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Profiles of dissolved O, and methane with increasing depth were generated for Lake Washington sediment,
which suggested the zone of methane oxidation is limited to the top 0.8 cm of the sediment. Methane oxidation
potentials were measured for 0.5-cm layers down to 1.5 cm and found to be relatively constant at 270 to 350
prmol/liter of sediment/h. Approximately 65% of the methane was oxidized to cell material or metabolites, a
signature suggestive of type I methanotrophs. Eleven methanotroph strains were isolated from the lake
sediment and analyzed. Five of these strains classed as type I, while six were classed as type II strains by 16S
rRNA gene sequence analysis. Southern hybridization analysis with oligonucleotide probes detected, on aver-
age, one to two copies of pmoA and one to three copies of 16S rRNA genes. Only one restriction length
polymorphism pattern was shown for pmoA genes in each isolate, and in cases where, sequencing was done, the
pmoA copies were found to be almost identical. PCR primers were developed for mmoX which amplified 1.2-kb
regions from all six strains that tested positive for cytoplasmic soluble methane mono-oxygenase (sMMOQO)
activity. Phylogenetic analysis of the translated PCR products with published mmoX sequences showed that
MmoX falls into two distinct clusters, one containing the orthologs from type I strains and another containing
the orthologs from type II strains. The presence of sMMO-containing Methylomonas strains in a pristine
freshwater lake environment suggests that these methanotrophs are more widespread than has been previously

thought.

Methane is an important greenhouse gas estimated to con-
tribute approximately 20% to global warming (4). The bacteria
that consume methane, methanotrophs, are predicted to play a
major role in global methane consumption, and they are
thought to play an important role in carbon, oxygen, and ni-
trogen cycling in both aquatic and terrestrial environments
(15). In addition to their role in nutrient cycling, meth-
anotrophs have also gained interest in recent years because of
their ability to degrade chlorinated solvents such as trichloro-
ethylene (TCE) (11).

Freshwater sediments, including wetlands, rice paddies, and
lakes, are thought to contribute 40 to 50% of the annual
atmospheric methane flux (4). Characteristics of methane ox-
idation in Lake Washington, a freshwater lake in Seattle,
Wash., have been reported previously (17, 18). The zone of
methane oxidation was shown to be restricted to the top 0.7 cm
of sediment, where the concentration of methane appeared to
be the limiting factor in the biological oxidation (17). About
half of the methane from the lake depths is oxidized to CO,
within this 0.7-cm zone, consuming about 7 to 10% of the total
oxygen flux into the sediment (17). Previous work in Lake
Washington has also shown that little methane oxidation oc-
curs in the water column and that the oxic-anoxic interface
where the methanotrophs are found is apparently seasonably
stable (18).

Different groups of methanotrophs have distinct physiolog-
ical characteristics that can be predicted to affect the role of

* Corresponding author. Mailing address: Department of Microbi-
ology, University of Washington, Box 357242, Seattle, WA 98195.
Phone: (206) 616-6954. Fax: (206) 616-5721. E-mail: aauman@u
.washington.edu.

+ Present address: Institute for Systems Biology, Seattle, WA 98105.

i+ Present address: Department of Civil and Environmental Engi-
neering, Syracuse University, Syracuse, NY 13244.

5259

methanotrophs in nutrient cycling in situ. Methanotrophs can
be divided into two major phylogenetic groups: the type I
methanotrophs, which are y-proteobacteria, and the type II
methanotrophs, which are a-proteobacteria (11). The type I
methanotrophs use the ribulose monophosphate (RuMP)
pathway for assimilation, while the type II methanotrophs use
the serine cycle (1). The RuMP pathway is more efficient than
the serine cycle, with conversion efficiencies of about 65 to
80% and 40 to 60% for methylotrophs containing each of the
respective pathways (1).

Groups of methanotrophs also differ from each other in the
types of methane mono-oxygenase (MMO) they produce. All
methanotrophs contain the membrane-bound or particulate
MMO (pMMO) (11). In addition to the production of pMMO,
some methanotrophs are also capable of producing a distinct
cytoplasmic soluble MMO (sMMO) (11). The type of MMO
expressed is important environmentally, since SMMO shows
substantially higher rates for the cometabolism of halogenated
solvents such as TCE than does pMMO (6, 24).

Some recent environmental studies based on molecular ap-
proaches provide information on the breadth of in situ meth-
anotroph diversity at the genus level (5, 12, 14, 20, 22, 35).
However, little work has been done to directly measure the
relative abundance of key physiological subgroups, to deter-
mine the extent of in situ diversity of sMMO-containing
strains, or to ascertain which sMMO-containing strains are
environmentally important. The existing information on meth-
ane oxidation in Lake Washington (18, 19) makes this envi-
ronment a good study site for such an investigation.

