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The phylogenetic diversity of the ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO, E.C. 4.1.1.39)
large-subunit genes of deep-sea microorganisms was analyzed. Bulk genomic DNA was isolated from seven
samples, including samples from the Mid-Atlantic Ridge and various deep-sea habitats around Japan. The
kinds of samples were hydrothermal vent water and chimney fragment; reducing sediments from a bathyal
seep, a hadal seep, and a presumed seep; and symbiont-bearing tissues of the vent mussel, Bathymodiolus sp.,
and the seep vestimentiferan tubeworm, Lamellibrachia sp. The RuBisCO genes that encode both form I and
form II large subunits (chbl and cbbM) were amplified by PCR from the seven deep-sea sample DNA
populations, cloned, and sequenced. From each sample, 50 chbL clones and 50 chbM clones, if amplified, were
recovered and sequenced to group them into operational taxonomic units (OTUs). A total of 29 OTUs were
recorded from the 300 total cbbL clones, and a total of 24 OTUs were recorded from the 250 total chbM clones.
All the current OTUs have the characteristic RuBisCO amino acid motif sequences that exist in other
RuBisCOs. The recorded OTUs were related to different RuBisCO groups of proteobacteria, cyanobacteria,
and eukarya. The diversity of the RuBisCO genes may be correlated with certain characteristics of the
microbial habitats. The RuBisCO sequences from the symbiont-bearing tissues showed a phylogenetic rela-
tionship with those from the ambient bacteria. Also, the RuBisCO sequences of known species of thiobacilli and
those from widely distributed marine habitats were closely related to each other. This suggests that the Thioba-
cillus-related RuBisCO may be distributed globally and contribute to the primary production in the deep sea.

Phylogenetic information on deep-sea microorganisms that
has been accumulated relates mainly to the 16S ribosomal
DNA (rDNA) sequences (9, 33, 53). In understanding the
microbial contribution to deep-sea primary production, the
16S rDNA-based phylogeny will be better complemented by
knowledge of the genes encoding the enzymes relevant to
carbon fixation. The genes encoding ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) represent such an enzyme
that is involved in autotrophy. RuBisCO is the most abundant
enzyme on the globe and has attracted much phylogenetic
attention (5). RuBisCO catalyzes the assimilation of carbon
dioxide to organic carbon via the Calvin-Benson cycle. The
enzyme consists of large and small subunits (42). The site
responsible for carbon fixation is in the large subunit (42).
More than 20% of the amino acid residues in the large subunit
are conserved among the higher plants (32). Generally,
RuBisCO has two forms. Form I consists of large and small
subunits (L,,S,,, typically L¢Sg), and form II contains only large
subunits (L,,) with 25 to 30% amino acid sequence identity with
those of form I (32). The large subunits of form I and form II
are coded by genes designated cbbL and cbbM, respectively
(37). Some organisms have two genes encoding the large sub-
unit of form I, designated cbbL-1 and chbL-2 (36). Some spe-
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cies that possess both forms I and II have three genes, which
are cbbL-1, cbbL-2 encoding the large subunit of the form I,
and c¢bbL-3 (= cbbM) (49, 78).

It is hypothesized that the common ancestor of RuBisCOs
was similar to the form II enzyme (L,), since this form is
more adaptive to high CO, concentrations, a condition which
is presumed to have been present for the primitive Earth (25,
26, 70). The form I (L,S,) is believed to have evolved in
response to the decline of CO, and the emergence of oxygen as
the Earth’s atmosphere changed (40, 41, 63). The form I
RuBisCOs are essentially found in two major forms, “green-
like” and “red-like,” which show phylogenetic distance based
on their amino acid compositions (76). The green-like RuBisCOs
have two types, i.e., IA and IB, based on evolutionary relation-
ships. Chloroplasts of terrestrial plants and green algae to-
gether with cyanobacteria carry type IB and are phylogeneti-
cally allied with type IA, which includes representatives of the
alpha-, beta-, and gamma-proteobacteria which are greatly in-
termixed with regard to the relationships between their
RuBisCOs (76). The red-like RuBisCOs have two types, IC
and ID. Many nongreen algae carry type ID and are more
closely related to the members of alpha- and beta-proteobac-
teria, which carry type IC. Two cyanobacteria, Prochlorococcus
marinus and Synechococcus sp. strain WH7803, have RuBisCOs
that are phylogenetically more closely related to the purple
bacterial RuBisCOs type IA than the cyanobacterial RuBisCOs
type IB (61, 75). Thus, form I is found predominantly in the
photosynthetic organisms and aerobic chemolithoautotrophs.
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TABLE 1. Samples used in this study
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Push-core sampler

Sediment collected around

15

Push-core sampler

112 (April 1999) ROV Kaiko

7,434

tubeworm colony
Reducing sediment

Hadal seep

Japan Trench; 40°02.85" N;

144°16.50" E
Northern Okushiri Ridge;

45

Push-core sampler

Shinkai 2000

1,125 (August 1999)

1,709

Reducing sediment

Possible seep

44°14" N; 139°46.200" E

@ All submersibles were provided by JAMSTEC.
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FIG. 1. Efficiency of cbbL and cbbM primers for amplification of
RuBisCOs from different prokaryotic genomes. The expected size of
the amplified fragment was 800 bp for RuBisCO cbbL (a) and 400 bp
for ¢bbM (b). The amplified fragments were visualized by electro-
phoresis on a 1.5% agarose gel. Lanes: 1, Synechococcus sp. strain
PCC6301 (ATCC 27144); 2, T. ferrooxidans (ATCC 19859); 3, A. eu-
trophus (ATCC 29597); 4, R. rubrum (ATCC 277); 5, M. jannaschii
(ATCC 43067D); M, 100-bp DNA ladder marker (Biolabs). The chbL
and cbbM primer sets were specific for amplification of form I green-
like and form II RuBisCOs, respectively.

Organisms that fix CO, anaerobically using RuBisCO, such as
the purple nonsulfur photosynthetic bacterium Rhodospirillum
rubrum, have form II (71). Chemoautotrophic endosymbionts
of deep-sea mollusks usually bear form I, while the endosym-
bionts of vestimentiferans tubeworms and the epibionts of the
vent polychaete Alvinellid and the vent shrimp Rimicaris exocu-
lata have form II (55). A number of autotrophic bacteria,
including some purple nonsulfur photosynthetic bacteria and
thiobacilli, possess both forms (11, 17, 18). In the dual
RuBisCO forms of purple nonsulfur bacteria, form I is more
induced than form II under conditions of CO, limitation (27).
Some thiobacilli with the ability to respire nitrate under an-
aerobic conditions bear both RuBisCO forms (11). Therefore,
it has been suggested that form II in these species of thiobacilli
is synthesized under anaerobic conditions (11). Recently
RuBisCO genes were isolated from anoxic archaea, and they
form a group that is quite distinctly separated from the previ-
ous groups of known RuBisCO forms (39, 77). Thus, the
RuBisCO forms occur in a very diverse group of prokaryotes,
ranging from aerobic to anaerobic and from photoautotrophic
to chemoautotrophic species. Hence, the diversity of deep-sea
RuBisCO genes could provide a phylogenetic window to the
diversity of autotrophic microbial communities.

Deep-sea hydrothermal vents and seeps are among the most
productive habitats on the Earth (24). The large biomass typ-
ical for these sites depends on organic carbon fixed via che-
mosynthesis rather than photosynthesis (24). Energy for car-
bon fixation in chemosynthesis can be derived from the
oxidation of diverse inorganic electron donors, such as H,,
H,S, reduced iron, ammonia, and so on (14, 22, 35).

Phylogenetic diversity of deep-sea primary producers based
on the genes of the functional protein, RuBisCO, has remained
obscure. This study targets the construction of functional phy-
logenetic trees of deep-sea autotrophic microflora based on
RuBisCO genes. This approach provides a new method to
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TABLE 2. Distribution of ¢bbl. OTUs within the clone libraries

No. of clones

%
} Accession Nucleotide ¢bbL clone libraries Frequency of
Area oTu no. sequence E—— . OTU (%)*
di a ydrothermal . . .
vergence vent water Sediment ~ Chimney  Symbiont
TAG Mound TAG-Chm(I)-1 ABO038680 4.6 45 90
TAG-Chm(I)-2 ABO038681 0 2 4
TAG-Chm(I)-3 AB038682 0 1 2
TAG-Chm(I)-4 AB038683 0 1 2
TAG-Chm(I)-5 ABO038684 0 1 2
Total 50
Mid-Okinawa Trough MOT-Hvw(I)-1 AB038636 2.2 5 10
MOT-Hvw(I)-2 AB038638 3.8 6 12
MOT-Hvw(I)-3 AB038639 3.2 6 12
MOT-Hvw(I)-4 ABO038644 0 3 6
MOT-Hvw(I)-5 ABO038645 0 3 6
MOT-Hvw(I)-6 AB038646 0 3 6
MOT-Hvw(I)-7 ABO038641 7.2 5 10
MOT-Hvw(I)-8 AB038640 2.8 3 6
MOT-Hvw(1)-9 ABO038637 0 2 4
MOT-Hvw(I)-10 AB038642 0 2 4
MOT-Hvw(I)-11 AB038643 0 2 4
MOT-Hvw(I)-12  AB038635 3.2 10 20
MOT-Sym(I)-1 AB038634 4.4 50 100
Total 50 50
Sagami Trough ST-Sed(I)-1 ABO038675 3.8 35 70
ST-Sed(I)-2 AB038676 0 5 10
ST-Sed(I)-3 AB038679 0 1 2
ST-Sed(1)-4 ABO038677 1.6 6 12
ST-Sed(I)-5 AB038678 1.4 3 6
Total 50
Japan Trench JT-Sed(I)-1 AB038633 3 38 76
JT-Sed(1)-2 AB038632 0.8 12 24
Total 50
Northern Okushiri Ridge =~ NOR-Sed(I)-1 AB038687 4.6 20 40
NOR-Sed(I)-2 ABO038685 8 19 38
NOR-Sed(I)-3 AB038688 5 10 20
NOR-Sed(I)-4 AB038686 0 1 2
Total 50

“ % Nucleotide sequence divergence is the percentage of mismatched nucleotides between the clones within the OTU compared with the total length of analyzed
nucleotide sequences (500 bp) (19). However, the clones within each OTU showed 100% amino acid identity.
® Frequency of the OTU compared with the total number of clones analyzed in the clone library.

assess the diversity of microbial primary producers found in the
spectacular deep-sea oases of hydrothermal vents and seeps.

