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Abstract We studied the diversity of all forms of the
RuBisCO large subunit-encoding gene cbbL in three
RuBisCO uncharacterized hydrothermal vent commu-
nities. This diversity included the archaeal cbbL and the
forms IC and ID, which have not previously been
studied in the deep-sea environment, in addition to the
forms IA, IB and II. Vent plume sites were Fryer and
Pika in the Mariana arc and the Suiyo Seamount, Izu-
Bonin, Japan. The cbbL forms were PCR amplified from
plume bulk microbial DNA and then cloned and se-
quenced. Archaeal cbbL was detected in the Mariana
samples only. Both forms IA and II were amplified from
all samples, while the form IC was amplified only from
the Pika and Suiyo samples. Only the Suiyo sample
showed amplification of the form ID. The form IB was
not recorded in any sample. Based on rarefaction anal-
ysis, nucleotide diversity and average pairwise difference,
the archaeal cbbL was the most diverse form in Mariana
samples, while the bacterial form IA was the most di-
verse form in the Suiyo sample. Also, the Pika sample
harbored the highest diversity of cbbL phylogenetic
lineages. Based on pairwise reciprocal library compari-
sons, the Fryer and Pika archaeal cbbL libraries showed
the most significant difference, while Pika and Suiyo

showed the highest similarity for forms IA and II li-
braries. This suggested that the Fryer supported the
most divergent sequences. All archaeal cbbL sequences
formed unique phylogenetic lineages within the branches
of anaerobic thermophilic archaea of the genera Pyro-
coccus, Archaeoglobus, and Methanococcus. The other
cbbL forms formed novel phylogenetic clusters distinct
from any recorded previously in other deep-sea habitats.
This is the first evidence for the diversity of archaeal
cbbL in environmental samples.

Keywords Deep-sea hydrothermal vents Æ RuBisCO
cbbL Æ Archaea Æ Bacteria Æ Eukarya Æ Statistical
analyses Æ Phylogenetic analyses

Introduction

The discovery of deep-sea hydrothermal vents 28 years
ago opened a window to largely diverse and hitherto
unknown autotrophic microbial communities. Most
microbial communities that have the ability to fix inor-
ganic carbon dioxide possess the key Calvin-Benson
cycle enzyme ribulose-1,5-bisphosphate carboxylase/
oxygenase (RuBisCO, EC 4.1.1.39). Recent research
has detected RuBisCO in some archaeal and bacterial
species that have never been reported to posses the
Calvin cycle (Eisen et al. 2002; Finn and Tabita 2003).

The main constituent of the RuBisCO enzyme is the
large subunit encoded by the gene cbbL (Kusian and
Bowien 1997). Diversity in cbbL has been used to clas-
sify RuBisCO into different forms, from forms I and II
identified earlier to the more recently identified archaeal
RuBisCO (referred as form III) and form IV (RuBisCO-
like cbbL protein) (Ashida et al. 2003). The completion
of several genome projects has offered indications that
euryarchaea contain putative RuBisCOs, which are
distinguished from the aforementioned form I and II
enzymes. The RuBisCO homologues have been detected
in the genomes of Methanocaldococcus jannaschii and
Archaeoglobus fulgidus (Bult et al. 1996; Klenk et al.
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1997). Both archaeal species are clearly different from
typical organisms known to fix carbon dioxide through
the Calvin cycle. In addition to these organisms, some
thermophilic archaea of the genus Pyrococcus, renamed
Thermococcus (Ezaki et al. 1999), contain form III
enzyme (Kitano et al. 2001).

The existence of RuBisCO proteins in archaea is not
limited to thermophiles. The complete genomes of
Methanosarcina acetivorans (Galagan et al. 2002),
M. mazei (Deppenmeier et al. 2002), and M. barkeri,
mesophilic heterotrophic methanogens, have also been
found to contain RuBisCO genes. Most archaeal Ru-
BisCOs are closer to those of form II than form I
(Watson et al. 1999). As an exception, RuBisCO activity
(not genes) was detected in the extreme halophilic ar-
chaeon Haloferax mediterranei, and found to resemble
the form I protein found in higher plants (Rajagopalan
and Altekar 1994). The diversity and role of RuBisCO in
archaea are still unclear. Recently, RuBisCO was dis-
covered in the autotroph Chlorobaculum tepidum, which
uses the reverse tricarboxylic acid (rTCA) cycle as an
alternative CO2 fixation pathway (Li et al. 2005). Al-
though some species of deep-sea autotrophic Epsilon-
proteobacteria that use rTCA lack RuBisCO genes
(Campbell and Cary 2004; Takai et al. 2005), the exis-
tence of RuBisCO in Epsilonproteobacteria is still
undergoing concept. The occurrence of RuBisCO genes
in these archaea and bacteria that lack the Calvin cycle
may indicate that these microorganisms either harbor
other autotrophic pathways or have an ancestral auto-
trophic character, which exists in the form of RuBisCO
genes. These new findings of cbbL genes suggested the
lateral gene transfer of cbbL among archaea, bacteria
and eukarya (Delwiche and Palmer 1996) and opened
the possibility of studying the composition of cbbL gene
variants in a wide range of organisms.

