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INTRODUCTION

Symbiotic associations between chemolithotrophic
bacteria and benthic invertebrates including vesicomyid
clams, mytilid mussels and vestimentiferan tubeworms,
are recognized as representative of the energetic system
in invertebrate communities of hydrothermal vents or
cold seep areas (Van Dover 2000). The 16S rRNA-based
phylogeny of endosymbiotic bacteria from these benthos
showed that they fall within γ-Proteobacteria, and that
their lineage divides further into functional similaries
with sulfur-oxidizing or methanotrophic bacteria. The
association between endosymbionts and host animals

can be highly specific. In the case of the vesicomyid clam
Calyptogena spp., 1 species of host associates with a
single endosymbiotic bacterium that is transmitted
cytoplasmically through the eggs (Kojima et al. 1995,
Peek et al. 1998, Fujiwara et al. 2000a). The thyasirid
clam Maorithyas hadalis collected from the Japan
Trench carries the dual symbiosis consisting of an outer
symbiont and an inner symbiont of bacteriocyte
(Fujiwara et al. 2001). The mussel Bathymodiolus spp.
harbors thioautotrophic and/or methanotrophic
endosymbionts, and their symbiotic relationship may be
influenced strongly by the concentration of environ-
mental methane and hydrogen sulfide (Distel et al. 1995,
Fujiwara et al. 2000a). The 16S rRNA phylogeny analysis
revealed that the vestimentiferan tubeworm endo-
symbionts form 2 distinct clades which are specific to
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either vent or seep habitats (Feldman et al. 1997, Di Meo
et al. 2000). These endosymbiotic bacteria belong to
a specific group or closely inherited linenages of
γ-Proteobacteria on the 16S rRNA phylogenetic tree.

The endosymbiotic chemolithotrophic bacteria pro-
duce organic matter with hydrogen sulfide or methane
as the primary energy sources, which are supplied as
substrates to their host. Microscopic observations of
body site showed the presence of myriad endosym-
biont bacterial cells harbored within the tissue (Distel
et al. 1991, Krueger & Cavanaugh 1997, Fujiwara et al.
2000b). The growth of the host obviously depends on
the growth of symbiotic bacteria; however, the rela-
tionship between host physiology and endosymbiont
density remains obscure because of the technical diffi-
culties in estimating the bacterial density, i.e. there are
no methods for cultivation of endosymbionts, and mea-
surement accuracy is limited by microscope resolution.
One of the most promising culture-independent ap-
proaches for the determination of non-cultivated bac-
teria is the analysis of rRNA sequences
or the determination of lipid biomarker
molecules, such as the respiratory qui-
nones and fatty acids of the cell mem-
brane. Fatty acid biomarker analysis
of mussels and gastropods dwelling
in deep-sea hydrothermal vents has
revealed a nutritional dependency on
their symbiotic bacteria (Pranal et al.
1996, 1997, Pond et al. 1998).

Isoprenoid quinones are lipid mole-
cules that are present in all organisms
driving respiratory and photosynthetic
energy metabolism, where quinones play
important roles in electron transport
coupled to proton translocation. Since
quinones of microorganisms exhibit
great structural variations depending
upon taxa, they have been used as good
measures for studying microbial taxon-
omy and phylogeny (Hiraishi 1999).
Microbial quinones are categorized into
2 major structural classes, the benzo-
quinone represented by ubiquinones
(formerly coenzyme Q) and the naphtho-
quinone represented by menaquinones
(formerly vitamin K2). The quinone pro-
filing method, which is a form of direct
chemical analysis for detecting various
structural types of respiratory and photo-
synthetic quinones extractable from en-
vironmental samples (Iwasaki & Hiraishi
1998), is employed for estimating micro-
bial redox states (Hedrick & White 1986),
community structures (Hiraishi et al.

1998, 1999, Hiraishi & Kato 1999) and their microbial
biomass (Hiraishi et al. 1998, Hiraishi 1999) in the
environment.

In this study, we determined 16S rRNA gene phylo-
geny for endosymbiotic bacteria of vesicomyid clams,
mytilid mussels and vestimentiferan tubeworms. The
size of the population of endosymbiotic bacteria was
estimated using quantitative and qualitative determi-
nation of the quinone content of the invertebrate body
parts, gill, foot and trophosome.