MATERIALS AND METHODS

Sample collection. A total of seven types of deep-sea samples were collected
from five different areas, which included the Trans-Atlantic Geotraverse (TAG)
hydrothermal mound in the Mid-Atlantic Ridge and the areas around Japan
(Table 1). The samples included the hydrothermal water and chimney fragment;
reducing sediment of a bathyal seep, a hadal seep, and a presumed seep; and
symbiont-bearing tissues of the vent mussel Bathymodiolus sp. and the seep
vestimentiferan tubeworm Lamellibrachia sp.

A fragment of a hydrothermal chimney was collected at the Kremlin site of the
TAG hydrothermal mound in the Mid-Atlantic Ridge by the manned deep-sea
submergence vehicle (DSV) Shinkai 6500 of the Japan Marine Science and
Technology Center (JAMSTEC).

Hydrothermal water, i.e., a mixture of hydrothermal fluid and near-vent sea-
water, was collected at the Iheya vent site in the Mid-Okinawa Trough, south-
western Japan, using a Van Dorn sampler equipped on the remotely operated
vehicle (ROV) Dolphin 3K (JAMSTEC). There was a possibility of contamina-
tion by ambient water, since the sampler was kept open until finishing the sample
collection. However, the sampler was washed with the mixture of hydrothermal
fluid and near-vent seawater that passed through the sampler during the pre-
sampling operation near the vent. Thus, we supposed that the influence of
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TABLE 3. Distribution of chbM OTUs within the clone libraries

APPL. ENVIRON. MICROBIOL.

% Nucleotide

No. of clones

) Accession cbbM clone libraries Frequency of
O
Hydrothfarmal Sediment Chimney  Symbiont
vent water
Mid-Okinawa Trough MOT-Hvw(II)-1 ~ AB040510 9 46 92
MOT-Hvw(II)-2 ABO040511 0 2 4
MOT-Hvw(II)-3 AB040512 0 2 4
Total 50
Sagami Trough ST-Sed(II)-1 AB040504 1 35 70
ST-Sed(II)-2 AB040505 0 3 6
ST-Sed(11)-3 AB040506 0.8 6 12
ST-Sed(II)-4 AB040507 0 4 8
ST-Sed(1I)-5 AB040508 0 2 4
ST-Sym(II)-1 AB032829 8.8 38 76
ST-Sym(II)-2 AB040509 1 12 24
Total 50 50
Japan Trench JT-Sed(II) -1 AB040513 0 1 2
JT-Sed(11)-2 AB040514 0 1 2
JT-Sed(11)-3 AB040515 5.2 30 60
JT-Sed(11)-4 AB040516 0 1 2
JT-Sed(11)-5 AB040517 3.85 9 18
JT-Sed(11)-6 AB040518 6 8 16
Total 50
Northern Okushiri Ridge NOR-Sed(II)-1 AB040519 0 1 2
NOR-Sed(11)-2 AB040520 0 1 2
NOR-Sed(II)-3 AB040521 0 1 2
NOR-Sed(11)-4 AB040522 4.6 28 56
NOR-Sed(II)-5 AB040523 4.8 9 18
NOR-Sed(11)-6 AB040524 0 1 2
NOR-Sed(II)-7 AB040525 2.2 8 16
NOR-Sed(11)-8 AB040526 0 1 2
Total 50

“ % Nucleotide sequence divergence is the percentage of mismatched nucleotides between the clones within the OTU compared with the total length of analyzed
nucleotide sequences (400 bp) (19). However, the clones within each OTU showed 100% amino acid identity.
® Frequency of the OTU compared with the total number of clones analyzed in the clone library.

contamination was not visibly high. In fact, we did not detect by PCR the
occurrence of RuBisCO genes in the ambient deep water.

Reducing sediments were collected from the known and presumed seeps: (i) a
bathyal methane seep (1,199 m deep) at Sagami Trough, central Japan, collected
by the DSV Shinkai 2000 (JAMSTEC); (ii) a hadal seep (7,434 m deep) in the
Japan Trench, collected by the ROV Kaiko (JAMSTEC); and (iii) a presumed
seep (1,709 m deep) at Northern Okushiri Ridge, northern Japan, collected by
the DSV Shinkai 2000. This presumed seep was suggested on the basis of
observation of bacterial mats and unidentified isopods and gastropods in asso-
ciation with fissures at this site, which was the epicenter of the Hokkaido Nansei-
oki earthquake in July 1993 (45). All the sediment samples were taken by
push-core samplers, and the microbiological samples were scooped from inside
of the cores about 1 to 5 cm below the top.

Individuals specimens of the hydrothermal vent mussel, Bathymodiolus sp.,
were collected at the Theya vent site in the Mid-Okinawa Trough by the ROV
Dolphin 3K. Individual specimens of the seep vestimentiferan tubeworm, Lamel-
librachia sp., were collected from the Sagami Trough by the DSV Shinkai 2000.

Thus, samples included in this study covered the survey of deep-sea RuBisCOs
among a wide range of microbial habitats.

DNA extraction from water, chimney, and sediment samples. The free-living
microbial cells in the hydrothermal vent water sample were collected on board by

filtering 2 liters of the hydrothermal vent water sample using the Sterivex-GS
filter unit (pore size, 0.22 pm; Millipore Corp., Bedford, Mass.). After filtration,
the filters were washed with SET buffer (20% sucrose, 50 mM EDTA, 50 mM
Tris-HCI [pH 7.5]) and stored at —20°C until DNA extraction. Bulk DNA was
extracted in the filter housing according to the method of Somerville et al. (65).
No DNA contamination during the procedure was confirmed by the negative
control with filter-sterilized, cell-free water.

Bulk DNAs in the chimney fragment and sediment samples were extracted by
the method of Porteuous et al. (54).

DNA extraction from symbiont tissues. To extract genomic DNA from animal
endosymbiont-bearing tissues, i.e., the gill of the vent mussel, Bathymodiolus sp.,
and the trophosome of the seep tubeworm, Lamellibrachia sp., the tissues were
aseptically removed from the collected animals immediately after retrieval. The
tissues were washed several times in prefiltrated autoclaved seawater. In order to
remove contaminating epibiotic bacteria and free DNA, the tissues were sus-
pended in TE buffer (per liter: 10 mM Tris-hydrochloride, I mM EDTA [pH 8])
incubated with lysozyme (1 mg ml™') at room temperature for 30 min and
further treated with DNase (10 wg ml~!) and MgCl, (0.02 mM ml ™) at 37°C for
5 min. The treated tissues were washed several times with TE buffer with a higher
concentration of EDTA (per liter: 50 mM Tris-hydrochloride, 50 mM EDTA
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FIG. 2. The amplified 800-bp fragments of the large subunit for the
RuBisCO form I gene (a) and 400-bp fragments of the RuBisCO form
II gene (b). The fragments were amplified from the genomic DNA
extracted from the collected samples and visualized by electrophoresis
on a 1.5% agarose gel. Lanes: M, 100-bp DNA ladder marker (Bio-
labs); 1, MOT-Hvw; 2, MOT-Sym; 3, TAG-Chm; 4, ST-Sed; 5, ST-
Sym; 6, JT-Sed; 7, NOR-Sed.

[pH 8]) to remove any residual DNase and MgCl,. The cleaned tissues were kept
at —80°C for the laboratory procedures.

Genomic DNA was extracted from 1 g of the clean, thawed endosymbiont
tissues suspended in 1 ml of lysis buffer (per liter: 50 mM Tris-hydrochloride, 50
mM EDTA, 20 mM NaCl, 4 M urea [pH 8.0]), 500 pl of 5 M guanidine
thiocyanate (Sigma), and 100 ul of proteinase K (20 mg ml~") according to the
method of Lippke et al. (38) with modifications. The solution was incubated at
60°C for 4 h. The crude lysate was centrifuged at 14,000 X g for 15 min at 4°C to
precipitate the tissue remnants. The clear supernatant was transferred to a clean
tube. DNA was purified from the supernatant using an EaZy Nucleic Acid
isolation cycle pure kit (Omega Biotek catalogue no. D6493-02) according to the
manufacturer’s instructions. The purified DNA was subjected to electrophoresis
on an 0.8% agarose gel, stained with 0.5 pg of ethidium bromide ml™*, and
visualized by UV excitation. In addition to endosymbiont tissue DNA, animal
DNA was also extracted from non-symbiont-containing tissue, such as vestimen-
tum in the case of the tubeworm Lamellibrachia sp. and foot tissue in the case of
the mussel Bathymodiolus sp., using the same protocol, to serve as a negative
control for RuBisCO gene amplification.

RuBisCO oligonucleotide primers. The RuBisCO oligonucleotide primers for
the amplification of cbbL and cbbM genes were designed according to the
amino-acid-conservative areas of the RuBisCO large subunit. The primer set for
the amplification of the RuBisCO form I c¢hbL gene was designed from the
sequence alignment data given for the chbL genes of Anabaena sp. strain 7120,
Synechococcus sp. strain PCC6301, and the deep-sea Alvinoconcha hessleri che-
moautotrophic bacterial endosymbiont (6, 62, 69). The forward 20-mer primer
(5'-GACTTCACCAAAGACGACGA-3") corresponded to the nucleotide posi-
tions 595 to 615 of the Anabaena strain 7120 cbbL gene, and the reverse 20-mer
primer (5'-TCGAACTTGATTTCTTTCCA-3") corresponded to the comple-
ment of the nucleotide positions 1387 to 1405 of the same Anabaena 7120 cbbL
gene. This primer set was used to amplify an approximately 800-bp segment of
the cbbL gene.

The oligonucleotide primer set for the amplification of the RuBisCO form IT
cbbM gene was designed from multiple sequence alignment data for chbM genes
of the Riftia pachyptila endosymbiont and R. rubrum (46, 57). The forward
30-mer primer (5'-ATCATCAARCCSAARCTSGGCCTGCGTCCC-3') corre-
sponded to the nucleotide positions 663 to 693 of the R. pachyptila endosymbiont
¢bbM gene, and the reverse 30-mer primer (5'-MGAGGTGACSGCRCCGTG
RCCRGCMCGRTG-3") corresponded to the complement of the nucleotide
positions 1033 to 1063 of the same RuBisCO cbbM gene. The amplification with
this primer set would yield a 400-bp fragment from the chbM gene.