RuBisCO form I has been classified into four types,
IA–ID, based on the inferred amino acid homology of
the cbbL genes (Watson and Tabita 1997). Forms IA
and IC occur primarily in Proteobacteria. Forms IB and
ID occur predominately in cyanobacteria and eukarya
chloroplasts (Tabita 1999). Form II is widespread in
some anoxygenic Alphaproteobacteria and species of
thiobacilli, which also have the ability to possess form
IA (English et al. 1992).

All previous studies on the diversity of cbbL from
deep-sea environments focused only on the bacterial
forms IA/IB and II. Form IA was recorded in free-living
hydrothermal vent Proteobacteria (Elsaied and Naga-
numa 2001; Elsaied et al. 2002b; Campbell and Cary
2004) and in the symbionts of several deep-sea hydro-
thermal vent mollusks and some Pogonophora species
(Stein et al. 1990; Kimura et al. 2003; Schwedock et al.
2004). Form IB has only been recovered from a vent
plume at a Mid-Okinawa Trough hydrothermal vent.
Form II has been recorded in free-living autotrophic
microbial communities at only two hydrothermal vent
sites (Elsaied and Naganuma 2001; Campbell and Cary
2004). On the other hand, form II was detected as the

predominant form in cold seeps, symbionts of tube-
worms and some deep-sea clams (Robinson et al. 1998;
Elsaied et al. 2002a). Generally, neither form IC nor ID
has been studied in deep-sea environments.

To conceptually map the diversity of cbbL gene in an
environmental sample, investigation of all known cbbL
forms is required. To our knowledge, the present study is
the first aimed at investigating the composition of Ru-
BisCO cbbL gene variants from archaea, bacteria and
eukarya living in deep-sea hydrothermal vents. We used
newly designed PCR primer sets to amplify archaeal
cbbL, and the cbbL forms IC and ID. Here, we report
the diversity of RuBisCO cbbL gene within and between
the samples using statistical analyses. Also, we draw the
first phylogenetic tree for archaeal cbbL, which recov-
ered from environmental samples.

Materials and methods

Sample collection and preparation for DNA analysis

The vent plumes were collected from three western arc
distinct hydrothermal vent sites. Fryer (12�57.7114¢ N;
143�38.0839¢ E) and Pika (12�55.1433¢ N; 143�38.9283¢
E) sites are located at the Mariana arc and represent old
and newly discovered spreading areas, respectively
(Utsumi et al. 2004). The hydrothermal vents at Fryer
and Pika are characterized as white and black smokers,
respectively (Utsumi et al. 2004). The third site is located
at the Suiyo Seamount, a submarine black smoker vol-
cano found in the Izo-Bonin arc (28�.5666667¢ N;
140�.65¢ E), Japan (Sunamura et al. 2004). The samples
were collected through two Japanese Archaean Park
project cruises, one with the manned submersible Shin-
kai 6500, dives 793 (Fryer site) and 797 (Pika site), and
the second with Shinkai 2000, dive 1,233 to the Suiyo
Seamount. At each site, approximately 1,000 ml of hot
plume was collected a few centimetres distant to the
eruptive vent and filtered on a single cylindrical 0.2 lm
filter membrane unit (type Sterivex-GS, Millipore Corp.,
USA). Filters were washed with 10 ml sterile SET buffer
(20% sucrose, 50 mM EDTA, 50 mM Tris–HCl, pH
7.6). The inlet and outlet of the filters were capped, and
the filters were stored at �30�C until processed.

DNA extraction and PCR amplification of the cbbL

Bulk microbial DNA was extracted essentially within
the Sterivex-GS filter housing according to Elsaied and
Naganuma (2001). New PCR primer sets were designed
to amplify the archaeal, IC and ID cbbLs (Table 1). The
archaeal cbbL primers were designed from multiple
alignments of cbbL sequences recorded through whole
genome sequences of M. jannaschii (U67564), M. ace-
tivorans (AE011176), M. mazei (AE013355), A. fulgidus
(AE000989), Thermococcus kodakaraensis (AB018555),
Pyrococcus furiosus (AE010224), Pyrococcus horikoshii
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(BA000001), and Pyrococcus abyssi (AJ248286). The
primers Arch-375f and Arch-891r represented the se-
quence positions from 354 to 375 and from 865 to 891,
respectively, of the cbbL open reading frame of Syn-
echococcus PCC 6301 (Shinozaki et al. 1983). The PCR
mixture composition was according to a previous study
(Elsaied and Naganuma 2001). PCR was performed
with an initial denaturation step of 3 min at 95�C. The
reaction was continued with 30 cycles of 1 min at 95�C,
2 min at 46�C, and 3 min at 72�C, with a final extension
of 10 min at 72�C.

