
Abstract The genes encoding the ribulose-1,5-bisphos-
phate carboxylase/oxygenase (Rubisco) from Methylo-
coccus capsulatus (Bath) were localised to an 8.3-kb
EcoRI fragment of the genome. Genes encoding the large
subunit (cbbL), small subunit (cbbS) and putative regula-
tory gene (cbbQ) were shown to be located on one cluster.
Surprisingly, cbbO, a second putative regulatory gene,
was not located in the remaining 1.2-kb downstream (3′)
of cbbQ. However, probing of the M. capsulatus (Bath)
genome with cbbO from Nitrosomonas europaea demon-
strated that a cbbO homologue was contained within a
separate 3.0-kb EcoRI fragment. Instead of a cbbR ORF
being located upstream (5′) of cbbL, there was a moxR-
like ORF that was transcribed in the opposite direction to
cbbL. There were three additional ORFs within the large
8.3-kb EcoRI fragment: a pyrE-like ORF, an rnr-like ORF
and an incomplete ORF with no sequence similarity to
any known protein. Phylogenetic analysis of cbbL from
M. capsulatus (Bath) placed it within clade A of the
green-type Form 1 Rubisco. cbbL was expressed in M. cap-

sulatus (Bath) when grown with methane as a sole carbon
and energy source under both copper-replete and copper-
limited conditions. M. capsulatus (Bath) was capable of
autotrophic growth on solid medium but not in liquid me-
dium. Preliminarily investigations suggested that other
methanotrophs may also be capable of autotrophic growth.
Rubisco genes were also identified, by PCR, in Methylo-
coccus-like strains and Methylocaldum species; however,
no Rubisco genes were found in Methylomicrobium al-
bum BG8, Methylomonas methanica S1, Methylomonas
rubra, Methylosinus trichosporium OB3b or Methylocys-
tis parvus OBBP.
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Introduction

Methanotrophs are a unique group within the Proteobacte-
ria in being able to utilise methane as a sole source of
carbon and energy (Hanson and Hanson 1996). Type I
methanotrophs assimilate formaldehyde via the ribulose
monophosphate pathway and have membranes arranged
in bundles within the cytoplasm, while type II methan-
otrophs assimilate formaldehyde via the serine pathway,
fix N2 and have membranes aligning the periphery of the
cell (Hanson and Hanson 1996). Methylococcus capsula-
tus (Bath) is an unusual type I methanotroph in that it as-
similates formaldehyde using the ribulose monophosphate
pathway but also possesses some enzymes of the serine
pathway. It also fixes N2 and its DNA has a relatively high
G+C content, which is more characteristic of type II
methanotrophs (Hanson and Hanson 1996).

Taylor (1977) demonstrated in M. capsulatus (Bath)
the presence of ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco). Analysis of the partially purified
enzyme by SDS-PAGE yielded two distinct polypeptides
corresponding to the large subunit (48.0 kDa) and the
small subunit (14.5 kDa) of Rubisco (Taylor 1977; Taylor
et al. 1980). Taylor et al. (1980) estimated that the Ru-
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bisco of M. capsulatus (Bath) had an α6β6 structure which
differed from the typical hexadecameric structure (α8β8)
of the Form I Rubisco found in Proteobacteria such as
Ralstonia eutropha and Acidithiobacillus ferrooxidans
and also in cyanobacteria and higher plants. However, the
accuracy of this estimation was questioned by Tabita
(1988), as no known Rubisco was included as a control.

M. capsulatus (Bath) uses both Rubisco and carboxyl-
ation of C3-metabolites to fix CO2 (Taylor et al. 1981).
Under oxic conditions, M. capsulatus (Bath) exhibits both
the carboxylation and oxidation reactions of Rubisco
(Taylor et al. 1980). Despite the presence of a complete
Calvin Benson Bassham (CBB) cycle, M. capsulatus
(Bath) does not appear to grow autotrophically (Taylor et
al. 1981; Stanley and Dalton 1982). Rubisco activity in
M. capsulatus (Bath) is also reported to be energy-depen-
dent (Taylor 1977; Taylor et al. 1981; Stanley and Dalton
1982). In the presence of methane, M. capsulatus (Bath)
fixes 14CO2, with the labelled carbon appearing in sugar
phosphates (Stanley and Dalton 1982). In the absence of
methane, but in the presence of H2 and/or formate, Ru-
bisco activity was recorded for 7 h, but there was an ac-
cumulation of labelled 3-phosphoglycerate and only a
limited amount of labelled sugar phosphates was detected
(Stanley and Dalton 1982). No further work has been un-
dertaken to characterise the Rubisco genes in M. capsula-
tus (Bath) at the biochemical or molecular level.

The majority of genes encoding CBB pathway en-
zymes are generally located within one operon, although
the order and number of genes within the cbb operon can
differ between bacterial genera (Meijer et al. 1991; Shiv-
ely et al. 1998). The large and small subunits of Rubisco
are encoded by cbbL and cbbS, respectively. Transcrip-
tional regulation of cbb genes, including the Form II Ru-
bisco cbbM, is positively regulated by a LysR-like pro-
tein, CbbR (Viale et al. 1991; Windhövel and Bowien
1991; van den Bergh et al. 1993). cbbR can range in size
from 927 bp in Acidithiobacillus ferrooxidans (formerly
Thiobacillus ferrooxidans; Shively 1999a) and Halothio-
bacillus neapolitanus (formerly Thiobacillus neapolitanus;
Shively 1999b) to 1,002 bp in Xanthobacter flavus (van den
Bergh et al. 1993). cbbR is usually located near Rubisco
structural genes and is divergently transcribed from cbbL
and cbbS. Mutagenesis of cbbR results in inhibition or re-
duction of Rubisco expression (Gibson and Tabita 1993;
van den Bergh et al. 1993).

Hydrogenophilus thermoluteolus contains additional
genes, cbbQ and cbbO, the products of which are thought
to be involved in post-translational modification of Ru-
bisco (Yokoyama et al. 1995; Hayashi et al. 1997). cbbQ,
encoding a 29.6-kDa polypeptide, is located 3′ of cbbLS
in the Form I Rubisco gene cluster (Yokoyama et al. 1995;
Hayashi et al. 1999) and 3′ of cbbM in the Form II Ru-
bisco gene cluster (Hayashi et al. 1999). cbbQ has 49%
similarity to nirQ from Pseudomonas aeruginosa and
53% similarity to nirQ from Pseudomonas stutzeri
(Yokoyama et al. 1995). nirQ is an independent transcrip-
tional unit with a regulatory role in nitrate and nitric oxide
reduction (Jüngst and Zumft 1992). When cbbQ from

H. thermoluteolus is co-expressed with cbbLS in Esche-
richia coli, the Vmax of Rubisco is increased two-fold
(Hayashi et al. 1999). Similarly, when a second gene,
cbbO, located 3′ of cbbQ in H. thermoluteolus, is co-ex-
pressed with cbbLS in E. coli, the same increase in the Ru-
bisco Vmax is observed (Hayashi et al. 1997). CbbO has no
sequence identity with any known protein (Hayashi et al.
1997), but within the genome of N. europaea there is an
ORF 3′ of a Rubisco gene cluster (http://spider.jgi-psf.
org/JGI_microbial/html/nitrosomonas/nitro_homepage.ht
ml) encoding a putative polypeptide possessing 42% iden-
tity (57% similarity) to CbbO from H. thermoluteolus.

This work describes the molecular characterisation of
the Rubisco gene cluster in M. capsulatus (Bath) and
cbbL from other methanotrophs, examines the phylogeny
of the cbbL gene from M. capsulatus (Bath) and investi-
gates the potential of methanotrophs for autotrophic growth.

