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ABSTRACT
To learn more about autotrophic growth of methanococci, we isolated nine conditional mutants of

Methanococcus maripaludis after transformation of the wild type with a random library in pMEB.2, a suicide
plasmid bearing the puromycin-resistance cassette pac. These mutants grew poorly in mineral medium
and required acetate or complex organic supplements such as yeast extract for normal growth. One
mutant, J J104, was a leaky acetate auxotroph. A plasmid, pWDK104, was recovered from this mutant by
electroporation of a plasmid preparation into Escherichia coli. Transformation of wild-type M. maripaludis
with pWDK104 produced JJ104-1, a mutant with the same phenotype as J J104, thus establishing that
insertion of pWDK104 into the genome was responsible for the phenotype. pWDK104 contained portions
of the methanococcal genes encoding an ABC transporter closely related to MJ1367-MJ1368 of M. jannaschii.
Because high levels of molybdate, tungstate, and selenite restored growth to wild-type levels, this transporter
may be specific for these oxyanions. A second acetate auxotroph, J J117, had an absolute growth requirement
for either acetate or cobalamin, and wild-type growth was observed only in the presence of both. Cobin-
amide, 59,69-dimethylbenzimidazole, and 2-aminopropanol did not replace cobalamin. This phenotype
was correlated with tandem insertions in the genome but not single insertions and appeared to have
resulted from an indirect effect on cobamide metabolism. Plasmids rescued from other mutants contained
portions of ORFs denoted in M. jannaschii as endoglucanase (MJ0555), transketolase (MJ0681), thiamine
biosynthetic protein thiI (MJ0931), and several hypothetical proteins (MJ1031, MJ0835, and MJ0835.1).

M ETHANOCOCCUS maripaludis is a marine, meth- the properties of the enzyme in the homoacetogenic
clostridia and aceticlastic methanogens.anogenic archaeon that utilizes H2 1 CO2 or

formate as sole carbon and energy sources (Jones et al. To identify additional factors important for autotro-
phy in M. maripaludis, random insertional mutagenesis1983). During autotrophic growth, CO2 is assimilated
was performed to isolate mutants unable to grow auto-by a modified Ljungdahl-Wood pathway of acetyl-CoA
trophically. In this approach, cells were transformedbiosynthesis (Whitman 1994). In this pathway, methyl-
with a genomic library in pMEB.2, a pUC derivativetetrahydromethanopterin produced during methano-
bearing the puromycin-resistance cassette pac (Gern-genesis donates a methyl group to the corrinoid Fe/S
hardt et al. 1990). This plasmid is unable to replicateprotein of the acetyl-CoA decarbonylase/synthase com-
in methanococci, and puromycin resistance can be ac-plex (ACDS, also called CO dehydrogenase). This com-
quired only by homologous recombination into the ge-plex reduces CO2 to the oxidation level of CO and
nome at the site of the cloned genomic DNA (Sandbeckcombines it with HS-CoA and the methyl group to form
and Leigh 1991). If the cloned fragment is internal toacetyl-CoA. In M. maripaludis, the biosynthetic activity
a gene or operon, integration will disrupt expressionas well as a number of diagnostic partial activities of the
of the gene and/or downstream genes. While similarACDS complex have been detected in cell-free extracts
techniques have been utilized to inactivate specific(Shieh and Whitman 1988). In addition, acetate auxo-
genes in the methanococci (e.g., Berghofer and Kleintrophs isolated following ethyl methanesulfonate muta-
1995; Jarrell et al. 1996), this is the first report of itsgenesis had low levels of ACDS activity, and spontaneous
application to random mutagenesis.revertants recovered wild-type levels of ACDS activity

(Ladapo and Whitman 1990). While this evidence is
indicative of a role for the ACDS complex, the complex MATERIALS AND METHODS
has never been isolated from an autotrophic methano-

Strains: The wild-type strain of M. maripaludis, strain JJ, wasgen, and its role in autotrophy is largely inferred from
obtained from W. J. Jones ( Jones et al. 1983). Escherichia coli
SURE was obtained from Stratagene (La Jolla, CA).

Media and culture conditions: M. maripaludis was grown in
mineral medium (McN) at 378 with H2 1 CO2 as the carbonCorresponding author: William B. Whitman, Department of Microbiol-
and energy source as described previously (Whitman et al.ogy, University of Georgia, Athens, GA 30602-2605.

