Microbial ecology of endobacteria harbored in
Oligobrachia mashikoi
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Microbial ecology of endobacteria harbored in Ohgobrachla mashikoi
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Abstract

Oligobrachia mashikoi (Siboglinidae, Annelida) is a marine invertebrate inhabiting
the reducing sediments of Tsukumo Bay, Japan. The worm lacks a mouth and a
digestive tract, and harbors endosymbiotic bacteria in specialized cells called
bacteriocytes. In this study, to gain further insight into the nature of the endosymbionts,
I investigated the distribution and population of free-living cells related to the major O.
mashikoi endosymbiont (endosymbiont A) in Tsukumo Bay, and found that the
endosymbiont A-related phylotype exists in sediment over the entire this bay with low
- population density. Furthermore, to elucidate energy metabolism of the O. mashikoi
endosymbionts, I investigated the morphological features of the O. mashikoi
endosymbionts using TEM, and compared the sequences of the genes involved in CO,
fixation (cbbL) and sulfur oxidation (apr4 and soxB). These investigations provide the
evidences indicating that the O. mashikoi endosymbionts are thioautotrophic bacteria.

Introduction

Siboglinid polychaetes are marine invertebrates which lack a mouth and a digestive
tract, and generally harbor thioautotrophic or methanotrophic bacteria in special cells
called bacteriocytes. The hosts have been thought to rely on their endosymbionts for
nutrition [1]. The members of the family Siboglinidae have been split into three
lineages, frenulates (beard worms), vestimentiferans (tube worms) and moniliferans [2].
Furthermore, it is generally accepted that siboglinid polychaetes take in the free-living
cells of their endosymbionts from the environment in each generation [3]. However,
detailed mechanisms of the acquisition of bacterial endosymbionts have not been
elucidated due to the difficulties in the isolation and cultivation of both bacterial
endosymbionts and their host.

In 1973, one species of frenulates was identified as new species called Oligobrachia
mashikoi which inhabits the muddy bottom of Tsukumo Bay on Noto Peninsula, Japan
[4]. The adult worm lacks a mouth and a digestive tract, and harbors bacterial cells in
its bacteriocytes, like other siboglinid polychaetes. Although Kubota et al. 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 [5]. However, the analyses based on the 16S rRNA gene could not clarify
whether the O. mashikoi endosymbionts are thioautotrophic or methanotrophic bacteria.

In this study, to gain further insight into the nature of the endosymbionts, I
investigated the distribution and population of free-living cells related to the major
endosymbiont (endosymbiont A) in Tsukumo Bay. This is the first study on the
ecological characterization of a free-living bacterium related to the endosymbiont of the
siboglinid polychaete. Furthermore, to elucidate energy metabolism of the O. mashikoi
endosymbionts, I investigated the morphological features of the O. mashikoi

—454—



endosymbionts using TEM, and compared the sequences of the genes involved in CO;
fixation (cbbL) and sulfur oxidation (apr4 and soxB). This study provides the
evidences indicating that the O. mashikoi endosymbionts are thioautotrophic bacteria.

Materials and methods
Collection of sediments and DNA extraction from sediments

The sediment samples were collected from the surface layer (0—5 cm deep) of the
bottom at 44 sampling stations in Tsukumo Bay using a grab-type dredge (Fig. 1A).
DNA was extracted from the sediments (0.85 gram wet-weight each) using the
UltraClean Soil DNA kit (MO BIO). .
Quantitative PCR of the O. mashikoi endosymbiont A-related phylotype in sediments

Specific primers (M450f and M860r) were designed on the basis of the 16S IRNA
gene sequence of endosymbiont A. To examine the specificity of the primers, the
products of PCR using the primers and the DNA extracts from sediments were cloned
into pSTBlue-1 AccepTor vector (Novagen), and resulting plasmids were transformed
into the Escherichia coli XI1-1 Blue strain. Inserted DNA fragments were sequenced.
The ratio of the number of clones derived from the endosymbiont A-related phylotype to
the total number of clones was determined. To quantitatively detect the endosymbiont
A-related phylotype, a control DNA (486bp fragment) was constructed, and used in
quantitative PCR. To determine the efficiency of extraction of DNA from sediment
samples, I designed the experiment using E. coli cells, and found that the DNA
extraction efficiency was nearly 100%. To estimate the eubacterial cell number in one
gram of dry-sediment from the bay, quantitative PCR using eubacterial universal primers
(B341f and U533r) and a control DNA (333bp fragment) were carried out [6].
Collection of O. mashikoi, preparation for TEM, and DNA extraction from the worm

