
©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

JOURNAL OF ENVIRONMENTAL SCIENCE AND HEALTH

Part A—Toxic/Hazardous Substances & Environmental Engineering

Vol. A38, No. 9, pp. 1877–1887, 2003

Amplification of Marine Methanotrophic Enrichment

DNA with 16S rDNA PCR Primers for Type II

a Proteobacteria Methanotrophs

Karl J. Rockne1,* and Stuart E. Strand2

1Department of Civil and Materials Engineering, University

of Illinois-Chicago, Chicago, Illinois, USA
2College of Forest Resources, University of Washington,

Seattle, Washington, USA

ABSTRACT

Type II a proteobacteria methanotrophs are capable of a wide range of cometa-

bolic transformations of chlorinated solvents and polycyclic aromatic hydro-

carbons (PAHs), and this activity has been exploited in many terrestrial

bioremediation systems. However, at present, all known obligately marine

methanotrophic isolates are Type I g proteobacteria which do not have this

activity to the extent of Type II methanotrophs. In previous work in our labora-

tory, determining the presence of Type II a proteobacteria methanotrophs in

marine enrichment cultures that co-metabolized PAHs required a more sensitive

assay. 16S rDNA PCR primers were designed based on oligonucleotide probes

for serine pathway methanotrophs and serine pathway methylotrophs with an

approximate amplification fragment size of 870 base pairs. Comparison of the

primers using double primer BLAST searches in established nucleotide databases

showed potential amplification with all Methylocystis and Methylosinus spp.,

as well as potential amplification with Methylocella palustrus. DNA from
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Methylosinus trichosporium OB3b, a Type II methanotroph, amplified with the

primers with a fragment size of approximately 850 base pairs, whereas DNA

extracted from Methylomonas methanica, a Type I methanotroph, did not. The

primers were used to amplify DNA extracted from two marine methanotrophic

enrichment cultures: a low nitrogen/low copper enrichment to select for Type II

methanotrophs and a high nitrogen/high copper enrichment to select for Type I

methanotrophs. Although DNA from both cultures amplified with the PCR

primers, amplification was stronger in cultures that were specifically enriched

for Type II methanotrophs, suggesting the presence of higher numbers of

Type II methanotrophs. These results provide further evidence for the existence

of Type II marine methanotrophs, suggesting the possibility of exploiting

cometabolic activity in marine systems.

Key Words: Methanotroph; Polycyclic aromatic hydrocarbon; Cometabolism;

Methylosinus; Methylocystis; Type II; Polymerase chain reaction; PCR probe;

Marine; a Proteobacteria.

INTRODUCTION

Methanotrophic bacteria comprise a class of microorganisms able to oxidize
methane and other C1 compounds for growth and energy. They are typically cate-
gorized as either Type I or II based on their phylogenetic relationships (Type I
belong to the g proteobacteria and Type II to the a proteobacteria), biochemical
pathway for formaldehyde assimilation, and cell morphology. Type II methano-
trophs utilize the serine pathway for formaldehyde assimilation and have a
membrane structure typified by paired membranes along the cell periphery. Type II
a proteobacteria methanotrophs are capable of a wide range of cometabolic
transformations of toxic environmental pollutants, and this capability has lead to
great interest in stimulating their activity in terrestrial bioremediation systems.
However, at present, all known obligately marine methanotrophic isolates are
Type I g proteobacteria which do not have this activity to the extent of Type II
methanotrophs, suggesting that bioremediation schemes involving Type II methano-
trophs are not applicable to marine systems.

The cometabolic activity of Type II methanotrophs is mediated by a methane
monooxygenase enzyme (MMO) that is very non-specific, particularly in its soluble
form, which is expressed when cells are grown without copper.[1] Soluble MMO
mediates a wide range of cometabolic transformations of toxic pollutants, including
oxidation of chlorinated aliphatics and aromatic compounds such as trichloroethene,
chloroform, naphthalene, and phenanthrene.[2–5] The remarkable metabolic
capability of Type II methanotrophs has lead to great interest in their environmental
distribution.