E-mail: whitman@arches.uga.edu 1986). Unless specified otherwise, 5-ml cultures were grown
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in 28-ml stoppered tubes using strictly anaerobic procedures ized water, was diluted with 60 ml of TE buffer in a microfuge
tube. The plasmid preparation was then transferred to the(Balch et al. 1979). The initial gas pressure was 240 kPa, and

tubes were repressurized two or three times a day. McA was anaerobic chamber and incubated for 1 day to allow O2 to
diffuse from the solution. Upon transformation of a 5-ml cul-composed of McN plus 10 mm sodium acetate. McC was com-

posed of McN plus 0.2% (w/v) yeast extract. McAC was com- ture of M. maripaludis, the transformants were inoculated into
20 ml of McAC1 containing 2.5 mg puromycin ml21 in a 160-posed of McA plus 0.2% yeast extract. McAC1 was composed

of McAC plus 0.2% (w/v) Casamino acids, 1% (v/v) vitamin ml serum bottle and incubated for 2 days under H2 1 CO2 at
378 to allow for growth. The culture was then dispensed intosolution (Whitman et al. 1986), 0.15% (w/v) each of valine,

isoleucine, and leucine, and 0.01 mm pantoyllactone. Growth four sterile culture tubes and centrifuged at 2000 3 g for 20
min at room temperature, and the cells were resuspended inon agar plates was performed as described previously (Tum-

bula et al. 1995a). Solid medium had the same composition a one-fifth volume of McC 1 25% glycerol (Tumbula et al.
1995b). One-milliliter portions of the glycerol-containing cellas broth except that the NaHCO3 concentration was reduced

to 2 g liter21 and 1% (w/v) Noble agar (Difco, Detroit) was suspensions were stored at 2708.
Transformation, plasmid purification, electrophoresis: M.added. Replica plating was performed with sterile toothpicks

that had been incubated in the anaerobic chamber for 1 day. maripaludis was transformed by the polyethylene glycol
method of Tumbula et al. (1994). E. coli was transformed byGrowth of 200-ml cultures was performed in 1-liter bottles and

McAC medium as described previously (Balch et al. 1979). electroporation with a Bio-Rad (Hercules, CA) gene pulser
set at 25 mF and 2.46 kV (Sambrook et al. 1989). PlasmidsFor cleaning, culture tubes, stoppers, and flasks were auto-

claved in 0.2 n NaOH for 20 min. After cooling, the glassware were purified from E. coli and M. maripaludis using the Wizard
Plus Miniprep DNA purification system (Promega) followingand stoppers were rinsed in tap water followed by deionized

water. the manufacturer’s instructions. DNA was electrophoresed on
0.8% agarose gels as described by Sambrook et al. (1989).Construction of library: A 200-ml culture of M. maripaludis

was grown overnight and harvested by centrifugation for 15 Base analog selection and isolation of mutants: Auxotrophic
mutants of M. maripaludis were enriched by a modification ofmin at 7300 3 g at 48. The cell pellet was washed in 30 ml of

0.4 m NaCl and resuspended in 3 ml of 0.15 m NaCl 1 0.1 m the nucleobase selection of Ladapo and Whitman (1990).
Enrichment medium was prepared by adding 50 mg of 8-aza-sodium EDTA, pH 8.0. To lyse the cells, the cell suspension

was placed in a 2708 freezer. The suspension was then thawed hypoxanthine and 10 mg of 6-azauracil to sterile culture tubes.
The culture tubes were incubated for 1 day in the anaerobicin a water bath at room temperature, and 5 ml of phenol-

chloroform-isoamyl alcohol extraction solution was added chamber before 5 ml of sterile McN medium was added. After
stoppering, the gas atmosphere was exchanged with H2 1(Saito and Miura 1963). After gently mixing, the solution

was centrifuged for 10 min at 8200 3 g at 48. The aqueous CO2. The frozen stock culture of the transformants (0.2 ml)
was inoculated into 5 ml of McAC1 medium and incubatedphase was then recentrifuged for 20 min at 8200 3 g at 48 to

remove precipitated sulfide and protein. Finally, the DNA overnight at 378. When the A600 was 0.7, 0.2 ml was inoculated
into the enrichment medium. After incubation for 2 days atwas collected by ethanol precipitation and washed with 70%

ethanol (Sambrook et al. 1989). After drying, the pellet was 378, the enrichment culture was centrifuged at 2000 3 g for
20 min at room temperature, and the cell pellet was resus-resuspended in a minimum volume of TE buffer (10 mm Tris

chloride, pH 8.0, and 1 mm sodium EDTA, pH 8.0) at 48. pended in 5 ml of McN medium. The cells were washed one
additional time and resuspended in McAC1 medium. TheTo remove RNA, the DNA was treated with 1 ml of DNase-

free RNase (Sambrook et al. 1989) for 1 day at 48. To prepare culture was then incubated at 378 until the A600 was .0.5,
and 0.2 ml was inoculated into enrichment medium. AfterDNA fragments, 10 ml of DNA (3 mg ml21) was diluted into