The adult worms of O. mashikoi were collected with a dredge from the muddy
bottom (25 m deep) of Tsukumo Bay. The bodies of O. mashikoi were carefully taken
out of the chitin tubes and washed with autoclaved seawater repeatedly and finally with
70% ethanol. The post-annular part containing the bacteriocytes was aseptically cut off
from the body. For observations using TEM, the post-annluar part was immediately
fixed, dehydrated, and embedded in Quetol-651 epoxy resin (Nisshin-EM). The
ultra-thin sections (40-70 nm) were prepared using a diamond knife and an
ultracut-microtome (Leica), stained with uranyl acetate and lead citrate, and viewed with
JEOL 2000EX TEM (JEOL).

DNA extraction from the individual post-annular part was performed by the method
as described in Kubota et al. [5].
Detections and comparative sequence analyses of genes coding for RubisCO, APS
reductase, and soxB

Detections of three genes coding for RubisCO form I large-subunit (cbbL), APS
reductase alpha-subunit (aprA4) and SoxB (soxB) were carried out by PCR using specific
primers for each gene [7] and the DNA extracts from the post-annular part of trunk.
Neighbor joining analyses were carried out using Protdist program and Neighbor
program in the PHYLIP package.

Results and Discussion

Distribution and population of free-living cells related to O. mashikoi endosymbiont A
To investigate the existence of endosymbiont A-related phylotype in sediments of

Tsukumo Bay, PCR using DNA extracts from sediments as templates was carried out.

The target nucleotide sequences were amplified from almost all DNA extracts,

suggesting that the endosymbiont A-related phylotype are distributed in sediment over
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the entire this bay. The target nucleotide sequences were also detected in total bacterial
cells retrieved from the sediment sample (station #24), indicating that the bacterium
related to endosymbiont A inhabits the sediments of the bay in a free-living form. To
investigate the population of the endosymbiont A-related phylotype in the sediments, the
quantitative PCR using a control DNA (486bp fragment) was carried out. The
endosymbiont A-related phylotype was detected in almost all sediment samples collected
from 23 points in the bay, ranging in copy number of the 16S rRNA gene from 2.22x10*
to 1.42x10° copies per gram of dry-sediment (Fig. 1B). When the average copy
number is computed on the basis of information from the rRNA Operon Copy Number
Database, it is 5.7 in 108 species from Gammaproteobacteria. Kubota et al. reported
that the endosymbionts A-G belongs to Gammaproteobacteria [5]. If the
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 2.84x10°. Furthermore, the copy
number of eubacterial 165 rRNA gene in one gram dry-sediment was estimated by the
quantitative PCR using eubacterial universal primers (B341f and U533r) and a control
DNA (333bp fragment) (Fig. 1B). . Assuming that a bacterial cell has from 1 to 7 copies
of the 16S tTRNA gene, one gram of dry-sediment from the bay contains from 3.13x10°
to 2.06x10° bacterial cells. Therefore, the free-living cells of endosymbiont A-related
phylotype made up 0.002-9.073% of the total eubacterial population, suggesting that the
O. mashikoi larvae precisely select candidates for their endosymbiont from bacterial
flora in the environment.
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Tsukumo Bay

Fig. 1. (A) Sampling stations. The dots (#1 to 44) show sampling stations of sediments. The gray circle is the
zone in which adult worms of O. mashikoi cluster. (B) Representative results of quantitative PCR. The copy
numbers of the 165 rRNA gene of all eubacteria estimated by quantitative PCR were plotted together with the copy
numbers of the O. mashikoi endosymbiont A 16S tRNA gene in the same sample. 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. The copy numbers of the 16S rRNA gene
of all eubacteria in samples 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°.