Materials and methods

Growth of bacterial cultures

Methanotrophs were grown in nitrate mineral salts (NMS) medium
(Dalton and Whittenbury 1976) with methane as a sole carbon and
energy source. All methanotrophs were incubated at 30°C except
M. capsulatus strains Aberdeen, Bath (NCMB11132), M and
Texas, Methylocaldum szegediense OR2 and Methylocaldum
tepidum LK6 which were grown at 45°C. M. capsulatus (Bath)
was also grown under copper-limited conditions as described by
Nielsen et al. (1996). E. coli TOP10 (Invitrogen) was used as the
host for the construction of gene libraries and was grown in Luria-
Bertani broth (LB) at 37°C. Fresh competent cells were prepared
for each library using the CaCl2 method (Sambrook et al. 1989).
Ampicillin (50 µg ml–1) was used to select for transformants.

Autotrophic and chemoorganoautotrophic growth 
of Methylococcus capsulatus (Bath) and other methanotrophs

All methanotrophs were grown in NMS medium containing 
0.4 µM CuSO4 and 7.5 µM NiCl2. To solidify media, 0.5–1.5%
(w/v) Bacto agar was added. Plates were incubated in anaerobic
jars under a gas mixture of H2:air:CO2 (approximately 60:34:6) for
10–30 days. The gas phase was replaced every 4–5 days with fresh
gas mixture. Attempts to grow methanotrophs autotrophically in
liquid culture were made using the same medium and a gas mix-
ture of the same composition. To avoid potential loss of H2, 100-ml
Hypovial vials containing 10 ml medium were sealed with butyl-
rubber seals. All methanotrophs were incubated at 30°C, with
the exception of M. capsulatus (Bath), M. szegediense OR2, and
M. tepidum LK6, which were incubated at 45°C. Two sets of
negative controls were used in which N2 replaced CO2 or H2. For
chemoorganoautotrophic growth, 2.5 mM formate was included in
the medium and N2 replaced H2 in the headspace. Again, as for
cultivation on solid medium, the gas phase was replaced every
4–5 days with fresh gas mixture to prevent oxygen depletion of the
culture.

Preparation and probing of Southern blots

DNA was extracted from methanotrophs using the method of Oak-
ley and Murrell (1988). Chromosomal DNA from M. capsulatus
(Bath) was digested with BamHI, EcoRI, PstI, HindIII, SalI, XbaI
and EcoRI/HindIII (Gibco BRL). Chromosomal DNA from the
type I methanotrophs Methylomicrobium album BG8, Methylo-
monas methanica S1 and Methylomonas rubra, and the type II
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methanotrophs Methylosinus trichosporium OB3b and Methylo-
cystis parvus OBBP were digested with BamHI, EcoRI and
HindIII (Gibco BRL). DNA fragments were separated on a 0.7%
(w/v) agarose gel and transferred onto Hybond-N nylon mem-
branes (Amersham). Southern blots were performed according to
Sambrook et al. (1989) and all probes were prepared by random
priming with 32P-dGTP (Feinberg and Vogelstein 1983). The chro-
mosome of M. capsulatus (Bath) was probed with a 1.2-kb cbbL
PCR product from Nitrosospira sp. NpAV. Probing for cbbO was
carried out with an internal PCR product of 1.2 kb from cbbO of
N. europaea. Chromosomal DNA from type I and type II methano-
trophs was probed with a 0.5-kb internal cbbL PCR product (bp
195–706) from M. capsulatus (Bath). All hybridisations were car-
ried out at 55°C in hybridisation solution (0.5 M Na2HPO4 and 
0.5 M NaHPO4, pH 6.8, 7% SDS, 5 mM EDTA, pH 8.0) and final
washes were at 55°C in 2×SSC (1×SSC: 0.15 M NaCl, 0.015 M
sodium citrate).

Construction and probing of a Rubisco gene library 
from Methylococcus capsulatus (Bath)

Chromosomal DNA was digested with either SalI or EcoRI then
size-fractionated, 0.5–2.0 kb for SalI and 4.0–10.0 kb for EcoRI,
by electrophoresis through a 0.7% (w/v) agarose gel, after which
the fragments were excised from the gel and cleaned using
Geneclean (Bio101). All fragments were cloned into pUC19 and
the resulting plasmid library was transferred into E. coli using
standard methods (Sambrook et al. 1989). The SalI and the EcoRI
libraries contained 700 and 587 clones, respectively, and were
screened by pooling groups of ten clones, growing clones in LB
and extracting plasmid DNA using the mini-prep method of Saun-
ders and Burke (1990). Plasmid DNA was digested with either SalI
or EcoRI, electrophoresed through a 0.7% (w/v) agarose gel, trans-
ferred to a Hybond-N nylon membrane by Southern blotting and
probed with the 1.2-kb cbbL PCR product from Nitrosospira sp.
NpAV for the SalI library and the 0.5-kb cbbL PCR product from
M. capsulatus (Bath) for the EcoRI library. After identifying a pos-
itive pool of recombinant plasmids with the appropriate probe, in-
dividual clones from that pool were grown in 5 ml LB, plasmid
DNA was mini-prepped, digested, electrophoresed and transferred
to a Hybond-N nylon membrane and then probed with the appro-
priate gene. The SalI library was probed with a 32P-dGTP random-
prime-labelled (Feinberg and Vogelstein 1983) 1.2-kb PCR prod-
uct encoding the cbbL gene from Nitrosospira sp. NpAV, while
the EcoRI library was probed with a similarly prepared 0.5-kb
PCR product encoding cbbL from M. capsulatus (Bath).

Preparation of probes and PCR amplification 
of cbbL from other methanotrophs

All PCR reactions contained in 50 µl: 1×PCR buffer, 200 nM of
each dNTP, 2.5 mM MgCl2, 500 ng of each primer and 250 ng
DNA. The 1.2-kb PCR product from Nitrosospira sp. NpAV was
amplified using the primers RBCA 202F 5′-GTSGTSTGGACC-
GACCG-3′ (forward) and RBCA 1418R 5′-TCGGTSGRSGTG-
TAGTTGAAG-3′ (reverse). The 0.5-kb cbbL fragment was PCR-
amplified from M. capsulatus (Bath) and other methanotrophs us-
ing primers McBCBBL 195F 5′-CTGCTGACCGACCTCGA-
CTA-3′ (forward) and McBCBBL 706R 5′-GTCACGTTGAGG-
TAGTGGCC-3′ (reverse). The primers for amplifying the 1.0-kb
cbbL fragment were CBB 88F 5′-CTGGCGGTCTTCAAGAT-
CAC-3′ (forward) and CBB 1076R 5′-TGGTCGAAGAAGAT-
GCCGCG-3′ (reverse). The primers for amplifying cbbO from N.
europaea were cbbO 266F 5′-AGAAGTCGGTGACGATGTTG-
3′ (forward) and cbbO 1501R 5′-TGAACAGTTGACCATGC-
TGG-3′ (reverse). The fragments were amplified as follows: 5 min
denaturation followed by 35 cycles of 94°C for 1 min, annealing at
50°C for 1 min and extension at 72°C for 1 min with a final ex-
tension time of 10 min. The cbbL PCR products from methan-
otrophs screened for cbbL were cloned using the TOPO TA
cloning kit (Invitrogen) and then analysed by RFLP using EcoRI
before sequencing.