90 ml of 0.13 SSC, where SSC was 0.15 m NaCl and 15 mm incubation for 2 days, the cells were washed in McN medium
and resuspended in McC1 medium as described above. Cul-sodium citrate, pH 7.0. The solution was then sonicated at 08

for 12 min in intervals of 0.5 min. For partial repair, 11 ml of ture (0.2 ml) was then plated on McC1 plus 2.5 mg ml21 of
puromycin. Plates were incubated for 7 days, and isolatedthe DNA solution was treated with 10 units of Klenow fragment

(10 units ml21, Promega, Madison, WI) and 8 ml of 0.5 mm colonies were replica plated on McN, McA, McC, and McAC1

media.deoxynucleotide triphosphates. After 15 min at 308, 3 ml of
0.5 m sodium EDTA (pH 8.0) was added to terminate the Southern hybridizations: Genomic DNA was purified by the

miniprep procedure of Wilson (1994). Genomic DNA (14reaction. The vector pMEB.2 (Gernhardt et al. 1990) was
digested with EcoRV and dephosphorylated with calf intestinal mg) was treated with 72 units of EcoRI for 48 hr. After electro-

phoresis of 6 mg, the DNA was transferred to positively chargedalkaline phosphatase (Sambrook et al. 1989). For ligation, 75
ng of the dephosphorylated vector and 23 ng of the partially nylon membranes (Boehringer Mannheim, Indianapolis) fol-

lowing the manufacturer’s protocol. The probe, pWDK117,repaired genomic DNA were combined with 200 units of T4
DNA ligase (Promega) and buffer in a total volume of 20 ml was labeled with Dig-dUTP according to the protocol of the

Genius labeling kit (Boehringer Mannheim). Prehybridiza-and incubated overnight at room temperature. After ligation,
the DNA solution was diluted with four parts of water, and 1 tion and hybridization were performed at 658 for 12 and 24

hr, respectively. Hybridization was visualized with CSPD Ready-ml was electroporated into E. coli SURE. The electroporation
was repeated 10 times. The transformants were pooled, diluted to-Use Chemiluminescent Substrate (Boehringer Mannheim).

Isolation and sequencing of plasmids from transformants:to 50 ml in Luria-Bertani (LB) broth plus ampicillin (120 mg
ml21), and incubated for 8 hr at 378. After growth, the cell To obtain the plasmids from the M. maripaludis mutants, a

5-ml culture in McC1 plus 2.5 mg ml21 puromycin was har-suspension was diluted with 50 ml of LB broth 1 30% (v/v)
glycerol, and 1-ml portions were stored at 2708. The total vested by centrifugation at 2000 3 g for 20 min at room

temperature. The cells were resuspended in 200 ml of a solu-number of transformants obtained was 3 3 105, 75% of which
contained cloned DNA. tion containing 50 mm Tris chloride, pH 7.5, 10 mm sodium

EDTA, and 100 mg ml21 DNase-free RNase A. The suspensionTo transform M. maripaludis, 0.1 ml of the frozen cell suspen-
sion was inoculated into 10 ml of LB broth 1 ampicillin (50 was then treated using the Wizard Plus Miniprep DNA Purifi-

cation System (Promega) according to the manufacturer’smg ml21). After growth overnight at 378, the plasmids were
purified from 1.5 ml of culture with Wizard Plus Miniprep instructions. A portion of the purified DNA (15 ml in deionized

water) was dialyzed for 2 hr at room temperature. Dialysis wassystems (Promega). Purified plasmid, 3 mg in 40 ml of deion-
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performed by placing a drop of the suspension on the surface TABLE 1
of a 0.025-mm filter disk (2.5 cm diameter, Type VS; Millipore,

Mutants of M. maripaludis isolated by randomBedford, MA), and the filter disk was floated on the surface
insertional mutagenesisof 20 ml of deionized water in a petri dish. After dialysis, E.

coli SURE cells were electroporated with 1–5 ml of the DNA
suspension. Growth characteristicsa