These primers were provided by the Funakoshi Company (Tokyo, Japan). The
efficiency of designed primers for amplification of the expected target sizes was
tested on the DNA of Synechococcus sp. strain PCC6301 (ATCC 27144), Thio-
bacillus ferrooxidans (ATCC 19859), Alcaligenes eutrophus (ATCC 29597), R.
rubrum (ATCC 277), and Methanococcus jannaschii (ATCC 43067D), which
represent varieties of RuBisCO types (Fig. 1).
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Amplification, cloning, and seq ing of RuBisCO genes. PCR amplifica-
tions of the RuBisCO genes from the purified genomic DNAs were carried out
using the primer sets described above. The PCR mixture and PCR cycle condi-
tions were set according to the method of Stein et al. (69) with modifications. For
amplification of the cbbL gene, thermal cycling was initiated with denaturation at
94°C for 2 min, followed by 30 cycles of denaturation at 94°C for 1 min, annealing
at 49°C for 1 min, and extension at 72°C for 3 min. The chbM genes were
amplified by initial denaturation at 94°C for 2 min followed by 30 cycles of
denaturation at 94°C for 1 min, annealing at 62°C for 1 min, and extension at
72°C for 3 min. In amplification of either form I or form II genes, the 30 cycles
were followed by a final extension at 72°C for 15 min to allow 3'-A overhangs for
the amplified PCR product to facilitate TA cloning. The PCR products were
subjected to 1.5% agarose gel electrophoresis, stained with 0.5 pg of ethidium
bromide ml ™, and visualized by UV excitation. The bands of the expected sizes
(800 bp for form I and 400 bp for form II) were excised and eluted with a gel
extraction kit (TOYOBO, Tokyo, Japan). The purified PCR products were TA
cloned using the TOPO TA cloning kit (Invitrogen) according to the manufac-
turer’s instructions. After the blue/white selection of the transformant colonies,
the clone libraries were constructed and contained the inserts with the expected
sizes. From each clone library, 50 clones were selected randomly and analyzed
directly by DNA sequencing. In our case, the restriction fragment length poly-
morphism analysis was inefficient in grouping the clones. This was because the
resolution of the restriction fragment length polymorphism analysis was not
enough to divide the clones into groups.

The Topo plasmids were extracted from the randomly selected transformants
using the alkaline miniprep method (1) and purified with the DNA microcon-
centrator filters (catalog no. 42416; Amicon). The sequence reaction was per-
formed using the dye-terminator cycle-sequencing FS kit (Perkin-Elmer) with
the T, primers (60). DNA sequencing was carried out by an ABI model 373
automated DNA sequencer (Applied Biosystems, Perkin-Elmer).

Sequence analysis. The RuBisCO form I insert (approximately 800-bp) se-
quences had a relatively comparable region of 500 bp and highly variable 3’ and
5’ regions of about 300 bp total. Thus, only the comparable 500-bp region from
each sequenced chbL insert was used for analysis. For sequence analysis of the
RuBisCO form II cbbM gene, the 400 bp of the whole insert were used. The
sequences used for analysis were compared with other sequences in the DNA
Database Bank of Japan (DDBJ) for homologies using the program FASTA 3.
Multiple alignments among the current sequences were performed using the
multiple alignments program ClustalW (72). Sequences with more than 90%
nucleotide identity showed 100% amino acid identity and were grouped into the
same operational taxonomic unit (OTU) (19). Each OTU was represented by the
clone having the highest-nucleotide-matching sequence with other clones within
the same OTU. The nucleotide sequences of the OTUs were translated into
amino acid sequences using the program Protein Engine (EBI). A phylogenetic
tree was constructed based on deduced amino acid sequence alignment of cur-
rent OTUs and those from the database using the neighbor-joining algorithm
(58) by the software Tree View (50).

Nomenclature. The sampled sites were abbreviated using the initials of the site
names, as follows: TAG, Trans-Atlantic Geotraverse hydrothermal mound in
Mid-Atlantic Ridge; MOT, Mid-Okinawa Trough; ST, Sagami Trough; JT, Japan
Trench; and NOR, Northern Okushiri Ridge in the Japan Sea.

The sampled materials were abbreviated as follows: Chm, hydrothermal vent
chimney fragments; Hvw, hydrothermal vent water; Sed, sediment; and Sym,
endosymbiont.

For each sample type, two different clone libraries were constructed, one for
the RuBisCO form I ¢bbL genes and the other for the RuBisCO form II chbM
genes. The number in the parentheses, such as (I) and (II), distinguished the
¢bbL and cbbM libraries, respectively. The clone libraries were named with the
area abbreviation followed by the sample abbreviation and the form of
RuBisCO; for example, TAG-Chm(I). In the case of the symbiont libraries, the
area abbreviation indicated the source of the endosymbiont library, if it belonged
to Bathymodiolus sp. [MOT-Sym(I)] or Lamellibrachia sp. [ST-Sym(II)]. The
OTUs were arbitrarily numbered, and the OTU numbers were suffixed to the
sample library codes, as in TAG-Chm (I)-1, for example.

Nucleotide sequence accession numbers. The RuBisCO OTU sequences were
registered in the DNA databases DDBJ, EBI, and GenBank under the accession
numbers listed in Tables 2 and 3.

RESULTS AND DISCUSSION

Efficiency of primers for RuBisCO gene amplifications. Our
initial approach was the amplification of RuBisCO genes
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A AA
DFTKDDENINSQPFMRWQHRFEEVMEAVKKAEVETGERKGHYLNVIAATPEEMYKRA
DETKDDENVNCQPFMRWQONRFEFVAEAVSKSQEETGERKGHYLNVTAADPEQMYERA
DFTKDDENVNSQPFMRWRDRFLFCQEAIEKSQRETGERKGHYMNVTAPTVEEMFQRA
DFTKDDENINSQPFMRWRDRFQFVQEAIDKAQAETGEIKGHYLNVTAPDVEEMFKRA
DFTKDDENINSQPFMRWRGRFDFVMEAIHKAEAETGERKGHYLNVTAPTSDEMMKRA
DFTKDDENVTSQPEMRWRDRFLECAEAI YRSQSETGEIKGHYLSVTAATTEEVLKRA
DFTKDDENVNSQPFMRWRDRFLEVAEAI YKAQAETGEIKGHYLNATAATSEEMIKRA
DETKDDENVNSQPFMRWRDRFLEVAEAIYKSQAETGEIKGHYLNATAGNCDQOMIARA
DETKDDENINSQPFQRWRERFEFVAEAVKLARQETGEVKGHYLNCTATTPEEMYERA
DFTKDDENINSQPFORWRERFEFVAEAVKLAQQETGEVKGHYLNCTATTPEEMYERA
DFTKDDENINSQPFQRWONRFEEVAEAIKLSEQETGECKGHYLNVTANT PEEMYERA
DETKDDENINSQPFORWRERFEFVAEAVKLAQQETGEVKGHYLNCTATTPEEMYERA
DFTKDDENVNSQPFMRWRDRFLEVAEAI YKSQARETGEVKGHYLNATAGHVDEMLKRA
DFTKDDENVTSQPLMRWRDRFLFCAGAI YRSQAETGEI IGHYLNVTAATSEEVLKRA
DETKDDENINSQPFQRWRERFEFAAEAVKLAQQETGEVKGHYLNCTATTPEEMYERA
DETKDDENINSQPFQRWRERFEEVAEAVFLAQQOETGEVKGHYLNCTTTTPGEMYERA
DFTKDDENVNSQPFMRWRARFDEVQEAIEKAEAETGERKGHYLNVTAPTSDEMMKRA
DETKDDENVNSQPFMRWRARFDEVQEAIEKAEAETGERKGHYLNVTAPTFDEMMKRA
DFTKDDENINSQPFORWRDRFEFVAEAVDKAAADTGEVKGHY LNVTAGTVEEMMKRA
DFTKDDENVNSQPFMRWRHRFDFVMEATHKAEAETGERKGHYLNVTAPTSDEMMKRA
DFTKDDENVNSQPFMRWRHRFDEVMEAIHKAEAETGERKGHY LNVTAPTADEMMTRA
DFTKDDENVNSQPFMRWRDRFEFCQEAIEKAELETGERKGHYLNVTAPNIEEMYKRA
DFTKDDENVNSQPFMRWRORYDFVMEAVHKAEAETGEKKGSYLNVTAPTPEEMYKRA
DFTKDDENINSQPFORWONRFEFVADAVDKATAETGERKGHYLNVTAGTVEEMMKRA
DETKDDENVTSQPFMRWRDRFLECQDAIEKSQAETGERKGHYLNCTAGTPEEMYERA
DFTKDDENINSQPFMRWRDRFLECQEAIEKSEAETGERKGHYLNVTAPTPEEMYKRA
DFTKDDENVNSQSFMRWRDRFDEVAEAI DKAERETGERKGHYLNVTAPTPEEMFKRA
DETKDDENVNSQPFMRWRHRFDEVMEAIQKAEAETGERNGHYLNVTAPTADEMMKRA
DETKDDENVNSQPFMRWRDRFEEVAEAI DKAQRETGERNGHYLNVTAPT PEEMFKRA
DFTRDDENVNSQPFMRWRDRFLFVAEAIYKAQAETGEVKGHYLNATAGTCEEMMKRA
DFTRDDENINSQPFQRWRDRFLFVADAIHKSQAETGEIKGHYLNVTAPTCEEMMKRA
DFTKDDENINSQPFQRWQONRFEFVAEAIKLSEQETGERKGHYLNVTANT PEEMYERA
DETKDDENVTSQPFMRWRDRFLFCQDAIEKAQDETGERTGHYLNATAGTPEEMYERA
DLTKDDENINSQPFQRWRDRFEFVAEAVDKATAETGERKGHYLNVTAGTVEEMMKRA
DFTKDDENVNSQPFMRWRQRFDFVMEAIQKAEAETGERKGHYLNVTAPTPEEMYKRA
DFTRKDDENVNSQPFMRWRHGFDFVMEAIEKAERETGERKGHYLNVTAPTPDEMFKRA
DFTKDDENVNSQPFMRWRQRFDFVMEAIQKSERETGERKGHYLNVTAPTPEEMYKRA
DFTKDDENVNSQPFMRWRDRFLFCQEAIEKAQAETGERKGHYMNVTGPTMEEI YKRA
DFMKDDENINSQPFMHWRDRFLFVMDAVNKASAATGEVKGSYLNVTAGTMEEMYRRA
DFIKNDEPQGNQPFAPLRDT IALVADAMRRAQDETGEAKLFSANITADDPFEIIARG
DLVKDDENLTSQEFNKFEDRIYKTLEMRDKAEEETGERKAYMPNITAP-YREMIRRA
*: *:** * : . H :** . * 1 *.