Although methanotrophic bacteria are found in a variety of environments;
including surface waters and groundwater, and at a variety of salinities ranging
from freshwater to marine, and even as symbionts in marine mussels,[6–8] to date,
all known marine methanotroph isolates are Type I g proteobacteria.[8–17] However,
there is indirect evidence suggesting the presence of Type II methanotrophs in
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marine systems using protein assays and in studies with attempts to culture them by
‘‘sloppy agar’’ techniques.[18]

In a previous study in our laboratory, phospholipid fatty acid (PLFA) analysis
suggested the presence of Type II methanotrophs in a low nitrogen/low copper
marine methanotrophic enrichment culture.[5] Attempts to isolate Type II methano-
trophs from the culture on noble agar, ‘‘sloppy’’ agar, and polyacrylamide plates
were unsuccessful. Analysis of the culture by transmission electron microscopy
(TEM) did not show the presence of cells with paired membranes along the cell
periphery indicative of Type II methanotrophs. This method was not sufficiently
sensitive or exhaustive to prove their absence, however. We concluded that a more
sensitive assay, such as the use of oligonucleotide probes, was needed to determine
whether Type II methanotrophs were present in the enrichment.

In early work, Brusseau et al.[19] prepared several oligonucleotide probes
specific to Type I and Type II methanotrophs and other methylotrophic bacteria.
However, when searching through the ribosomal databases EMBL, GENBANK,
DDBJ, and RDB[20] and the ribosomal database project[21] we found several non-
methanotrophic bacteria that likely would hybridize with the ‘‘1034-Ser’’ probe
(specific to Type II methanotrophs) such as Beijerinckia indica and Paracaraurococcus
ruber, which have 100% homology with the probe. The specificity of the probes for
the ‘‘9-a’’ serine pathway methylotrophs designed by Brusseau et al. was even less
specific; we found many matches to non-methylotrophic bacteria. Therefore, a more
specific probe design is needed to ensure identification of Type II methanotrophs,
such as in recent reports of oligonucleotide probes for Type II methanotrophs
designed by Bourne et al.[22] and Gulledge et al.[23]

An alternative to using the probes of Bourne[22] and Gulledge[23] is the use of
multiple probes for increasing specificity. Combining two probes together would
narrow the possibility of detection of a non-target organism if both probes have
high specificity to the target organism. Both probes used together as primers in the
polymerase chain reaction (PCR) would result in amplification fragments of known
size, which could be provide an additional line of evidence for identification of the
target organism. Use of PCR has the added advantage of allowing detection of
extremely small amounts of DNA due to the amplification process.

PCR probes specific to the soluble MMO genes in methanotrophic bacteria
have been designed and tested, however, their ability to detect Type II methanotrophs
requires the presence in the organism of soluble MMO genes, which is not necessarily
always the case. Therefore, a PCR probe specific to Type II methanotrophs is needed.
Toward this end, our goals in this research were: (1) to prepare PCR primers specific to
Type II methanotrophs and (2) to test these primers on two marine methanotrophic
enrichments for the presence of Type II marine methanotrophs.

MATERIALS AND METHODS

Design of PCR Amplification Probes

We decided to add specificity by designing two PCR primers utilizing two probes
to make a PCR fragment. The PCR primers were designed based on the 16S rRNA
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probes of Brusseau et al.[19] The forward primer was based on the ‘‘9-a’’ oligonu-
cleotide probe designed to amplify with 16S rRNA from methylotrophs which utilize
the serine pathway for formaldehyde assimilation, a group that includes Type II
methanotrophs (Table 1). The primer corresponded to location 142–159 (E. coli
designate). The reverse primer was based on the ‘‘1034-Ser’’ probe designed for
serine pathway methanotrophs, corresponding to 987-1009 on the 16S rDNA
(E. coli designate). The forward and reverse primers were designed to produce a
PCR amplification fragment from the microbial DNA of approximately 870 base
pairs in size.