Sequencing and analysis of the Rubisco gene cluster

Custom-made oligonucleotides (Gibco BRL) were used for dou-
ble-stranded sequencing of Rubisco genes using a Taq dye deoxy
terminator cycle sequencing kit and a model 373A DNA sequenc-
ing system gel apparatus (Applied Biosystems). Sequences were
analysed using the Genetics Computer Group Wisconsin Package,
version 8. BLAST 2.0 similarity (Gish and States 1993) and ORF
searches were performed using the Internet facility at the National
Centre for Biotechnical Information (http://www.ncbi.nlm.nih.
gov). Predicted polypeptide masses were calculated using the In-
ternet facility at ExPASy Molecular Biology Server (http://ex-
pasy.nhri.org.tw/tools/peptide-mass.html). The sequences of Ru-
bisco genes from Methylococcus contained on plasmid pNJB54
have been deposited in GenBank under accession number
AF447860.

Phylogenetic analysis of cbbL from Methylococcus capsulatus
(Bath)

Protein sequences were aligned using ClustalW (http://www.ebi.
ac.uk) and corrected for spacing by eye. The corresponding DNA
alignments were obtained by matching the codon to the aligned
amino acid using the program PUTGAPS (Dr J.O. McInerney, De-
partment of Biology, National University of Ireland, Maynooth,
Co. Kildare, Ireland). Phylogenetic analyses were done using
PAUP* v4.0a4b (Swofford 2000). To infer distance trees, Mini-
mum Evolution (ME) with LogDet (Lake 1994; Lockhart et al
1994) pairwise distances (LogDet/ME) was used. Since LogDet
assumes that all sites can vary, on a maximum parsimony tree the
fraction of invariant sites was estimated using maximum likeli-
hood with a General Time Reversal model (GTR R matrix) and a
two-rate model. The tree space was searched with random addi-
tions of taxa and Tree Bisection-Reconnection (TBR) branch
swapping. For maximum parsimony (MP) analyses, 100 heuristic
searches were carried out with random addition of taxa and TBR
branch swapping. LogDet/ME and MP bootstrapping were carried
out with 1,000 replicates and one random addition of taxa per
bootstrap replicate. The proteobacterial and cyanobacterial CbbL
amino acid sequences used in the phylogenetic analysis were as
follows: Ralstonia eutropha H16 ATCC17707 (U20584), Ralsto-
nia eutropha ATCC17699 megaplasmid pHGI (U20585), Brady-
rhizobium japonicum (AF041820), Allochromatium vinosum
ATCC17899 rbcL (D90204), Allochromatium vinosum rbcA
ATCC17899 (M26396), Hydrogenophaga pseudoflava (U55037),
Hydrogenophilus thermoluteolus (D30764), Hydrogenovibrio
marinus MH-110 copy 1 (D43621), Hydrogenovibrio marinus
MH-110 copy 2 (D43622), manganese-oxidising bacterium
SI85–9A1 (L32182), Nitrobacter vulgaris (L22885), Nitrobacter
winogradskyi IFO14297 (AF109915), Alvinoconcha hessleri sym-
biotic bacterium (M34536), Ralstonia eutropha (M17744), Rhodo-
bacter capsulatus (L82000), Rhodobacter sphaeroides (M64624),
Sinorhizobium meliloti (AF211846), Thiobacillus denitrificans
(L42940), Acidithiobacillus ferrooxidans ATCC19859 (X70355),
Acidithiobacillus ferrooxidans Fe1 (D90113), Thiomonas interme-
dia K12 (AF046933), Halothiobacillus neapolitanus (AF038430),
Xanthobacter flavus (X17252), Synechococcus sp. strain PCC7002
(D13971), Anabaena sp. (J01540), Synechococcus sp. strain
PCC6301 (X03220), Prochlorothrix hollandica (X57359), Syne-
chococcus sp. (U46156), Synechococcus sp. strain A1 (D13539),
Synechocystis sp. (X65960), Nitrosomonas europaea (http://spi-
der.jgi-psf.org/JGI_microbial/html/nitrosomonas/nitro_homepage.
html) and Methylococcus capsulatus (Bath) (this investigation).

RNA extraction and reverse transcriptase PCR of Rubisco 
in Methylococcus capsulatus (Bath)

The RNA extraction method was based on that of Nielsen et al.
(1996). M. capsulatus (Bath) growing exponentially under both
copper-limited and copper-replete conditions were harvested
(OD540 0.4–0.6) by centrifugation at 10,000×g. Cells were resus-
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pended in 200 µl of a solution containing 0.3 M sucrose and 0.01 M
sodium acetate, pH 4.5; 0.4 g glass beads (Sigma) and 400 µl of
phenol saturated with 50 mM sodium acetate, pH 4.5, were added.
The cells were vigorously shaken for 30 s and placed on ice for 
30 s. This was repeated three times. The lysed cells were incubated
at 65°C for 2 min, vortexed for 1 min and centrifuged for 5 min at
12,000×g. The aqueous layer was removed to a clean tube and 
400 µl phenol were added. The tubes were placed in an ice/ethanol
bath for 30 s, centrifuged (12,000×g) for 5 min and the aqueous
layer then removed to a fresh tube. To the aqueous layer, 400 µl
phenol/cholorform (1:1) were added, vortexed for 1 min, then cen-
trifuged for 5 min (12,000×g) and the aqueous layer removed to a
fresh tube. The RNA was precipitated by adding 3 M sodium ac-
etate (40 µl) and 96% ethanol (900 µl) and storing at –20°C for 
20 min. Following centrifugation for 20 min at 12,000×g, the RNA
was washed in ice-cold 70% ethanol, air dried and resuspended in
sterile distilled water. RT-PCR was carried out using expanded re-
verse transcriptase (Roche) according to the manufacturer’s in-
structions. The reverse primer used was McBCBBL 706R 5′-GTC-
ACGTTGAGGTAGTGGCC-3′.

Results and discussion

Orientation of the Rubisco genes in M. capsulatus (Bath)
and neighbouring genes

Probing of the M. capsulatus (Bath) genome with a cbbL
fragment from Nitrosospira sp. NpAV demonstrated that
there was only one copy of cbbL in this methanotroph.
Probing the genome of M. capsulatus (Bath) with cbbM
from Rhodobacter sphaeroides indicated that M. capsula-
tus (Bath) did not contain a Form II Rubisco (Dewulf and
Murrell, unpublished observation). Initially, a 1.2-kb SalI
fragment was cloned to begin the sequencing of cbbL,
while a larger fragment containing the whole gene cluster
was isolated. The first clone, pNJB55, a 1.2-kb SalI frag-
ment, contained the majority of cbbL (Fig.1). This en-
abled PCR primers to be designed to amplify a discrete
DNA fragment of cbbL from M. capsulatus (Bath) to use
as a probe to locate the whole Rubisco gene cluster in M.
capsulatus. Plasmid pNJB54, which contained an EcoRI
fragment of 8,392 bp, was the second cbbL-containing
clone identified.

There were seven ORFs on pNJB54 (Fig.1), three of
which encoded the Rubisco genes cbbL (1,422 bp), cbbS
(357 bp) and cbbQ (801 bp) and which were transcribed

in the same direction. A moxR-like ORF (Brune 1995;
Pattaragulwanit et al. 1998) of 1,044 bp was located 964
bp 5′ of cbbL and divergently transcribed from cbbL.
Transcribed in the same direction and 3′ of the moxR-like
gene was a 552-bp ORF with significant identity to pyrE,
which encodes an orotate phosphoribosyltransferase in-
volved in the synthesis of purines and pyridines (Neuhard
et al. 1985; MacGregor et al. 1996). An rnr-like ORF of
1,842 bp overlapped the pyrE-like ORF, but was tran-
scribed in the same direction as cbbL. rnr encodes an ex-
oribonuclease, Rnase R (Cheng et al. 1998), in E. coli
(Burland et al. 1995) and Vibrio cholerae (Heidelberg et
al. 2000). The seventh ORF of 927 bp was located 3′ of
cbbQ. It had no significant sequence similarity to any
known ORF and therefore was designated ORFX.