AA
EFAKELGAP----- IIMHDFFTAGFTANTGLANWCRENGMLLHIHRAMH-AVVDRNP
EFAKELGQP-—--- IIMHDFLTAGFTANTGLAKWCRKNGMLLHIHRAMH-AVIDRHP
EFAKEIGTP----- IIMSDYLTVGWAAHNSLSKWCRDNGMLLHEVHRAMH-AVIDRNP
EFAKELGTP----- IIMSDYLTIGWARQQSLSKWCRDNGLLLHVHRAMH-GVIDRNP
EYAKEIGAP----- IIMHDYITGGWSANTQLAQWCQENGMLLHIHRAMH-AVLDRKP
QFARDLGVP----- IVMHDYITGGFTTNTSLAQYCRDNGLLLHIHRAMR-AVIDRQR
ACAKELGLP----- IIMHDYITGGFTANTSLAIYCRDHGLLLEIHRAMH-AVIDRQR
QCAKELGMP----- IIMHDYLTGGWTANTTLASYSRDHGLLLHIHRAMH-AVIDRQK
EFAKELDMP----- IIMHDYITGSFTANTGLGQWCRKNGMLLHIHRAMH-AVIDRHP
EFAKELDMP----- TIMHDYITGGFTANTGLGOWCRKNGMLLEIHRAMH-AVIDRHP
EFANELGMP----- VIMHEYITGGFTANTGLGQWCRKNGMLLHIHRAMH-AVIDRHP
EFAKELDMP----- IIMHDYITGGFTANTGLANWCRKNGMLLHIHRAMH-AVIDRHP
QCAKELGMP----- IVMHDYLTAGFTANTTLATYCRDHGLLLHIHRAMH-AVIDROR
EFARDLGEP-~--- IVMHDYITGGFTTNTSLAAYCRDNGLLLEPHRAMH~-AVIDROR

57

254
251
246
246
247
247
246
247
248
256

232

108

FIG. 3. Deduced amino acid partial sequence alignment of deep-sea cbbL OTUs with those from different types of form I and representatives
of form II and archaeal RuBisCOs from R. rubrum and Methanococcus Jannaschii, respectively. Multiple sequence alignments were performed by
using ClustalW (72). The accession numbers for each deduced large-subunit sequence that was used for comparison with current deduced cbbL
OTUs are as follows: C. reinhardtii, J01399; Synechococcus sp. strain PCC6301, X03220; Synechococcus sp. strain WH7803, U46156; Hydrog-
enovibrio marinus cbbL.1, D43621; H. marinus cbbL.2, D43622; T. ferrooxidans cbbL.2, X70355; A. hessleri symbiont, M34536; T. denitrificans,
L42940; Pseudomonas hydrogenothermophila, D30764; A. eutrophus, U20584; R. rubrum, X00286; M. jannaschii, U67564. The residue identities in
all alignment sequences are marked with asterisks, conserved substitutions are marked with colons, and semiconserved substitutions are marked
with periods (72). The shaded regions represent the identical amino acid residues in the current chbL. OTUs. Known active-site residues are labeled
A (48, 62). Active-site residues that are identical in all sequences are in boldface type. The numbers of aligned cbbL amino acid positions of current

OTUs and those of other species are at the right side.

from chemosynthetic bacteria, which are mainly responsible
for carbon fixation in the deep-sea environment (3, 4, 12, 13,
23, 29). Since a wide range of chemosynthetic bacteria carry
green-like form I and/or form II RuBisCOs (76), the RuBisCO
primers were designed to amplify a wide range of green-like
¢bbL and cbbM genes but not to amplify red-like form I or
archaea RuBisCO large-subunit genes (Fig. 1). The compari-

son of chbL amino acid sequence data from a variety of species
that carry green-like RuBisCOs, including Synechococcus sp.
strain PCC6301, Synechococcus sp. strain WH7803, Anabaena
sp. strain PCC7120, Chlamydomonas reinhardtii, T. ferrooxi-
dans, Thiobacillus denitrificans, Hydrogenophilus thermoluteo-
lus, and A. hessleri endosymbiont, and representatives of red-
like form I, form II, and archaeal RuBisCOs from A. eutrophus;
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EFAKELDMP-----~ IIMHDYITGGFTANTGLANWCRKNGMLLHIHRAME-AVIDRHP
EFAKELDMP----- IIMHDYITGGFTANTGLANWCRKNGMLLEIHRAMH-AVIDRHP
EYAKEIGSP-—--- IIMHDYITGGWTANTQLAQWCQODNGMLLEIHRAMH-AVLDRNP
EYAKEIGSP-—--- IIMHDYITGGWSANTGLAQWCQDNGMLLHIHRAMH-AVLDRNP
EFAKEIGQP----- IIMHDFLTAGFTANTTLANWCRENGMLLHIHRAMH-AVIDRNP
EYAKEIGAP-----IIMHDYLTGGLSANTQLAQWCQENGMLLHIHRAMH-AVLDRNP
EYAKEIGAR-----IIMHDYLQGGLSANTGLAHWCRDNGVLLHIHRAML-AVLDRNP
EFAKEIGTP---~~IIMSDYLTMGWAAQASLSRWCRDNGMLLHVHRAMH-GVIDRHP
EYAKELGAP----- IIMHDYLTGGFTANTGLANWARDNGVLLHIHRAMH-AVLDRNP
EFAKELGQP-—----— IIMHDFLTAGFTANTTLANWCRDNGMLLHIHRAMH-AVIDRNP
EFAKEIGTP---~~IIMHDYLTGGFTANTGLANYCRKNGLLLHIHRAMH-GVIDRNP
EFAKEIGSP-—--- IIMHDYLTGGFTANTGLANWCRDNGVLLHIHRAMH~GVIDRNP
EYAKELNQP---—-— IIMHDFLTGGFTANTGLANWCRENGMLLHIPRAMP-AVIERNP
EYAKEIGAP-----IIMHDYLTGGLSANTGLAQWCRDNGMLPHFPRAMH-AVLDPIP
EYAKEVGCEP-----IIMHNFLTSGFTANTGLAKWCRENGLLLHIPRAMP-AVIQRNP
VCAKELGVP-----IIMHDYLTGGFTANTSLAIYCRDNGLLLHIHRAMH-AVIDRQR 305
EFAKELGMP-~----— IIMHDFLTAGFTANTTLAKWCRDNGVLLHIHRAMH-AVIDRQR 302
EFAKELGMP IIMHDFITGGFTANTGLSKWCRKNGMLLHIHRAMH-AVIDRHP 297
EFAKEIGSP-----IVMHDFLTGGLTANTGLANYCRKNGLLLHIHRAMH-GVIDRNP 297
EFAKELGQP——-—— IIMHDFLTAGFTANTTLANWCRENGMLLHIHRAMH~AVIDRNP 298
EYAKEIGAP-—--- IIMHDYITGGFCANTGLANWCRDNGMLLHIHRAMH~RVLDRNP 298
EYAKEIGAP----— IIMHDYITGGFTANTGLAQWCRDNGVLLHIHRAMH-AVLDRNP 297
EYAKEIGAP-----— IIMHDYITGGFCANTGLANWCRDNGMLLHIHRAMH-AVLDRNP 298
EFAKEIGTP-----IIMIDYLTVGWAATQSLSKWCRDNGMLLHVHRAMH-AVIDRNP 299
EFAKSLGSV IIMIDLIVG-WTCIQSMSNWCRONDMILHLHRAGH-GTYTRQK 306
EYVLETFGENASHVALLVDGYVAGAAAITTARR--RFPDNFLHYHRAGHGAVTSPQS 299
EIAEDAGSE----- YVMIDVVVCGFSAVQSFR--EEDFKFIIHAHRAMH-AAMTRSR 280
.. . - K L2
A AR
MHGIHFRVLDQILRLSGGDHLHSGTV-VGKLEGEREATLGWIEHMRETFVPENRKRG 164

KHGIHFRVLAKCLRLTGGEHLHTGTV-VGKLEGERQSTLGWVDLLRESFIPEDRSRG
NHGINFRVLAKMLRLFGGDHLHSGTV-VGKLEGERNAHLGWIDLMRERYVKVDRTRG
KHGINFRVLAKMLRLLGGDHLHSGTV-VGKLEGEREATLGWVELMRDRYVKAERSRG
HHGIHFRVLGKILRLSGGDHLHSGTV-VGKLEGEREATLGWIDIMRDRFIKEDRERG
NHGIHFRVLAKALRMSGGDHLHSGTV-VGKLEGEREVTLGFVDLMRDAYIEKDRSRG
NHGIHFRVLAKALRLSGGDHLHSGTV-VGKLEGERNVTLGFVDLMRDPIVEKDRDRG
NHGIHFRVLAKSLRLSGGDHLHSGTV-VGKLEGERNVTLGSVDIMRDAYIEKDRDRG
KHGIHFRVLAKCIRLSGGDQLHTGTV-VGKLEGDRQTTLGYIDNLRESFVPEDRTRG
KHGIHFRVQAKCLRLSGGDQLHIGTI~-VGKLEGDRQTTLGYIDNLRVSFVPEDRTRG
KRGIHFRVLAKCLRLTGGDQLHTGTV-VGKLEGDRQTTLGYIDQLRESFVPEDRSRG
QHGTHFRVLAMRKRKSGGDQLHTGTV-VGKLEGDRQTTLGYIDNLRESFVPEDRTRG
NHGIHFRVLAKALRLSGGDHLHSGTV-VGELEGERNVTLGFVDLMRDAVVEKDRDRG
NHGIHFRVLAKALRMSGGDHLHSGTV-VGKLEGEREVTLGFVDLMRDAYIEKDRSRG
KHGIHFRVLAKCLRLSGGDQLHTGTV-VGKLEGDRQTTLGYIDNLRESFVPEDRTRG
KHGIHFRVLAKCLRLSGGDQLHTGTV-VGKLEGDRQTTLGYIDNLRESFVPEDRTRG
HHGIHLRVLTKILRLSGGDHLHSGTV-VGKLEGDRDATLGWIDIMRDSFIKEDRSRG
HHGIHFRVLTKILRLSGGDHLHSGTV-VGKLEGDRDATLGWIDIMRDSYIKEDRSRG
HHGIHFRVLAKCLRLSGGDHLHTGTV-VGKLEGDRASTLGFVDQLREAFVPEDRSRG
HHGIHFRVLTKVLRLSGGDHLHSGTV-VGKLEGDRDATLGWIDIMRDSYIKEDRSRG
HHGFPFRVLTKVFRMTGGDHLHTRSV-VGKLEGERDATLGWIDTMRDSYIKEDRSRG
KHGINFRVLAKTLRLLGGEHLHSGTV-VGKLEGTRTATLGWIDMMGEKIVKEDRSRG
NHGIHFRVLTKMLRLSGGDHLHSGSV-GGKLEGEREGTLGWFELMREHFLREDGTRG
HHGIHFRVLAKCLRLSGGDHLHTGTV-VGKLEGDRASTLGFVDQLREAFVPEDRSRG
HHGIHFRVLTKALRLSGGDHLHSGTV-VGKLEGDREATLGWIDLMRDSFIAEDRSRG
HHGIHFRVLAKALPLSGGEHLHSGSV-FGNLEGDREANLGWIELMLDRYIKEDRSPG
KHGIHFRVLGKMLRLSGGDHLHSGTV-VGKPEGDRETSLGFVSQLRDSFVPEDRSRG
HHGIHFRVLTKVLRLSGGDHLHSGKV-FGNLQGDHDITPGWIDLMRESFIKEDRSRG

FIG. 3—Continued.