The plasmids were then isolated from the E. coli trans-
Mutant McN McA McC McAC1 Plasmid isolatedbformants as described above. The genomic inserts were then

sequenced using the primers 59-AGGCACCCCAGGCTTTA
JJ101 6 6 6 1 pWDK101CAC and 59-GCGTTTTTTATTACCTACTA, which were com-
JJ102 6 6 6 1 pWDK102plementary to the flanking regions of pMEB.2. Sequencing
JJ103 6 6 6 1 pWDK103was performed on an Applied Biosystems (Foster City, CA)
JJ104 6 1 1 1 pWDK104model 373 automated sequencer at the Molecular Genetics
J J105 6 6 6 1 pWDK105Instrumentation facility at the University of Georgia. Se-
J J106 6 6 6 1 pWDK106quences were analyzed with the FASTA and BLAST programs
JJ107 6 6 6 6 pWDK107available through GCG (University of Wisconsin) and at the
JJ108 6 6 1 1 NonecTIGR website (http://www.tigr.org).
J J117 2 1 1 1 PWDK117Construction of pWDK117-11 and pWDK117-P: An internal

fragment of pWDK117 was subcloned. For pWDK117-11,
a Growth of mutants on replica plates containing mineralpWDK117 was digested with BamHI and BglII, and the 682

(autotrophic) medium (McN), mineral medium 1 acetateinternal fragment was gel purified and ligated into the BglII
(McA), mineral medium 1 yeast extract (McC), and rich,site of pWGL11 (Gardner and Whitman 1999). In the re-
complex medium (McAC1). 2, no growth; 6, poor growth,sulting plasmid, the direction of transcription of the gene
1, good growth.fragment was in the opposite direction of the pac cassette. For

b Plasmid isolate from the mutant by electroporation intopWDK117-P, pWDK117 was digested with BglII, and the 316-
E. coli.bp product containing the 59-end of the open reading frame

c No plasmid was isolated.(ORF) was gel purified and ligated into the BglII site of pIJA02.
This plasmid was similar to pWLG14 and contained the M.
voltae histone promoter PhmvA immediately upstream of the
BglII site (Gardner and Whitman 1999; I. J. Anderson and age size of operons in methanococci is not known, in
W. B. Whitman, unpublished data). M. jannaschii about 50% of the ORFs are .600 bp. If

Accession numbers: The GenBank accession numbers for the average transcriptional unit is only two ORFs, only
the M. maripaludis DNA cloned in pWDK101, pWDK103,

a small percentage of the clones in the library wouldpWDK104, pWDK106, pWDK107, and pWDK117 were
be internal. This problem may have been exacerbatedAF147208, AF146562, AF146563, AF146564, AF146565, and

AF146566, respectively. by amplification in M. maripaludis, which would enrich
for transformants from large clones that have a higher
recombination frequency. In addition, auxotrophs that

RESULTS
grew poorly in the complex medium may have been
lost during the amplification in M. maripaludis. Last, theLibrary construction: A plasmid library for random

mutagenesis of M. maripaludis was constructed by blunt amplification of the library in E. coli could have further
reduced its variability. In any case, the reason for theend ligation of sonicated genomic DNA into the EcoRV

site of pMEB.2. The initial library was electroporated low number of conditional mutants in the library was
not explored further.into E. coli, where 3 3 104 transformants were found.

However, of 28 transformants screened, only 21 pos- Isolation and characterization of JJ104 and other
auxotrophs: Because of the low frequency of conditionalsessed cloned genomic DNA. Thus, the number of

clones in the library was estimated as 2.3 3 104. The mutants, auxotrophs were enriched by base analog se-
lection. In the first experiment, eight potential auxo-size distribution of 20 of these clones was as fol-

lows: ,0.5 kb, 4; 0.5–1.0 kb, 4; 1.0–1.5 kb, 9; 1.5–2.0 trophs were identified among 100 transformants (Table
1). These auxotrophs, JJ101–JJ108, all grew poorly inkb, 2; .2.0 kb, 1. Upon transformation of M. maripa-

ludis, 3.3 3 104 transformants were found. Assuming a mineral medium. For one of them, JJ104, good growth
was restored by the addition of acetate. JJ108 requiredgenome size of 2000 kb and average clone size of 1

kb, a library of 9200 transformants would have a 99% yeast extract for good growth. Five of the remaining six
auxotrophs required McAC1, a highly enriched me-probability of containing any gene of interest. By this

criterion, the library was large enough to provide inser- dium containing acetate as well as amino acids and
vitamins, for good growth; the sixth auxotroph, JJ107,tions throughout the genome. However, replica plating

of 700 transformants of M. maripaludis failed to identify grew poorly even in rich medium.
If the phenotypes were caused by integration of plas-conditional mutants that grew poorly in minimal me-

dium (McN). The failure to identify large numbers of mids by homologous recombination, then revertants
should occur at a low frequency due to recombinationconditional mutants could have resulted from a number

of effects. If the cloned DNA were too large, it would of the plasmids out of the genome. Because the plasmids
lack a methanococcal origin of replication, they wouldnot be internal to an operon and integration of the