The –10 (Pribnow box) sequence TATAAT, which is
identical to that of E. coli (Pribnow 1975), was found at
–153 bp from the cbbL start codon. A similar distance of
153 bp from the Pribnow box to the start codon of cbbL
was observed in the symbiotic bacterium of Alvinoconcha
hessleri (Stein et al. 1990). Fourteen bp upstream of this
typical Pribnow box consensus sequence was a potential
–35 sequence of GTAGCA. This deviates from the –35
sequence from E. coli (Harley and Reynolds 1987), which
is not uncommon in gram-negative bacteria (Raibaud and
Schwartz 1984). The GC content of the genes cbbL, cbbS
and cbbQ of M. capsulatus (Bath) ranged from 61.3 to
66.1 mol %, and there was a bias towards G or C in the
third codon position, which was consistent with codon us-
age patterns observed in methanotrophs (Murrell 1992).

cbbL

The M. capsulatus (Bath) cbbL ORF of 1,422 bp was ini-
tiated at bp 4,466 in pNJB54. A ribosome-binding site,
AGGAGA, was located 5 bp 5′ of cbbL. The predicted
polypeptide sequence of 474 amino acids had a theoretical
molecular mass of 52,934 Da, which was larger than the
48 kDa observed by Taylor et al. (1980) using SDS-
PAGE. The sequence of cbbL from M. capsulatus (Bath)
was 87% identical to that of cbbL from the symbiotic bac-
terium of Alvinoconcha hessleri (Stein et al. 1990),
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Fig.1 The Rubisco gene clus-
ter from Methylococcus capsu-
latus (Bath) contained cbbL,
cbbS and cbbQ. A moxR-like
gene was located upstream (5′)
of cbbL together with a pyrE-
like and rnr-like ORFs. An
unidentified and incomplete
ORFX was located down-
stream (3′) of the gene cluster 



Thiobacillus denitrificans (Hernandez et al. 1996), Allo-
chromatium vinosum (Viale et al. 1989; Kobayashi et al.
1991) and Hydrogenophaga pseudoflava (Y.M. Kim and
S.N. Lee, direct sequence submission to GenBank; acces-
sion number U55037). The sequence of CbbL from
M. capsulatus (Bath) was 81% identical (86% similar) to
that of the CbbL from the symbiotic bacterium of Alvino-
concha hessleri (Stein et al. 1990), T. denitrificans (Her-
nandez et al. 1996), Allochromatium vinosum (Viale et
al.1989; Kobayashi et al. 1991) and Acidithiobacillus fer-
rooxidans (formerly Thiobacillus ferrooxidans) (Pulgar et
al. 1991).

Within CbbL from M. capsulatus (Bath) there were
conserved residues (glutamate residue 53 and lysine
residues 168 and 170) that are involved in catalysis
(Hwang and Tabita 1991; Tabita 1988; Miziorko and

Lorimer 1983). An alignment of CbbL sequences most
closely related to CbbL from M. capsulatus (Bath) is
shown in Fig.2. Although CbbL from M. capsulatus
(Bath) is most similar to CbbL from the sulfur-oxidising
bacteria T. denitrificans and A. ferrooxidans, the symbi-
otic bacterium of Alvinoconcha hessleri and A. vinosum,
the alignment highlights that CbbL from M. capsulatus
(Bath) is distinct from this group. Within the alignment
there are 15 amino acid residues, at positions 86, 125,
135, 262, 279, 294, 299, 307, 310, 360, 363, 384, 385,
393 and 473, which are conserved among the four sulfur-
oxidising bacteria but which are not conserved in M. cap-
sulatus (Bath). However, of the 15 residues, only three of
the changes in M. capsulatus (Bath), occurring at posi-
tions 299, 307 and 393, were to functionally dissimilar
amino acids. The significance of these changes, if any, re-
mains to be determined.

cbbS

The intergenic region between cbbL and cbbS was 26 bp.
cbbS (357 bp) was initiated at position 5,913 of pNJB54.
A potential ribosome-binding site, AGGA, was located at
–13 bp from the ATG start codon. CbbS (119 amino acids)
had a theoretical molecular mass of 13,702 Da, which was
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Fig.2 Alignment of CbbL from M. capsulatus (Bath), symbiotic
bacterium of Alvinoconcha hessleri (Stein et al. 1990), Thiobacil-
lus denitrificans (Hernandez et al. 1996), Allochromatium vinosum
(Viale et al. 1989; Kobayashi et al. 1991) and Acidithiobacillus
ferrooxidans (Pulgar et al. 1991). The amino acid residues which
are thought to be important in catalysis (–) and enzyme structure
(#) are indicated (Hwang and Tabita 1991; Pulgar et al. 1991). The
conserved glutamate residue at position 53 and the conserved ly-
sine residues at positions 168 and 170 are highlighted



slightly lower than the 14.5 kDa observed by Taylor et al.
(1980) using SDS-PAGE. The nucleotide sequences of
cbbS are not as conserved across genera as those of cbbL,
particularly at the 5′ and 3′ ends. However, cbbS from
M. capsulatus (Bath) was 87% identical to cbbS from the
symbiotic bacterium of Alvinoconcha hessleri (Stein et al.
1990) over 211 bp, 89% identical to cbbS from A. vino-
sum (Viale et al. 1989; Kobayashi et al. 1991) over 175 bp
and 81% identical to cbbS from T. denitrificans (Hernan-
dez et al. 1996) over 290 bp. The predicted amino acid se-
quence of cbbS from M. capsulatus (Bath) was 81% iden-
tical (92% similar) to CbbS from the symbiotic bacterium
of Alvinoconcha hessleri (Stein et al. 1990); 78% identi-
cal (89% similar) to CbbS from A. vinosum (Viale et al.
1989; Kobayashi et al. 1991); 78% identical (86% simi-
lar) to CbbS from T. denitrificans (Henandez et al. 1996)
and 71% identical (86% similar) to CbbS from A. ferrooxi-
dans (Pulgar et al. 1991).

As with CbbL, there were amino acids normally con-
served within the sulfur-oxidising bacteria that were dif-
ferent in CbbS from M. capsulatus (Bath), but both
changes were for functionally similar amino acids (Fig.3).
The small subunit of Rubisco is not directly involved in
catalysis, but is important in the structure of the enzyme
(Tabita 1988). Within the sequence of CbbS, there are
conserved residues (Fig.3) involved in enzyme structure
formation (putative holoenzyme-binding sites), residues
19–28, 61–70 and 94–99 (Pulgar et al. 1991).

