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Beard worms (Siboglinidae, Polychaeta), which lack a mouth and a digestive tract, harbor thioautotrophic or metha-
notrophic bacteria in special cells called bacteriocytes. These endosymbionts have been considered to be trapped at a
specific larval stage from the environment. Although many species of beard worms have been discovered in various
abyssal seas, Oligobrachia mashikoi inhabits Tsukumo Bay which is only 25 m deep. At least seven types of endosym-
bionts (endosymbiont A—G) have been distinguished in O. mashikoi. In this study, we investigated the distribution pat-
tern of free-living cells related to the major endosymbiont (endosymbiont A) in Tsukumo Bay by quantitative PCR tar-
geting the 16S rRNA gene. The endosymbiont A-related phylotype was detected in almost all sediment samples
collected from 23 points in Tsukumo Bay, ranging in copy number of the 16S rRNA gene from 2.22x10* to 1.42x10¢
copies per gram of dry-sediment. Furthermore, the free-living cells made up less than 9% of the total eubacterial popu-
lation, suggesting that the O. mashikoi larvae precisely select candidates for their endosymbiont from bacterial flora in
the environment. This is the first report on the ecological characterization of a free-living bacterium related to the

endosymbiont of the siboglinid polychaete, O. mashikoi.
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Frenulates (beard worms) inhabit reducing environments
such as cold seeps in abyssal seas. This animal group is
related to vestimentiferans (tubeworms) within the family
Siboglinidae!'®*». More than one hundred species of beard
worms have already been found. They have a very slender
body that is 2-10 cm in length and 0.6-0.8 cm in width, and
live in self-produced tubes which stick to the sea bottom.
They lack a mouth and a digestive tract. Instead, they harbor
bacterial endosymbionts in cells called bacteriocytes of the
trophosome, which have been thought to supply energy
sources to their host3*3.

Chemoautotrophic endosymbioses occur ubiquitously at
oxic-anoxic interfaces in the marine environment, such as in
hydrothermal vents, cold seeps, whale skeletons, sunken
wood, and coastal reducing sediments*?. Bacterial endosym-
bionts are accommodated in the gills of some species of
bivalves?, in the gut rudiments of some marine nematodes®®
and in the subcuticle spaces of some oligochaetes®. In some
bivalves, such as Codakia orbicularis, bacteria are taken into
the gill epithelial cells by phagocytosis'>. On the other hand,
in some coastal bivalves, such as Solemya reidi and Solemya
velum>*¥, and in some benthic bivalves, such as Calyptogena
magnifica, C. phaseoliformis, and C. pacifica”, bacteria are
vertically transferred via eggs. In vestimentiferans and frenu-
lates, bacterial endosymbionts are harbored in the
trophosome®-1%3%3) and not found in germ cells®%13!9). There
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are several reports that a mouth and a gut are transiently
formed in vestimentiferan larvae?**® and in frenulate
larvae®. It has been thought that the free-living bacteria are
taken in through the transiently formed mouth that appears
only during a specific larval stage*$2°49. Recently, Nuss-
baumer et al.>® reported that, in some species of vestimen-
tiferans, free-living bacteria invade through the host’s skin to
become the endosymbionts. However, detailed mechanisms
of the acquisition of bacterial endosymbionts have not been
elucidated due to the difficulties in the isolation and cultiva-
tion of both bacterial endosymbionts and their hosts.

One species of beard worms was identified as a new spe-
cies called Oligobrachia mashikoi which inhabits the muddy
bottom (25 m deep) of Tsukumo Bay on the Noto Peninsula,
Japan'? (Fig. 1A). When the worm is pushed out of the tube,
the body is about 13 c¢cm long and 0.6-0.8 mm wide®”. The
adult worm lacks a mouth and a digestive tract, and harbors
bacterial cells in its bacteriocytes, like other beard
worms!*®. Transmission electron micrographs show that the
morphology of the endosymbiotic cells is uniform!D.
Although we classified the endosymbionts into seven types
(endosymbiont A—G) on the basis of the nucleotide
sequences of the 16S rRNA gene, one adult worm of O.
mashikoi harbors just one of the seven types?®. When 65
worms were investigated, 26 individuals (40.0%) were found
to have kept endosymbiont A; 10 individuals (15.4%), endo-
symbiont E; 9 individuals (13.8%), endosymbiont D; and 7
individuals (10.7%), endosymbiont G. The phylogenetic
analysis of the 16S rRNA gene of the endosymbionts
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Fig. 1. (A) Sampling stations. Tsukumo Bay is located on the Noto peninsula of Japan. The bay is 0.486 square kilometers in area. The dots (#1 to

