in the glove box, and the colonies were examined.
M. ivanor'ii failed to form colonies on the same medium until
the Difco Bacto-Agar was replaced by Difco purified agar.
Also, putting a paper towel soaked with 5 ml of 15% sodium
sulfide in the paint tank helped create a favorable environ-
ment for M. ii anovii to grow and make colonies.

Antibiotic solutions were prepared in distilled water,
ethanol-water (1:4, vol/vol), or methanol-water (1:4,
vol/vol). Cultures of M. ianovii were spread onto minimal
medium agar plates. After 20 to 30 min, five sterile paper
disks (6.35-mm diameter; no. 740-E; Schleicher & Schuell,
Inc., Keene, N.H.) were placed on each plate. About 20 to
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25,u of each antibiotic (1 mg/ml) was put onto each filter
paper, with water as a control on the central disk. The plates
were put in the upright position and incubated at 37°C in
paint tanks. After 2 weeks, the inhibition zones were mea-
sured.

Direct cell counts were made with a Petroff-Hausser
counting chamber and a microscope, whereas viable cell
counts (CFU) were made by plating appropriate dilutions of
the culture onto PBB agar medium and allowing growth of
the plates under H2-CO2 (80:20, vol/vol) gas phase in a paint
tank at 37°C. Plating efficiency is defined as (viable cell
count/direct cell count) x 100. The diameters of well-
separated colonies were measured. A minimum of 10 colo-
nies were measured for each sample.

Mid-exponential-phase cells of M. ivanovii were centri-
fuged at 3,000 x g for 10 min, and the pellet was suspended
in 2.5 ml of PBB medium. To this medium was added 2.5 ml
of ethyl methanesulfonate solution (0.1 ml of ethyl
methanesulfonate per 2.5 ml of reduced minimal medium),
and the culture was incubated at 37°C for 1 h after the tubes
were pressurized with H2-CO2 (6). The cells were then
centrifuged and washed twice with minimal medium. The
pellet was suspended in 10 ml of complete medium. The
culture was allowed to grow at 37°C for 3 days under
H2-CO2, after which the cells were centrifuged, and the
pellet was resuspended in 10 ml of complete medium and
incubated under H2-CO2. After 1 week, the cells were
centrifuged and washed twice with minimal medium. The
pellet was then suspended in 10 ml of minimal medium
containing bacitracin (1 mg/ml), and the culture was incu-
bated at 37°C under H2-CO2. After 40 h, the culture was
centrifuged and washed twice with complete medium, and
the pellet was suspended in 10 ml of complete medium and
incubated at 37°C under H2-CO2. After growth, the culture
was plated onto complete agar medium, and after 15 days of
incubation in paint tanks under H2-CO2 at 37°C, colonies
were picked by sterile toothpicks and placed onto master
plates (complete medium) in an anaerobic glove box. After
15 days of growth, master plates were replica plated in order
on minimal and complete medium plates.

After 15 days of incubation, many colonies showing no
growth or leaky growth on minimal plates were picked and
transferred to tubes containing complete medium. After two
transfers, the cultures were plated again onto complete
medium plates. After 2 weeks of incubation, colonies were
picked on master plates. The master plates, after growth,
were replica plated onto minimal and complete medium
plates. After 2 weeks of incubation at 37°C under H2-CO2,
plates were examined for growth. Colonies on complete
medium plates which had had no growth on minimal medium
plates were picked and transferred to tubes containing
complete medium. After growth, these cultures were inocu-
lated into tubes containing minimal or complete medium for
rechecking the growth response in minimal medium. Strains
that did not display growth in minimal medium were called
mutants and were examined further.
The requirement for acetate in auxotrophic mutants was

checked as follows. After growth (optical density at 660 nm,
>0.2) in acetate-supplemented medium, auxotrophic cells
were centrifuged and washed twice with minimal medium.
The cultures were suspended in 5 ml of minimal medium.
The experimental tubes containing 10 ml of minimal medium
were inoculated with a 2% inoculum of auxotrophic mutants.
To tubes 1 and 2, acetate (20 mM) was added at zero time
and 7 days, respectively. Tube 3 served as a control in which
no acetate was present. Growth and CH4 production were
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FIG. 1. Growth and plating efficiency of M. ivanovii. The organ-
ism was grown under H2-CO2 in culture bottles that contained 50 ml
of PBB medium. At intervals, total cells were counted with a
Petroff-Hausser counting chamber, and the CFU were obtained by
plating 1- to 6-day-old cultures on PBB agar medium and incubating
at 37°C for 15 days in a paint tank pressurized to 202.65 kN of
H2-CO2 per M2. O.D.-60 nm. Optical density at 660 nm.