Electronic PCR

A great advantage of the current genetic sequence databases is the ability to
rapidly compare sequences electronically without having to perform a large number
of laboratory experiments. We searched the entire EMBL, GENBANK, DDBJ, and
RDB for potential amplification of archived DNA with the two primers in this study
using the computer program BLAST (v. 2.2.3) from the United States National
Center for Biotechnology Information. Criteria for inclusion were � 85% homology
with both primers and 100% homology with the first three bases on the 30 end of the
primers.[24,25] The searches were performed on July 17, 2002.

PCR Test Organisms

Two methanotrophic pure cultures were obtained from the American type cul-
ture collection (ATCC). Methylosinus trichosporium OB3b was the Type II positive
control and Methylomonas methanica was the Type I negative control. These
bacteria were grown on nutrient agar plates in a 90% air/10% CH4 (v/v) atmosphere
as described previously.[5] Cells were collected directly from distinct colonies for
harvesting of DNA as described below.

Methanotrophic Enrichment

Two methanotrophic enrichments were maintained for over one year prior to
these experiments. The enrichments were inoculated from marine sediment in Puget

Table 1. Forward and reverse 16S rDNA PCR primers used in this study.

Primer Sequence Positiona Fragment size

Forward 50-GTT-CGG-AAT-AAC-TCA-GGG-3’ 142–159

Reverse 50-CCA-TAC-CGG-ACA-TGT-CAA-AAG-C-3’ 987–1008 867 base pairs

aE. coli designate.
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Sound, WA, USA as described previously.[5] Briefly, sediment (5 g) was mixed with
artificial seawater medium (ASW) and pre-induced with methane in Erlenmeyer
flasks (1 L) for 24 h. After one day, the sediment was allowed to settle
(30min) and the supernatant was decanted. Two cultures were maintained: a
high-nitrogen, high-copper (HN/HC) culture and a low-nitrogen, non-copper-
amended (LN/LC) culture. The latter conditions were intended to enrich for
Type II methanotrophs that are able to fix di-nitrogen and do not require copper
for their MMO, while the former conditions enriched for copper-requiring Type I
methanotrophs.[26]

The methanotrophic enrichments were fed methane and oxygen in the gas
phase using a manometric feeding apparatus and cells were wasted periodically,
resulting in a 10 d mean cell residence time. The specific rate of methane utilization
ranged from 20–24mg CH4 (g VSS d)�1 and the ratio of oxygen to methane uptake
ranged from 1.2 to 1.4moles O2 per mole CH4. The cells were harvested directly
from the enrichment vessel for DNA harvesting as described below.

Whole-cell fatty acid analysis was performed on cells from the culture as
described previously.[5] Briefly, cell mass (50mg wet wt.) was removed from the
reactor and pelleted by centrifugation. Fatty acids were extracted from the pellet
and derivatized and the resultant fatty acid methyl esters were determined by gas
chromatography (Hewlett-Packard 5890 series II) with Sherlock Microbial
Identification System software (MIDI, Inc., Newark, DE).

DNA Extraction

DNA was extracted using a modification of the extraction protocol by
Sambrook.[27] An aliquot of cells (0.5mL) was removed from the growth reactor
(marine methanotrophic enrichments) or scraped directly from the agar plate (pure
cultures) and placed in 1.7mL micro-centrifuge tubes (Island Scientific, Bainbridge
Island, WA) and centrifuged at 1000 rpm for 30min in an Eppendorf centrifuge
(model 5412). The supernatant was removed and the pellet was re-suspended in
0.5mL DNA extraction buffer consisting of Tris pH 8 (50mM), NaCl (50mM),
Na2EDTA (1mM), sodium dodecyl sulfate (5 gL�1), and proteinase K
(1mgmL�1). The suspension was incubated (60�C, 2 h) with vortexing on a high
setting every 15–20min.