44) in the right panel show sampling stations. The gray circle is the zone in which adult worms of O. mashikoi cluster. (B) Qualitative detection of
free-living cells of the O. mashikoi endosymbiont A-related phylotype. DNA was extracted from the sediment samples and 5-20 ng was used as a
template in PCR. A pair of primers (M450f and M860r; Table 1) was used. The PCR products were electrophoresed on 2% agarose gels and stained

with EtBr. Representative results are shown.

revealed that they are closely related to each other within the
Gammaproteobacteria clade??.

It is generally accepted that siboglinid polychaetes such as
O. mashikoi take in the free-living cells of their endosym-
bionts from the environment in each generation*$39. How-
ever, it is difficult to confirm that the free-living bacterium
detected by quantitative PCR targeting the 16S rRNA gene is
exactly the same bacterium as endosymbiont A. So, we refer
to the free-living bacterium as ‘the endosymbiont A-related
phylotype’. In the present study, to gain further insight into
the nature of the endosymbionts, we investigated the distri-
bution and population of free-living cells related to the major
endosymbiont (endosymbiont A) in Tsukumo Bay and found
that the endosymbiont A-related phylotype was detected in
almost all sediment samples collected from 23 points in Tsu-
kumo Bay.

Materials and Methods

Collection of sediment samples

Sediment samples were collected from Tsukumo Bay (37°18'N,
137°14'E), an inlet of the Noto Peninsula (Fig. 1A). Tsukumo Bay

is 1,300 m long, 250 m wide, and 25 m deep in the central region.
The enclosure index (EI) was calculated according to the equation
El=(./SxD1)/(WxD2), where § is the bay area (in square kilome-
ters), W is the width at the entrance of the bay (in kilometers), DI is
the depth at the center of the bay (in meters), and D2 is the depth at
the entrance of the bay (in meters)®. EI indicates the seawater
exchange capacity. The EI of Tsukumo Bay was 3.77, suggesting
that the seawater exchange capacity is low.

Using a grab-type dredge (DAIKI Co, Saitama, Japan), sediment
samples were collected from the surface layer of the bottom (05
cm depth) at 44 sampling stations, the depth of which ranged from
2.5-25.6 m (Fig. 1A). All samples were stored at 4°C.

Extraction and quantitation of DNA

DNA was extracted from the sediments (0.85 gram wet-weight
each) using the UltraClean Soil DNA Kit (MO BIO Laboratories,
Solana Beach, CA). Although the concentration of DNA was deter-
mined photometrically, it was also confirmed by electrophoresis,
because DNA solutions containing humic acids often show higher
values at Aseo than the net values?®. Chromosomal DNA was
extracted from E. coli cells as previously mentioned®>.

Photographs of the pattern of electrophoresis on agarose gels
stained with ethidium bromide (EtBr) were taken with the AE-
6905H Image Saver HR (ATTO, Tokyo, Japan). Digitized images
were analyzed using the software program Multi Gauge (Fuji Film,
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Tokyo, Japan) or NIH Image.