MATERIALS AND METHODS

Sample collection sites and specimens. The sample
collection sites are shown in Fig. 1 and Table 1. After
the samples had been brought aboard the support ves-
sel, the tissue of the hosts was dissected and fixed in
70% (v/v) ethanol for DNA analysis. The whole body
was stored frozen (–20 or –80°C) until quinone analysis.
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DNA preparation and sequencing. The specimens
(ca. 0.1 g wet wt) of tissue were stored in 70% (v/v)
ethanol, then washed twice with TE buffer (10 mM
Tris-HCl, 1 mM Na2EDTA, pH 7.8), resuspended in TE
buffer containing Proteinase K (100 µg ml–1), and incu-
bated at 55°C for 60 min. A portion of the lysate was
used for PCR amplification. PCR was performed with
a commercial Taq polymerase kit and a pair set of
universal primers for 16S rDNA sequences: forward,
5’-AGA GTT TGA TCA TGG CTC-3’ (S-D-Bact-0027-
a-S-18); and reverse, 5’-CTA GCG ATT CCG ACT
TCA-3’ (S-D-Bact-1327-a-A-18) (Yamamoto et al.
1998). The numbers refer to positions in the Esche-
richia coli 16S rRNA. The thermal conditions were as
follows: denaturation at 95°C for 15 s, primer anneal-

ing at 50°C for 60 s and extension at 70°C for 60 s,
for 40 cycles in a thermal cycler (Perkin-Elmer ABI).
Amplified DNAs were purified by the spin column
method using S-400 MicroSpin columns (Pharmacia
Biotech). The purified DNAs were cloned directly by
the TA-cloning method using a pGEM-T Vector kit
(Promega) and a DNA ligation kit version 2 (Takara
Shuzo). Clone libraries were constructed by transfor-
mation of E. coli JM109 (= XL1 blue strain). DNA was
sequenced by linear PCR sequencing using either a
DYEnamic direct sequencing kit (Amersham Pharma-
cia Biotech) or a DyeTerminator cycle sequencing kit
(Perkin-Elmer ABI), and analyzed with a Perkin Elmer
ABI 373A DNA sequencer.

Phylogenetic analysis. The sequence data for the
16S rRNA gene were examined for sequence homol-
ogy employing the BLAST search program (Altschul et
al. 1997) in the DNA Data Bank of Japan (DDBJ). Pos-
sible chimera artifacts of the sequences were deter-
mined by the CHECK CHIMERA program of the Ribo-
somal Database Project (RDP) server (Maidak et al.
2001). Other sequences used for comparisons of phylo-
genetic position were obtained from the RDP or DDBJ
servers. Multiple alignments of sequences, calcula-
tions of nucleotide substitution rates using Kimura’s
2 parameters model (Kimura 1981) and construction
of a phylgoenetic tree were performed using the
CLUSTAL X program (Thompson et al. 1997) and Mac-
Clade 4.0 program (Sinauer Associates). The phyloge-
netic tree was illustrated using the TreeView drawing
program (Page 1996).

Analysis of quinones. Washed samples (ca. 1 to 5 g
wet wt) were resuspended in 50 mM phosphate buffer
(pH 7.0) containing 1 mM ferricyanide. Each suspen-
sion was mixed with 2.5 vol of a chloroform/methanol
mixture (2:1, v/v), homogenized for 1 min and cen-
trifuged at 5000 × g for 10 min. The resulting upper
aqueous layer was discarded and the lipid layer was
collected with a pipette. The residue was extracted
once with acetone and then twice (30 min each) with
the chloroform-methanol mixture. All extracts were
combined, evaporated under vacuum and re-extracted
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Table 1. Sample collection sites

Species Field Latitude Longitude Depth Gear Dive Date Remarks
(N) (E) (m) no.

Calyptogena Dai-san Tenryu 33° 38.8’ 137°54.7’ 3750 ‘Kaiko’ 45 7 Aug 97 Cold seep 
laubieri Canyon, Nankai community

Trough

Bathymodiolus Mariana Back-arc 18° 12.8’ 144° 42.5’ 3590 ‘Shinkai 6500’ 355 23 Dec 96 Hydrothermal 
sp. Basin vent community

Lamellibrachia Kagoshima Bay 31° 39.6’ 130°48.2’ 90 ‘Dolphin-3K’ 342 2 Sep 97 Hydrothermal 
satsuma vent community
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Fig. 2. Chemical structures of naturally occurring isoprenoid
quinones. Ubiquinones (Q) and menaquinones (MK) are
commonly found in bacterial cells. Rhodoquinones (RQ) are
derivatives of ubiquinones and occur in limited species of
prokaryotes and eukaryotes. The number (n) of isoprene units 
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3 times with n-hexane/1% saline (1:1, v/v). The he-
xane extract was concentrated and then applied to a
chromatography column with Sep-Pak Vac cartridges
(Waters) to separate the menaquinone (MK) and
ubiquinone (Q) fractions. The quinone components
(Fig. 2) were separated and identified by reverse-
phase high-performance liquid chromatography (HPLC)
using a Shimadzu model LC-10 liquid chromatograph
equipped with a photodiode array detector, and mass
spectrometry was used to confirm the chemical struc-
tures of HPLC-purified quinones as previously de-
scribed (Hiraishi et al. 1996). The specificity of the bac-
terial quinone profile was examined using the Quinone
Data Base of the WFCC-MIRCEN World Data Centre
for Microorganisms (http://wdcm.nig.ac.jp/).