Initial characterization of the in situ methanotrophic popu-
lation in Lake Washington has been carried out (5). This work
includes the analysis of environmental clone banks of both
partial 16S rRNA genes and pmoA genes (encoding a con-
served subunit of pMMO) from total community DNA ex-
tracted from Lake Washington sediment. These sequences
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were compared to the 16S rRNA gene and pmoA sequences
from a number of methanotroph strains isolated from the same
environment (5). This work revealed a broad diversity of meth-
anotrophs, including both type I and type II methanotrophs,
that are present in Lake Washington sediment. We report here
a more detailed analysis of these and other isolates, including
partial sequences for mmoJX, encoding the conserved a-subunit
of the hydroxylase component of sSMMO. This study lays the
groundwork for understanding the composition of the in situ
population and its current and potential role in carbon and
nitrogen cycling.

MATERIALS AND METHODS

Collection of samples. Sediment samples were collected on 21 June 1996, 26
September 1997, and 9 September 1998 from a 62-m deep station off Madison
Park in Lake Washington in Seattle, Wash. (17), using a spade box core sampler.
Subcores were taken from these boxcores using 3 in.- and 4 in.-diameter Plexiglas
cylinders.

Generation of gas profiles in sediment. The 3-in. subcores were used imme-
diately for generating pore water oxygen and methane profiles with increasing
depth using a “squeezer” apparatus previously described (2). Dissolved oxygen
was measured from the squeezer samples using a water-cooled Plexiglas cell
(616XL; Cameron Instrument Company, Port Aransas, Tex.) in which an oxygen
electrode (E101; Cameron Instrument Company) was fitted. The oxygen elec-
trode was calibrated just prior to the sampling trip using flasks of water with
nitrogen or air bubbled through as 0 and 100% oxygen, respectively. A needle
was attached to the outlet tube from the oxygen electrode, and the pore water
from each half turn was collected for methane determinations in 8.7-ml evacu-
ated serum vials, each containing 0.7 ml of 7 N NaOH, capped with gray butyl
rubber-covered stoppers (Wheaton, Millville, N.J.) and aluminum crimp seals.
The evacuated vials were stored inverted until they could be analyzed (ca. 2 to 3
days). For methane analysis, these vials were equilibrated to atmospheric pres-
sure, and 0.2-ml samples of head space gas were injected into an HP 5890 Series
II Gas Chromatograph (Hewlett-Packard, San Fernando, Calif.) equipped with
a microseal inlet septum (Merlin Instrument Company, Half Moon Bay, Calif.),
a DB-5 column, and a flame ionization detector. The injector, oven, and detector
temperatures were 110, 150, and 110°C, respectively. The peak areas were de-
termined using Hewlett-Packard ChemStation integration software. The concen-
trations of the samples were calculated by comparison of the peak areas to a
standard curve of methane concentrations.

Measurement of methane oxidation rates. The 4-in. subcores were stored on
ice for 1 to 3 h and then were divided into 0.5-cm sections using a 60-ml syringe
to remove sediment for each layer successively from the top. Methane oxidation
rates in the top three 0.5-cm sediment layers were determined by incubation with
14CH, and measurement of labeled products in different subfractions by scintil-
lation counting (17, 18). Sediment from each of the layers was diluted 1:1 or 1:3
with bottom water from Lake Washington filtered with a 2-pm (pore-size) filter.
Aliquots (2 ml) of diluted sediment were dispensed into sterile 21-ml serum vials
(Pierce, Rockford, IIl.) that were closed with Teflon-coated gray butyl rubber
stoppers and aluminum crimp seals. Killed controls (zero time points) were run
for each time course, in which 7 N NaOH was added to a final concentration of
1 N prior to gas addition. Then, 17.15 wmol of unlabeled methane was added
through the stoppers with syringes. Next, 1.6 pCi of synthetic *CH, (DuPont-
NEN, Boston, Mass.; specific activity, 58.1 mCi/mmol) was added using Pressure-
Lok gas-tight syringes (Precision Sampling Corp., Baton Rouge, La.). Vials were
made in duplicate and incubated with shaking at room temperature at 250 rpm
for 1, 2, 4, or 15 h. At each time point, 7 N NaOH was added to a pair of vials
to a final concentration of 1 N to stop the methane oxidation and to allow
absorption of gas-phase CO, and '*CO, as bicarbonate ions. After 1 h to allow
for the absorption of the CO,, the vials were flushed with air for 3 to 5 min to
remove any unincorporated methane. Next, 0.5-ml aliquots were placed in 4.5 ml
of scintillation fluid (Opti-Fluor; Packard Instrument Company, Meridien,
Conn.) in 7-ml scintillation vials and counted using a liquid scintillation counter.
This value is a measure of total methane oxidation, and includes all base-stable
products (17, 18). In order to estimate the fraction of methane oxidized to CO,,
stoppers with suspended pieces of B-phenethylamine-soaked filter paper were
then inserted into the vials, and the vials were sealed with aluminum crimp seals.
Next, 8 N HCI was added to the liquid via syringe to a final concentration of 1
N to release dissolved CO, and 'CO,. After overnight incubation at room
temperature, the B-phenethylamine-soaked filters with adsorbed CO, and *CO,
were counted in 4.5 ml of liquid scintillation fluid in 7-ml scintillation vials.
Aliquots (0.5 ml) of the remaining fluid, representing the amount of methane
incorporated into acid-stable compounds, were also counted in 20 ml of liquid
scintillation fluid in 20-ml scintillation vials. Rates were determined by plotting
the amount of methane oxidized versus time. The methane utilization rates
leveled off by 4 h so the V. values were determined using the time points of 0,
1, and 2 h. In general, about 80% of the total methane oxidized to base-stable
compounds was recovered in the two subfractions. Controls using '“C-labeled
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methanol and CO, suggested that the main loss term was in the CO,. Therefore,
for the carbon conversion calculations, it was assumed that the missing oxidation
products were in the form of CO,. Previous work has shown that this experi-
mental system is not limited by mass transfer of methane (32) and that the final
methane concentrations used provide estimates of V., (17, 18, 32).