cbbQ

cbbQ encodes a polypeptide with a role in the post-trans-
lational activation of Rubisco (Hayashi et al. 1997, 1999).
There was no physiological or biochemical evidence for
the existence of cbbQ within the genome of M. capsulatus
(Bath). However, when the DNA sequence adjacent to
cbbS was determined, a cbbQ-like ORF was located 118
bp 3′ of cbbS in M. capsulatus (Bath). The ORF for cbbQ
(801 bp) had a potential ribosome-binding site, AGGAG,

situated at –8 bp from the ATG start codon. The derived
266-amino-acid sequence had a theoretical molecular
mass of 29,748 Da. cbbQ from M. capsulatus (Bath) was
82% identical to cbbQ from Rhodobacter capsulatus over
467 bp (Paoli et al. 1998), and 81% identical to the p30
gene from A. ferrooxidans over 342 bp (N.S. Guiliani et
al., direct sequence submission to Genbank; accession
number AJ1333725). p30 encodes a protein over-ex-
pressed by A. ferrooxidans when it is grown on iron which
has 76% identity (86% similarity) to CbbQ from H. ther-
moluteolus (Yokoyama et al. 1995). Unexpectedly, cbbQ
from M. capsulatus (Bath) also had 82% identity to the
cbbR associated with the Form II Rubisco from Thiobacil-
lus intermedius K12 over 330 bp (Shively and Soyer
1998). The number of database sequences available for
cbbQ is limited, which may explain the relatively poor se-
quence similarity observed. The predicted amino acid se-
quence of CbbQ from M. capsulatus (Bath) was 78%
identical (88% similar) to the sequence of CbbQ from
Acidithiobacillus ferrooxidans (AF307091), 73% identi-
cal (82% similar) to CbbQ from H. thermoluteolus (Yoko-
yama et al. 1995) and 55% identical (69% similar) to
NirQ from Pseudomonas aeruginosa (Arai et al. 1994).

cbbO

A fifth gene of the Rubisco gene cluster, cbbO, was pre-
dicted to be located downstream of cbbQ. In N. europaea,
cbbO (http://spider.jgi-psf.org/JGI_microbial/html/nitro-
somonas/nitro_homepage.html) was located 52 bp down-
stream of cbbQ. Also, 3′ of cbbQ on pNJB54 there were
another 1,205 bp before the end of the M. capsulatus
(Bath) DNA fragment. Within this sequence, no cbbO-
like ORFs could be identified. However, probing the
M. capsulatus (Bath) genome with cbbO from N. euro-
paea revealed that a cbbO homologue was located on a
separate EcoRI fragment of approximately 3.0 kb (data
not shown).

moxR-like gene

An ORF of 1,044 bp, encoding a polypeptide of predicted
molecular mass 38,448 Da, was located 959 bp 5′ from
cbbL and divergently transcribed from cbbL. The se-
quence of this ORF had 80% identity (over 302 bp) with a
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Fig.3 Alignment of CbbS from M. capsulatus (Bath), symbiotic
bacterium of Alvinoconcha hessleri (Stein et al. 1990), T. denitri-
ficans (Hernandez et al. 1996), A. vinosum (Viale et al. 1989;
Kobayashi et al. 1991) and A. ferrooxidans (Pulgar et al. 1991).
Amino acid residues important in enzyme assembly (Pulgar et al.
1990) are indicated (#)



moxR homologue from A. vinosum (Brune 1995; Pattaragul-
wanit et al. 1998). The predicted polypeptide sequence
of this ORF had 33% similarity with MoxR from Para-
coccus denitrificans (van Spanning et al. 1991) and 31%
identity (50% similarity) with MoxR from Methylobac-
terium extorquens (Amaratunga et al. 1997), both meth-
ylotrophs. moxR is a gene involved in regulating formation
of active methanol dehydrogenase (van Spanning et al.
1991). The moxR-like ORF in M. capsulatus had no se-
quence similarity with any known cbbR gene, although
the direction of transcription and the location of this gene
5′ of cbbL in M. capsulatus (Bath) is consistent with other
known cbbR genes. However, the sequence length is
longer and it is located further upstream (5′) of cbbL than
any known cbbR gene. Whether the moxR-like gene is in-
volved in the regulation of Rubisco expression in M. cap-
sulatus (Bath) is an interesting question that warrants fur-
ther investigation.

Neighbouring genes

Of the remaining three ORFs, two were located 5′ of cbbL
and the third was observed 3′ of cbbQ. An ORF of 552 bp,
which was transcribed divergently from cbbL, began at
nucleotide 2,440 of pNJB54. This ORF encoded a
polypeptide with 64% identity (78% similarity) to PyrE
from P. aeruginosa (MacGregor et al. 1996) and 61%
identity (77% similarity) to PyrE from Salmonella typhi-
murium (Neuhard et al. 1985). A second ORF of 1,842 bp,
also 5′ of cbbL but transcribed in the same direction as
cbbL, began at position 184 and overlapped the pyrE-like
ORF by 136 bp. The derived polypeptide sequence was
55% identical (72% similar) to the rnr gene product from
E. coli (Burland et al. 1995) and 56% identical (71% sim-
ilar) to the rnr gene product from V. cholerae (Heidelburg
et al. 2000). Initial evidence suggested that rnr, originally
designated vacB, had a regulatory function in the viru-
lence of Shigella flexneri (Tobe et al. 1992), but it is now
believed to encode an exoribonuclease, RNase R (Cheng
et al. 1998). In a Burkholderia strain, it was suggested that
rnr was involved, together with other genes, in the estab-
lishment of a symbiotic relationship with the fungus
Gigaspora margarita (Riuz-Lozano and Bonfante 2000).
In both Burkholderia (Ruiz-Lozano and Bonfante 2000)
and E. coli (Cheng et al. 1998) a rRNA/tRNA methyl-
transferase gene, yifH, was located 3′ of rnr and was
thought to comprise part of a gene cluster. No yifH-like
ORF was found on pNJB54. Methanotroph-like bacteria
have been reported to be involved in a symbiotic relation-
ship with deep-sea bivalves (Cavanaugh et al. 1987, 1992;
Distel et al. 1995). The rnr-like gene could therefore be
involved in establishing such methanotrophs in a symbi-
otic relationship. An incomplete ORF, designated ORFX,
whose derived amino acid sequence shared 44% similar-
ity with a putative secreted cellulase from Streptomyces
coelicolor (Redenbach et al. 1996) was located 278 nu-
cleotides 3′ from cbbQ.

Phylogenetic analysis of cbbL
from Methylococcus capsulatus (Bath)

The phylogenetic position of cbbL from M. capsulatus
(Bath) was determined using a broad collection of bacter-
ial reference sequences (Fig.4). Delwiche and Palmer
(1996) divided the Form I Rubisco into two major types,
green-type (clade A and B in Fig.4) and red-type (clade C
and D in Fig.4). M. capsulatus (Bath) cbbL is located
within clade A (97% bootstrap support) which contains
cbbL from several α- β- and γ-Proteobacteria and also a
cyanobacterium. The position of M. capsulatus (Bath)
cbbL within this clade, however, is not well resolved, be-
cause bootstrap support for relationships within clade A is
generally low, but the phylogeny of cbbL does appear to
be incongruent with relationships for the Proteobacteria
inferred from other genes (Delwiche and Palmer 1996;
Watson and Tabita 1997; Tabita 1999). To explain the in-
congruence, it has been suggested that cbbL genes have
undergone both horizontal gene transfer and gene duplica-
tion with incomplete sampling of paralogues (Delwiche
and Palmer 1996). This, together with the lack of resolu-
tion of the position of M. capsulatus sequence in our phy-
logenetic analyses, makes it difficult to infer the exact ori-
gin of M. capsulatus (Bath) cbbL within clade A.