The primer set IC-537f/IC-1212r (Table 1) was de-
signed from multiple alignment of the cbbL form IC
sequences incorporated to date in the DNA databases
and related to the genera Alcaligenes, Nitrosospira,
Bradyrhizobium, Ralstonia, Xanthobacter, Rhodobacter
and several uncultured clones recovered from environ-
mental samples as reported by Nanba et al. (2004). The
ID-537f/ID-1212r primer set was constructed from
multiple alignment of cbbL form ID sequences incor-
porated to date in the DNA databases and belonged to
the genera Olisthodiscus, Trematocarpus, Pterocladiella
(Rhodophyta) and uncultured stramenopile clones (Paul
et al. 2000). Both primer sets IC-537f/IC-1212r and ID-
537f/ID-1212r corresponded to positions 511 to 537
(forward primer) and 1191 to 1212 (reverse primer) of
the cbbL gene of Synechococcus PCC 6301 (Table 1).
The PCR mixture and conditions for amplification of
the cbbL forms IC and ID were the same as those of
archaeal cbbL except that the annealing temperatures
for primers IC-537f/IC-1212r and ID-537f/ID-1212r
were 54 and 46�C, respectively. The primers and PCR
conditions used for amplification of form IA/IB and
form II were as described by Elsaied and Naganuma
(2001).

Construction of clone libraries and sequence analyses

The products of triplicate PCR reactions for each cbbL
amplification were combined and cloned into Escheri-
chia coli using a TOPO TA cloning kit according to the
manufacturer’s instructions (Invitrogen Life Technolo-
gies, Carlsbad, CA). White transformed clones that were
screened to contain the correct insert size were grown

overnight in Luria–Bertani broth prior to plasmid
extraction with a Qiagen plasmid purification kit (Qia-
gen, USA). Diversity of the inserts in the plasmids was
analyzed by direct sequencing using vector primer T7
and an ABI model 377 sequencer (Applied Biosystems,
Foster City, CA).

Clone sequences were introduced to FASTA to
determine their similarity to known cbbL sequences.
Sequences for which the cbbLmost closely matched were
submitted to Transeq (European Bioinformatics, http://
www.ebi.ac.uk/emboss/transeq/) to obtain the inferred
amino acid sequences. The correct reading frames were
determined from the presence of diagnostic motifs,
including forward and reverse primer sites. Inferred
amino acid sequences were aligned using Clustal
W software (DDBJ, http://www.ddbj.nig.ac.jp/search/
clustalw-e.html). Sequences that had 100% amino acid
identity within each library were grouped into an
Operational RuBisCO Unit (ORU) according to Elsaied
and Naganuma (2001). Also, nucleotide sequences of
the ORUs were aligned according to the amino acid
alignments.

The diversity of the ORUs was analyzed by several
methods. (1) Rarefaction analyses (Simberloff 1978)
were used to determine the total expected number of
ORUs in the samples as described by Hurlbert (1971).
Calculations were performed with the Analytic Rare-
faction freeware program (http://www.uga.edu/_strata/
software/Software.html). (2) Nucleotide diversity and
average pairwise differences between ORUs for each li-
brary were estimated using the freeware program Arle-
quin (Schneider et al. 2000). The two most similar ORUs
within a clone library differed in one amino acid. This
pairwise difference can be extended if the nucleotides are
used as a diversity tool. To extrapolate similarities or
differences within clone libraries constructed for each
RuBisCO form, we performed statistical analyses based
on ORU pairwise nucleotide differences. These biodi-
versity analyses were possible because the clone libraries
were created under almost identical conditions. For a
given set of aligned ORU sequences within a library,
nucleotide diversity is a measure of the probability that
two randomly chosen homologous nucleotides will
differ. Average pairwise difference is a measure of the
number of nucleotide differences observed when each

Table 1 Primers used for amplification of different forms of cbbL

Primer Target cbbL form Sequence Tested species or references

Arch-375f Archaea 5¢-GCH GGR AAY ATY TTY RGM ATG AAR-3¢ Methanocaldococcus jannaschii
Arch-891r 5¢- KGC NGM ATG CAT RSM NCK GTG GSC RTG-3¢
IAB-595f IA and IB 5¢-GAY TTM ACT AAR GAT GAY GA-3¢ Elsaied and Naganuma (2001)
IAB-1385r 5¢- TCG AAC TTG ATT TCT TTC CA-3¢
IC-537f IC 5¢-ACS AAG CCC AAG CTG GGC CTG TCG GGC-3¢ Wautersia eutropha
IC-1212r 5¢-GAT GGT GCC GCC GCC GAA CTG-3¢
ID-537f ID 5¢-GTA AAA CCT AAA TTA GGT YTA TCT GGT-3¢ Olisthodiscus luteus
ID-1212r 5¢-AAT AGT ACC ACC ACC AAA TTG -3¢
II-537f II 5¢-ATC ATC AAR CCS AAR CTS GGC CTG CGT CCC-3¢ Elsaied and Naganuma (2001)
II-1113r 5¢-GGC GTT CAT GCC GCC GSW GAT GAT CGG SGT-3¢