Polymerase chain reaction (PCR)

Although seven types of endosymbionts have so far been identi-
fied in O. mashikoi®, we focused on the distribution of the major
endosymbiont (endosymbiont A) in this study. To detect free-living
cells of the endosymbiont A-related phylotype in the sediment sam-
ples by PCR, a specific primer set (M450f and M860r; Table 1) was
designed on the basis of the 16S rRNA gene sequence of endosym-
biont A (accession number: AB252051). The reaction mixture (20
ul) contained 10 mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 50 mM
KCl, 200 uM dNTP, 1.25 pM of each primer, 0.5 U of Tag DNA
polymerase (Takara-bio, Shiga, Japan) and 5-20 ng of template
DNA. PCR amplification was done under the following conditions;
the mixture was incubated for 2 min at 94°C, the subjected to a
cycling reaction (usually 40 cycles) consisting of denaturation for 1
min at 94°C, annealing for 1 min at 55°C, and elongation for 2 min
at 60°C. Finally, the mixture was incubated for 5 min at 72°C. The
PCR products were separated on 1.5 or 2% agarose gels and stained
with EtBr.

To examine the specificity of the PCR primer set (M450f and
M860r) for quantifying free-living cells of the endosymbiont A-
related phylotype in the sediment samples, the PCR products from
six sampling stations (#1, 6, 13, 18, 24, and 44) were cloned and
sequenced. Since sufficient PCR products to be used for cloning
could not be obtained due to the presence of PCR inhibitors, such as
humic acid, in the first PCR, a second PCR was done using the same
primers and the products of the first PCR as templates and in this
case, the PCR cycling number was reduced to 30 cycles to decrease
PCR bias. The second PCR products were cloned into the pSTBlue-
1 AccepTor vector (Novagen, Madison, USA), and the resulting
plasmids were introduced into an Escherichia coli, strain XL-1
Blue. Twenty transformants from each sediment sample were
removed and plasmids were prepared. The DNA inserts were
sequenced with the ABI PRISM 3100 genetic analyzer (Applied
Biosystems, Foster city, CA, USA). The results showed that the
PCR products contained not only a DNA fragment derived from the
endosymbiont A-related phylotype, but also other fragments from
other unidentified bacteria. Since the experiment was repeated two
times, 40 clones were analyzed at each sampling station. The ratio
of the number of clones derived from the endosymbiont A-related
phylotype to the total number of clones was 32.5% for station #1
(the percentage is a mean value calculated from two experiments),
65.0% for #6, 80.0% for #13, 82.5% for #18, 97.5% for #24, and
32.5% for #44. Percentages were used to correct the values obtained
in this study (Table 3).

To quantitatively detect the endosymbiont A-related phylotype,
quantitative PCR was conducted under the above conditions except
that the reaction mixture contained 0.002% (wt/vol) bovine serum
albumin which is known to alleviate the inhibition of PCR by humic
acids*. A DNA fragment (486bp in length) with a part of the
mam22 gene®? flanked by DNA sequences of the primers (M450f
and M860r) was used as a control which was amplified by PCR
using the mam22 gene of Magnetospirillum magnetotacticum MS-1
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cloned on a plasmid as a template and a pair of primers (compet-Mf
and compet-Mr; Table 1). Since the compet-Mf and compet-Mr
primers have regions complementary to the mam22 gene in the 3'
region and the same sequence as the M4501 (in the case of compet-
M) and M860r (in the case of compet-Mr) primers in the 5' region,
the resulting PCR product (486bp) was flanked by the DNA
sequences of the M450f and M860r primers. To evaluate the valid-
ity of the 486bp fragment as a control, we prepared another DNA
fragment 406bp in length which was also amplified by PCR using
the 16S rRNA gene of endosymbiont A cloned on a plasmid as a
template and the primers (M450f and M860r).

To estimate the copy numbers of the 16S rRNA gene of all
eubacteria in the sediment samples, the quantitative PCR was also
carried out by using a set of primers (Bacteria-specific primer:
B341f and universal primer: U533r; Table 1). A part of the 16S
rRNA gene of almost all eubacteria can be amplified with the
primer set. A control DNA fragment (333bp in length) which
included a part of the unrelated A-DNA flanked by the sequences of
the primers was prepared using the Competitive DNA Construction
Kit (Takara-bio).