R. rubrum, Rhodobacter capsulatus, R. pachyptila endosymbi-
ont, and T. denitrificans; and M. jannaschii, respectively,
yielded a consensus for the regions from which the ¢cbbL and
¢bbM primers were designed in form I green-like and form II
RuBisCOs, respectively, but not in any other RuBisCOs.
Occurrence of a single RuBisCO gene in a symbiont-bearing
tissue. Both the genes encoding the large subunit of RuBisCO
forms I and II (¢cbbL and cbbM) were amplified in most of the
samples (Fig. 2). Exceptions to this biform were the samples of
the vent mussel symbionts (MOT-Sym) and the seep vestimen-
tiferan tubeworm symbionts (ST-Sym). MOT-Sym showed the
amplification of only the RuBisCO form I gene (cbbL). Con-
versely, ST-Sym showed the amplification of only the RuBisCO
form II gene (cbbM). This single-form occurrence may indicate

the physiological adaptation of the endosymbionts to the hab-
itat conditions (i.e., vent or seep) or to the host species (i.e.,
mussel or tubeworm).

The reasons for the occurrence of a single RuBisCO gene in
symbiont-bearing tissue are discussed from two viewpoints.
The first associates the RuBisCO form distribution with the
stable carbon isotope ratios of the organic matter assimilated
by chemoautotrophic endosymbionts. Form I was detected in
mollusk endosymbionts, which have a delta *C value of
—30%o, while form II was expressed in tubeworm endosymbi-
onts, which have a delta '>C value of —11%o (55). The isotopic
difference may reflect the difference in the sources of CO,
derived from vent or seep or seawater, which in turn might
select for a particular form of RuBisCO.
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H.marinus cbbL.1
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T.ferrooxidans cbbL.2
A.hessleri symbiont
T.denitrificans
P.hydrogenothermophila
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R.rubrum

M. jannaschii

APPL. ENVIRON. MICROBIOL.

HHGFHFRVLGKILRLSGGEHDKLGTV-LAKLEGDRDGNLGWI DIMRESFIKEARSRG

NHGIHFRVLAKALRMSGGDHLHSGTV-VGKLEGEREVTLGFVDLMRDDYVEKDRSRG 361
NHGIHFRVLAKCLRLSGGDHLHSGTV-VGKLEGDKASTLGFVDLMREDHIEADRSRG 358
KHGIHFRVLAKCLRLSGGDQLHTGTV-VGKLEGDRQTTLGYIDQLRESFVPEDRSRG 353
LHGIHFRVLSKVLRLSGGDHLHSGTV-VGKLEGDRGSDLGWIDIMRDSFIAEDRSRG 353
LHGIHFRVLAKCLRLSGGDHLHTGTV-VGKLEGDRASTLGFVDQLRESFVPEDRSRG 354
HHGIHFRVLTKILRLSGGDHLHSGTV-VGKLEGDREATLGWIDIMRDRFIKEDRSRG 354
HHGIHFRVLTKILRLSGGDHLHTGTV-VGKLEGDREATLGWIDLLRESYIKEDRSRG 353
HHGIHFRVLTKILRLSGGDHLHSGTV-VGKLEGDREATLGWIDMMRDSFVKEDRSRG 354
KHGINFRVLAKIMRLIGGDHLHSGTV~VGKLEGDRAATLGWIDLMRDRYVKADRSRG 355
NHGVSFRVIAKWLRLAGVDHMHTGTA-VGKLEGDPLTVOGYYNVCRDAYTHADLSRG 362
KRGYTAFVHCKMARLQGASGIHTGTMGFGKMEGESS—-—-=- DRAIAYMLTQDEAQG 350
DFGISMLALAKIYRLLGVDQLHIGTV~VGKMEGGEKEVKAIRDEIVYDKVEAD-NEN 335
* * .. - -k

MFEDQDWGA--—- 173

IFEDQDWGS—-—-

IFEEHEWGQ----

IFECODWGQ---~

IFEQQOEWGS-——-

VYETQDWCG—=~~

VYETONWGS----

VFETQDWAS-~--

NFEDQDWGS————

NFEDQDWGY---~

NFEDQDWGS—---

NFEDQDWGS-—-—

VYETQEWGS~——-

VYETQDWCG--—-

IFEDQDWGS—-—-~

NFEDQDWGS———~

IFEDQDWGA-———

IFEDQDWRA--—-

IFEDQDWGS----

IFEDQDWGA~———

LFEDQDWGS -~~~

IFEDQDWGQ----

IFEDQDWGS=-~-—

VFEDQDWGS—--~

IMEDQDFGA-—-==

IMEDQEIGS---~

VFEDQDWGS----

IFEDQDWGS----

FFEDQDWGS----

IYFTQDWCS---- 370

VFFTQDWAS---- 367

NFFDQDWGS---- 362

IMFDQDFGE~--- 362

VFFDQDWGS---- 363

IFFDQDWGS---- 363

IFFDQDWGS---- 362

IFFDQDWGS---- 363

IFFDQDWGQ---- 364

LFFDQDWASL--- 372

PFYRQSWGGM--- 360

KFFNQDWFDIKPV 348

FIG. 3—Continued.

The second viewpoint is that the unequal distribution of the
RuBisCO forms results from the chemical and kinetic proper-
ties of the forms (21). RuBisCO form I is adapted for aerobic
conditions, while the form II is functional in anaerobic condi-
tions (21). Corresponding to this observation, the mussel has
endosymbionts located in the gills, which are external organs
designed for efficient diffusive exchange of O, and CO, with
seawater. This property of gills increases the chance of aerobic
conditions that would make the RuBisCO form I enzyme more
adaptive. In contrast, the vestimentiferan tubeworm endosym-
bionts are located in the trophosome, buried deep within the
body of the animal, where the O, concentration is tightly con-
trolled by the host and the blood levels of CO, are high,
favoring the expression of form II (21, 68).

It should be noted that the chemoautotrophic symbiont of
the vent mussel, Bathymodiolus thermophilus, has a psychro-
philic nature, since the rate of thiosulfate-stimulated CO, in-
corporation by this symbiont was maximum at 4°C and some-
times at 10°C, while CO, incorporation was nonexistent or
greatly diminished at 22°C (47). The discrepancy between the
host thermophily and the symbiont psychrophily has not been
fully elucidated.

We have also tried to amplify ¢bbL and ¢cbbM from the
endosymbionts of the seep giant clam Calyptogena soyoae,
which has a developed gill and a reduced gut, collected from
the same methane seep from which the tubeworm Lamellibra-
chia sp. was collected. However, neither form of RuBisCO
genes was successfully amplified in this clam (data not shown).



VoL. 67, 2001 PHYLOGENETIC DIVERSITY OF RuBisCO GENES 1759

TABLE 4. Percentages of amino acid identity between the current deep-sea RuBisCO form I OTUs
and the nearest neighbor species from the database

% Identity with OTU:
OTU

234567 8 9101112131415 1617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

1 TAG-Chm(T)-1
2 TAG-Chm(I)-2

78 68 71 77 64 69 65 75 74 74 76 66 63 77 75 76 75 78 77 71 71 78 80 74 72 76 71 72 69 78 71 80 81 78 81 69 54 28 37
69 70 70 66 70 70 78 77 81 78 69 66 81 80 72 71 81 72 69 72 73 83 75 71 75 69 74 71 84 73 83 75 76 76 69 53 32 36

3 TAG-Chm(I)-3

4 TAG-Chm(I)-4

5 TAG-Chm(I)-5

6 MOT-Hvw(I)-1

7 MOT-Hvw(I)-2

8 MOT-Hvw(I)-3

9 MOT-Hvw(I)-4

10 MOT-Hvw(T)-5

11 MOT-Hvw(I)-6

12 MOT-Hvw(I)-7

13 MOT-Hvw(I)-8

14 MOT-Hvw(T)-9

15 MOT-Hvw(I)-10

16 MOT-Hvw(I)-11

17 MOT-Hvw(I)-12

18 MOT-Sym(T)-1

19 ST-Sed(1)-1

20 ST-Sed(I)-2

21 ST-Sed(I)-3

22 ST-Sed(I)-4

23 ST-Sed(I)-5

24 JT-Sed(T)-1

25 JT-Sed(I)-2

26 NOR-Sed(I)-1

27 NOR-Sed(I)-2

28 NOR-Sed(I)-3

29 NOR-Sed(I)-4

30 Chlamydomonas reinhardtii

31 Synechococcus sp. strain WH7803
32 Hydrogenovibrio marinus cbbL-1
33 Hydrogenovibrio marinus cbbL-2
34 Thiobacillus ferrooxidans cbbL-2
35 Alvinoconcha hessleri symbiont
36 Thiobacillus denitrificans

37 Pseudomonas hydrogenothermophila
38 Alcaligenes eutrophus®

39 Rhodospirillum rubrum®

40 Methanococcus jannaschii®

83 72 65 70 68 64 64 64 64 69 66 66 65 73 74 69 72 68 81 69 68 74 74 66 67 66 71 68 69 69 73 72 74 86 54 30 36
72 67 72 69 65 65 65 64 69 68 66 65 72 73 72 72 68 81 71 71 72 73 71 66 67 74 68 68 72 74 72 73 84 58 34 39
66 72 71 70 69 69 69 69 66 71 71 89 88 75 90 80 72 77 73 74 75 74 80 72 72 72 71 74 88 84 86 73 53 31 37
82 77 63 63 64 63 80 93 65 63 67 68 66 66 63 62 65 67 72 67 66 60 62 84 65 68 68 68 68 69 66 51 27 36

8569 69 67 69 89 82 71 70 72 71 72 71 66 67 71 73 74 69 72 66 66 89 69 70 74 74 72 74 69 54 31 39

65 65 65 66 87 76 67 67 71 72 70 71 67 65 68 71 72 66 68 65 65 84 67 69 71 71 69 70 66 54 31 36

95 89 94 66 62 95 95 71 71 79 70 66 68 71 78 72 66 74 66 68 68 90 69 80 74 75 75 66 56 31 36

87 92 66 62 94 93 71 71 77 70 64 67 69 77 72 66 73 65 67 69 88 69 78 73 73 74 66 56 31 36

86 65 63 87 87 71 71 77 70 66 68 68 79 71 68 74 66 68 66 94 68 79 74 75 76 66 54 31 36

66 63 95 95 71 70 79 69 66 66 71 78 73 67 74 66 68 69 88 70 80 74 74 75 66 56 30 36