193



ORU sequence is compared with all other corresponding
ORU sequences (Schneider et al. 2000). (3) Analysis of
molecular variance (AMOVA) as implemented with
Arlequin was used to estimate the significance of dif-
ferences in population pairwise fixation indices (FST

values) among cbbL libraries. (4) The computer program
LIBSHUFF (Singleton et al. 2001) was used to estimate
homologous and heterologous coverage of clone li-
braries as a function of evolutionary distance for pair-
wise reciprocal comparisons (library A compared with
library B and vice versa). Differences in coverage were
considered significant at P values of <0.05.

The phylogenetic analyses based on amino acid and
nucleotide sequences of the ORUs and corresponding
cbbL sequences from the database bank were performed
by applying the neighbor-joining algorithm and drawing
the trees using the Treeview software. The branching
patterns of the constructed phylogenetic trees were
confirmed by reconstruction of the phylogenies using
two other methods of analysis, namely maximum-
parsimony and maximum-likelihood, contained within
the Phylip package.

The cbbL ORU sequences resulting from this study
were deposited in the database bank under the accession
numbers AB201846 to AB201894 for Fryer archaeal
ORUs; AB201895 to AB201943 for Pika archaeal
ORUs; AB206404 to AB206406 for Fryer form IA
ORUs; AB175492 to AB175494, AB175813, AB176513
to AB176515, and AB180250 to AB180253 for Pika from
IA ORUs; AB175487 to AB175491, AB175810 to
AB175812, AB180056 to AB180057, and AB181171 to
AB181182 for Suiyo form IA ORUs; AB181166

to AB181170 for Pika form IC ORUs; AB181162 to
AB181165 for Suiyo IC ORUs; AB190992 to AB190993

for Suiyo ID ORUs; AB206044 to AB206058 for Fryer
form II ORUs; AB174753 to AB174761 for Pika form II
ORUs; and AB174747 to AB174752 for Suiyo form II
ORUs.

Results and discussion

Efficiency of the RuBisCO cbbL designed primers

This work aimed to cover the diversity of almost all
known RuBisCO cbbL forms in the studied samples. The
archaeal cbbL had no PCR primer set to amplify it from
the environmental bulk microbial DNA. Also, other
forms of RuBisCO cbbL need powerful modified PCR

primers to improve the chance of amplification of these
forms. Several considerations were involved in the
design of an efficient primer set for amplification of
archaeal cbbL. Only few archaeal cbbLs have been
deposited in the database bank. Moreover, the archaeal
cbbLs are highly diverse in sequence length, including
the deletion of 1–14 codons in some species (Ezaki et al.
1999). This may result in a PCR product with different
sizes if the PCR amplifies the variable cbbL sequence
part from bulk microbial DNA, leading to misdetection
of the target gene amplicon. To avoid this problem, the
primers Arch-375f and Arch-891r were designed from
the cbbL sequence parts that flank the codons of cata-
lytic site amino acids Asparagine-120 and Arginine-292,
respectively corresponding to those of Synechococcus sp.
These primers could amplify a sequence part that does
not include the major varieties of sequence deletions.
This helped to generate a PCR product with an almost
fixed size of 531–540 bp. This primer set amplified not
only the cbbL from the common strain M. jannaschii
(data not shown), but also a wide range of cbbLs that
belong to different archaeal genera as presented in this
work.

The codon regions of the cbbL catalytic site amino
acid groups T(T) IKPKLG and T(V) KPKLG repre-
sented specific sequences for the design of primers IC-
537f and ID-537f, respectively. The primers IC-1212r
and ID-1212r were designed from the codons that en-
code the conserved IC/ID cbbL catalytic amino acids
QFGGGTI. These primers differed from each other in
seven nucleotides, sufficient to make each of the primers
specific to its corresponding form (Table 1). These IC
and ID primer sets provided cbbL product sizes longer
than those produced by Nanba et al. (2004) and Paul
et al. (2000), respectively. This gave an extended view to
screen the diversity of these cbbL forms.