Expression of cbbL
from Methylococcus capsulatus (Bath)

Although M. capsulatus (Bath) contains a complete clus-
ter of Rubisco genes and the expressed enzyme had been
purified (Taylor 1977; Taylor et al. 1980) attempts to
grow M. capsulatus (Bath) autotrophically in liquid cul-
ture were unsuccessful (Taylor et al. 1981; Stanley and
Dalton 1982). M. capsulatus (Bath) only grows on meth-
ane or methanol and is primarily grown on methane since
methanol is toxic, even at low concentrations. M. capsu-
latus (Bath) possesses two methane monooxygenases
which catalyse the first step in the oxidation of methane.
The particulate methane monooxygenase (pMMO) is ex-
pressed under copper-replete growth conditions, whereas
the soluble methane monooxygenase (sMMO) is ex-
pressed under copper-limited growth (reviewed by Mur-
rell et al. 2000). This raised the question: is cbbL ex-
pressed by M. capsulatus (Bath) under both growth con-
ditions? RT-PCR of RNA extracted from M. capsulatus
(Bath) expressing both pMMO and sMMO, using primers
specific for cbbL from M. capsulatus (Bath), showed that
cbbL was expressed under both growth conditions (data
not shown).

cbbL in methanotrophs 
other than Methylococcus capsulatus (Bath)

Two sets of PCR primers, yielding a 0.5-kb or 1.0-kb PCR
product, were designed to amplify cbbL from M. capsula-
tus (Bath). These PCR primers were applied to other
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methanotrophs to detect cbbL. cbbL was amplified from
DNA from all M. capsulatus strains (M, Texas and Ab-
erdeen), M. capsulatus-like isolates WFM and F1-Diko
(DNA kindly donated by Dr. C. Miguez, Biotechnology
Research Institute, National Research Council, Montreal)
and Methylocaldum szegediense OR2 (Table 1). The se-
quences of cbbL from the other M. capsulatus strains
were 97.4–98.9% identical to cbbL of M. capsulatus
(Bath). The derived amino acid sequences of M. capsula-
tus (M) and M. capsulatus (Texas) were identical to CbbL
from M. capsulatus (Bath) while M. capsulatus (Aber-
deen) varied by one amino acid (Table 1). Interestingly
the 1.0-kb cbbL PCR primers failed to amplify a product
from M. capsulatus (Aberdeen) while the 0.5-kb primer
set was successful. cbbL from M. szegediense OR2 was
84.4% identical to cbbL from M. capsulatus (Bath), and
the derived amino acid sequence of CbbL from M. szege-
diense OR2 had 94.1% identity (97.6% similarity) to
CbbL from M. capsulatus (Bath) (Table 1). A 1.0-kb PCR
fragment of cbbL was amplified from Methylocaldum
tepidum LK6 and partial sequencing also confirmed that

the fragment was cbbL. Attempts to amplify cbbL from
Methylomonas rubra, Methylomonas methanica S1,
Methylomicrobium album BG8, Methylosinus trichospo-
rium OB3b and Methylocystis parvus OBBP were unsuc-
cessful.

Southern blots containing DNA from all methano-
trophs that were negative for the PCR amplification of
cbbL were probed with cbbL. M. methanica S1 and
M. rubra appeared to contain a cbbL homologue, and sev-
eral unsuccessful attempts were made to clone these.
Probing the genome of M. album BG8, M. trichosporium
OB3b and M. parvus OBBP with a methanotroph cbbL
gene probe failed to locate any cbbL homologues, sug-
gesting that they lacked Rubisco. In previous studies (J.C.
Murrell and P. DeWulf, unpublished data), a Form II Ru-
bisco gene probe (cbbM) was used to probe the chromo-
some of all methanotrophs used in this study, but no cbbM
homologues were detected.
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Fig.4 Phylogenetic position of
M. capsulatus (Bath) cbbL.
The new nucleotide sequence
was aligned to a collection of
bacterial cbbL reference se-
quences using the protein
alignment (459 unambiguously
aligned residues) as a guide
and its phylogenetic position
inferred from codon positions
1 and 2 (918 positions). The
tree shown is the majority con-
sensus tree calculated from
1,000 bootstrap replicates of
LogDet-minimum evolution
analyses with 41.77% of sites
estimated as invariant for the
calculation of pairwise dis-
tances.  The branch lengths of
the consensus tree were esti-
mated with the distance set-
tings used for the bootstrap
analysis. Bootstrap support
values (%) are shown above
the branches. The tree was
rooted on the clade C and D
according to the analysis of
Delwiche and Palmer (1996).
Proteobacterial and cyanobac-
terial taxonomic clades are in-
dicated on the right (based on
16S rRNA analyses). Bar 10%
estimated sequence divergence

Table 1 Comparison of the
large subunit of Rubisco,
CbbL, from methanotrophs
with the large subunit of
Rubisco, CbbL, of Methylo-
coccus capsulatus (Bath)

Methanotroph Number of Identity Number of Identity Similarity
nucleotides (%) amino acids (%) (%)

Methylococcus capsulatus (Aberdeen) 511 97.4 171 99.4 100
Methylococcus capsulatus (M) 620 98.9 206 100 100
Methylococcus capsulatus (Texas) 620 98.9 206 100 100
Methylococcus strain WFM 511 84.8 170 94.7 98.2
Methylococcus strain F1-Diko 511 98.6 171 98.2 99.4
Methylocaldum szegediense OR2 511 84.8 170 94.1 97.6



Autotrophic and chemoorganoautotrophic growth 
of methanotrophs

Attempts to grow M. capsulatus (Bath) autotrophically in
liquid medium were unsuccessful. Reproducible au-
totrophic growth of M. capsulatus (Bath) on H2 and CO2
was, however, achieved on solid medium although growth
was significantly slower than on methane. Colonies ap-
peared after 1 week of incubation, reaching a diameter of
0.5–1.0 mm after 3 weeks. Purity of cultures was con-
firmed by phase-contrast microscopy, growth on methane
and absence of growth on heterotrophic media (M. capsu-
latus does not grow on nutrient-rich media). No growth
was observed on plates with H2 alone or CO2 alone.
M. capsulatus (Bath) was also capable of chemoorgano-
autotrophic growth with formate and CO2. In the presence
of only formate as a growth substrate, M. capsulatus
(Bath) did not grow, suggesting that at high concentra-
tions, CO2 was used as carbon source with formate oxida-
tion providing the energy and reducing power for au-
totrophic growth. It is not clear why M. capsulatus grew
autotrophically only on plates and not in liquid culture.
Appropriate controls were included to ensure that the or-
ganism was not growing on agar plates by scavenging
trace amounts of carbon from the agar (otherwise they
would have still grown in the presence of hydrogen
alone). It is possible that some density-dependent phe-
nomenon is responsible for growth on plates or that the
trace organic compounds, undoubtedly present in the agar,
may be required to “prime” the autotrophic growth pro-
cess. The lack of growth on plates is not without prece-
dence in the methanotrophy literature. For example, ther-
mophilic methanotroph strain HB grows well on plates on
methane but cannot grow to appreciable optical densities
in liquid culture (Bodrossy et al. 1999). Conversely, some
marine methanotrophs grow well in liquid culture but are
very difficult to grow on all types of solid media including
agar, agarose and silica-gel plates (Lees et al. 1991).

An initial screen of representative methanotrophs indi-
cated that the capacity for autotrophic growth is not lim-
ited to M. capsulatus (Bath). M. tepidum LK6, M. tricho-
sporium OB3b and Methylocystis strain M (but not
M. methanica S1 or M. szegediense OR2) were capable of
autotrophic growth on plates when both H2 and CO2 were
used as growth substrates. The ability of M. trichosporium
OB3b and Methylocystis strain M to grow, albeit poorly,
on plates with H2 and CO2 was unexpected since no cbbL
or cbbM homologues were detected in these bacteria. The
failure of M. szegediense OR2 to grow autotrophically,
despite having a cbbL gene, may be due to inappropriate
growth conditions, or Rubisco may not be active in this
methanotroph.