Enrichment and isolation of Lake Washington strains. Strains from Lake
Washington were isolated from sediment collected on 21 June 1996 and 26
September 1997. For the former samples, 1-ml samples of the upper 1 cm of
sediment were inoculated into 37-ml amber serum vials each containing 10 ml of
either nitrate mineral salts medium (NMS) (34) or nitrate-free mineral salts
medium with no added copper. The slurries were incubated with methane/air
headspace ratios of either 50:50, 80:20, or 5:95 (vol/vol). The vials were incubated
with shaking at 200 rpm at room temperature. After 2 days, 2-ml aliquots from
each vial were inoculated into 37-ml amber vials each containing 10 ml of NMS
with 10 pM CuSO, - 5H,0 and were all incubated with methane/air headspace
ratios of 50:50 (vol/vol). After two more days of shaking at 200 rpm at room
temperature, serial dilutions were plated onto NMS with 10 puM CuSO, * 5SH,O
and incubated at 30°C with a methane/air headspace ratio of 50:50 (vol/vol). Five
methanotroph strains were isolated and purified. For the 26 September 1997
samples, different enrichment conditions were used in an attempt to broaden the
diversity of isolates obtained. Three enrichments were set up using sediment
from the top 0.5-cm layer, this time containing added copper. Sediment was
mixed 1:1 (vol/vol) with filter-sterilized lake water and then inoculated into NMS
containing a vitamin solution (8) and 10, 20, or 40 pM CuSO, - 5H,O. The final
dilution of the sediment was 1:10, with a total volume of 10 ml. A fourth
enrichment was also set up by diluting 1 ml of unfiltered pore water into 9 ml of
NMS with vitamins and 10 uM CuSO, - 5H,O. The dilutions were put into
125-ml flasks which were closed with rubber stoppers and incubated at 25°C with
shaking at 200 rpm under a methane-air atmosphere of 50:50 (vol/vol). The gases
in the flasks were replaced approximately every 3 days. After 10 days, each
enrichment was serially diluted and plated onto NMS agar with vitamins and 10
M CuSO,. In addition, each enrichment was streaked out directly onto the
same medium. These plates were incubated at 30°C under a methane-air atmo-
sphere of 50:50 (vol/vol). From these plates, six methanotroph strains were
isolated and purified. All 11 strains were characterized microscopically, using a
phase-contrast microscope (Zeiss). Strains were tested for their ability to grow at
37°C. Strains were also tested for sMMO activity using a colorimetric plate assay
as previously described (10). For this assay, strains were grown on NMS plates
with 1 mM sodium formate and 200 uM FeCl,, as described elsewhere (33).

Isolation of chromosomal DNA. Chromosomal DNA was isolated using a
method similar to one previously described (26). Chromosomal DNA was also
isolated from cells grown on agar plates using a method previously described
(33).