PCR amplification of the archaeal cbbL

Both Mariana Fryer and Pika samples showed amplifi-
cation of the archaeal cbbL (Table 2). Attempts to am-
plify archaeal cbbL from Suiyo sample DNA failed, but
PCR was achieved by mixing the Suiyo DNA with other
DNAs of positive control M. jannaschii or Fryer and
Pika samples. This indicated that the Suiyo DNA was
free of any PCR inhibitor, and suggested that the Suiyo
sample may lack RuBisCO-carrying archaea. This
suggestion is supported by the predominance of two

RuBisCO form (amplified product size bp) Sample 
Archaea Form IA Form 

IB
Form IC Form ID Form II 

Fryer  (531, 537)  (813) × × ×  (630, 636)
Pika  (531, 537)  (813) ×  (700) ×  (630)
Suiyo ×  (813) ×  (700)  (700)  (630)

 Amplified, × Not amplified  

Table 2 Scheme of PCR
amplification of different forms
of cbbL in the studied samples
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phylotypes of Epsilon- and Gammaproteobacteria in
Suiyo vent plumes (Sunamura et al. 2004). The PCR
primers Arch-375f and Arch-891r could amplify two
different cbbL fragment lengths of 531 and 537 bp from
both Fryer and Pika samples (Table 2). These amplifi-
cation results indicated the possibility of bias in PCR
amplification was minimized. This is because the PCR
was tested using a range from 26 to 30 cycles, and then
the amplicons were combined for cloning (Suzuki and
Giovannoni 1996). Hence, the PCR could screen as
much as possible of the actual composition of archaeal
cbbL gene variants in the Mariana samples. Neverthe-
less, additional experiments are needed to ensure the
complete avoidance of possible bias in PCR.

PCR amplification of bacterial and eukaryal cbbL

The studied samples showed the amplification of several
bacterial cbbL forms and one form of eukaryal cbbL
(Table 2). The bacterial form IA was amplified from all
samples. In contrast, form IB was not detected in any
sample. Bacterial form IC was amplified from the DNA
of only Pika and Suiyo samples. Eukaryal form ID was
detected only in the Suiyo sample (Table 2). Accord-
ingly, the Suiyo sample was dominated by bacterial
cbbL, but may be contaminated with eukaryal phyto-
planktonic species that carry form ID. The possibility of
the flux of surface water phytoplankton to the deep-sea
exists, since form IB, which characterizes cyanobacteria,
was detected in a hydrothermal vent plume (Elsaied and
Naganuma 2001), in addition to the occurrence of a
green sulfur anaerobic phytoplankton in a hydrothermal
vent (Beatty et al. 2005). This sinking of surface water
phototrophs into the deep-sea implies the possibility of
genetic exchange between populations previously as-
sumed to be genetically isolated, i.e., autotrophs in the
surface water and those in the deep-sea (Turely and
Mackie 1995). Nevertheless, forms IB and ID represent
only a minor fraction of hydrothermal vent autotrophic
communities compared with the dominant form IA

(Elsaied and Naganuma 2001; Campbell and Cary
2004).

All samples showed the amplification of form II
(Table 2). Also, this form was previously detected in a
Mid-Okinawa Trough vent plume (Elsaied and Naga-
numa 2001). These features may distinguish free living
autotrophic communities at Western Pacific arc hydro-
thermal vents from those which lack this form at certain
sites of the Trans-Atlantic Geotraverse (TAG) and Loihi
Seamounts (Elsaied and Naganuma 2001; Elsaied et al.
2002b).

Dominance of archaeal cbbL in Mariana samples
and bacterial form IA cbbL in Suiyo sample based
on statistical analyses of clone libraries

The fixed number of fifty clones from each clone library
was screened by direct sequencing. Sequence analysis of
550 clones, representing all clone libraries, produced a
total 175 ORUs. The number of ORUs in the clone
libraries was used to measure the cbbL diversity in the
studied samples (Table 3). Forty-nine archaeal cbbL
ORUs, the highest recorded ORU number, were recov-
ered from each of the Mariana samples. The Suiyo
sample recorded 22 ORUs for bacterial form IA, a
higher number than that for IC, ID and form II re-
corded in the same sample. These observations were
reflected in the total expected diversity of cbbL in the
samples (Fig. 1). The rarefaction curves of archaeal
(Fig. 1a, b) and Suiyo bacterial form IA (Fig. 1c) cbbLs
did not reach clear saturation, indicating that further
sampling of these clone libraries would have revealed
additional diversity. An underestimation of the diversity
of Fryer and Pika archaeal cbbL and Suiyo form IA was
expected, as the coverage of the libraries was estimated
to be 79.5, 86.2 and 62.2%, respectively (Table 5). The
ORU nucleotide diversities and average pairwise differ-
ences h(p) within archaeal clone libraries were generally
high compared with other cbbL clone libraries (Table 3).
These results indicated the wide diversity of archaeal

Table 3 Nucleotide diversities and average pairwise differences h(p) between ORUs within the clone libraries

Clone library No. ORUs No. of variable positionsa Nucleotide diversity h(p)