79 68 68 69 68 74 69 65 64 68 74 72 69 69 65 64 86 67 69 74 69 69 71 66 51 31 36

64 63 67 67 66 66 62 62 65 68 73 67 65 61 61 83 65 69 68 68 67 68 66 52 29 36

96 72 72 81 71 66 69 73 80 75 69 75 68 69 71 90 72 82 76 76 77 68 57 31 37

72 71 80 71 66 68 72 80 74 68 75 67 69 69 89 71 81 75 75 76 67 56 31 36
96 76 93 81 75 77 75 80 77 76 83 75 73 74 77 76 89 88 88 77 54 31 39
7593 83 75 77 74 80 78 75 83 75 74 73 76 75 89 89 88 78 55 30 39
77 70 71 74 94 75 72 80 71 74 75 81 73 95 78 77 78 72 60 32 37
87 74 78 75 79 76 77 86 75 74 72 76 77 89 88 87 76 54 30 37

69 76 70 72 72 71 81 71 69 68 69 71 82 84 81 71 52 28 35

68 70 74 74 68 69 68 68 71 71 71 76 74 77 83 54 29 39

74 74 75 7576 71 72 71 69 74 84 81 83 68 54 32 36

74 71 80 71 73 74 83 72 96 77 77 77 71 59 33 37

83 74 72 72 77 74 90 75 83 80 83 76 54 24 33

7273 71 71 71 77 72 81 79 80 75 53 25 33

7279 72 78 72 83 80 79 81 69 54 28 37

73 68 69 70 71 83 83 83 69 49 28 34

67 72 7275 77 78 77 68 48 27 34

69 72 75 74 73 74 72 56 31 39

72 83 77 77 79 69 57 30 37

74 78 74 77 72 54 25 34

77 77 78 72 59 33 38

90 96 78 57 31 38

90 75 54 32 38

77 56 31 39

59 31 40

32 36

26

“ The species A. eutrophus, R. rubrum, and M. jannaschii, carrying form I red-like, form II, and archaeal RuBisCO, respectively, were used as out groups.

One possible explanation for this result is that this clam species
may bear a methanotrophic symbiont, which may assimilate
carbon via non-RuBisCO pathways. The occurrence of
RuBisCO in the current tubeworm rather than in the clam may
be correlated with the geochemical characters of this methane
seep, where it has abundant methane in ambient water and
sediment but has available hydrogen sulfide only in sediment
(59). The seep-dwelling tubeworm Lamellibrachia sp. is known
to incorporate hydrogen sulfide through its root buried in the
sediment (28). These environmental characteristics may favor
the occurrence of chemosynthetic symbionts, which carry
RuBisCO in the tubeworm and may be methanotrophic sym-
bionts in the clam gills, which have direct contact with the
ambient methane-rich water.

Occurrence of divergent RuBisCO genes in nonbiological
samples. The TAG hydrothermal chimney sample (TAG-
Chm) showed no amplification of cbbM but showed cbbL gene
diversity with 5 OTUs (Fig. 2 and Table 2). Another hydro-
thermal vent sample, i.e., hydrothermal vent water from the

Mid-Okinawa Trough (MOT-Hvw), showed a low level of
cbbM diversity, with 3 OTUs, and a high level of chbL diversity,
with 12 OTUs (Tables 2 and 3). The absence or low diversity of
anoxic ¢cbbM in the hydrothermal vent samples can likely be
ascribed to that vigorous upwelling of anoxic vent fluid that
causes the rapid mixture with oxic seawater and results in the
microaerobic-to-aerobic nature of the near-vent condition (2,
31). This may favor the dominance of aerobic chbL-bearing
chemoautotrophs over non-chbbL-bearers in the near-vent hab-
itat.

In contrast to the near-vent samples, the reducing sediment
samples from the Japan Trench and the Northern Okushiri
Ridge (JT-Sed and NOR-Sed) were characterized by a high
level of cbbM diversity, with 6 and 8 OTUs, compared with the
low level of cbbL diversity, with only 2 and 4 OTUs, respec-
tively (Tables 2 and 3). The anoxic nature of these habitats may
account for the divergence of the genes for anaerobic
RuBisCO form II (15, 45).

Another sample of reducing sediment (ST-Sed) showed
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MOT-Hvw (II)-1
MOT-Hvw(II)-2
MOT-Hvw (II)-3
ST-Sed(II)-1
ST-Sed(II)-2
ST-Sed (II)-3
ST-Sed (II)-4
ST-Sed(II)-5
ST-Sym(II)-1
ST-Sym(II)-2
JT-Sed(II)-1
JT-Sed(II)-2
JT-Sed (II)-3
JT-Sed(II)-4
JT-Sed(II)-5
JT-Sed (II)-6
NOR-Sed (II)-1
NOR-Sed (II)-2
NOR-Sed (II)-3
NOR-Sed (II)-4
NOR-Sed(II)-5
NOR-Sed (II)-6
NOR-Sed (II)-7
NOR-Sed (II)-8
R. capsulatus
T. denitrificans

R. pachyptila symbiont

R. rubrum

Synechococcus PCC6301
Methanococcus jannaschii

MOT-Hvw (II)-1
MOT-Hvw (II)-2
MOT-Hvw (II)-3
ST-Sed(II)-1
ST-Sed(II)-2
ST-Sed(II)-3
ST-Sed(II)-4
ST-Sed(II)-5
ST-Sym(II)-1
ST-Sym(II)-2
JT-Sed(II)-1
JT-Sed(II)-2
JT-Sed (II)-3
JT-Sed(II)-4
JT-Sed(II)-5
JT-Sed(II)-6
NOR-Sed (II)-1
NOR-Sed (II)-2
NOR-Sed (II)-3
NOR-Sed (II)-4
NOR-Sed (II)-5

APPL. ENVIRON. MICROBIOL.

AAA A AA

IIKPKLGLRPKPFAEACYNFWLGG-DEIKNDEPQGNQVWGPIKEVVPLVK
IIKPKLGLRPKPFAESCYHFWWRG-HFIKNDEPQGNQMWGPINQVVPLVY
IIRPKLGLRPQPFAKARYQFWLGG-DEIRNDEPQGNQVFAPINEVIPLVV
IIKPKLGLRPEPFAEAAYQFWLGG-DF IKNDEPQGNQVFCPMKKVIPLVA
IIKPKLGLRPEPFAEARYQFWLGG~DEIKNDEPQGNQVFCPMKKVIPLVY
IIRPKLGLRPEPFAEARYQFWLGG-DEIKNDEPQGNQIFCRMKKVIPLVA
IIKPKLGLRPKPFAEAAYQFWLGG-DEIKNDEPQGSQVFCPMKEVMPLVA
IIRPRLGLRPKPFADACYQFWLGG~DEIKNDEPQGNQIFAPLKETIPLVA
IIKPKLGLRPKPFADAAYQFWLGG-DEIKNDEPQGNQVFCPTKKVMPLVA
ITIKPKLGLRPEPFANAAYQFWLGG-DFIKNDEPQGNQVFCPLKKVLPLVH
IIKPKLGLRPEPFAEAAYQFWLGG-DEIKNDEPQGNQVFCPMKKVIPLIA
IIKPKLGLRPEPFAEAAYQFWLGG-DEIRNDEPQGNQVFCPMKKVIPLVA
ITIKPKLGLRPQPFAKAAYDFWLGG-DEIKNDEPQGNQVFAPLKETITAVA
IIRKPKLGLRPKPFADACYDFWLGG-DEIRNDEPQGNQIFAPLKETITLVA
IIRKPKLGLRPKPFADACYQFWLGG-DEIRNDEPQGNQVYAPMKESIPLVV
IIKPKLGLRPKPFADACYQFWLGG-DEIKNDEPQGNQVYAPMKESIPLVV
IIKPKLGLRPQPFAKAAYDFWLGG-DEIRNDEPQGNQVFAPLKETITAVA
IIKPKLGLRPEPFAKARYDFWLGG-DFIKNDEPQGNQVFAPLKETITAVA
IIKPKLGLRPEPFAKARYDFWLGG-DEIKNDEPQGNQVFARLKETIIAVS
IIKPKLGLRPEPFASAAYQFWLGG-DEIKNDEPQGNQVFCPMKKVMPLVA
IIKPKLGLRPEPFASAAYQFWLGG-DEFIRKNDEPQGNQVFCPMKNVMPLVA
ITRPKLGLRPEPFAQAAYHFWLGG-DEIKNDEPQGNQTFCPMKKVIPLVA
ITKPKLGLRPEPFADACYQFWLGG-DEVENDEPQGNQVFAPFRQTITAVA
IIRPKLGLRPEPFADACYQFWLGG-DEVRNDEPQGNQVFAPFRQTITAVA
IIKPRLGLRPKPFADACYEFWLGG~DFIKNDEPQGNQTFAPLKETIRLVA
IIKPRLGLRPEPFAKAAYQFWLGG-DFIKNDEPQGNQVFCPLKKVLPLVY
IIRPRLGLRPEPFAEARYQFWLGG-DFIKNDEPQGNQPFSPMKKTIPLVA
IIKPKLGLRPKPFAEACHAFWLGG-DFIKNDEPQGNQPFAPLRDTIALVA
TIKPRKLGLSAKNYGRAVYECLRGGLDFTKDDENINSQPFQRWRDRFLEFVA
IVKPRVGLKTEEHAKVAYEAWVGGVDLVKDDENLTSQEFNKFEDRIYKTL

sFEHHE 2 . H * g ARk = - ..
DSMVRAQDDTGMAKLFSFNITADDHYEMLHRGEYILETFAEFSE--NIAF
DSMVPAQDHTGMAKLFSFHITADDHYEMSQRGEYIIETLADFSE--NIAF
DAMKRAQDETGEAKRKLFSANITADAHDEMIARGEYILSQFGEYSE~~NIAF
DAMKRAQDETGEAKLFSANITADDHYEMLARADYVLETFGENAS—--HVAF
DAMKRAMDETGRAKLFSANITADDHYEMIARGEYVLETFGPDAD--KVAF
DAMKRAQDETGEAKLFSANITADDYHEMCARADFVLETFGEDSP--RVAL
DAMKRAQDETGEAKLFSANITADCYHEMCARADFVLETFGEDSP--RVAF
DAMRRAQDETGEAKLFSANITADDPFEMIARGEFILETFAENAD--HVAF
DALARAQDETGEAKLFSANITADDHHEMCARADYILETFGENAS—-HVAF
DAMKRAQDETGEPKIFSMNITADDHHEMCARADFGLELFGEDAP--RLAF
DAMKRAQDETGEAKLFSANITADDYHEMCARADFVLETFGENSP--RVAF
DAMKRAQDETGEAKLFSANITADDYHEMCARADFILETFGENSP--RVAF
DAMRRAQDNTGEAKLFSANITADDYREMIARGEFILETFAENAD--HVAF
DAMKRVODKTGEAKLFSANITADCHHEMVARGEFILEAFGENAD--HVAF
DAMKRAMDETGQGKIFSANITADCHHEMIARGGYVLEQFGNMAE--NVAL
DAMKRAMDETGQGKIFSANITADCHVEMIARGEYVLEQFGNMAE--NVAL
DAMRRAQDDTGEAKLFSANITADDYREMIARGEFILETFAENAD--HVAF
DAMRTAQDDTGEAKLFSANITADDYREMIARGEFILETFAETAD--HVAF
DAMRRAQDDTGEAKLFSANITADDYREITIARGEFILETFAENAD--HVAF
DAMKRAQDETGOAKLFSANITADDHYEMMARADYILETFGENAS--HVAF
DAMKRAQDKTGQAKLFSANITADDHYEMMGRGDYILETFREKPS—--HVPF