Southern hybridization. EcoRI- and PstI-digested aliquots of chromosomal
DNA from each isolate and from Methylococcus capsulatus Bath were subjected
to agarose gel electrophoresis. The gels were then treated, and the DNA was
transferred to nylon membranes (Hybond; Amersham, Piscataway, N.J.) as de-
scribed previously (27). The membranes were then probed with the following
oligonucleotides: typelb (5'-GTCAGCGCCCGAAGGCCT-3"), which targets
the coding strand in 16S rRNA genes from type I methanotrophs (equivalent to
the region of nucleotides 74 to 98 in Escherichia coli 16S rRNA [A. M. Costello
and M. E. Lidstrom, unpublished data]); type2 (5'-GCTCTTTCGCYAGGGA
CGA-3"), which targets the complement of the coding strand in 16S rRNA genes
from type II methanotrophs (equivalent to the region of nucleotides 457 to 475
in E. coli 16S rRNA [Costello and Lidstrom, unpublished]); LWpmoA (5'-AA
CTTCTGGGGHTGGAC-3'), which targets the reverse complement of nucleo-
tides 319 to 335 in pmoA (numbered from ATG in M. capsulatus Bath pmoA);
and mmoXD (5'-CCGATCCAGATDCCRCCCCA-3'), which targets nucleo-
tides 937 to 956 in mmoX (numbered from ATG in M. capsulatus Bath mmoX).
These probes were designed based on alignments of existing sequences. Searches
of sequence databases showed that the type IT and mmoX probes are specific, but
the type I and pmoA probes may also hybridize to Ectothiorhodospira and Halo-
thiobacillus 16S sequences and human sequences, respectively. The oligonucle-
otide probes were labeled with [y*?P]JATP (Dupont-NEN) by phosphorylation at
the 5’ end using polynucleotide kinase (Boehringer Mannheim) according to the
supplier’s protocol. The reactions were stopped by adding 80 wl of 50 mM
Tris—=50 mM EDTA. Prior to use, the labeled probes were denatured by incuba-
tion at 100°C for 5 min. Then, 10 pl of probe was added to the prehybridization
buffer, and the membranes were allowed to hybridize overnight. The prehybrid-
ization-hybridization temperatures for LWpmoA, mmoXD, typelb, and type2
were 42, 48, 55, and 50°C, respectively. After hybridization, the membranes were
rinsed three times for 10 to 15 min each time in 0.5X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate at the hybrid-
ization temperature. The membranes were then blotted dry and exposed to X-ray
film at —80°C for 3 to 5 days before development. The use of oligonucleotides
that did not contain either PstI or EcoRI sites as probes ensures that each can
bind to only one DNA fragment per gene copy target.

RFLP analysis. Fragments of pmoA of about 510 bp were amplified from
chromosomal DNA samples from the LW strains using the primers A189gc (13)
and mb661 (5). The reactions were carried out in an MJ Research PTC-200
thermocycler, with an initial denaturation step of 30 s at 94°C, followed by 30
cycles of 92°C for 1 min, 60°C for 1 min, and 72°C for 1 min, with a final extension
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step of 72°C for 5 min. The PCR reactions contained final concentrations of
1X PCR buffer (Gibco-BRL, Rockville, Md.), 1.5 mM MgCl, (Gibco-BRL), 333
nM A189gc, 333 nM mb661, 0.167 mM deoxynucleoside triphosphates (Boehr-
inger Mannheim), and 2.5 U of Tag polymerase (Gibco-BRL) in a total volume
of 30 pl. For each LW strain, the pmoA fragments were then cloned into pCR2.1
using the Topo-TA Cloning Kit (Invitrogen, San Diego, Calif.), and 8 to 10
separate transformants with inserts were analyzed for each pmoA. pmoA frag-
ments were reamplified as noted above, except the initial denaturation step was
extended to 5 min, and these PCR products were digested with Hhal (Gibco-
BRL) and a combination of MspI (Gibco-BRL) and Haelll (Gibco-BRL) in a
total of 5 pl for each digestion. The digests were then subjected to agarose gel
electrophoresis using 3.0% (wt/vol) Nu-Sieve GTG agarose (FMC Bioproducts,
Rockland, Maine) gels. DNA from transformants showing unique restriction
fragment length polymorphism (RFLP) patterns was sequenced.

PCR amplification of genes from LW strains. 16S rRNA and pmoA genes were
amplified from LW strain DNA as described previously (5). New primers for
mmoX were designed using existing GenBank sequences of mmoX. These prim-
ers were mmoXA (5'-ACCAAGGARCARTTCAAG-3') and mmoXB (5’-TGG
CACTCRTARCGCTC-3"), which amplify an approximately 1,230-bp fragment
from mmoX corresponding to nucleotides 166 to 1401 in the M. capsulatus Bath
mmoX. The PCR conditions used were the same as those described for the
amplification of pmoA from LW strain chromosomal DNA.

DNA sequencing and analysis. DNA sequencing of the 16S rRNA genes and
the pmoA and mmoX gene fragments was carried out on both strands using the
ABI Prism BigDye terminators sequencing kit (PE Applied Biosystems, Foster
City, Calif.). The sequencing reactions and analysis were performed by the
University of Washington Center for AIDS Research DNA Sequencing Facility
and the Department of Biochemistry Sequencing Facility using an Applied Bio-
systems Automated Sequencer. Analyses and translation of DNA sequences
were performed using the Genetics Computer Group programs. MmoX se-
quences were aligned with translated mmoX sequences obtained from the
GenBank database using SeqPup (Indiana University) and GeneDoc (www.psc
.edu/biomed/genedoc). Dendograms were constructed using the programs
PROTDIST, PROTPARS, NEIGHBOR, SEQBOOT, and CONSENSE from
PHYLIP v3.5c (7), and tree files were analyzed using Tree View (25).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the pmoA gene sequences from LW4, LWS8 (copy A), LWS8 (copy B), LW12, and
LW14 are AY007282 to AY007286, respectively. The accession numbers for the
mmoX gene sequences from LW3, LW4, LWS8, LW13, LWI15, and PW1 are
AY007287 to AY007292, respectively. The accession numbers for the 16S rRNA
gene sequences from LW4, LW8, LW12, and LW14 are AY007293 to AY007296,
respectively.