Fryer (Archaea) 49 393 0.203 (0.098) 108.92 (47.55)
Pika (Archaea) 49 404 0.212 (0.103) 114.13 (49.81)
Fryer (Form IA) 3 169 0.092 (0.045) 52.39 (23.04)
Pika (Form IA) 11 229 0.156 (0.075) 88.68 (38.78)
Suiyo (Form IA) 22 274 0.180 (0.087) 102.43 (44.74)
Pika (Form IC) 5 200 0.036 (0.018) 25.29 (11.29)
Suiyo (Form IC) 4 146 0.034 (0.017) 23.91 (10.69)
Suiyo (Form ID) 2 23 0.018 (0.009) 11.27 (5.20)
Fryer (Form II) 15 374 0.245 (0.118) 156.12 (68.02)
Pika (Form II) 9 259 0.070 (0.034) 44.07 (19.43)
Suiyo (Form II) 6 282 0.132 (0.064) 83.32 (36.45)

aVariable positions represent the number of variable nucleotide sites (out of total recorded sequence lengths) within each library.
Nucleotide diversity and average pairwise difference h(p) are expressed as means (±SD) for each library
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cbbL in Mariana plumes and suggested that archaea
may play an efficient role in the primary production of
organic carbon, while bacteria perform the same role in
Suiyo. The dominance of bacterial form IA in the Suiyo
sample paralleled with that recorded previously in other
deep-sea hydrothermal vents (Campbell and Cary 2004).
In addition, the Suiyo form IA ORU number was
greater than those recovered from all previously studied
hydrothermal vents (Elsaied and Naganuma 2001;
Elsaied et al. 2002b; Campbell and Cary 2004), indi-
cating that the Suiyo vent plume may harbor the most
diverse form IA discovered to date.

Divergence of Fryer archaeal and bacterial cbbL
sequences

Comparisons of the ORUs among libraries by AMOVA
(Table 4) revealed that the FST values between Fryer and
Pika or Suiyo were higher than those between Pika and
Suiyo in the corresponding detected RuBisCO forms
(archaea, IA and II) (Table 4). The results from LIBS-
HUFF analyses also confirmed population differentia-
tion but provided somewhat different insights (Table 5).
Paired reciprocal library comparisons showed that the
Fryer archaeal and form II libraries differed significantly
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Fig. 1 Rarefaction curves for
the expected number of ORUs
for each RuBisCO form based
upon grouping of clones that
have 100% amino acid identity
in each clone library, a Fryer,
b Pika, and c Suiyo.
d Rarefaction curves for the
total expected number of ORUs
for all forms of RuBisCO
recorded in each sample

Table 4 Corrected average nucleotide pairwise differences h(p) of ORUs and pairwise fixation indices (FST) between clone libraries

(RuBisCO form) Site h(p) and FST for site

Fryer Pika Suiyo

Archaea Fryer 82.44435
Pika 0.42504*

IA Fryer 65.82530 61.16664
Pika 0.48273* 9.99216
Suiyo 0.44140* 0.09467*

IC Pika 116.65311
Suiyo 0.82582*

II Fryer 54.39175 39.90566
Pika 0.35209* 5.25657
Suiyo 0.25000* 0.07624*

Corrected average, pairwise difference h(p) = Average number of nucleotide pairwise differences for ORUs between two libraries � the
average of sum of nucleotide pairwise differences for ORUs within the two libraries. The h(p) values are shown above diagonal; FST values
(bold) are shown below diagonal
*FST values show significance at a level P < 0.05
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from those of Pika and Suiyo but the form II Pika and
Suiyo libraries did not differ from that of Fryer. One
explanation for this pattern is that the Fryer archaeal
sequences did not encompass the Pika sequences and
vise versa, indicating the highly divergence between the
two populations. On the other hand, the diversity of the
Fryer form II library sequences encompassed and de-
scribed some sequences in the Pika and Suiyo libraries,
while they account for only a portion of the Fryer form
II diversity. Both Pika and Suiyo showed high popula-
tion coverage similarities in both form IA and form II
libraries. On the other hand, both Pika and Suiyo form
IA sequences encompassed those of Fryer, while the
reverse did not hold true.

These statistical explanations were consistent with the
phylogenetic distribution of sequences (Figs. 2, 3, 4).
The recovered archaeal ORUs from Fryer and Pika
formed three main clusters in the branches of hyper-
thermophilic anaerobic archaea (Fig. 2). Cluster III-1
included most of the recorded Fryer ORUs and seven
Pika ORUs, occurring as two separated sequence groups
that linked with the cbbL of thermophilic euryarchaeon
T. kodakaraensis strain KOD1. The biggest fraction of
Pika ORUs showed divergence with a group of five
Fryer ORUs in the cluster III-2, which was affiliated
with the sulfate reducer A. fulgidus. Cluster III-3 was
represented by two divergent groups, each of seven
ORUs, claded with M. jannaschii. The sequence identi-
ties between the Fryer and Pika ORUs within clusters
III-1, III-2 and III-3 were 85–88%aa (amino acid iden-
tity), i.e. 81–82%ND (nucleotide identity), 83–85%aa