Following incubation, 0.5mL of Tris (pH 8)-equilibrated phenol (TEP)
was added to the suspension. The suspension was then vortexed (4 s) and
centrifuged at 1000 rpm for 5min. The top aqueous phase was removed
and 0.5mL of freshly prepared 1:1 (v/v) TEP:chloroform was added to the
sample in another micro-centrifuge tube and vortexed on a high setting for 4 s.
Following centrifugation, the top aqueous phase was re-extracted with 0.5mL
of chloroform as before. The mixture was then centrifuged and 1.25mL cold
100% ethanol and 0.05mL 3mM potassium acetate were added to the aqueous
phase and left overnight in a �20�C freezer. The mixture was then centrifuged
at 1000 rpm for 30min. The supernatant was removed and the DNA pellet dried
in a desiccator.
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PCR Amplification

The DNA was re-suspended in 200 mL PCR water (sterile, de-ionized and
filtered, Baxter Scientific). The following PCR reactants were mixed in a micro-
centrifuge tube: 1 mL of the re-suspended DNA, 5 mL 10X buffer (Promega), 10 mL
5mM MgCl2, 1 mL 200 mM deoxynucleoside triphosphate, 0.2 mL Taq polymerase,
1.5 mL of each primer (50 ng each), and 29.8 mL PCR water, final volume 50 ml.
The mixture was topped with 20 mL of mineral oil to prevent desiccation.

The PCR mix was placed in a programmable thermal cycler (Thermolyne model
Temp-tronic) for reaction. Both the primers had a calculated melting temperature
(Tm) of 52

�C. The temperature program was as follows: three cycles of denaturation
at 98�C for 40 s, Tm for 40 s, and primer extension at 72�C for 1min followed by
30 cycles of denaturation at 98�C for 10 s, Tm for 30 s, and primer extension at 72�C
for 30 s. Following amplification, the reaction mix was electrophoresed on a 2%
agarose gel (130 volts) with loading dye for 30min. Gels were photographed
under UV light with a Polaroid land camera and scanned at high resolution for
use in the figures.

RESULTS AND DISCUSSION

All known Type II methanotrophs of the genus Methylocystis and Methylosinus
available in ribosomal databases as of the search date (including uncultured
clones) would amplify with the PCR primers in this study (see Table 2 for selected
results). All Methylocystis and Methylosinus spp. would produce fragments close
to 850 bp, as expected based on the probe design. Depending on the stringency,
the newly discovered Type II methanotroph Methylocella palustrus may
or may not amplify with the primers. Although the forward primer had only one
mismatch with M. palustrus (11 bp from the 30 end), the reverse primer had three
mismatches (4, 15, and 16 bp from the 30 end). Successful amplification would result
in an 826 bp fragment. Other organisms that would likely amplify with either probe
(e.g. Brevundimonas spp. with the forward primer and Afipia spp. with the reverse
primer), would not amplify with both probes to produce a fragment. The lone
exception is a relatively newly discovered organism Bosea thiooxidans, a gram
negative, chemolithoheterotrophic a proteobacterium. It has 100% homology with
the forward primer, and has two mismatches with the reverse primer (19 and 22 bp
from the 30 end) and may potentially produce a PCR amplification fragment of 822
base pairs.[28]

Using the primers with DNA extracts showed that DNA from the Type II
methanotroph M. trichosporium strongly amplified with the PCR primers, whereas
the Type I methanotroph M. methanica did not (Fig. 1). The fragment size
was approximately 850 base pairs, matching what would be expected based on
the design of the probes. DNA extracted from both the LN/LC and HN/HC
marine methanotrophic cultures amplified to the primer set designed for Type II
methanotrophs at a Tm of 55�C. The fragment size for both cultures was similar to
that of M. trichosporium; as expected based on the design of the probes. No DNA
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contamination of alternate PCR preparations occurred, as shown by the negative
controls.

The failure of the DNA extract from the Type I methanotroph M. methanica to
hybridize with the primers demonstrates the specificity of the primers. The fragment
size for the M. trichosporium matched the expected fragment size based on the 16S
sequence for M. trichosporium (Table 2), indicating that the probe amplified
the expected segment. These results show that combining two oligonucleotide
probes together as PCR primers adds specificity and successfully amplifies Type II
methanotroph 16S DNA.