RESULTS

Characterization of Lake Washington sediment. (i) Gener-
ation of methane and oxygen profiles. In order to define the
zone of maximum methane consumption, the upper layers of
sediment were characterized with regard to methane, oxygen,
and methane oxidation potential. Methane profiles were de-
termined for the subcores obtained on 26 September 1997 and
9 September 1998, and an oxygen profile was also determined
for the 26 September 1997 subcore. The two methane profiles
were very similar. The methane concentration increased from
approximately 2 to 170 M within the top 11 mm of sediment,
while the oxygen concentration decreased from approximately
250 uM to nondetectable levels within the top 8 mm (Fig. 1A).
These data suggest that the area of peak methanotrophic ac-
tivity should be within the top 0.8 cm of sediment, where both
oxygen and methane are present in sufficient concentrations to
support methanotrophic metabolism. These profiles are almost
superimposable over profiles generated for this site at various
seasons from 1980 to 1984 (17), supporting the previous sug-
gestion that the sediment at this 62-m deep station in Lake
Washington is quite stable (17, 18).

(ii) Methane oxidation rate. In order to characterize the
area of peak methane oxidation in the sediment, methane
oxidation potentials (V. values) were determined for the top
three 0.5-cm depths of sediment from the 9 September 1998
sampling trip. V., values were determined to be 346, 308, and
269 pmol/liter/h for the 0- to 0.5-cm, 0.5- to 1.0-cm, and 1.0- to
1.5-cm depths, respectively. By Michaelis-Menten kinetics, the
Vmax determined for a sample is proportional to the total
catalytic potential within the sample. Since the methane oxi-
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FIG. 1. Characterization of methane oxidation in Lake Washington sedi-
ment. (A) Profiles of methane and/or O, with increasing sediment depth for
subcores obtained 26 September 1997 and 9 September 1998. The y axis repre-
sents sediment depth with 0 mm representing the sediment-water interface. (B)
Example of the partitioning of methane to cells and metabolites versus CO, from
the top 0.5-cm layer.

dation rate per cell is fairly constant over a broad range of
growth conditions and methanotrophic species, the V., is
roughly proportional to the cell number (32). Because the V.,
values for all three depths were similar, this suggests that the
numbers of potentially active methanotrophs present at each
depth did not differ significantly. In addition, the percentage of
methane incorporated into acid stable compounds (cells and
metabolites) versus oxidized to CO, was determined (Fig. 1B).
These data provide an estimate of the carbon-conversion effi-
ciency for the methanotrophic population. At all three depths
approximately 65% of the oxidized methane was converted to
acid stable products while the remainder was converted to
CO,.

Isolation and characterization of methanotrophic strains.
In order to begin to characterize methanotrophic populations
in Lake Washington sediments, we isolated strains from dif-
ferent enrichment conditions, designed to favor either type I or
type II strains (Table 1). These strains can then serve as a
baseline for comparison to results obtained by direct tech-
niques not involving culturing (5). The first enrichments (using
21 June 1996 samples) contained no copper and in one case
contained no fixed nitrogen, conditions expected to favor
growth of SMMO- and nitrogenase-containing type II meth-
anotrophs. Different methane/air headspace ratios were used
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TABLE 1. Enrichment and characterization of
Lake Washington methanotrophs”

. . Enrichment
Strain Clalsglsﬁigll\(l)/l; o condition” Pign_1en— SM.MO mmoX

genes” % o Cu>+ tation activity’  type

CH, Air (uM)

LW2  Methylocystis* 50 50 NA  Cream - None
LW3  Methylosinus* 50 50 NA  Cream + Type 11
LW4  Methylosinus 80 20 NA°® Cream + Type 11
LWS  Methylocystis* 5 95 NA  Cream — None
LW8  Methylosinus 5 95 NA Cream + Type 11
LW12 Methylobacter ~ 50 50 10 White - None
LW13 Methylomonas* 50 50 20 Pink + Type 1
LW14 Methylobacter ~ 50 50 20 White - None
LW15 Methylomonas* 50 50 20 Pink + Type 1
LW21 Methylomonas* 50 50 40 Pink - None
PW1 Methylosinus* 50 50 10 Cream + Type 11

¢ Strains LW2, LW3, LW4, LW5, and LW8 were isolated from sediment
collected 21 June 1996. Strains LW12, LW13, LW14, LW15, and LW21 were
isolated from sediment collected 26 September 1997. Strain PW1 was isolated
from pore water collected 26 September 1997. Phase-contrast microscopy
showed all strains to be short fat rods except the Methylosinus strains, which were
curved rods. 16S rRNA gene sequences were determined for strains LW4, LWS,
LW12, and LW14 as described in Materials and Methods.