(73–74%ND) and 54–55%aa (53–55%ND), respectively.
This indicated that the cluster III-3 harbored the most
divergent Fryer and Pika archaeal cbbL sequences. The
divergence of Fryer ORUs also extended to those of

forms IA and II (Figs. 3, 4). Both Pika and Suiyo form
IA ORUs were distributed as closely related sequences
distinct from those of Fryer (Fig. 3). Form IA ORUs
were located within five clusters. The first cluster, IA-1,
consisted of four Pika and nine Suiyo ORUs. This
cluster was not affiliated with the known cbbLs, and
represented additional new genotypes to the deep-sea
RuBisCO form IA. The Pika form IA ORUs showed
high identities of 95–97%aa (98%ND), 93%aa (85%ND),
97–98%aa (97%ND) with those of Suiyo within clusters
IA-1, IA-2 and IA-4, respectively. On the other hand,
the Fryer ORUs IAF1 and IAF2 that form the unique
cluster IA-5 exhibited the lowest identity values of 77–
78%aa (77%ND), 76–77%aa (72–75%ND), 76–77%aa

(72%ND) and 80–82%aa (72–74%ND) with Pika and
Suiyo ORUs in the clusters IA-1, IA-2, IA-3 and IA-4,
respectively. Also, the Fryer form II ORUs, which
characterized cluster II-1 (Fig. 4), represented average
identity values of 72.5%aa (68%ND) and 83.6%aa

(75.2%ND) with Pika and Suiyo ORUs, which were
concentrated in clusters II-3 and II-4, respectively. On
the other hand, both Pika and Suiyo ORUs were dis-
tributed close to each other, reflecting higher amino acid
and nucleotide identities of >95% within each of clus-
ters II-3 and II-4. The ORUs IIF1 in cluster II-3, and
IIF2, IIF13 and IIF15 in cluster II-4 showed an identity
average value of 85.8%aa (79.2%ND) with Pika and
Suiyo ORUs located in the same clusters. Hence, the
ORUs IIF1, IIF2, IIF13 and IIF15 may represent the
Fryer form II library fraction that encompassed Pika
and Suiyo form II sequences (Table 5). However, al-
though Pika and Suiyo differed significantly from Fryer,
additional sequences might yield different community
structures. This can be realized in the case of archaeal
and Suiyo form IA cbbL.

The current form IA and form II ORUs differed with
those previously recorded in vent plumes at the Okinawa
Trough (Elsaied and Naganuma 2001). This was clear in
the branch of form IA (Fig. 3) and in cluster II-3
(Fig. 4). The identity average values between current
ORUs and Okinawa cbbL sequences were 66%aa

(65.8%ND) in branch IA (Fig. 3) and 77%aa (70.5%ND)
in cluster II-3 (Fig. 4). This was expressed in the sepa-
rated phyletic lineages of current ORUs from those of
Okinawa. These results indicated that form IA- and/or
II-carrying populations in the studied Western Pacific
hydrothermal vent plumes might form three biogeo-
graphic groups, namely Fryer, Pika/Suiyo and Okinawa.

Differentiation of cbbL form IC between Pika and Suiyo

Although Pika and Suiyo ORUs showed phylogenetic
similarity for form IA and II, the Pika form IC ORUs
were clearly distinct from those of Suiyo, with FST value
of 0.8 (Table 4). This statistical distinction was also
visible in the significant differentiation between form IC
libraries (Table 5). The sequence identity average be-
tween Pika and Suiyo form IC ORUs was 81.5%aa

Table 5 LIBSHUFF comparison of clone libraries

Clone library Covhom (%) Covhet (%) P

Fryer (Archaea) 79.5 43.7 0.001
Pika (Archaea) 86.2 37.1 0.001
Fryer (Form IA) 73.3 60.0 0.425
Pika (Form IA) 68.7 35.8 0.010
Fryer (Form IA) 60.0 0.403
Suiyo (Form IA) 62.2 21.0 0.001
Pika (Form IA) 51.0 0.054
Suiyo (Form IA) 47.8 0.248
Pika (Form IC) 80.0 51.0 0.009
Suiyo (Form IC) 79.0 46.0 0.020
Fryer (Form II) 76.6 36.9 0.007
Pika (Form II) 69.8 46.0 0.214
Fryer (Form II) 38.7 0.010
Suiyo (Form II) 63.0 59.2 0.116
Pika (Form II) 48.1 0.452
Suiyo (Form II) 61.1 0.743

Homologous (Covhom) and heterologous (Covhet) coverage per-
centages of libraries are given. Probability values (P) for the sig-
nificance of differences between homologous and heterologous
coverage in reciprocal comparisons as a function of evolutionary
distance are also given

197



(78%ND) and this was expressed in their distant distri-
bution within the branch IC (Fig. 3). Most Pika ORUs
were rooted with uncultured clones from a volcanic
deposit at the Kilauea Caldera, Hawaii (Nanba et al.
2004). The Suiyo ORUs formed two small clusters; one
of them was claded with the ammonia-oxidizing Beta-
proteobacterium Nitrosospira sp. and the second of
which consisted of the ORUs ICS2 and ICS3, which
showed no affiliation to any known form IC sequence.