An evolutionary link between methylotrophic and au-
totrophic metabolism has been proposed (Quayle and 
Ferenci 1978; Colby et al. 1979). The fact that M. capsu-
latus (Bath) possesses the ribulose monophosphate path-
way, Rubisco and some enzymes of the serine pathway
certainly warrants further investigation at the biochemical
and molecular levels. The exact role of Rubisco in M. cap-

sulatus (Bath) and other methanotrophs is still uncertain
and might be investigated by, for example, deleting cbbL
by marker-exchange mutagenesis to assess the phenotype
of such a mutant. Unfortunately, this may prove to be very
difficult due to the restricted physiology of methanotrophs
and associated problems with the lack of a good genetic
system for manipulation of these bacteria.

Acknowledgements We thank the Natural Environment Re-
search Council for their financial support through research grant
GR3/10485. L. Bodrossy’s work was financially supported by
OTKA (grant F029850), MKM (grant 0552/1999) and the Mag-
yary Zoltán Foundation. We also thank C. Miguez for the gift of
DNA from strains WFM and F1-Diko.

References

Amaratunga K, Goodwin PM, O’Connor CD, Anthony C (1997)
The methanol oxidation genes mxaFJGIR in Methylobacterium
extorquens. FEMS Microbiol Lett 146:31–38

Arai H, Igarashi Y, Kodama T (1994) Structure and ANR-depen-
dent transcription of the nir genes for denitrification from
Pseudomonas aeruginosa. Biosci Biotechnol Biochem 58:1286–
1291

Bodrossy L, Kovacs K, McDonald IR, Murrell JC (1999) A novel,
thermophilic methane-oxidising γ-Proteobacterium. FEMS Mi-
crobiol Lett 170:335–340

Burland V, Plunkett G 3rd, Sofia HJ, Daniels DL, Blattner FR
(1995) Analysis of the Escherichia coli genome VI: DNA se-
quence of the region from 92.8 through 100 minutes. Nucleic
Acid Res 23:2105–2119

Brune DC (1995) Isolation and characterization of sulfur globule
proteins from Chromatium vinosum and Thiocapsa roseoper-
sicina. Arch Microbiol 163:391–399

Cavanaugh CM, Levering PR, Maki JS, Mitchells R, Lidstrom ME
(1987) Symbiosis of methylotrophic bacteria and deep-sea
mussels. Nature 325:346–348

Cavanaugh CM, Wirsen CO, Hannasen HW (1992) Evidence for
methylotrophic symbiontsin hydrothermal vent mussel (Bi-
valvia: Mytilidae) from the mid Atlantic ridge. Appl Environ
Microbiol 58:3799–3803

Cheng Z-F, Zuo Y, Li Z, Rudd KE, Deutscher MP (1998) The
vacB gene required for virulence in Shigella flexneri and Esch-
erichia coli encodes the exoribonuclease Rnase R. J Biol Chem
273:14077–14080

Colby J, Dalton H, Whittenbury R (1979) Biological and bio-
chemical aspects of microbial growth on C1 compounds. Ann
Rev Microbiol 33, 481–517

Dalton H, Whittenbury R (1976) The acetylene reduction tech-
nique as an assay for the nitrogenase activity in the methane
oxidising bacterium Methylococcus capsulatus strain Bath.
Arch Microbiol 109:147–151

Delwiche CF, Palmer JD (1996) Rampant horizontal transfer and
duplication of Rubisco genes in eubacteria and plastids. Mol
Biol Evol 13:873–882

Distel DL, Lee HK-W, Cavanaugh CM (1995) Intracellular coex-
istence of methano- and thioautotrophic bacteria in a hy-
drothermal vent mussel. Proc Natl Acad Sci USA 92:9598–
9602

Feinberg AP, Vogelstein B (1983) A technique for radiolabelling
DNA restriction endonuclease fragments to high activity. Anal
Biochem 132:6–13

Gibson JL, Tabita FR (1993) Nucleotide sequence and functional
analysis of CbbR, a positive regulator of the Calvin cycle
operon of Rhodobacter sphaeroides. J Bacteriol 175:5778–
5784

Gish W, States DJ (1993) Identification of protein coding regions
by database similarity search. Nat Genet 3:266–272

287



Hanson RS, Hanson TE (1996) Methanotrophic bacteria. Micro-
biol Rev 60: 439–471

Harley CB, Reynolds RP (1987) Analysis of Escherichia coli pro-
moter sequence. Nucleic Acid Res 13:2343–2361

Hayashi NR, Arai H, Kodama T, Igarashi Y (1997) The novel
genes, cbbQ and cbbO, located downstream from the Rubisco
genes of Pseudomonas hydrogenothermophila, affect the con-
formational states and activity of Rubisco. Biochem Biophys
Res Comm 241:565–569

Hayashi NR, Arai H, Kodama T, Igarashi Y (1999) The cbbQ
genes, located downstream of the form I and form II Rubisco
genes, affect the activity of both Rubiscos. Biochem Biophys
Comm 265:177–183

Heidelberg JF, Eisen JA, Nelson WC, Clayton RA, Gwinn ML,
Dodson RJ, Haft DH, Hickey EK, Peterson JD, Umayam LA,
Gill SR, Nelson KE, Read TD, Tettelin H, Richardson D, Er-
molaeva MD, Vamathevan J, Bass S, Qin H, Dragoi I, Sellers
P, McDonald L, Utterback T, Fleishmann RD, Nierman WC,
White O, Salzberg SL, Smith HO, Colwell RR, Mekalanos JJ,
Venter JC, Fraser CM (2000) DNA Sequence of both chromo-
somes of the cholera pathogen Vibrio cholerae. Nature 406:
477–483

Hernandez JM, Baker SH, Lorbach SC, Shively JM, Tabita FR
(1996) Deduced amino acid sequence, functional expression,
and unique enzymatic properties of the form I and form II ribu-
lose bisphosphate carboxylase/oxygenase from the chemoau-
totrophic bacterium Thiobacillus denitrificans. J Bacteriol 178:
347–356

Hwang R-S, Tabita FR (1991) Cotranscription deduced primary
structure, and expression of chloroplast-encoded rbcL and rbcS
genes from marine diatoms. J Biol Chem 266:6271–6279

Jüngst A, Zumft WG (1992) Interdependence of respiratory NO
reduction and nitrite reduction revealed by mutagenesis of
nirQ, a novel gene in the denitrification gene cluster of
Pseudomonas stutzeri. FEBS Lett 314:308–314

Kobayashi H, Viale AM, Takabe T, Akazawa T, Wada K, Shi-
nozaki K, Kobayashi K, Sugiura M (1991) Sequence and ex-
pression of genes encoding the large and small subunits of
ribulose 1,5-bisphosphate carboxylase/oxygenase from Chro-
matium vinosum. Gene 97:55–62

Lake JA (1994) Reconstructing evolutionary trees from DNA and
protein sequences: paralinear distances. Proc Natl Acad Sci
USA 91:1455–1459

Lees V, Owens NJP, Murrell JC (1991) Nitrogen metabolism in
marine methanotrophs. Arch Microbiol 157:60–65

Lockhart PJ, Steel MA, Hendy MD, Penny D (1994) Recovering
evolutionary trees under a more realistic model of sequence
evolution. Mol Biol Evol 11:605–612

MacGregor CH, Arora SK, Hager PW, Dail MB, Phibbs PV Jr
(1996) The nucleotide sequence of the Pseudomonas aerugi-
nosa pyrE-crc-rph region and the purification of the crc gene
product. J Bacteriol 178:5627–5635

Meijer WG, Arnberg AC, Enequist HG, Twepstra P, Lidstrom
ME, Dijkhuizen L (1991) Identification and organization of
carbon dioxide fixation genes in Xanthobacter flavus H4–14.
Mol Gen Genet 225:320–330

Miziorki H, Lorimer GH (1983) Ribulose-1,5-bisphosphate car-
boxylase/oxygenase. Ann Rev Biochem 52:507–535