" Genera indicated by an asterisk were from sequences published previously
5).
¢In NMS. NA, none added.

4 By naphthalene plate assay (10).
¢ No fixed N added.

in an attempt to increase diversity of the isolates. Five strains
were isolated that were classed as type II strains, either as
Methylocystis (two strains) or as Methylosinus (three strains), by
16S rRNA gene sequence analysis (Table 1). Methylosinus-like
strains were obtained in enrichments from all conditions
tested, while Methylocystis-like strains were not isolated in the
enrichment with no added nitrogen. From the 26 September
1997 sediment, enrichments were carried out with added Cu?*
at various concentrations, conditions expected to favor type I
methanotrophs. In this case, five strains were isolated, which
16S rRNA gene sequences indicated could be classed with type
I strains, either with Methylomonas (three strains) or Methyl-
obacter (two strains) (Table 1). There was no significant dif-
ference in colony types among the plates from the enrichments
containing various copper concentrations, suggesting that vary-
ing the initial copper concentrations did not strongly influence
the final strains. In addition, an enrichment was carried out
with pore water to avoid nutrients contained in the sediment,
and a type II strain (classing as a Methylosinus; 5) was isolated.
All of the strains were short fat rods except the Methylosinus-
like strains, which were curved rods characteristic of this genus
(11). The Methylomonas-like strains were all pink pigmented,
as is characteristic of this genus (11). The strains were also
assayed for sMMO activity by a plate assay (see Materials and
Methods), using Methylosinus trichosporium OB3b and Meth-
ylomicrobium album BGS as positive and negative controls,
respectively. All the Methylosinus-like strains and two of the
three Methylomonas-like strains were shown to oxidize naph-
thalene, the positive test for sMMO (Table 1).

Genetic characterization of strains. In order to interpret
probing experiments for environmental DNA samples, it is
important to determine the number of gene copies that are
detected with probes for both 16S ribosomal DNA and pmoA
in environmental isolates. Therefore, the 11 LW strains were
further characterized by Southern hybridization analysis. Blots
of digested chromosomal DNA from each strain were probed
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with four oligonucleotides for type I 16S rRNA genes, type 11
16S rRNA genes, pmoA (encoding the catalytic subunit of
pMMO), and mmoX (encoding a conserved catalytic subunit of
sMMO), respectively. Probing with the two 16S rRNA gene
oligonucleotides gave the same results as the 16S rRNA gene
sequences: strains LW12, LW13, LW14, LW15, and LW21
were classified as type I methanotrophs, while strains LW2,
LW3, LW4, LW5, LWS, and PW1 were classified as type II
methanotrophs. In addition, in the type I strains one to two
copies were detected, while in the type II strains one to three
copies were detected. These results were confirmed with two
different restriction digests. An oligonucleotide specific for
pmoA detected multiple copies of this gene in several of the
strains (see Fig. 2A for examples). Three copies were detect-
able in LWS, two copies were detectable in LW2, LW3, LW4,
and PW1 (all type II strains), and one copy was detectable in
LW5, LWI12, LW13, LW14, LWI15, and LW21 (all type I
strains except LWS5). Probing with an oligonucleotide specific
for mmoX confirmed the capacity to generate sSMMO (see Fig.
2B for examples) in strains LW3, LW4, LWS§, LW13, LWI15,
and PW1, and mmoX was not detected in any of the strains that
were negative for sMMO.

RFLP analyses of pmoA copies. The presence of multiple
copies of pmoA within a single strain has been shown previ-
ously for laboratory strains (29, 33), and for both M. capsulatus
Bath and M. trichosporium OB3b, the two full copies of the
pmoCAB operon are almost identical (9, 33). However, if in
situ methanotrophs have more divergent pmo gene copies,
then interpretation of denaturing gradient gel electrophoresis
(DGGE) and probing analyses of environmental DNA will
become more complicated. Therefore, we analyzed the pmo
genes of the LW isolates in more detail. The hybridization
pattern shown in Fig. 2 suggests that strain LWS8 has three
copies of pmoA. Although this is the first reported instance of
three copies of pmoA in a methanotroph, nitrifiers containing
three copies of amoA, encoding a subunit of a related enzyme
ammonia monooxygenase, have been found previously (23,
28).

