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Palinuro volcanic complex in Tyrrhenian Sea. Both phylo-
types coexist in siboglinids at 1,036 m from the Palmachim 
disturbance, a cold seep in the eastern Mediterranean’s 
levantine basin. Our results, combined with existing 
knowledge of siboglinid host and endosymbiotic bacteria 
biogeography, reveal that two major groups of endosym-
bionts coexist within lamellibranchids and escarpids. The 
phylogenetic clustering of these bacteria is primarily influ-
enced by geographic location, rather than selection by the 
siboglinid host.

Introduction

The discovery of biodiversity in deep-sea environments, 
such as hydrothermal vents and hydrocarbon seeps (Corl-
iss and Ballard 1977), has spawned many fields of research 
including the symbiotic relationship of deep dwelling 
tubeworms (Siboglinidae) and chemoautotrophic bacteria. 
This unique relationship occurs inside the worms’ tissue 
trophosome, which completely replaces the digestive sys-
tem (Jones 1981). While the bacteria provide organic com-
pounds and metabolic energy to its host, the worm makes 
oxygen and carbon dioxide readily available to the symbi-
otic bacteria inhabiting its sulfide-rich trophosome environ-
ment (Stewart and Cavanaugh 2006).

Many of the early studies on Siboglinidae are from 
Pacific and atlantic Ocean communities (Hilário et al. 
2011a). Mediterranean Sea tube worms were just 
described recently at various locations, particularly at 
the anaximander Mountains off the southwest shore of 
Turkey (Southward et al. 2011), the Olimpi mud vol-
cano field on the Mediterranean ridge (Olu-le roy 
et al. 2004), at the hydrocarbon seeps of the nile deep-
sea fan (Duperron et al. 2009), at the mud volcanoes in 
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the alboran Sea (Hilário et al. 2011b) and at the Palinuro 
volcanic complex (Carey et al. 2012; Thiel et al. 2012). 
Moreover, siboglinids have been shown to thrive on a 
shipwreck at a depth of 490 m off the coast of Cetraro 
in the Southern Tyrrhenian Sea (gambi et al. 2011) and 
on a shipwreck 110 km southeast of Crete at the depth 
of 2800 m (Hughes and Crawford 2008). The Mediter-
ranean Siboglinidae specimens discovered at the anaxi-
mander Mountains were described as the new species, 
Lamellibrachia anaximandri, and were shown to be 
closely related to the Lamellibrachia sp. from the gulf 
of Mexico and the gulf of guinea (McMullin et al. 2003; 
Southward et al. 2011).

The siboglinid host acquires bacteria de novo, and 
therefore, siboglinids-bacteria symbioses are dictated by 
horizontal transmission (nussbaumer et al. 2006; Tyler 
and Young 1999). Previous phylogenetic analyses of the 
siboglinids and their endosymbionts showed low diver-
gence between the species, with endosymbiont divergence 
controlled by depth, environmental influences (vent vs. 
seep), host preference, symbiont availability and biogeog-
raphy (McMullin et al. 2003).

large variation in the elemental sulfur content between 
individuals of the same colony was recently established, 
suggesting a high degree of microhabitat heterogeneity 
within siboglinids (Pflugfelder et al. 2005). Moreover, it 
was shown that Lamellibrachia luymesi transports sulfide 
from the sediment into the trophosome via the “root” 
(Freytag et al. 2001); therefore, higher sulfide concentra-
tions next to the uptake site (further from the tube opening) 
are reasonably expected.

The symbiotic bacteria of Mediterranean Lamellibra-
chia sp. were recently characterized as two phylotypes of 
gammaproteobacterial endosymbionts closely related to the 
thioautotrophic Lamellibrachia, Escarpia and Seepiophila 
genera symbionts from the gulf of Mexico and northern 

Pacific Ocean (Duperron et al. 2009). among the 28 con-
sistent differences in the 16S rrna gene, 22 variations 
between the positions 992 and 1,038 were found (Duperron 
et al. 2009). The co-occurrence of the different phylotypes 
in the same host raised the question as to if there are dis-
tinct copies of the 16S rrna gene within a single bacte-
rium or whether the sequences belong to distinct symbiont 
strains (Duperron et al. 2009). For example, at the Palinuro 
volcanic complex, only one 16S rrna bacterial phylotype 
was detected, yet its functional genes showed two possible 
carbon fixation pathways (Thiel et al. 2012).

In order to better understand the biogeography of the 
Lamellibrachia sp. and their endosymbionts, we examined 
the phylogeny of the host and the endosymbionts based on 
various phylogenetic markers (i.e., 16S rrna, cytochrome 
c oxidase I, ruBisCo type II and aPS reductase) from sev-
eral deep-sea locations in the eastern Mediterranean that 
had never previously been sampled.