To determine the amplification and extraction efficiencies, real-
time PCR was carried out according to the manufacturer’s instruc-
tions (Roche Diagnostics, Mannheim, Germany). The reaction mix-
ture (20 pl) contained 3 mM MgCl,, 0.5 uM of each primer, and 2.0
ul of the FastStart DNA Master SYBR Green I (Roche Diagnos-
tics). One microliter of each DNA solution (5-11 ng DNA) was
added as a template. PCR amplification was done under the follow-
ing conditions. First, the DNA templates were denatured for 10 min
at 95°C. The subsequent cycling reaction (usually 32 cycles) con-
sisted of denaturation for 10 sec at 95°C, annealing for 5 sec at
61°C, and elongation for 20 sec at 72°C.

Amplification efficiency

Since the short linear DNA fragments (486bp and 333bp) were
used as a control for quantitative PCR, the amplification efficiency
was compared between a short linear DNA fragment (473bp) and
chromosomal DNA. Also, since O. mashikoi endosymbiont A has
not been isolated, Escherichia coli strain KY2039 (AhslVU::tef)
was used. KY2039 lacks HsIVU, an ATP-dependent protease, in
which the AslVU operon encoding HslIVU is partially replaced with
the tetracycline resistance gene?V. The amplification efficiency was
determined by real-time PCR using a pair of primers (hslU3031f
and tet3424r; Table 1) to amplify the artificial chromosomal region
(473bp) including the tetracycline resistance gene. The DNA frag-
ment (473bp) was PCR-amplified in advance, and used as the short
linear template DNA in real-time PCR. The amplification efficiency
(E) was calculated according to the following formula: E=10""5,
where S is the slope of a line graph which was drawn by plotting the
threshold cycle numbers (Ct) obtained from reactions with serial
dilutions of a template against common logarithmic values of
known copy numbers of a target gene. An efficiency of 2.0 means
the doubling of products in each cycle. The two DNA templates
gave similar results when each was added to the reaction mixture at
10*-10° copies; E was 1.876 for the short linear template and 1.856

Table 1. PCR primers used

Primer Applicati(; - Sequence (5'-3")

M450f Specific detection of O. mashikoi endosymbiont A-related phylotype =~ CAAGATTAATACTCTTGGTC

MB860r Specific detection of O. mashikoi endosymbiont A-related phylotype ~ TAGCTGCGTCACTAAGCTCCG

compet-Mf  Preparation of the control DNA for quantitative PCR CAAGATTAATACTCTTGGTCTGI-CTAGCAAGC-
CGTCG

compet-Mr  Preparation of the control DNA for quantitative PCR TAGCTGCGTCACTAAGCTCCGI-TGAAATTGATGG-
GATTGG

hslU3031f Specific detection of E. coli strain KY2039 TCGATAGCCTGGACGCGTACC

tet3424r Specific detection of E. coli strain KY2039 GGGACAGCTTCAAGGATCGC

B341f Detection of almost all bacterial phylotypes CCTACGGGIGGCIGCA

US33r Detection of almost all bacterial phylotypes TTACCGCGGCKGCTGRCAC
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for the chromosomal DNA template. When the M. magnetotacticum
chromosomal DNA was added to the reaction mixtures at up to 10
ng to test whether extraneous chromosomal DNA affects the ampli-
fication efficiency, similar results were obtained; 1.883 for the short
linear DNA template and 1.873 for the chromosomal DNA tem-
plate. These results indicated that a short linear DNA fragment
functions well as a control in the quantitative PCR.