Murrell JC (1992) Genetics and molecular biology of methan-
otrophs. FEMS Microbiol Rev 88:233–248

Murrell JC, McDonald IR, Gilbert B (2000) Regulation of methane
monooxygenase genes by copper ions. Trends Microbiol 8:
221–225

Neuhard J, Stauning E, Kelln RA (1985) Cloning and characteri-
zation of the pyrE gene and of PyrE::Mud1 (Ap lac) fusions
from Salmonella typhimurium. Eur J Biochem 146:597–603

Nielsen AK, Gerdes K, Degn H, Murrell JC (1996) Regulation of
bacterial methane oxidation: transcription of the soluble
methane monooxygenase operon of Methylococcus capsulatus
(Bath) is repressed by copper ions. Microbiology UK 142:
1289–1296

Oakley CJ, Murrell JC (1988) nifH genes in the obligate methane
oxidising bacteria. FEMS Microbiol Letters. 49:53–57

Paoli GC, Soyer F, Shively J, Tabita FR (1998) Rhodobacter cap-
sulatus genes encoding form I ribulose-1,5-bisphosphate car-
boxylase/oxygenase (cbbLS) and neighbouring genes were ac-
quired by a horizontal gene transfer. Microbiology UK 144:
219–227

Pattaragulwanit K, Brune DC, Trüper HG, Dahl C (1998) Molecu-
lar genetic evidence for extracytoplasmic localization of sulfur
globules in Chromatium vinosum. Arch Microbiol 169:434–
444

Pribnow D (1975) Nucleotide sequence of an RNA polymerase
binding site at an early T7 promotor. Proc Natl Acad Sci USA
72:784–788

Pulgar V, Gaete L, Allende J, Orellana O, Jordana X, Jedlicki E
(1991) Isolation and nucleotide sequence of the Thiobacillus
ferrooxidans genes for the small and large subunits of ribulose
1,5-bisphosphate carboxylase/oxygenase. FEBS Lett 292:85–
89

Quayle JR, Ferenci,T (1978) Evolutionary aspects of autotrophy.
Microbiol Rev 42:251–273

Railbaud O, Schwartz M (1984) Positive control of transcription
initiation in bacteria. Gen Rev Genet 18:173–200

Redenbach M, Kieser HM, Denapaite D, Eichner A, Cullum J, Ki-
nashi H, Hopwood DA (1996) A set of ordered cosmids and a
detailed genetic and physical map for the 8 Mb Streptomyces
coelicolor A3(2) chromosome. Mol Microbiol 21:77–96

Ruiz-Lozano JM, Bonfante P (2000) A Burkholderia strain living
inside the arbuscular mycorrhizal fungus Gigaspora margarita
possesses the vacB gene, which is involved in host cell colo-
nization by bacteria. Microbiol Ecol 39:137–144

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

Saunders SE, Burke JF (1990). Rapid isolation of miniprep DNA
for double stranded sequencing. Nucleic Acid Res 18:4948

Shively JM (1999a) The carboxysome operon of Thiobacillus fer-
rooxidans ATCC 23270. Direct sequence submission to Gen-
bank. Accession number AF129925

Shively JM (1999b) A Form II Rubisco gene and associated genes
in Thiobacillus neapolitanus. Direct sequence submission to
Genbank. Accession number AF046932

Shively JM, Soyer F (1998) A Form II RuBisCO Gene and associ-
ated genes in Thiobacillus intermedius. Direct sequence sub-
mission to Genbank. Accession number AF012127

Shively JM, van Keulen G, Meijer WG (1998) Something from al-
most nothing: carbon dioxide fixation in chemoautotrophs.
Annu Rev Microbiol 52:191–230

Stanley SH, Dalton H (1982) Role of ribulose-1,5-bisphosphate
carboxylase/oxygenase in Methylococcus capsulatus (Bath). 
J Gen Microbiol 128:2927–2935

Stein JL, Haygood M, Felbeck H (1990) Nucleotide sequence and
expression of a deep-sea ribulose-1,5- bisphosphate carboxyl-
ase gene cloned from a chemoautotrophic bacterial endosym-
biont. Proc Natl Acad Sci USA 87:8850–8854

Swofford DL (2000) PAUP*. Phylogenetic analysis using parsi-
mony (*and other methods). Version 4. Sinauer Associates,
Sunderland, Massachusetts

Tabita FR (1988) Molecular and cellular regulation of autotrophic
carbon dioxide fixation in microorganisms. Microbiol Rev 52:
155–189

Tabita FR (1999) Microbial ribulose 1,5-bisphosphate carboxyl-
ase/oxygenase: a different perspective. Photosynth Res 60:1–
28

Taylor S (1977) Evidence for the presence of ribulose 1,5-bispho-
sphate carboxylase and phosphoribulokinase in Methylococcus
capsulatus (Bath). FEMS Microbiol Lett 2:305–307

Taylor SC, Dalton H, Dow CS (1980) Purification and initial char-
acterization of ribulose 1,5-bisphosphate carboxylase from
Methylococcus capsulatus (Bath). FEMS Microbiol Lett 8:
157–160

288



Taylor SC, Dalton H, Dow CS (1981) Ribulose-1,5-bisphosphate
carboxylase/oxygenase and carbon assimilation in Methylococ-
cus capsulatus (Bath). J Gen Microbiol 122:89–94

Tobe T, Sasakawa C, Okada N, Honma Y, Yoshikawa M (1992)
vacB, a novel chromosomal gene required for expression of
virulence genes on the large plasmid of Shigella flexneri. 
J Bacteriol 174:6359–6367

Van den Bergh ERE, Dijkhuizen L, Meijer WG (1993) CbbR, a
LysR-type transcriptional activator, is required for expression
of the autotrophic CO2 fixation enzymes of Xanthobacter
flavus. J Bacteriol 175:6097–6104

Van Spanning RJ, Wansell CW, De Boer T, Hazelaar MJ,
Anazawa H, Harms N, Oltmann LF, Stouthamer AH (1991)
Isolation and characterization of the moxJ, moxG, moxI, and
moxR genes of Paracoccus denitrificans: inactivation of moxJ,
moxG, and moxR and the resultant effect on methylotrophic
growth. J Bacteriol 173:6948–6961

Viale AM, Kobayashi H, Akazawa T (1989) Expressed genes for
plant-type ribulose 1,5-bisphosphate carboxylase/oxygenase in
the photosynthetic bacterium Chromatium vinosum, which pos-
sesses two complete sets of the genes J Bacteriol 171:2391–
2400

Viale AM, Koybashi H, Akazawa T (1991) rbcR, a gene coding
for a member of the LysR family of transcriptional regulators,
is located upstream of the expressed set of ribulose-1,5-bisphos-
phate carboxylase/oxygenase genes in the photosynthetic bac-
terium Chromatium vinosum. J Bacteriol 173:5224–5229

Watson GMF, Tabita FR (1997) Microbial ribulose 1,5-bisphos-
phate carboxylase/oxygenase: a molecule for phylogenetic and
enzymological investigation. FEMS Microbiol Lett 146:13–22

Windhövel U, Bowien B (1991) Identification of cfxR, an activator
gene of autotrophic CO2 fixation in Alcaligenes eutrophus. Mol
Microbiol 5:2695–2705

Yokoyama K, Hayashi NR, Arai H, Chung SY, Igarashi Y, Ko-
dama T (1995) Genes encoding Rubisco in Pseudomonas hy-
drogenothermophila are followed by a novel cbbQ gene simi-
lar to nirQ of the denitrification gene cluster from Pseudo-
monas species. Gene 153:75–79

289