plasmid would not disrupt function. Although the aver- normally be lost from the culture. Even though their
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abundance was expected to be low, it was possible to nase in both M. jannaschii and M. thermoautotrophicum.
The small ORF was homologous to the transketolase ofisolate these plasmids by electroporation of plasmid

preparations from the M. maripaludis auxotrophs into M. jannaschii. M. thermoautotrophicum does not possess
this enzyme, and no homolog was observed (Smith etE. coli. For seven of the eight mutants, plasmids were

isolated in this fashion (Table 1). In all cases examined al. 1997).
Because the methanococcal genome is AT rich, it isby restriction endonuclease digestions, the plasmids iso-

lated from one mutant either contained genomic inserts difficult to recognize transcriptional start sites on the
basis of sequence information alone. Nevertheless, onof the same size or a genomic insert was absent and the

digestion pattern was the same as that of the parent the basis of the organization of the ORFs, pWDK103,
pWDK104, and pWDK106 may well have encoded re-pMEB.2. These latter plasmids were discarded. Sequenc-

ing of the ends of the inserts indicated that pWDK101, gions internal to an operon, as expected from the
method of mutagenesis. However, pWDK107, which en-pWDK102, and pWDK105 were identical. Presumably,

the strains JJ101, JJ102, and JJ105 that yielded these coded two divergently translated ORFs, was likely to
overlap the transcriptional units, and a simple insertionplasmids represented multiple isolations of the same

mutant during the enrichment and were not formed of the vector would not have been expected to inactivate
these genes. In this case, the phenotype could haveby independent mutations. Nevertheless, this result

demonstrated that the same plasmid could be recovered resulted from more complex insertional events.
Southern hybridizations of the genomic DNA of thesefrom multiple clones of a mutant. Even after several

attempts, it was not possible to isolate a plasmid from mutants with pMEB.2 as the probe indicated that these
plasmids had integrated as tandem repeats (data notJJ108.

Sequencing of the genomic inserts in the plasmids shown). However, it was not determined whether the
repeats represented the initial product of the recombi-identified open reading frames homologous to ORFs

in the genomic sequences of M. jannaschii and Methano- nation or were subsequently formed during the enrich-
ment and subculturing of the mutants. In other experi-bacterium thermoautotrophicum (Figure 1; Bult et al. 1996;

Smith et al. 1997). pWDK104 encoded components ho- ments (see below), tandem repeats appeared to
represent about 10% of the products formed by recom-mologous to ABC transporters, including the 39-end of

an integral membrane protein and the 59-end of an ATP- bination of similar plasmids into the genome. Presum-
ably, the high proportion of tandem repeats obtainedbinding subunit. The partial sequence of the integral

membrane protein component had high similarity to in these experiments could have resulted from the initial
selection of the methanococcal library in puromycin-the M. jannaschii ORF annotated as a sulfate/thiosulfate

transporter and contained the conserved EAA loop re- containing medium.
Phenotype of JJ104: In the initial screening by replicagion. The second partial ORF had high similarity to the

M. jannaschii ORF annotated as a sulfate permease and plating, growth of JJ104 was stimulated by acetate. Simi-
larly, growth was also stimulated by yeast extract, whichcontained the Walker motif A (Boos and Lucht 1996).

pWDK101 contained three small ORFs of 75–110 amino contains acetate in addition to amino acids and other
potential nutrients. To confirm that the phenotype wasacid residues. None of these ORFs displayed significant

sequence similarity to ORFs in M. jannaschii or M. thermo- due to insertion of pWDK104, the wild-type strain JJ1
was transformed with pWDK104 to form JJ104-1. Likeautotrophicum. Because of their small size and the ab-

sence of homologs, it was not clear that these ORFs the original mutant, growth of JJ104-1 was stimulated
by acetate (Figure 2), confirming that the insertion ofwere in fact expressed. pWDK103 contained an ORF

homologous to the 39- end of a hypothetical membrane- pWDK104 was sufficient to produce the original muta-
tion. In addition, growth of JJ104-1 was stimulated byspanning protein common to M. jannaschii and M. ther-

moautotrophicum, an ORF with no known homologs, as 0.2% (w/v) Casamino acids (data not shown). The abil-
ity of Casamino acids to substitute for acetate suggestedwell as an ORF homologous to the thiamine biosynthetic

protein thiI. However, when compared to the M. jan- that the growth stimulation was due to a general sparing
of stress by organic carbon sources and not a specificnaschii thiI, the M. maripaludis ORF was missing 101

amino acid residues from the N terminus. Examination requirement for acetate (Ladapo and Whitman 1990).
Sulfide is abundant in the habitats of methanococciof other reading frames did not produce evidence for