Endosymbiont biomass based on quinone content.
A previous study indicated that 1 nmol of quinones cor-
responded to 1.3 to 3.0 × 109 bacterial cells (Hiraishi et
al. 1998, Hiraishi 1999). These correlation factors con-
verted from the result of natural and synthetic sewage
activated sludge were used tentatively to estimate the
endosymbiont biomass in this study.

RESULTS

Phylogenetic analysis

Invertebrates collected from the deep-sea floor were
identified as Lamellibrachia satsuma from Kagoshima
Bay, Calyptogena laubieri from the Nankai Trough
and Bathymodiolus sp. from the Mariana Back-arc
Basin.

Each of 5 clones derived from the body parts of these
benthic invertebrates were sequenced. An identical
sequence among the 5 clones was only found in a bac-
terial DNA library of gill or trophosome specimens,
while the sequences of clones from other body parts
consisted of various and different clones. A representa-
tive clone was chosen from 5 clones of each speci-
men of trophosome from the vestimentiferan tube
worm Lamellibrachia satsuma, gill from the vesi-
comyid clam Calyptogena laubieri and gill from the
mytilid mussel Bathymodiolus sp., and sequenced for
a nucleotide stretch from nucleotide position 8 to 1345
of the 16S rRNA gene.

The 3 representative 16S rDNA clones fall within
γ-Proteobacteria and formed their respective clusters
with the previously known endosymbiotic bacteria.
However, the sequences of these clones were not
matched with any of those available from the databases
(Fig. 3). The clone (TUBE 163, AB073120) from the
trophosome of vestimentiferan tube warm was related
most closely to the vestimentiferan endosymbionts of
the Nikko Seamount (AF165907; Di Meo et al. 2000)

at a similarity level of 97%. The clone (CAL 1213,
AB073121) from a gill of vesicomyid clam showed 97
and 98% similarities to the endosymbionts of Calypto-
gena kilmeri (AF035720; Peek et al. 1998) and Vesi-
comya gigas (AF035726; Peek et al. 1998), respectively.
The clone (BATH 35, AB073122) from a gill of mytilid
mussel was related most closely to the endosymbionts
of Bathymodilolus septemdierum (AB036709; Fujiwara
et al. 2000b) at a similarity level of 97%.

Quinone analysis

The quinone analysis revealed that Q-9 was de-
tected as the major component from all test tissues of
Lamellibrachia satsuma, and Q-10 from those of
Calyptogena laubieri and Bathymodiolus (Table 2),
suggesting that Q-9 or Q-10 is the major quinone of
these hosts themselves. Interestingly, small amounts of
RQ-9-like quinone were also detected in all tissues of
L. satsuma. The trophosome, the endosymbiotic bac-
teria-rich organ, produced large amounts of Q-8 and
much lower but significant amounts of MK-8, both of
which were probably derived from the endosymbionts.
Moreover, the presence of Q-8 as the major component
in the gill is also thought to originate from the endo-
symbiotic bacteria.

The endosymbiont biomass within the host tissue
was estimated based on the total concentration of the
quinone components of possibly bacterial origin. The
endosymbiont cell densities tentatively estimated were
at an order of magnitude of 1010 to 1011 cells g–1 wet wt
tissue (Table 2). The biomass of the Bathymodiolus
endosymbiont was lower than that in Calyptogena
laubieri and Lamellibrachia satsuma.

DISCUSSION

As reported herein, the 3 16S rRNA gene clones
of endosymbiotic bacteria obtained from the benthic
invertebrates of chemosynthesis-based communities,
Lamellibrachia satsuma from Kagoshima Bay, Calypto-
gena laubieri from the Nankai Trough, and Bathymo-
diolus sp. from the Mariana Back-arc Basin, belong to
a lineage of thioautotrophic group within γ-Proteobac-
teria. These endosymbionts are independent phylo-
types within this phylogenetic group; however, they
are closely related to the previously described endo-
symbionts of chemosynthesis-based communities. The
endosymbiont clones from C. laubieri and Bathymodi-
olus sp. belong to a clade of inherited endosymbiont
phylotypes of the thioautotrophs, whereas the endo-
symbiont clone from L. satsuma closely relates to the
endosymbiont phylotype of the vestimentiferan tube-
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worm from the Nikko seamount (23° 5’ N, 142° 20’ E;
Di Meo et al. 2000), and both belong to the same phylo-
genetic lineage as the sedimented seep group classi-
fied by Feldman et al. (1997). However, the Nikko sea-
mount is a hydrothermal vent field and L. satsuma is
a member of the hydrothermal vent community in
Kagoshima Bay. The mitochondrial gene phylogeny
has shown that both of the vestimentiferan tube worms
from the Nikko seamount and Kagoshima Bay are
identical species (Kojima et al. 2000).