Efficiency of extraction of DNA from sediment samples

Since O. mashikoi endosymbiont A has not been isolated, we can
not determine the precise DNA extraction efficiency. Therefore, we
assumed that the cell destruction efficiency of endosymbiont A was
equal to that of E. coli, and estimated the DNA extraction efficiency
of the method by using E. coli cells as follows. KY2039 cells were
grown to the stationary phase in L broth?” at 37°C, harvested by
centrifugation (13,000xg for 1 min at 4°C), washed five times with
0.9% (wt/vol) NaCl, and resuspended in the 0.9% NaCl solution.
After the cell number had been determined by microscopically
counting the cells, cells were added to 0.85 grams (wet weight) of
the sediment samples from four representative sampling stations
(#1, 6, 18, and 24) (Fig. 1A). These samples could be divided into
two classes by their external appearance; muddy sediment (#1 and
18) and sandy sediment (#6 and 24). After the addition of K'Y2039
cells, the sediment samples were thoroughly mixed. DNA was
extracted using the UltraClean Soil DNA Kit. Copy numbers of the
KY2039 chromosomal DNA in the DNA extracts were determined
by real-time PCR using a set of primers (hslU3031f and tet3424r;
Table 1). The efficiency with which DNA was extracted from the
four samples was calculated by dividing the number of copies of the
target gene in the DNA extracts by the number of cells added. The
efficiency was very high, over 100%, and was similar among the
four samples (Table 2). This result was consistent with a previous
report that the extraction of DNA using the UltraClean Soil DNA
Kit was highly efficient®®. Since many cells probably contain two
copies of the chromosomal DNA, the efficiency might be not less
than 100%. On the basis of these results, we judged that the DNA
extraction efficiency was nearly 100%, and a value of 100% was
taken into account in this study.

In the control experiments, when the KY2039 chromosomal
DNA was prepared and mixed with the DNA extracts from the sed-
iment samples, the amplification efficiency for the DNA fragment
(473bp) was 1.864 for station #1, 1.839 for #6, 1.861 for #18, and
1.856 for #24. There were only slight differences in the amplifica-
tion efficiency among the four samples, and the values were similar
to that for KY2039 chromosomal DNA in the absence of any DNA
extract from the sediment samples (1.883), indicating that when cal-
culating the extraction efficiency, the amplification efficiency in
each reaction can be ignored.

Results and Discussion

Qualitative detection of free-living cells of the O. mashikoi
endosymbiont A-related phylotype in the sediment samples
collected from Tsukumo Bay

When the existence of the endosymbiont A-related phylo-
type was investigated by PCR using DNA extracts from sed-
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iment samples as templates and a pair of primers (M450f and
M860r; Table 1), the target nucleotide sequences were
amplified from 35 points except for #3, 10, 11, 30, 33, 36,
37, 39, and 40 (Fig. 1B), although the band intensity of the
PCR products on agarose gels differed among the sampling
stations. Therefore, this result suggests that the free-living
cells which ultimately compose endosymbiont A are distrib-
uted in sediment over the entire Tsukumo Bay. On the other
hand, however, we could not detect the endosymbiont A-
related phylotype in seawater samples (one liter each) col-
lected above the sediment-sampling points (about 10-20 m
in depth), even from areas where the endosymbiont A-related
phylotype was detected (data not shown).

When sediment samples from the area in which no adult
worms were found (i.e. station #24) were gently mixed with
the same volume of artificial seawater and left at room tem-
perature for 10 min, we found more than 10° eukaryotic
microorganisms per milliliter of supernatant. After removing
these eukaryotic microorganisms from the supernatant by
low-speed centrifugation (100xg for 10 min at 10°C), the
supernatant was centrifuged at 500xg for 10 min at 10°C to
remove the suspended sediment particles. The supernatant
obtained was further centrifuged at 10,000xg for 10 min at
4°C, and the pellet containing bacterial cells was washed two
times with phosphate-buffered saline (PBS; pH 7.4) to avoid
contamination from free-DNA. Total DNA was extracted
from the resulting pellet with Lyso-N-Go PCR Reagent
(PIERCE, Rockford, IL, USA) according to the manufac-
turer’s instructions. We could also detect the endosymbiont
A-related phylotype in the extracted DNA by PCR (data not
shown). This result suggests that a bacterium related to endo-
symbiont A inhabits the area in which no adult worms were
found in a free-living form. Since we tried to determine the
proportion of viable cells but failed to discriminate between
the viable cells and dead cells, dead cells could be included
in the following results.