In order to investigate whether the multiple pmoA copies in
single strains differed significantly, RFLP analysis was per-
formed for multiple PCR clones from each strain that showed
multiple pmoA hybridization bands. All of the isolates each
showed only one distinct RFLP pattern for 8 to 10 different
transformants. A partial pmoA sequence had been previously
reported for strains LW2, LW3, LW5, LW13, LW15, LW21,
and PW1 (5). The same region of pmoA sequence was deter-
mined for three of the other strains (LW4, LW12, and LW14).
LWS8 and PWI, two strains shown by Southern analysis to
contain three and two pmoA copies, respectively, were inves-
tigated further by sequencing pmoA fragments from approxi-
mately 8 to 10 separate clones PCR-generated from each
strain. For LWS, in eight clones that were sequenced, two
highly related sequences have been found; five of one type and
three of the other. These types have only two nucleotide dif-
ferences over the 510-bp PCR product (Fig. 3). This is similar
to the case for M. capsulatus Bath and M. trichosporium OB3b
pmoA copy sequences. For PW1, all 10 sequences were iden-
tical. For all of the pmoA sequences in these isolates, the
sequences grouped together in the same genus-level classes as
the 16S rRNA gene sequences.

PCR amplification and analysis of mmoX. mmoX encodes
the a-subunit of the hydroxylase component of sMMO and has
been used as a marker for sMMO (19, 21, 31). In order to
extend the limited database of mmoX sequences, mmoX was
studied in the LW strains. Existing mmoX primers (19, 21)
were tested for hybridization to DNA from the Methylomonas
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FIG. 2. Examples of Southern blot analyses for pmoA (A) and mmoX (B) with representative Lake Washington strains. These chromosomal DNA samples were
digested with PstI. Chromosomal DNA samples were also digested with EcoRI. MC, M. capsulatus Bath.

strains, but binding was not observed. However, comparison of
these primers to two recently published Methylomonas mmoX
sequences showed a number of mismatches. Therefore, new
primers were designed to amplify an approximately 1,230-bp
region of the 1,585-bp mmoX gene, based on the six known full
mmoX sequences, including the two from Methylomonas
strains (31). PCR amplification using these primers was at-
tempted for the 11 LW strains. PCR products were obtained
only for the six strains already shown to exhibit SMMO activity.
These PCR products were sequenced and translated, and the
amino acid alignments show the sequences to be highly similar,
with 75% identity overall (Fig. 4). The products were shown to
fall into two major categories by amino acid sequence similar-
ity, type I MmoX (from strains LW3, LW4, LWS, and PW1)
and type I MmoX (from strains LW13 and LW15). Phyloge-
netic analysis of these sequences with previously published
sequences shows two distinct groups of MmoX sequences that
correspond to the type I-type II delineation (Fig. 5).

DISCUSSION

This study has provided new information regarding the physi-
ological diversity of methanotrophs in a specific methanotrophic
niche, a freshwater lake sediment with a history of stable methane
profiles (17). The high carbon conversion efficiency from methane
to cells and metabolites of about 65% (Fig. 1B) indicates the
dominance of methanotrophs containing the ribulose monophos-
phate cycle in this environment. This conclusion is supported by
the dominance of type I sequences in 16S rRNA gene and pmoA
clone banks generated by amplification of total community DNA
extracted from Lake Washington (5). However, a variety of both
type I and type II methanotrophs were isolated from this niche
using different enrichment conditions, suggesting that the under-
lying physiological potential in the methanotrophic community is
greater than for type I strains alone. Significant methanotroph
diversity has also been indicated in other studies involving land-
fills, soils, and peat bogs (12, 14, 20, 22, 35).

LW8A : GGGGACTGGCACTTCTGGGTCGACTGGAAAGACCGTCGTATGTGGCCGACCGTCATCCCGATCCTGGGCGTGACCTTCGCGGCCG 85

LWBBZ.oeseonanonsann ceecsoan s ecssseeessressssccccscsssssacnnnn cesssssessssssssecnsssssssnn 85

LW8A : CCGCTCAGGCGTTCCTGTGGGAGAACTTCCGTCTCCCGTTCGGCGCGACCTTCGCGGTTCTGGGTCTGCTCATCGGCGAGTGGAT170
LW8B:..veeeonon L Presssccrensssssacssannncnnnse ceescserensanan 170