These benthic invertebrates acquire their endosym-
bionts by different mechanisms. The vesicomyd clams
Calyptogena spp. pass the endosymbiotic bacterium
vertically from parent to primary oocytes within the
ovarian. The vestimentiferan tubeworms acquire the
endosymbionts directly from an environmental popu-
lation of the free-living form. In spite of horizontal
transmission of endosymbionts, host-symbiont fidelity
is also found. As shown in the phylogenetic tree, Riftia,
Ridgeia and Lamellibrachia tubeworms possess the spe-
cific endosymbionts belonging to different branches.

The quinone profiling has shown that the major
quinones of the endosymbionts and their hosts are dis-
tinguishable from each other, and that the bacterial
clones detected correspond to the endosymbionts
inhabiting the specific body parts of the benthic hosts.
Q-8, detected in the gill and trophosome, is a typical
quinone species of bacteria belonging to β- and γ-Pro-
teobacteria (Hiraishi 1999). Some species of γ-Proteo-
bacteria, e.g. enteric bacteria, contain MK-8 in addi-
tion to Q-8, which is the case for Lamellibrachia
satsuma trophosome. The features of quinone compo-
sition of the endosymbionts are similar to the quinone

systems of their phylogenetic neighbors appearing on
the 16S rRNA tree (Fig. 3).

The quinone biomarkers have sufficient resolution to
discriminate the phylogenetic clade and bacterial
taxon in a range of the genus to order, and also con-
siderable potential to estimate the bacterial population
or biomass. The quantitative determination of quinone
profiles suggested dense bacterial biomass within the
bacteriocyte of gills and trophosomes. The amount of
quinone was related empirically to bacterial cell num-
ber, as well as the phospholipid-linked fatty acids of
the bacterial membrane. The relationships between
the endosymbiont biomass and the neutral to polar
lipids ratio in gills of vent mussels have been reported
(Pranal et al. 1996, 1997). Their estimates (1011 bacter-
ial cell g–1 dry wt tissue) for mussels using endosym-
biont lipids (Pranal et al. 1997) correspond well with
the biomass value calculated from the quinone concen-
tration we determined, in spite of the different criteria
for convergent factors that have been employed. These
preliminary estimates suggest that quantitative and
qualitative determinations of lipid biomarkers such as
fatty acids and quinines components will provide valu-
able information about the physiological states of
endosymbionts. The biomass of endosymbionts proba-
bly strongly reflects the physiological robustness of the
hosts dwelling in chemosynthesis-based communities
in deep-sea environments. To confirm the hypothesis
of a relation between biomarker quantity and physio-
logical state, the samples from chemosynthesis-based
communities in various conditions should be examined.

The determination of biomass and physiological
state would make a significant contribution toward
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Table 2. Quinone compositions of benthic invertebrates and their endosymbiont cell density. Q: ubiquinones; MK: menaquinones;
RQ: rhodoquinones; numbers: number of isoprene units in the side chain of quinone ring; t: trace (<1 nmol). Quinone contents 

assumed to originate from endosymbionts are underlined

Specimens Quinone content (nmol g–1 of tissue) Endosymbiont density
Q-7 Q-8 Q-9 Q-10 MK-8 RQ-9a (cell × 1011 g–1)

Lamellibrachia satsuma from Kagoshima Bay
Vest t t 13.4 0 0 t
Lamellae (gill) t 1.32 12.5 0 0 t
Trophosome (top) 4.26 102 35.3 0 12.4 1.65 1.5–3.6
Trophosome (bottom) 3.95 103 27.4 0 16.9 1.45 1.6–3.7

Calyptogena laubieri from Nankai Trough
Ctenidia (gill) 1.76 108 10.4 18.8 0 0 1.4–3.3
Mantle t 1.80 t 9.67 0 0
Foot t t t 16.3 0 0

Bathymodiolus sp. from Mariana Back-arc Basin
Ctenidia (gill) 1.07 66.9 t 31.7 0 0 0.8–2.0
Mantle 0 0 0 3.10 0 0
Foot t t t 9.80 0 0

aThis component was identified tentatively by comparing HPLC retention time and ultraviolet absorption spectra. Mass
spectrometry was unsuccessful because of its low contents
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understanding the trophic ecology of chemosynthesis-
based communities. However, no chemolithotrophic
endosymbionts have been cultured to date, and the
estimation of bacterial cell density relies on micro-
scopic enumeration of cells, which is difficult because
of visible disturbance by the density of the packed bac-
terial cells within the bacteriocyte of the host. The lipid
biomarker measurements, as well as development of a
new counting method for endosymbiotic cells, will
improve our ability to study deep-sea chemosynthesis-
based communities.
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