Evaluation of the validity of a control DNA fragment used in
quantitative PCR

When DNA extracts from sediment samples are used as
templates, PCR is often inhibited by humic acids'®***9. To
avoid the effects of PCR inhibitors and precisely measure the
numbers of free-living cells of the endosymbiont A-related
phylotype in each sample, we performed quantitative PCR
with the 486bp DNA fragment as a control which included a
part of the mam22 gene of Magnetospirillum magnetotacti-
cum MS-1 flanked by sequences of primers (M450f and
M860r). To evaluate the validity of the 486bp fragment as a
control, the 406bp PCR-amplified fragment was prepared as
mentioned in the Materials and Methods. To directly com-

Table 2. Efficiency of DNA extraction from sediment samples

P : Numbers of E. coli Numbers of estimated Extraction efficiencies
Sampling station Sediment type cells added E. coli cells (%) Replicate

I Muddy 1.905x107 (3.11740.821)x107 164+43 n=3

6 Sandy 1.905%107 (2.139£0.317)x107 112417 n=3

13 Muddy 2.151x106 (3.353+1.735)x10¢ 156481 n=3

2.453x106 (3.716+0.542)x105 151422 =3

24 Sandy 1.707x107 (2.435+0.629)x 107 14337 n=3
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Fig.2. Validity of the short linear DNA fragment (486bp) as a control DNA for quantitative PCR. (A) Both 406bp and 486bp fragments were
added to the reaction mixtures at the same copy number: 1.0x10* copies (left panel), 1.0x10> copies (middle panel), and 1.0x10% copies (right
panel). PCR-amplification was performed as mentioned in the Materials and Methods. Aliquots were taken at indicated cycle numbers and electro-
phoresed on 2% agarose gels. The intensity of the EtBr-stained PCR products was quantified with NIH Image. Relative fluorescence units (rfu) are
shown. Symbols: squares, 406bp products; circles, 486bp products. (B) Both 406bp and 486bp fragments were PCR-amplified (40 cycles) and the
PCR products were analyzed as mentioned in (A). The copy number of the 406bp fragment added was 5.4x10° copies (left panel), 5.4x10* copies
(middle panel), or 5.4x10% copies (right panel). The 486bp fragment was serially diluted and added to the reaction mixtures. The numbers below
cach graph show the relative amount of the 486bp fragment to the 406bp fragment. 2° means the same copy number as the 406bp fragment. Sym-

bols: squares, 406bp products; circles, 486bp products.

pare the PCR-amplification efficiency between the 406bp
fragment and the 486bp fragment, they were mixed at the
same copy numbers and subjected to PCR with the primer set
(M450f and M860r). Since both fragments were amplified to
a similar extent in 28 to 42 cycles (Fig. 2A), the sequence
derived from the mam22 gene was shown not to affect the
amplification efficiency. We performed quantitative PCR for
40 cycles in the subsequent experiments to increase the sen-
sitivity of detection.

Furthermore, the validity of the control DNA was tested
by serially diluting it and PCR-amplifying it with various
concentrations of the 406bp fragment. The intensity of the
PCR products was similar at around the point of the same
copy number of both templates (Fig. 2B). These results
showed that the control DNA fragment can be used to quan-
tify the free-living cells of the endosymbiont A-related phy-
lotype in Tsukumo Bay.

Quantitative detection of the O. mashikoi endosymbiont
A-related phylotype in sediment samples

We chose 23 points from the initial 44 points, extracted
DNA from the sediment samples, and carried out quantita-
tive PCR (Fig. 3). The results are summarized in Table 3.
Since the endosymbiont A-related phylotype has not yet been
isolated, the number of copies of the 16S rRNA gene in its
genome is not known. Therefore, we give estimated copy
numbers of the endosymbiont A 16S rRNA gene in the sedi-
ment samples. The O. mashikoi endosymbiont A 16S rRNA
gene was detected in samples from 21 points. The copy num-
ber of the 16S rRNA gene ranged from 2.22x10% to 1.42x10°
copies per gram of dry-sediment. Although the bacterium
was not detected at sampling stations #30 and 33, we could
not exclude its existence there, since it was found in prelimi-

A

0.5 km

Ichinose
river

Tsukumo Bay

B Station 6 19 24 44
Control DNA 10°10°10710° 10°10° 10*10°10° 10°10750

486 bp ,, [
406 bp »

Fig. 3. Estimation of the copy numbers of the O. mashikoi endosym-
biont A 16S rRNA gene in the sediment samples.