Methods

Sample collection and preservation

The samples were collected during the 2010 (Septem-
ber) and 2011(november) exploration vessel (e/V) Nau-
tilus field seasons. e/V Nautilus is equipped with the 
Hercules and Argus rOV system, which is able to col-
lect high-resolution video, oceanographic data and preci-
sion sampling. Lamellibrachia samples were collected 
at the eastern slope of the eratosthenes seamount, at 
33°38.0087′n, 32°47.2663′e at a depth of 947 m; the Pal-
inuro volcanic complex, at 39°32.3736′n, 14°42.2608′e 
at a depth of 618 m and at the toe of the Palmachim dis-
turbance at 32°09.5959′n and 34°10.0305′e at a depth of 
1,036 m (Fig. 1). Whole colonies of the tubeworms were 

Fig. 1  The locations of col-
lected and analyzed Lamellibra-
chia spp. in the Mediterranean 
Sea. Red circles mark locations 
of colonies probed in this study, 
blue circles mark locations of 
colonies probed in previous 
studies
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picked up with some of the roots being kept intact (Supp. 
Fig. S3). Upon reaching the surface, samples were immedi-
ately frozen in their tubes and maintained at −80 °C until 
processing.

Dna isolation, amplification and sequencing

Dna was isolated from random Lamellibrachia sp. speci-
mens from the Palinuro volcanic complex, the eratosthenes 
seamount and the Palmachim disturbance. Frozen worms 
were cut into two to four segments; the tissue was pulled 
from the tube, followed by the Dna isolation from each 
using an UltraClean Tissue & Cells Dna Isolation Kit 
(MoBio, Carlsbad, Ca, USa) following manufacturer’s 
instructions. The template Dna was amplified with goTaq 
green Master Mix (Promega, Madison, WI, USa) using 
primers listed in Table S1 with T100 thermal cycler (Bio-
rad, Hercules, Ca, USa). The PCr conditions were as 
follows: denaturation at 94 °C for 30 s, annealing at suit-
able temperature (aT, Table S1) for 30 s and extension at 
72 °C for 1 min (1 min 30 s for 16S rrna) for 35 cycles. 
PCr products were purified using Wizard SV gel and PCr 
Clean-Up System (Promega, Madison, WI, USa) and sub-
sequently cloned in the pgeM-T easy Vector (Promega, 
Madison, WI, USa) using Escherichia coli JM109 (Pro-
mega, Madison, WI, USa) as the host. The sequencing was 
performed by Hylabs (Israel) using the pgeM-T-specific 
primers T7 and SP6. The functional genes were sequenced 
directly from the PCr clean-up products.

PCr amplification of the Phylotypes I and II 16S rrna 
genes

To test the distribution of the phylotypes in the different 
scales, random Lamellibrachia worms from three locations 
were sectioned into two to four sections (Supp. Fig. S1) 
and the PCr amplification using general forward primer 
(27F-CM) and specific reverse primers based on the most 
variable part between the two phylotypes (Phylotype 1: 
5′-cctcagaacttgttagagataacttg- 3′, Phylotype 2: 5′-tcctg-
catctctctgctggattctgtca- 3′) was performed.

Bacterial tag-encoded FlX amplicon pyrosequencing 
(bTeFaP) and data analysis

eratosthenes 22, Palmachim 22 and Palinuro 22 (Supp. Fig. 
S1) sections were analyzed. The bacterial 16S rrna gene 
was amplified using the universal primers 926F (5′-aaac-
tYaaaKgaattgacgg-3′) and 1392r (5′-acgggcggtgtgtrc-3′), 
targeting the region containing the most variable part 
between the previously described 16S rrna phylotypes of 
the endosymbionts. a single-step 30 cycle PCr using Hot-
StarTaq Plus Master Mix Kit (Qiagen, Valencia, Ca, USa) 

was used under the following conditions: denaturation at 
94 °C for 30 s; annealing at 53 °C for 40 s; and elongation 
at 72 °C for 1 min for 28 cycles. Following PCr, all ampli-
con products from different samples were mixed in equal 
concentrations and purified using agencourt ampure beads 
(agencourt Bioscience Corporation, Ma, USa). The sam-
ples were sequenced utilizing 454 gS FlX titanium (roche, 
Penzberg, germany) following manufacturer’s guidelines.

The data derived from the sequencing were processed 
using an analysis pipeline (Swanson et al. 2011; eren et al. 
2011; Dowd et al. 2008; Capone et al. 2011) at Mr Dna 
(Shallowater, TX, USa). The sequences were depleted 
of barcodes and primers, short sequences <200 bp were 
removed, sequences with ambiguous base calls were 
removed and sequences with homopolymer runs exceeding 
6 bp were removed. Sequences were denoised, and chimeras 
were removed using custom software (Dowd et al. 2008). 
Operational taxonomic units were defined after removal of 
singleton sequences, clustering at 3 % divergence (97 % 
similarity). OTUs were then taxonomically classified using 
BlaSTn against a curated greengenes database (DeSan-
tis et al. 2006) and compiled into each taxonomic level. 
Sequences used for phylogenetic analysis were further vali-
dated using BlaSTn against nCBI nucleotide database.