a frame shift in the sequence. Therefore, this gene ap- and can serve as a sole sulfur source, and most meso-
philic methanococci do not have a nutritional require-peared to be truncated or possibly split in M. maripa-

ludis. pWDK106 contained a pair of ORFs with homol- ment for sulfate and other sulfur oxyanions (Whitman
1989). Thus, even though some methanococci can as-ogy to the hypothetical proteins in M. jannaschii MJ0835

and MJ0835.1. This plasmid and pWDK104 were the similate sulfur oxyanions like thiosulfate (Daniels et al.
1986), a mutation in a sulfur oxyanion transporteronly cases in which the gene order in M. jannaschii was

conserved in M. maripaludis. Last, pWDK107 contained would not be expected to have a phenotype in sulfide-
containing medium. Therefore, in spite of its assign-two divergently translated ORFs. The large ORF had

homology to an ORF annotated as an endo-1,4-b-gluca- ment, the ABC transporter homolog encoded by
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Figure 1.—Sequences of M.
maripaludis genomic DNA
cloned on plasmids isolated
from the transformants. The
cloned DNA was inserted at the
EcoRV site adjacent to the pac
cassette on pMEB.2. In the ori-
entation shown, the pac cas-
sette would be on the right.
The direction of translation of
the ORFs is indicated by
arrows. Homologs in the geno-
mic sequences of M. jannaschii
(MJ) and Methanobacterium ther-
moautotrophicum (MTH) are in-
dicated immediately above the
ORFs, and the percentage se-
quence identity is indicated in
parentheses. The 59- and 39-
ends of the putative genes are
indicated by vertical lines from
the arrow. The alignment to
the M. jannaschii homolog was
used to choose between alter-
native start codons suggested
by the sequence analysis. When
no homolog was found, the
ends of the putative genes were
taken to be the putative transla-
tional start (ATG, GTG, or
TTG codons) and termination
sites.

pWDK104 was probably involved in uptake of some nu- mutant was performed by a nonspecific transporter and
high levels of tungstate inhibited uptake of the othertrient other than sulfur oxyanions. In support of this

hypothesis, growth of JJ104-1 was stimulated by the addi- essential oxyanions.
Isolation of JJ117: In a second round of enrichmenttion of a mixture of molybdate, tungstate, and selenite

(Figure 2). For the wild-type JJ1, a nutritional require- with base analogs, four additional auxotrophs were iden-
tified. One of these, JJ117, had an absolute requirementment for these oxyanions was apparent only after the

second transfer in medium without added oxyanions of acetate for good growth and was characterized further
(Table 1). Upon electroporation of a plasmid prepara-(data not shown). Presumably, oxyanions contaminat-

ing the medium supported the nutritional requirements tion from JJ117 into E. coli, two transformants were
found. Upon EcoRI digestion, the plasmids in both trans-of the wild type during the first transfer. Thus, both

the wild type and JJ104-1 required these oxyanions for formants appeared identical. The cloned genomic DNA
of one, pWDK117, was sequenced, and a large ORF wasgrowth, but JJ104-1 appeared to require higher concen-

trations. The addition of selenite (10 mm) by itself was identified (Figure 1). This ORF was homologous to two
M. jannaschii ORFs, MJ0010 and MJ1612 (Bult et al.also stimulatory, although it was not as effective as the

mixture of three oxyanions (data not shown). The addi- 1996). The M. maripaludis ORF also appeared to be
truncated and missing the 27 and 6 C-terminal aminotion of tungstate (10 mm) by itself was inhibitory. This

result would be expected if uptake of oxyanions in the acids of MJ0010 and MJ1612, respectively. Moreover,
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Figure 3.—Stimulation of growth of the acetate auxotrophFigure 2.—Stimulation of growth of the acetate auxotroph
JJ117 by acetate and vitamins. (s) Growth of J J117 in McNJJ104-1 by acetate and the oxyanions molybdate, tungstate,
medium; (d) growth in McN plus 10 mm acetate; (n) growthand selenite. Growth of J J104-1 in McN medium (s), in McN
in McN plus a mixture of water-soluble vitamins; and (m)plus 10 mm acetate (d), and in McN plus 10 mm each of
growth in McN plus both acetate and vitamins; (h) growthsodium molybdate, sodium tungstate, and sodium selenite
of the wild type in McN medium. The inoculum was 6 3 103(n). Growth of the wild-type JJ1 in McN medium without
cells that had been grown in McAC1 medium.additions (h). Growth of the wild type in the presence of