Generally, the diversity of form IC ORUs in Pika and
Suiyo samples was less than those recorded in the Kil-
auea Caldera, a continental volcano, Hawaii, and agri-
cultural soils (Nanba et al. 2004; Selesi et al. 2005). This
is logically understandable as the deep-sea hydrothermal
vents are isolated habitats with less population diversity,
mainly derived from the lithosphere.

Both statistical and phylogenetic analyses suggested
that the cbbL genetic content of Pika and Suiyo samples
consists of two groups of genotypes. The first represents
closely related form IA and form II genotypes and the
second represents divergent form IC genotypes. It
generally appears that several form IA genotypes are
cosmopolitan, whereas similar cbbLs, especially those

related to thiobacilli, have been recorded in widely dis-
tant hydrothermal vents (Elsaied and Naganuma 2001).
In contrast, highly distinct form IC genotypes have been
recorded in geographically close terrestrial volcanic sites
(Nanba et al. 2004) and agricultural soils (Selesi et al.
2005). Hence, the genetic composition of hydrothermal
vent form IC may be endemic to the vent habitat.
However, the present paper provided the first record of
form IC in deep-sea environments, and more data are
needed to confirm this idea.

Impact of vent characteristics on the diversity
of cbbL forms

The biogeographic composition of RuBisCO cbbL forms
is strongly correlated with the vent physicochemical
characteristics. The concentrations of erupted gases,
which are essential for autotrophic growth in the vent
plume of the Pika site (CO2 45 mM/kg; CH4 25 lM/kg;
H2S 7.48 mM/kg) were higher than those of Fryer (CO2

12 mM/kg; CH4 4 lM/kg; H2S 0.4 mM/kg) and Suiyo
(CO2 40 mM/kg; CH4 150 lM/kg; H2S 2 mM/kg, cruise
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reports). These chemical characteristics were reflected in
the highest diversity of RuBisCO-carrying communities
recorded in the Pika sample (Fig. 1d). Unfortunately,
hydrogen gas could not be measured during sampling
cruises. However, most of the recorded ORUs were
closely related to sulfur metabolizers (Fig. 3). On the
other hand, hydrogen-oxidizing Epsilonproteobacteria
that lack RuBisCO genes were recorded in some
hydrothermal vents at the Mariana arc and Suiyo Se-
amount (Takai et al. 2005). Hence, the possibility for
primary production of organic carbon at Mariana and
Suiyo depends mainly on sulfur- and hydrogen-meta-
bolizing phylogenetic taxa.

In the term of vent thermal activity, the old Fryer site
is characterized by a significant decline in the tempera-
ture of the venting plume from 250 to 50�C over the
course of five visits to the vent site between April 2003
and April 2004 (Urabe, unpublished data). Hence, the
distinction of Fryer cbbL-carrying communities from
those that inhabit the Pika vents is likely a reflection of
difference in vent characteristics, i.e. old vents suffering

from a decrease in temperature and gases; and newborn
vents (Delaney et al. 1998). So, the oldest biologically
complex site, Fryer, supports the most divergent cbbL-
carrying communities. This divergence of Fryer com-
munities could be a type of phylogenetic succession
through adaptation to the decrease in vent temperature
and changes in physicochemical characteristics. How-
ever, the dominance of RuBisCO sequences similar to
those of thermophilic anaerobic archaea in Mariana
vent plumes may suggest that the ORUs were derived
from species living in the warmer sub-seafloor and were
entrained in the event hydrothermal fluid that dis-
charged into the vent surrounding plume, the site of
sampling.

This study showed that the Mariana Spreading
Center is the first discovered deep-sea house for cbbL-
carrying archaea. At present, it is not possible to discuss
the physiological or ecological functions of archaeal
RuBisCO without expression studies. However, if the
deep-sea archaeal cbbL gene is indeed expressed and the
enzyme functions actively, this would represent a unique
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trophic strategy, namely that archaea act as funda-
mental producers of organic carbon in the Mariana
Spreading Center. In fact, archaeal cbbL activity has
been shown to be expressed in anoxygenic photosyn-
thetic bacteria (Finn and Tabita 2003). However, the
detection of cbbL-carrying archaea in hydrothermal vent
systems opened a new window on the phylogenetic
diversity of RuBisCO cbbL in the deep-sea environment.
Our future work will focus on studying the diversity and
expression of archaeal cbbL in various other deep
biosphere habitats, such as deep-sea cold seeps, deep
subsurface, etc. in order to develop a complete concept
for the phylogeny of RuBisCO cbbL in the deep
microbial biosphere.
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