Because both marine enrichments produced amplification fragments with
the primers for serine pathway methanotrophs indicates that there were Type II

Table 2. PCR amplification probe specificity for selected methanotrophic and non-

methanotrophic bacterial strains with the primers based on electronic PCRa sequence

searches.

Bacterial strain

Forward

primer

location

(mismatch #)

Reverse

Primer

location

(mismatch #)

Fragment

length

(If amplified)

Type II

methanotroph

AF508803b Bosea

thiooxidans

113–130 (0) 913–935

(19, 22)c
822 No

Y17144 Methylocella

palustrus

95–112 (11) 899–921

(4, 15, 16)

826 Yes

AB014055 Methylocystis

sp. KS12

97–114 (0) 923-902 (0) 826 Yes

AF153281 Methylocystis

sp. WI 14

83–100 (0) 888–909 (0) 826 Yes

AB015608 Methylocystis

sp. EB-1

97–114 (0) 947–961(0) 864 Yes

MSU81595 Methylocystis

sp. M

117–134 (0) 963–977(0) 860 Yes

IMV3060RR

Methanotrophic sp.

121–138 (0) 965–979 (0) 858 Yes

MTR458496 Methylosinus

sp. KS24b

98–115 (0) 903–924(0) 826 Yes

MYP42RRD Methylocystis

minimus

123–140 (0) 904–908(0) 795 Yes

MYLRR16S Methylosinus

trichosporium

130–147 (0) 969–983(0) 853 Yes

MYLRRDA

Methylosinus sp.

128–145 (0) 963–977 (0) 849 Yes

aCriteria for inclusion are �85% homology with both primers and 100% homology with the

first three bases on the 30 end of the primers. PCR amplification fragments greater than 1

kilobase are generally unstable.[24,25]

bGenBank/EMBL/DDBJ/RDB name.
cDistance each mismatch is from the 30 end of the primer.
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methanotrophs present in both enrichments. The LN/LC enrichment had stronger
amplification than the HN/HC culture, as shown by the brighter fragment. This
would be expected because the LN/LC culture was specifically enriched for Type
II methanotrophs. This culture was the only culture to have a significant fraction of
the total fatty acids as 18 carbon fatty acids in fatty acid methyl ester analysis.[5] C-18
fatty acids are indicative of Type II methanotrophs.[29]

CONCLUSIONS

As reported earlier,[5] neither culture could oxidize trichloroethene, chloroform,
or 1,1,1 trichloroethane, suggesting that these cultures lacked soluble MMO activity
because these compounds are readily oxidized by methanotrophs possessing sMMO,
but not by those expressing pMMO.[30–32] The results of this study demonstrate
that only assaying for sMMO activity for the presence of Type II methanotrophs

Figure 1. DNA amplification using 16S rDNA primers for Type II methanotrophic bacteria

by agarose gel electrophoresis. Lanes are as follows: 100 base pair ladder; Negative Reaction

Control-A, negative control without DNA prepared prior to addition of DNA to subsequent

reaction tubes; HN/HC enrichment (duplicates, lanes 3 and 5), methanotrophic culture with

high nitrogen and copper added; LN/LC enrichment (duplicates, lanes 4 and 6), methano-

trophic culture with low nitrogen and no copper added; Methylosinus trichosporium, Type II

methanotroph; Methylomonas methanica, Type I methanotroph; Negative Reaction Control-

B, negative control without DNA made after preparation of previous reaction tubes; 100 base

pair ladder.
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is not sufficient to prove their absence. Further, the results of this study show that
using the sensitive technique of PCR amplification suggests the presence of Type II
methanotrophs in these marine methanotrophic enrichment cultures and provides
further evidence for the existence of Type II marine methanotrophs, suggesting the
need for further study and of the possibility of exploiting cometabolic activity for the
bioremediation of contaminated marine systems.
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