acetate or the oxyanions was identical to growth in McN me-
dium without additions (data not shown). The inoculum was
8 3 106 cells or 4% (v/v) that had been grown in McAC1 and support growth, suggesting that the nutritional require-
washed twice in McN medium. ment for acetate was specific and not due to a general

sparing of energy metabolism by organic carbon
sources. Surprisingly, a mixture of water soluble vita-

the amino acid similarity was only 40 and 27% with mins also supported growth (Figure 3). Of the vitamins,
MJ0010 and MJ1612, respectively, or much lower than only cobalamin (1 mg liter21) supported growth, and
observed for likely orthologs between M. jannaschii and thiamine (50 mg liter21), biotin (20 mg liter21), para-
M. maripaludis. Although MJ0010 and MJ1612 were both aminobenzoic acid (50 mg liter21), folic acid (20 mg
homologs of a Streptomyces gene (Bult et al. 1996), liter21), riboflavin (50 mg liter21), nicotinic acid (50 mg
the functional assignment of this gene has been called liter21), pyridoxine HCl (100 mg liter21), and dl-calcium
into question. It was originally believed to encode phos- pantothenate (50 mg liter21) had no effect (data not
phonopyruvate decarboxylase (Nakashita et al. 1997). shown). Good growth was also obtained with 80 mg
This enzyme catalyzes the formation of phosphonoace- liter21 or 0.06 mm cobalamin, and no further stimulation
taldehyde from phosphonopyruvate and is a required was observed with concentrations as high as 7.5 mm
early step in antibiotic biosynthesis. However, subse- (data not shown). Structural components of cobamides
quent authors pointed out that the gene lacks a thia- including cobinamide (0.8 mm), 59,69-dimethylbenzimi-
mine pyrophosphate binding motif and is unlikely to dazole (34 mm), 29-hydroxybenzimidazole (34 mm),
be a decarboxylase (Schwartz et al. 1998). The metha- 59-methylbenzimidazole (34 mm), adenine (37 mm), gua-
nococcal ORFs also do not possess thiamine pyrophos- nine (37 mm), and 2-aminopropanol (1% v/v) did not
phate binding motifs, and their functions are not support growth of JJ17 and did not inhibit growth of
known. the wild-type JJ1 (data not shown). In methanococci,

Phenotype of JJ117: In the initial screening, JJ117 the natural cobamide contains 59-hydroxybenzimida-
failed to grow on plates in the absence of acetate. This zole and not 59,69-dimethylbenzimidazole as found in
phenotype was confirmed in broth cultures. Washed cobalamin (Gorris and van der Drift 1994). Because
cells or very high dilutions of cultures failed to grow in 59-hydroxybenzimidazole was not commercially avail-
mineral medium even after 10 days (Figure 3 and data able, a wide range of nucleosides and potential axial
not shown). However, in the presence of acetate, growth ligands were tested on the assumption that at least some
was restored. Moreover, the addition of Casamino acids of them could be assimilated. The failure of the compo-

nents of cobalamin to replace the nutritional require-or a mixture of branched-chain amino acids failed to
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that the phenotype was due to disruption of the large
ORF. This hypothesis was supported by three additional
observations. First, pWDK117 probably contained most
of the ORF, and based upon its alignment with MJ0010
it was missing only 20–80 bp of the 39- end. After homolo-
gous recombination, transformants with a single inser-
tion such as JJ119 would be expected to express a nearly
full-length ORF, which might retain activity and support
normal growth. Second, a portion of the large ORF
representing amino acid residues 81–309 was subcloned
to produce a plasmid pWDK117-11. Transformation
with pWDK117-11 should further truncate the large
ORF from 403 to 309 amino acids. Of 47 transformants
tested, none were auxotrophic. Third, it was also possi-
ble that the large ORF was essential for growth even in
the presence of acetate. In this model, the truncated
ORF would have had partial activity that only allowedFigure 4.—Southern hybridization of pWDK117 to geno-

mic DNA from M. maripaludis strains J J1, J J117, J J118, and for growth in the presence of acetate. Insertions which
JJ119. DNA was treated with EcoRI prior to electrophoresis. completely inactivated the gene would be lethal unless
The DNA was from (a) the wild-type strain JJ1, (b) the original other more complicated genetic events also occurred,auxotroph JJ117, (c) the transformant J J119 with normal

such as tandem insertions of the plasmid. If this weregrowth properties, (d) the transformant J J118 that was auxo-
the case, the transformation efficiency of pWDK117-11trophic, and (e) the plasmid pWDK117. The molecular

weights of the major bands are indicated in the left margin. would be expected to be lower than that observed for
pWDK104, which contains a genomic DNA fragment
of nearly the same size as pWDK117-11. However, the

ment in JJ117 suggested that the mutation in JJ117 did transformation efficiencies of the two plasmids were
not affect biosynthesis of the cobinamide, benzimid- nearly the same, indicating that the large ORF was not
azole, or the aminopropanol linker. Thus, the pheno- essential (data not shown). For these reasons, the phe-
type could result from an inability to assemble these notype of JJ117 did not appear to result from disruption
components or by an indirect effect on cobamide me- of the large ORF.
tabolism. It was also possible that the phenotype of JJ117 could