monitored in these tubes for 15 days of incubation under
H2-CO2 at 37°C.
For assay of carbon monoxide dehydrogenase, the wild-

type and mutant cultures of M. ivanovii were grown in
158-ml serum bottles (Bellco Glass, Inc., Vineland, N.J.)
containing 20 ml of PBB medium under H2-CO2. The me-
dium was reduced with sodium sulfide. When necessary,
acetate was added to 20 mM final concentration. After 1
week, 10 ml from each culture was placed into an empty
anaerobic pressure tube. The tube had already been evacu-
ated, flushed extensively with N2, and rinsed with low-
phosphate basal medium (20) which had been reduced with
4.1 mM Na2S and titanium citrate (0.1 ml/10 ml). The culture
was centrifuged at 3,000 x g for 20 min at 4°C. The clear
supernatant was removed via syringe, and the pellet was
suspended in 2 ml of cold reduced buffer (0.1 M Tris
hydrochloride [pH 7.0] plus 5.0 mM dithiothreitol). Toluene
(0.1 ml) was added to these tubes, and they were vortexed
for 15 s. The tubes were then placed on ice for 10 min before
being tested for carbon monoxide dehydrogenase activity.
The enzyme assay was performed at 37°C in anoxic cuvettes
containing 0.8 ml of 55 mM phosphate buffer (pH 7.2 at 37°C)
and 5 mM methyl viologen. Carbon monoxide (100%; 0.8 ml)
was added by gas-tight syringe to the headspace of the
bunged cuvettes. The reaction was measured by dye reduc-
tion at 578 nm with an Eppendorf spectrophotometer.
M. ivanovii was plated on PBB agar medium and grown

under H2-CO2 (80:20, vol/vol) with a consistent plating
efficiency between 87 and 93%. Figure 1 shows a typical
growth curve and a comparison of CFU and total cell
numbers throughout the phase of growth. Interestingly, the
diameter of the colonies formed at 15 days increased in
relation to those of inocula sampled late in the growth phase.
Colony size increased very rapidly between days 10 and 15
of incubation, and at day 12 of incubation, the colonies were
large enough for replica plating.
We previously reported the qualitative sensitivity of M.

ivanovii in liquid medium to bacitracin, chloramphenicol,
monensin, neomycin, gramicidin S, novobiocin, and
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TABLE 1. Comparison of selective antibiotics as inhibitors of
M. ivanoviia

Growth
Antibiotic Concn taint/disk) inhibition zone

diam (mm)
None 0 0
Bacitracin 1.4 U 25
Monensin 25 p.g 19
Penicillin 41 U 0
Streptomycin 19 U 0

M. ivanovii was grown to mid-exponential phase and was plated on PBB

agar medium. Five filter paper disks were put on each plate. One disk received

only 25 of sterile distilled water, while the others received one of the

antibiotics. The growth inhibition zone was measured after 15 days of

incubation.

aphidicolin (9). Table 1 gives the growth inhibition zone sizes

on agar medium that were caused by bacitracin, monensin,

penicillin, and streptomycin. Bacitracin was selected as the

selective agent for enrichment of auxotrophs after mutagen-

esis because higher concentrations of monensin were re-

quired to get equivalent inhibition zones.

When ethyl methanesulfonate (185 mM), however, was

used to mutagenize M. ivanovii, with bacitracin used in the

enrichment step, auxotrophs for acetate were obtained.

Three acetate auxotrophs were streaked, purified, and trans-

ferred at least 10 to 12 times in PBB medium supplemented
with acetate; they tested negative on minimal medium before

they were assumed to be stable auxotrophs.

Figure 2 shows a typical growth response curve for an

acetate auxotroph in minimal medium supplemented with

acetate at various times. Growth of these auxotrophic strains

was totally dependent on the presence of acetate. The

inoculum used for these experiments was centrifuged cells of

an acetate auxotroph washed twice with acetate-free PBB

medium. An attempt was made to see if these acetate

auxotrophs were defective in carbon monoxide dehydroge-
nase because this enzyme activity is required in the synthe-
sis of a two-carbon cellular intermediate from H2 and CO2

(18). Hence, these mutants may require acetate to form a

two-carbon cell carbon precursor from CO2 and H2 because

0.3-

E

0

co

0 4 8 12 16

Incubation time (Days)

FIG. 2. Growth response for M. ivanovii acetate auxotroph B-2.