(A) 23 sampling stations are shown. (B) DNA extracts from the 23 sed-
iment samples were used as templates for quantitative PCR. Represen-
tative results of quantitative PCR are shown. The 486bp PCR products
were amplified from the control DNA (the short linear 486bp frag-
ment), whereas the 406bp PCR products were amplified from the chro-
mosomal DNA of the endosymbiont A-related phylotype in DNA
extracts from the sediment samples. The values above photographs
indicate copy numbers of the control DNA fragment added to the reac-
tion mixtures.

nary experiments that less than 2x10* copies of the target
gene could not be detected under the PCR conditions. In fact,
we repeated the same experiment using other sediment sam-
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Table 3. Copy numbers of the O. mashikoi endosymbiont A 16S rRNA gene in the sediment samples
) o ) . Corrected copy
Sampling Sediment Water depth Copy numbers® Ratios of endosymbiont numbers®
station type? (m)? — A-related phylotype (%)
Sep 2003 May 2005 Sep 2003
1 0o 124 1.31x10° 325 4.26x10*
2 O 11.6 1.31x10° 2.14x10°
6 x 11.9 4.72x10% 4.16x10% 65.0 3.07x10*
10 0 23.6 9.65x10*
11 o 253 9.65x10%
13 x 8.7 3.67x10° ND 80.0 2.94x10°
14 O 224 5.96x10°
17 O 17.1 4.57x10°
18 ] 24.2 2.55x10° 1.65x10° 82.5 2.10x10°
19 (6] 15.1 2.20x10°
20 X 44 1.16x10°
21 X 2.5 6.33x10° 4.71x10°
22 (0] 16.2 4.22x10°
24 X 10.3 1.46x10° 97.5 1.42x10°
26 o 25.6 4.04x10°
28 O 16.2 5.49%10*
30 O 19.8 ND 7.63x104
32 0O 5.6 5.71x10*
33 O 22.6 ND
35 o) 16.2 1.01x10°
37 O 20.3 3.84x10% 7.40x10%
41 (0] 15.9 7.24%10%
44 0 8.0 6.82x10% 7.20x10% 325 2.22x10%

;amuddy sediment, x: sandy sediment.
b The depth of sampling stations was measured with a fishfinder.

¢ Copy numbers of the PCR products (copies per gram of dry-sediment) were estimated by quantitative PCR. ND: not detected.
9 Ratios of the PCR products derived from the endosymbiont A-related phylotype to the total PCR products were estimated by cloning and sequenc-

ing the PCR products as mentioned in the Materials and Methods.

¢ Corrected copy numbers of the endosymbiont A 16S rRNA gene (copies per gram of dry-sediment) were obtained by multiplying the ‘copy num-

bers’ by the ‘ratios of endosymbiont A-related phylotype’.

ples, which were collected in May 2005, and detected the
endosymbiont A-related phylotype in a sediment sample
from #30 (Table 3).

Bacterial genomes usually have up to 15 copies of the 168
rRNA gene and generally up to 7 copies”. When the average
copy number is computed on the basis of information from
the rRNA Operon Copy Number Database (rrndb) (http://
rrndb.cme.msu.edu)®, it is 5.7 in 108 species from Gam-
maproteobacteria. Previous phylogenetic analyses of the
16S rRNA gene indicated that the O. mashikoi endosymbiont
belongs to Gammaproteobacteria®?>. 1If the O. mashikoi
endosymbiont A-related phylotype has 5 copies of the 16S
rRNA gene, the cell number in one gram of dry-sediment is
between 4.44x10° and 2.84x105.

Ratio of the O. mashikoi endosymbiont to all eubacteria in
sediment samples

To estimate the eubacterial cell number in one gram of
dry-sediment from Tsukumo Bay, we performed quantitative
PCR using the same DNA extracts as those used in the above
experiments. A pair of primers (B341f and U533r; Table 1)
has been used to amplify the 16S rRNA gene of almost all
eubacteria?. From 2.19x107 to 2.06x10% copies of the gene
per gram of dry-sediment were detected at 8 points (Fig. 4).