LW8A : CTGGACATCATCCTGCTGCTGTCGGGCTCCTATGTGATCACGGCTETGGTCGGCGCCCTGGGCTGGGEGTCTGCTGTTCTACCCGA340

LWBB: .o eeonenoannnnnne ssresssctesenannaa L ceesescssssssas340

LW8A : ACAACTGGCCGGCGATCGCCGCCTTCCATCAGGCGACCGAGCAGCATGGTCAGCTGATGTCCCTGGCTGATCTGATCGGCCTCCAL25

LW8B:eceseoooannns L P ceetessssseserssssacee ..425

FIG. 3. Alignment of multiple DNA sequences of pmoA PCR products from LW8. Eight pmoA PCR products from this strain were cloned and sequenced. Five
sequences were identical to LW8A, while three sequences differed in two nucleotide positions and were identical to LW8B. The nucleotide changes (positions 106 and
292 in the PCR products) resulted in amino acid differences (E versus K and I versus F, respectively).
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FIG. 4. Alignment of deduced amino acid sequences of the 1.2-kb partial mmoX genes from LW13, LW15, Methylomonas sp. strain KSWIII (accession no.
AB025022), Methylomonas sp. strain KSPIIT (AB025021), M. capulatus Bath (M90050), M. trichosporium OB3b (X55394), Methylocystis sp. strain WI 14 (AF153282),
Methylocystis sp. strain M (U81594), LW3, LW4, LW8, and PW1. Identical residues are in black boxes, and similar residues are in gray boxes.

The strains described here were tested for the number of mates of total methanotrophic populations based on direct

detectable copies of key target genes for environmental prob- probing of environmental DNA with pmoA probes. In addi-
ing: 16S rRNA genes, pmoA genes, and mmoX genes. Our tion, our results and results from other published studies (9,
results and those from other studies of laboratory strains (9, 29) suggest that in those methanotrophs containing multiple
29) suggest that these probes will detect one to three copies of copies of pmoA (as detected using standard pmoA probes), the
the first two sets of genes, and one copy of mmoX. In general, individual copies are sufficiently similar such that probes and
type II strains had more detectable copies of pmoA than type PCR primers will detect these copies and will not distinguish
I strains, a factor that should be taken into account for esti- between them. It is also unlikely that DGGE analysis would
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FIG. 5. Phylogenetic analysis of the derived amino acid sequences of mmoX genes. BOOTSTRAP values of >50% are shown near the clades. The bar represents
10% sequence divergence, as determined by the lengths of the horizontal lines connecting any two species.
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separate out PCR products of the multiple copies if they dif-
fered by one to two nucleotides (12), as in the case of LWS. It
has been shown with laboratory strains that pmoA sequence
similarity groups fall into the same classes as the 16S rRNA
gene sequence genus-level groups (5, 22, 35). This correlation
has held up with the new isolates reported in this study, pro-
viding further support for the idea that environmental pmoA
sequences may be useful as indicators of the phylogenetic
position (22).

A surprising result from this study is the presence of Meth-
ylomonas-like strains containing sMMO. So far, sSMMO-con-
taining Methylomonas strains have only been described from
sites contaminated with oil or TCE (16, 30, 31). It has been
generally assumed that in natural populations, type II meth-
anotrophs will be the dominant sMMO-containing population,
and most in situ bioremediation protocols involving meth-
anotrophs focus on type II strains (3). Our work, however,
suggests that type I methanotrophs may contribute significantly
to the sMMO-containing population in Lake Washington, a
pristine freshwater lake. 16S ribosomal DNA sequences that
were classified as Methylomonas were common in an environ-
mental clone bank generated from Lake Washington sediment,
including some that were identical to that of LW15 (5), one of
the strains that contains sMMO. These results suggest that
Methylomonas strains are important components of the in situ
population at this site and that LW15 itself may be environ-
mentally significant. The presence of SMMO in two of the four
Methylomonas isolates suggests that sMMO may be more prev-
alent in type I populations than was previously thought. Since
type I strains have higher carbon conversion efficiencies than
type II strains (1), these methanotrophs may be more attractive
than type II strains for bioremediation protocols.

The small number of available mmoX sequences has made
the development of robust probes and PCR primers for sMMO
difficult. A recently published primer set based on the six avail-
able mmoX sequences targets a 396-bp region of mmoX (21,
31). However, one of these primers has six mismatches for the
mmoX gene from LWI15, a Methylomonas strain, suggesting
that this primer set may not be appropriate for environments
containing Methylomonas strains. In the present study, new
degenerate PCR primers were developed that take into ac-
count the more divergent Methylomonas mmoX sequences.
These primers target a 1.2-kb region of the approximately
1.6-kb mmoX gene with no mismatches with any of the known
mmoX sequences, including the six new sequences reported
here, and no matches to any other sequences in the public
databases. In addition, the mmoX probe we describe here has
no mismatches with any of the known mmoX sequences but
shows no identity to any other sequences in public databases,
suggesting that the specificity is sufficient for use as an envi-
ronmental probe.

Alignment of the translated 1.2-kb regions of the mmoX
genes from previously published sequences and from the LW
strains shows that these sequences are highly conserved. Phy-
logenetic analysis of these translated sequences shows that
MmoX sequences fall into two clusters, one corresponding to
type I methanotrophs and one corresponding to type II meth-
anotrophs. This finding, if confirmed by additional mmoX se-
quences, could form the basis for distinguishing between type
I and type II methanotrophs containing sMMO in environmen-
tal communities.
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