The organism was grown under H2-C02 in pressure tubes that

contained 10 ml of PBB medium. Acetate (20 mnM) was added either

at time zero (El) or after 7 days of incubation (U) (arrows). Controls

lacked acetate. O.D.6wnm,, Optical density at 660 nm.

TABLE 2. Comparison of carbon monoxide dehydrogenase
activity in wild type versus acetate auxotrophs of M. ivanoViia

Strain Sp act"
Wild type
Minus acetate.....................0.0062
Plus acetate......................0.0023

Auxotroph, B-2.....................0.0023
Auxotroph, B-7.....................0.0021
Auxotroph, B-9 ............. .......0.0042

aA reaction mixture (0.8 ml per anaerobic cuvette) contained 55 mM
anaerobic phosphate buffer (pH 7.2, 37C), 5 mM methyl viologen, and 0.8 ml
of 100% CO (ca. 1 atm [101.29 kPal of GO) per cuvette. The reaction was
initiated by injecting 20 p.1 of cell suspension at 37TC, and CO-dependent dye
reduction was measured at 578 nm with an Eppendorf spectrophotometer.

b Micromoles of CO oxidized per minute per milligram of protein.

they possess an altered carbon monoxide dehydrogenase
activity. Table 2 compares the carbon monoxide-oxidizing
activity of the wild type with that of the acetate auxotrophs.
All strains displayed significant carbon monoxide-oxidizing
activity. Interestingly, higher carbon monoxide dehydroge-
nase activity was found in the wild-type cells grown in
acetate-free medium than in cells grown in acetate-
supplemented medium, implying enzyme regulation by sub-
strate. This observation supports the implied importance of
the enzyme in autotrophic carbon metabolism.

In general, the present data provide methods useful for
obtaining classic auxotrophic mutants of Methanobacterium
species with an acetate auxotroph as the target. With the
procedures described here, M. ivanovii is consistently plated
with a plating efficiency of .:90%. This plating efficiency is
comparable to those reported for other methanogens used as
models for genetic studies (7, 10, 12). We have subsequently
used these same methods to obtain M. ivanovii auxotrophs
that require glutamine (4).

Penicillin has been used over the years to enrich the
mutants of other bacteria, but methanogens are not sensitive
to many common antibiotics (8). Bacitracin, which was
found to inhibit the growth of M. ivanovii wild type (9), was
used successfully in our work for enrichment of M. ivanovii
auxotrophic mutants. A generalized procedure for selective
enrichment of methanogen metabolic mutants has been
reported in the literature. 2-Bromoethane sulfonate has been
successfully used by Smith and Mah (16) as a selective agent
for isolating strains of Methanosarcina sp. strain 227 resist-
ant to this agent.

Analysis of these acetate auxotrophs is in progress to
ascertain the exact biochemical basis for these auxotrophic
mutants. We report here that M. ivanovii has carbon mon-
oxide dehydrogenase activity as expected for autotrophic
methanogens. Carbon monoxide dehydrogenase presumably
catalyzes the reaction involving carbonylation of a methyl
group during synthesis of acetyl-coenzyme A or acetate from
one-carbon compounds. It is likely that these acetate
auxotrophs have a mutation in the region responsible for this
enzyme. Although all the auxotrophs displayed carbon mon-
oxide-oxidizing activity, this does not eliminate the fact that
the carbon monoxide dehydrogenase enzyme complex is not
altered in these mutant strains. The catabolic function of
carbon monoxide dehydrogenase on methanogens grown on
acetate, however, is in the cleavage of acetate (13).

In conclusion, it is hoped that the methods developed here
will be a useful starting point in obtaining auxotrophic
mutants in various species of methanogens. Furthermore,
the acetate auxotrophs isolated here may prove useful in
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understanding the biochemical mechanism of autotrophy in
Methanobacteriumn species.

This study was supported by a research contract from Institut
Pasteur, Paris, to J. G. Zeikus and by U.S. Department of Energy
grant DE-FG02-85ER13376.
We thank Robert Kerby for carrying out carbon monoxide dehy-

drogenase assays and Joe Krzycki and Gwo-Jenn Shen for helpful
discussions.
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