49

212
219
201

97

FIG. 4. Deduced amino acid partial sequence alignment of deep-sea chbM OTUs with those from different types of form II and representative
form I and archaeal RuBisCOs from Synechococcus sp. strain PCC6301 and M. jannaschii, respectively. Multiple sequence alignments were
performed by using ClustalW (72). The accession numbers for all deduced large-subunit sequences that were used for comparison with current
deduced cbbM OTUs are as follows: R. capsulatus, U23145; T. denitrificans, 1.37437; R. pachyptila endosymbiont, AF047688; R. rubrum, X00286;
Synechococcus sp. strain PCC6301, X03220; M. jannaschii, U67564. The residue identities in all alignment sequences are marked with asterisks,
conserved substitutions are marked with colons, and semiconserved substitutions are marked with periods (72). The shaded regions represent the
identical amino acid residues in the current cbbL. OTUs. Known active-site residues are labeled A (48, 62). Active-site residues that are identical
in all sequences are in boldface type. The numbers of aligned cbbM amino acid positions of current OTUs and those of other species are at the

right side.

mid-range diversities for both ¢bbL and c¢cbbM, with 5 OTUs
recorded from each library. This leads to the idea that the
Sagami Trough sediment may be microaerobic. This idea is
supported by the fact that 16S rDNA sequences of €-pro-
teobacteria, to which many known microaerophiles belong,
were recovered (33, 44).

The divergence of nucleotide sequences of clones within the
OTU (Tables 2 and 3) is probably due to the nucleotide de-
generacy that may yield the same amino acid. This is commonly
known in enzyme sequence analysis (32).

Analysis of deep-sea RuBisCO sequences. In order to ana-
lyze the current deep-sea RuBisCO genes, we have aligned the
deduced amino acid sequences of the current OTUs with pub-
lished sequences from several organisms (Fig. 3 and 4). The
range of aligned cbbL and cbbM partial amino acid sequences
corresponds to positions 195 to 367 and 170 to 300, respec-
tively, of the RuBisCO large subunit of Synechococcus sp.
strain PCC6301 (62). The positions of active and catalytic sites
correspond to those of Synechococcus sp. strain PCC6301 (48,
62). All the current deep-sea OTUs possess the characteristic
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NOR-Sed (II)-6

NOR-Sed (II)-7
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T. denitrificans
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Synechococcus PCC6301
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DAMKRAQDETGDAKLFSANITADDHYEMLYRAHYILETFGPDAT--HVAF
DAMARAQDATGAAKLFSANITAEDPFEMIARAECILDTFGANAA-~HVAF
DAMARAQDATGAAKLYSANITADDPFEMIAPRECILDTFGCNAA-~QVNF
DAMKRAQDETGEAKLFSANITADDHYEMVARGEYILETFGENAD--HVAF 260
DAMKRAQDDTGQAKLFSMNITADDHYEMCARADYALEVFGPDAD--KLAF 260
DAMRRAQDETGEAKLFSANITADDPAEMIARGEFVLETFGFEAS--QVAF 262
DAMRRAQDETGEAKLFSANITADDPFEIIARGEYVLETFGENAS~--HVAL 260
DAIHKSQAETGEIKGHYLNVTAPTCEEMMKRAEFAKELGMPIIMH---DF 266

Methanococcus jannaschii EMRDKAEEETGERKAYMPNITAP-YREMIRRAEIAEDAGSEYVM-————— 244
- L2 * ..k k * .
AA

MOT-HVW(II)-1
MOT-Hvw (II)-2
MOT-Hvw (II)-3
ST-Sed(II)~1
ST-Sed (II)-2
ST-Sed(II)-3
ST-Sed(II)-4
ST-Sed(II)-5
ST-Sym(II)-1
ST-Sym (II)-2
JT-Sed(II)-1
JT-Sed(II)-2
JT-Sed(II)-3
JT-Sed(II)-4
JT-Sed(II)-5
JT-Sed(II)-6
NOR-Sed (II)-1
NOR-Sed (II)-2
NOR-Sed (II)-3
NOR-Sed (II)-4
NOR-Sed (II)-5
NOR-Sed (II)-6
NOR-Sed (II)-7
NOR-Sed (II)-8
R. capsulatus

T. denitrificans
R. pachyptila symbiont

R. rubrum

Synechococcus PCC6301
Methanococcus jannaschii

LVDGYVGSPGMVTITARRNFPDQFLHTHRAGHGAVTS 133
LVDGYVGSPGMVTTARRTFPDQFLHYHRAGHGAVTS
LVDGYVGRPGMVTTAPRNFPDQFLHYHRAGHGAVTS
LVDGYVGGPGMITTARRQYPNQYLHYHRAGHGAVTS
LVDGYVGGPGMITTARRNFPSQYLHYHRAGHGAVTS
LVDGYVGGPGMVTITARRNYPEQYLHYHRAGHGAVTS
LVDGYVGGPGMVTTARRNYPEQYLHYHRAGHGAVTS
LVDGYVTGPAAITTARRRFPNQYLHYHRAGHGAVTS
LVDGYVGGPGMVITARRNYPSQYLHYBRAGHGAVTS
LVDGYVGGPGMVTTARRNYPSHYLHYHRAGHGAVTS
LVDGYVCGPGMVITARRNYPEQYLHYHRAGHGAVTS
LVDGYVGGPGMVTITARRTIPEQYLHYHRAGHGAVTS
LVDGYVAGPTAITNARRHFPNHYLHYHRAGHGAVTS
LVDGYVEGPAAITTARRTFPNHYLHYHRAGHGAVTS
LIDSFVGGTGMVITARRYFSNQFIHYHRAGHGAVTS
LIDGFVGGTGIVITARRYFSNHFIHYHRAGHGAVTS
LVDGYVAGTAAITTARRQFPNQYLHYHRAGHGAVTS
LVDGYVAGPGAITKARRHFPNQYLHYHRAGHGAVTS
LVQGYVAGPAAITTARREFPGQYLHFHRAGHGAVTS
LVDGYVGGPGMVTTARRQYPNQYLHYHRAGHGAVTS
LVECYFRGPGMVITARRHYPNHYLHYHRAGHGAVTS
LVKGYVGGPGMVTTARHQYPFHYLHYHRAGHGAVTS
LVDGYAGGPAAITKARRQFPRHFLHYHRAGHGAVTS
LVDGYAGGPAAITTARRQFPGHFLHYHRAGHGAVTS
LVDGYVTGPAAITTARRSFPRQFLHYHRAGHGAVTS 296
LVDGYVGGPGMVTTARRQYPGQYLHYHRAGHGAVTS 296
LVDGYVAGPTAVATARRNFPNQFLHFHRAGHGAVTS 298
LVDGYVAGAAAITTARRRFPDNFLHYHRAGHGAVTS 296
LTAGFTANTTLAKWCRDN--GVLLHIHRAMHAVIDR 300
—IDVVVCGFSAVQSFREEDFKFITHAHRAMHAAMTR 278

sk kkk K .

FIG. 4—Continued.

RuBisCO motif sequence, as in DFTKDDE for the cbbL
group and GGDFIKNDE for the chbM group (positions 192 to
201), except for MOT-Hvw(II)-2, in which the aspartic acid at
position 195 was replaced by semiconserved substitution histi-
dine, and NOR-Sed(II)-7 and -8, in which isoleucine-197 is
replaced by a similar valine residue (Fig. 4). The aligned cbbL
and ¢bbM corresponding amino acid sequences show several
catalytic regions of nearly total conservation. Conserved re-
gions include those surrounding the lysine residue at the con-
sensus position 198 (Fig. 3 and 4), which has been identified in
other RuBisCOs as the site of CO, binding and carbamate
formation during enzyme activation (42, 48). The other known
active binding site residues, represented by the region flank
Lys-172, His-291, Arg-292, His-324, Lys-331, and Leu-332 (32,
42, 48), were mostly conserved among the current OTUs, ex-
cept in the cases of MOT-Hvw(I)-8 and NOR-Sed(I)-1, -2, -3,
and -4, in which these amino acid residues were replaced by
either conserved or dissimilar substitutions (Fig. 3). The mu-
tagenesis studies of R. rubrum indicated that the substitution of
lysine for His-324 and glutamic acid for Lys-331, such as in
NOR-Sed(I)-4 and MOT-Hvw(I)-8, respectively, leads to inhi-
bition of enzyme activity (20, 66). Not surprisingly, mutation of
absolutely conserved catalytic residues has shown that they are
indeed critical for catalysis, and even conservative substitutions
result in a product that is nonfunctional or nearly so (32). It is

not certain whether the OTUs MOT-Hvw(I)-8 and NOR-
Sed(I)-1, -2, -3, and -4 may represent inactive RuBisCOs
without confirmation by further studies. Inactive deep-sea
RuBisCO was recorded previously in the mussel Bathymodio-
lus puteoserpentis (56).

Polyphyletic divergence of deep-sea RuBisCO genes. A phy-
logenetic group based on 16S rDNA is usually displayed as a
coherent group on a phylogram. In contrast, the phylograms of
the RuBisCO large-subunit genes, cbbL and cbbM, are not
similar to those based on 16S rDNA. The inconsistency be-
tween the RuBisCO gene distribution and the 16S rDNA-
based affiliation among several groups of autotrophic pro-
teobacteria, cyanobacteria, and green eukarya was previously
ascribed to the multiple horizontal gene transfers of RuBisCO
genes in different phylogenetic lineages (7, 52).