Genotype of JJ117: To determine whether the pheno- be due to overexpression of the large ORF. In this sce-
type of JJ117 was caused by insertion of pWDK117, the nario, the large ORF might be a cobamide-binding pro-
wild-type JJ1 was transformed with the plasmid. While tein whose overexpression would titrate cobamides out
2 out of 17 transformants were unable to grow in mineral of enzymes in methanogenesis and other essential func-
medium, the remainder grew normally. One of the tions. Acetate might spare this defect if biosynthesis of
auxotrophs, JJ118, was examined by Southern hybridiza- the cobamide Fe/S protein in the acetyl-CoA synthase
tion (Figure 4). In this experiment, the chromosomal complex represented a major pool of intracellular co-
DNA was digested with EcoRI. Hybridization with bamide. To test this hypothesis, the wild-type strain was
pWDK117 to itself produced two bands, representing transformed with an integration expression vector,
the 2.6- and 3.0-kb EcoRI fragments. This plasmid hybrid- pWDK117-P. This plasmid contained the moderately
ized weakly to a 9-kb fragment in the genomic DNA of strong histone promoter from M. voltae, PhmvA, and 316
the wild type. Presumably, this band contained the wild- bp of the 59-end of the large ORF. Upon integration,
type gene that had been cloned on the insert. The it was expected to place the genomic copy of the large
genomic DNA of JJ117 and JJ118 contained 2.6-, 3.0-, ORF under control of PhmvA and to cause overexpression
4.4-, and 7.0-kb fragments that hybridized to pWDK117. of the gene product (Gardner and Whitman 1999).
In addition, a 6-kb fragment was observed in JJ117, Of the five transformants examined, all grew well in
which may have represented an incomplete digestion minimal medium, and none were auxotrophic for ace-
product. This pattern would be expected if pWDK117 tate or cobalamin. In addition, examination of the se-
integrated into the genome as tandem copies. In con- quence of the large ORF failed to identify a cobalamin-
trast, a transformant with normal growth properties, binding motif (Marsh and Holloway 1992; Chen and
JJ119, contained only the 2.6-, 4.4-, and 7.0-kb EcoRI Marsh 1997). Thus, these experiments failed to provide
fragments. This pattern was expected if only a single evidence in support of this model.
copy of the plasmid had integrated. Thus, the auxotro-
phic phenotype appeared to be associated with tandem

DISCUSSIONinsertions of the plasmid.
Because single insertions of the pWDK117 did not Transposon mutagenesis is a valuable technique that

has been applied only sporadically to the archaea (Tum-produce the auxotrophic phenotype, it seemed unlikely
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bula and Whitman 1999). For instance, pMudpur, Leigh 1991). However, transformants of pWDK117 con-
taining a single insert were not auxotrophic. Whenwhich contained the Mu transposon and the pac cassette

for puromycin selection in methanococci, was created transformed with a plasmid pWDK117-11 containing
smaller, internal fragments of the gene, auxotrophsto mutagenize cloned methanococcal nif DNA (Blank

et al. 1995). Upon transformation of the cloned DNA were again not found. These experiments argue strongly
against insertional inactivation causing the phenotype.into M. maripaludis, transposon insertion was achieved

by selecting for puromycin resistance. Even though it was not possible to establish a causal
link between the genotype and phenotype in JJ117,An alternative to transposon mutagenesis is to disrupt

genes by transformation with a nonreplicative plasmid these experiments describe a new genetic locus impor-
tant in acetate and cobamide metabolism in M. maripa-containing randomly cloned fragments of genomic

DNA (Larson and Hersheberger 1990; Law et al. ludis.
1995; Leloup et al. 1997). Campbell-like integration The authors are grateful to Jae Pil Yu, Debra Tumbula, and Warren
events insert the plasmid via homologous recombina- Gardner for helpful discussions and to Warren Gardner for providing

pWLG11. This work was supported by grant DE-FG02-97ER20269 fromtion at sites throughout the genome. The plasmid is
the U.S. Department of Energy Division of Energy Biosciences.inserted between two identical copies of the original

cloned DNA. For this general strategy to be applied to
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