Observations of endosymbionts in the bacteriocytes of O. mashikoi using TEM

TEM observations of the bacteriocytes in four individuals (three individuals for
endosymbiont A, and one individual for endosymbiont E) revealed that the
endosymbiotic bacteria were morphologically single in the bacteriocytes and the
morphology was slender rod-shaped, about 1 2 um long and about 0.5 um wide (Fig. 2A
and B). The intracytoplasmic-stacked membranes specifying all of methanotrophic
bacteria (i.e. type I, II, and X) were not observed in the O. mashikoi endosymbionts (Fig.
2B and C). Interestingly, the electron-translucent vesicles were often found in the O.
mashikoi endosymbionts (Fig. 2A and B). The vesicles of the O. mashikoi
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endosymbionts were similar to those of endosymbiotic thioautotrophic bacteria of
marine invertebrates such as a vestimentiferan tubeworm Riftia pachyptila (Fig. 2D).

* 1005m ;D

Gy i

Fig. 2. Transmission electron micrographs of the endosymbioti
and free-living bacteria. (A) The bacteriocytes of O. mashikoi
containing many endosymbiotic bacteria (eb). The endosymbionts
are surrounded by the peribacterial membranes (pbm). The
electron-translucent vesicles (ve) are often observed in the
endosymbionts. (B) The higher magnification of the O. mashikoi
endosymbiont. (C) The micrograph of a type X methanotrophic
bacterium Methylococcus capsulatus [8). (D) The micrograph of
endosymbiotic bacteria of a vestimentiferan tubeworm Riftia
pachyptila [9].

Detections and comparative sequence analyses of the genes coding for RubisCO, APS
reductase, and SoxB

I searched for the genes coding a protein involved in CO; fixation (RubisCO), and
two proteins involved in sulfur oxidation (APS reductase and SoxB) on genomes of O.
mashikoi endosymbionts A-G by PCR using specific primers for each gene. To
distinguish the types of the endosymbionts, DNA extracts were individually prepared
from the post-annular region of the trunk of one adult worm, and the types of the
endosymbionts were confirmed by DGGE analyses and/or sequencing of the 16S TRNA
gene as described in Kubota et al. (2007) [S]. The analyses indicated that the DNA
extracts contained only one sequence of 16S TRNA gene.

The three genes (cbbL, aprA, and soxB) were amplified from each of the DNA
extracts containing chromosomes of the endosymbionts A—G. The three genes were not
detected in DNA extracted from the pre-annular parts containing no bacteriocytes.
Although the small extent of the nucleotide sequence variation of the three genes among
the endosymbionts A—G was found, the nucleotide sequences of the three genes were
identical among each types of the endosymbiont. Phylogenetic trees based on the
amino acid sequences deduced from the three genes were constructed by the neighbor
joining method. The trees based on the amino acid sequences deduced from cbbL and
aprA are shown in Fig. 3. Three phylogenetic trees strongly suggest that the O.
mashikoi endosymbionts are thioautotrophic bacteria.
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Fig. 3. Phylogenetic placements of RubisCO large-subunit (A), and APS reductase alpha-subunit (B) sequences
from O. mashikoi endosymbionts A-G based on the neighbor joining analyses. The scale bars represents 10%
estimated sequence divergence. Percentage of 100 bootstrap resampling is shown at each branch (value higher
than 50% are shown). The single underline indicates the sequences from thioautotrophic bacteria. IA; RubisCO
form IA, IB; form IB, IC; form IC, ID; form ID. SOB; thioautotrophic (sulfur-oxidizing) bacteria, SRB;
sulfate-reducing bacteria, SRA; sulfate-reducing archaeon.

Conclusion
I found that the free-living cells of the O. mashikoi endosymbiont A-related

phylotype inhabited almost all sediment samples collected from 23 points in Tsukumo
Bay and made up less than 9% of the total eubacterial population, suggesting that the O.
mashikoi larvae precisely select candidates for their endosymbiont from bacterial flora in
the environment. Secondly, I found that the endosymbionts contain the
electron-translucent vesicles typically observed in thioautotrophic bacteria, but not
contain the intracytoplasmic-stacked membranes specifying methanotrophic bacteria.
Furthermore, I found the genes involved in CO, fixation (chbL) and sulfur oxidation
(apr4 and soxB) on genomes of the O. mashikoi endosymbionts. These results strongly
suggest that the O. mashikoi endosymbionts are thioautotrophic bacteria.
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