The aligned amino acid sequences were analyzed by maxi-
mum parsimony to generate the phylogenetic tree for chbL and
cbbM (Fig. 5). All the current OTUs diverge greatly from form
I red-like and archaeal RuBisCOs. Most of the current cbbL
and all cbbM OTUs were phylogenetically placed with different
groups of autotrophic proteobacteria, which are abundant in
deep-sea habitats (9, 29, 30, 33). These OTUs showed higher
amino acid identities with those from the nearest neighbor
species (tables 4 and 5). Most of the cbbL OTUs were located
among green-like RuBisCO type IA (Fig. 5). Remarkably,
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FIG. 5. Molecular phylogenetic tree based on the RuBisCO large-subunit amino acid sequences of the current OTUs and those of the nearest
species from the database. Tree topography and evolutionary distance are given by the neighbor-joining method with Kimura distances. This tree
is unrooted. Bootstrap values, calculated from 1,000 replicates, are indicated only at major nodes of the tree and are expressed as percentages. The
letters in parentheses represent the expected classification from 16S rRNA or other studies: «, a-proteobacterium; (3, B-proteobacterium; -y,
y-proteobacterium; C, cyanobacterium. Scale bar, 0.1 substitution per site.

MOT-Hvw(I)-1, -2, -3, -8, and -9 shared 85.2% (average) iden-
tity with the green alga C. reinhardtii (Eukarya), which carries
green RuBisCO type IB (Table 4). TAG-Chm(I)-2 and MOT-
Hvw(I)-4, -5, -6, -7, -10, and -11 displayed the highest amino
acid identities (84, 90, 88, 94, 88, 90, and 89%, respectively)
with the cyanobacterium Synechococcus sp. strain WH7803,
which harbors green-like RuBisCO type IA (51, 75). There is
a possibility of the flux of surface water phytoplankton to the
deep sea, since they were recorded at depths of 3,100 and 4,465
m in the northeast Atlantic (73). The sinking of surface water
phototrophs into the deep sea implies the possibility of genetic
exchange between populations previously assumed to be ge-
netically isolated, i.e., the autotrophs in the surface water and
those in the deep sea (73). Moreover, close relatedness of the
RuBisCO genes among deep-sea bacteria and cyanobacteria,
as well as photosynthetic a-proteobacteria, was previously re-
ported (57, 69). This phylogenetic similarity between the deep-
sea chemoautotrophic OTUs and the RuBisCOs of photosyn-

thetic organisms may indicate the lateral transfer of RuBisCO
genes among deep-sea and surface water organisms.
Biogeography of the RuBisCO genes. Several chbL and
c¢bbM OTUs from various geographic areas were closely re-
lated to those of sulfur-oxidizing thiobacilli. This was clearly
observed with TAG-Chm(I)-1 and -5, MOT-Hvw(I)-12 and
MOT-Sym(I)-1, ST-Sed(I)-2 and -5, and NOR-Sed(I)-1 and -3,
which showed highest amino acid identities with the sulfur
oxidizers T. ferrooxidans cbbL-2 and T. denitrificans (Table 4).
Also, ST-Sed(Il)-1, -2, -3, and -4, ST-Sym(II)-1 and -2, JT-
Sed(II)-1 and -2, and NOR-Sed(11)-4, -5, and -6 displayed high
amino acid identities with each other and the cbbM product of
T. denitrificans (Table 5; Fig. 5). This close relationship be-
tween these cbbM OTUs suggests the habitat similarity of the
known seeps at the Sagami Trough (off central Japan), the
Japan Trench (off northeastern Japan), and a seep at the
Northern Okushiri Ridge (off northwestern Japan), which has
a dense microbial community similar to that of a known meth-
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TABLE 5. The percentages of amino acid identity between the current deep-sea RuBisCO form II OTUs
and the nearest neighbor species from the database
% Identity with OTU:
OTU

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1 MOT-Hvw(II)-1 85 81 76 77 73 75 75 76 72 74 75 71 71 70 70 72 72 71 76 72 73 66 66 76 75 72 70 31 30
2 MOT-Hvw(II)-2 73 68 70 66 66 67 68 63 66 69 63 64 63 63 63 64 61 69 65 67 61 60 69 68 65 64 29 27
3 MOT-Hvw(II)-3 79 81 78 79 77 79 76 78 80 75 75 76 76 76 75 73 79 73 75 71 70 78 77 76 73 32 35
4 ST-Sed(11)-1 87 89 87 82 95 84 90 90 79 79 75 74 81 80 77 90 84 88 76 74 83 87 83 78 32 33
5 ST-Sed(11)-2 85 84 81 84 90 85 85 78 77 77 77 78 79 77 87 79 84 74 73 81 87 83 76 32 32
6 ST-Sed(11)-3 93 78 87 87 95 94 75 75 72 71 75 76 75 87 78 83 70 69 76 83 81 74 35 34
7 ST-Sed(11)-4 78 88 86 93 93 75 77 74 72 76 76 73 87 79 81 69 68 77 82 79 72 36 36
8 ST-Sed(11)-5 81 75 79 81 88 89 73 74 90 87 86 81 75 75 81 79 90 75 84 86 34 33
9 ST-Sym(II)-1 86 88 89 77 78 73 72 78 77 75 92 82 84 75 72 81 84 79 75 35 32
10 ST-Sym(II)-2 87 87 73 75 71 71 72 73 71 84 77 81 69 67 74 87 75 69 35 34
11 JT-Sed(1I)-1 96 77 76 72 70 78 78 75 88 80 82 72 70 78 83 82 74 32 34
12 JT-Sed(11)-2 78 78 72 71 79 79 77 90 81 84 74 72 79 84 81 74 33 36
13 JT-Sed(11)-3 86 67 69 95 94 90 78 75 74 79 77 84 73 81 80 35 39
14 JT-Sed(11)-4 72 74 86 84 81 78 74 75 78 76 89 73 77 80 35 31
15 JT-Sed(1I)-5 96 69 68 65 75 69 69 66 65 74 71 72 70 30 32
16 JT-Sed(11)-6 70 69 66 74 69 70 68 67 75 70 72 72 32 34
17 NOR-Sed(II)-1 94 92 79 73 74 79 78 85 75 81 81 35 39
18 NOR-Sed(1I)-2 90 78 75 74 78 75 83 75 81 78 35 38
19 NOR-Sed(II)-3 75 71 72 75 75 82 74 79 79 35 39
20 NOR-Sed(11)-4 89 88 75 73 81 88 81 75 32 32
21 NOR-Sed(II)-5 81 69 68 75 79 74 69 30 32
22 NOR-Sed(II)-6 72 70 78 84 76 71 32 33
23 NOR-Sed(II)-7 93 80 70 75 78 33 35
24 NOR-Sed(II)-8 78 69 75 76 33 33
25 R. capsulatus 76 80 84 35 33
26 T. denitrificans 75 69 32 32
27 R. pachyptila endosymbiont 81 37 37
28 R. rubrum 38 32
29 Synechococcus strain PCC6301¢ 39

30 M. jannaschii®

“ The species Synechococcus strain PCC6301 and M. jannaschii, carrying form I and archaeal RuBisCO, respectively, were used as out groups.

ane seep at the Sagami Trough based on fatty acid composi-
tions (45).

The occurrence of chbL and cbbM OTUs from various geo-
graphic areas related to thiobacilli suggests the global distri-
bution of these sulfur oxidizers in the deep sea (23). High
abundance of H,S over other reducing inorganic materials in
the deep sea (29, 31, 59, 74) and dual possession of RuBisCO
forms I and II (11, 36, 64) facilitate this global distribution of
thiobacilli and make free-living and symbiotic thiobacilli the
major primary producers in the deep-sea habitats (29, 30).

The genetic variation among endosymbiotic RuBisCOs and
symbiont-ambient monophyly of RuBisCO genes. In the term
of symbiont RuBisCOs, the MOT-Sym(I)-1 of the mussel Ba-
thymodiolus sp. displayed 89% amino acid identity with that of
the hydrothermal vent gastropod A. hessleri endosymbiont
from the Mariana Back-Arc Basin (69). The Bathymodiolus
symbiont replaces a functionally dissimilar amino acid with
that of the A4. hessleri symbiont at positions 223, 224, 229, 237,
254, and 381 of the A. hessleri symbiont cbbL product (Fig. 3).
From the seep worm symbionts (ST-Sym), 2 OTUs, ST-
Sym(II)-1 and -2, were recorded and showed 86% amino acid
identity to each other and 79 and 75% identity, respectively,
with the hydrothermal vent Riftia pachyptila endosymbiont
from the East Pacific Rise (57). It is not clear whether the
ST-Sym(II) OTUs were derived from one single symbiont spe-
cies or from two different species. While the endosymbionts of
the vent tubeworm R. pachyptila consist of a single species with

>90% homogeneity based on 16S rDNA sequences (10, 67),
the seep worm may contain more than one endosymbiotic
species (33, 43). To examine whether the endosymbiotic mi-
croflora of the seep worm is monospecific or di- or polyspecific,
in situ identification and localization of the endosymbiotic
cbbM bearers should be done by in situ hybridization. This
work provides the basis for designing specific and nonspecific
c¢bbM probes for in situ hybridization. Generally, these results
carried implication regarding the genetic variation among en-
dosymbiotic RuBisCOs of widely distributed gutless mollusks
and tubeworm species. This genetic variation may be influ-
enced by a variety of factors, including host genera, geographic
locations, and bottom types.

Remarkably, MOT-Sym(I)-1 displayed the highest amino
acid identity (96%) with the ambient free-living bacterium
represented by MOT-Hvw(I)-12 (Table 4; Fig. 5). The same
was true for ST-Sym(II)-1 and -2, which shared 95 and 90%
identity with ST-Sed(1I)-1 and -2, respectively (Table 5; Fig. 5).
The 16S rDNA analysis suggested that the vestimentiferan
symbiotic and ambient microfloras are closely related and
formed monophyletic groups (8, 33). This monophyletic simi-
larity of the symbiotic and ambient microfloras, based on 16S
rDNA and on ¢bbL and cbbM, implies that the vent and seep
animals acquire their symbionts through acquisition of free-
living bacteria.

In conclusion, we propose that deep-sea microbial RuBisCO
genes display a broad range of phylogenetic diversity. The
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distribution of the deep-sea RuBisCO genes ¢bbL and cbbM
may correlate with certain characteristics of the microbial hab-
itats. The phylogenetic relationship between symbiotic and am-
bient microflora was made apparent by the RuBisCO genes as
well as by the standard 16S rDNA genes.

The limited knowledge of and low number of publications
about deep-sea RuBisCO genes should be increased by more
surveying of other types of RuBisCO genes, such as those
corresponding to form I red-like and archaeal RuBisCOs in
both free-living bacteria and endosymbionts in different deep-
sea habitats. Moreover, endosymbiotic localization of the
RuBisCO genes and the corresponding microbial species
should be confirmed by other methods, such as simultaneous in
situ hybridization of RuBisCO genes and 16S rDNA.
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