Assuming that a bacterial cell has from 1 to 7 copies of the
16S rRNA gene, one gram of sediment from Tsukumo Bay
contains from 3.13x10° to 2.06x10% bacterial cells. This
result is consistent with the report that 1 cm?® of sediment
contains 103-10° bacterial cells'®.

Assuming that the endosymbiont A-related phylotype has
5 copies of the 16S rRNA gene, the phylotype accounts for
0.002-9.073% of all the eubacteria in Tsukumo Bay, sug-
gesting that O. mashikoi has a strict mechanism to select the
endosymbiont from among many bacteria. Vibrio fischeri is
attracted by some components of the light organ mucus
secreted from the host squid Euprymna scolopes'>*D. O.
mashikoi endosymbionts may also approach a host larva in
response to a certain chemical and invade through the host’s
transiently formed mouth or skin into bacteriocytes in the
trophosome. To elucidate the mechanisms of infection, we
should isolate and cultivate the O. mashikoi endosymbionts.

In some species of vestimentiferans, the larvae are thought
to be able to swim for some weeks without feeding*V, until
they can settle in a suitable place where they would take in
the free-living cells of endosymbionts. Assuming that O.
mashikoi larvae swim like the vestimentiferan larvae, it is
expected from our results that the transmission of free-living
cells of the endosymbionts to O. mashikoi larvae occurs
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Fig. 4. Estimation of the copy numbers of the 16S rRNA gene of all eubacteria in the sediment samples. The same DNA extracts used in Fig. 3 and
Table 3 were used as templates in quantitative PCR. (A) Representative results of quantitative PCR. The upper PCR products (333bp) were ampli-
fied from the control DNA fragment, whereas the lower PCR products were amplified from the 16S rRNA gene on chromosomal DNA extracted
from all eubacteria in the sediment samples. The values above photographs indicate copy numbers of the control DNA fragment added. (B) Results
of quantitative PCR. The copy numbers of the 16S rRNA gene of all eubacteria estimated by quantitative PCR were plotted together with the copy
numbers of the O. mashikoi endosymbiont A 16S rRNA gene in the same sample. The copy numbers of the 16S rRNA gene of all eubacteria in sam-
ples collected in 2003 and 2005 are shown as ‘Bac 2003” and ‘Bac 2005, respectively. The copy numbers of the O. mashikoi endosymbiont A 16S
rRNA gene are shown as ‘Sym 2003’ and ‘Sym 2005°. The endosymbiont A 16S rRNA gene was not detected in two samples, #13 in 2005 and #30
in 2003. Numbers with asterisks were corrected by multiplying the quantitative PCR-estimated copy numbers by the ratios of the PCR products

derived from the endosymbiont A-related phylotype to the total PCR products.

ubiquitously at the bottom of Tsukumo Bay. However, O.
mashikoi adult worms inhabit the mud, not sand, in Tsukumo
Bay. Although we thoroughly examined whether O. mash-
ikoi adult worms live in sandy areas by intensively collecting
sediment samples from 20 points around station #24 in which
many free-living cells of the endosymbiont A-related phylo-
type were found, no adult worms of O. mashikoi were found,
suggesting that O. mashikoi can not inhabit areas covered
with sand. Therefore, in addition to free-living cells of the
endosymbionts, other factors may be required for the growth
of O. mashikoi. Judging from the morphology of the endo-
symbiotic cells'V and the existence of the extracellular giant
hemoglobin, which is thought to convey sulfides to the
endosymbionts®, the O. mashikoi endosymbionts seem to be
sulfur-oxidizing bacteria. Total sulfide levels in sediment
collected from a region in which O. mashikoi adults live
were moderate). Physical and/or chemical conditions, such
as temperature, sulfide concentration, and pH of the sedi-
ment, may be important for determining the distribution of
O. mashikoi, not the distribution of endosymbionts.
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