Phylogenetic analysis

The evolutionary history was inferred by using the maxi-
mum likelihood method based on the suitable model 
(Tamura-nei model (Tamura and nei 1993) for the COI 
and cbbM sequences; Tamura 3 parameter model (Tamura 
1992) for the eukaryotic 16S rrna and aPS reductase 
sequences; Kimura 2-parameter model (Kimura 1980) 
for the 454 results and Hasegawa-Kishino-Yano model 
(Hasegawa 1985) for the cloned bacterial 16S rrna 
results). For the phylogenetic analysis, the following genes 
and number of nucleotides were used: COI, 445; eukary-
otic 16S, 428; rrna, 293; cbbM, 319; aPS reductase, 
326; long bacterial 16S rrna, 1197; and short bacterial 
16S rrna, 434. The bootstrap consensus tree inferred 
from 1,000 replicates was taken to represent the evolution-
ary history of the taxa analyzed (Felsenstein 1985). Initial 
trees for the heuristic search were obtained automatically 
as follows: When the number of common sites was <100 
or less than one-fourth of the total number of sites in the 
alignment, the maximum parsimony method was used; oth-
erwise, the BIOnJ method with MCl distance matrix was 
used. The trees were drawn to scale, with branch lengths 
measured in the number of substitutions per site. Codon 
positions included were 1st + 2nd + 3rd + noncoding. 
evolutionary analyses were conducted in Mega5 (Tamura 
et al. 2011). all sequences were submitted to genebank 
under accession numbers KF199244-199380.
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Results

The Lamellibrachia spp. habitat

Palinuro volcanic complex

Hydrothermal activity was observed at the sample collec-
tion site including a temperature of 54 °C (an increase of 
40.6 °C from the 13.4 °C ambient water temperature) in the 
shimmering seepage of hydrothermal fluids, while 26 °C 
was recorded within the base of the sampled siboglinid 
colony. Yellow patches of bacterial biofilm (possibly Fe2+ 
oxidizers) and white patches of filamentous sulfide oxidiz-
ing bacteria were observed next to the collection site. The 
siboglinid colony was collected at 618 m (Fig. 2a, b).

Eratosthenes seamount

Seepage of hydrocarbon fluids was observed along the 
vertical cracks at the southeast outcrop of the mountain 
(Fig. 2c). Shimmering seepage was observed within the 
worm colony at 947 m with measured temperatures as high 
as 1 °C above 13.5 °C ambient temperature. large quanti-
ties of bivalve shells were found at the base of the outcrop 
(Mayer et al. 2011).

Palmachim disturbance

large biogenic carbonate crust features were found 
within the pockmarks at the toe of the Palmachim distur-
bance (Fig. 2d). Water temperature at the sampling site of 

Fig. 2  In situ images of the collected Lamellibrachia specimens: a 
Palinuro Lamellibrachia sp. next to the venting site. b Lamellibrachia 
sp. collected by the Hercules rOV at the Palinuro hydrothermal vent. 
c Faults on the eratosthenes sea mount slope, where the hydrocar-
bon seepage occurs and the Lamellibrachia sp. thrive; d a colony of 

Lamellibrachia sp. at the eratosthenes sea mount; e Hercules rOV 
samples the cold hydrocarbon seep at the Palmachim disturbance, 
southern Israel; f a colony of Lamellibrachia sp. at the Palmachim 
disturbance
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1,036 m was no higher than 0.6 °C above 13.7 °C ambient 
temperature. active bubbling of gas from the sediment was 
observed next to the collection site. Mats of filamentous 
sulfide oxidizing bacteria were present at the seepage sites.

Mediterranean Lamellibrachia sp. phylogeny

Mitochondrial 16S rrna genes sequences were identi-
cal between the Mediterranean Lamellibrachia specimens, 
diverged from the gulf of Mexico and Pacific Lamellibra-
chia spp. (Fig. 3a). Mitochondrial cytochrome c oxidase 
subunit I (COI) gene had faster evolutionary rate than the 
16S rrna gene, based on the phylogenetic tree branches 
comparison, yielding potentially diverged two groups 
(Fig. 3b). east Mediterranean Lamellibrachia specimens 
clustered together, although a specimen (HQ154525) from 

the shipwreck in the Tyrrhenian Sea (gambi et al. 2011) 
clustered with this group. The rest of the West Mediterra-
nean Lamellibrachia sp. (gambi et al. 2011; Hilário et al. 
2011b) clustered to a second group. Only one nucleotide 
substitution in the 447 bp COI fragment contributed to the 
divergence between the groups.

Lamellibrachia endosymbionts

The 16S rrna gene phylogeny of the cloned samples 
from the Palmachim disturbance, eratosthenes seamount 
and Palinuro volcanic complex hydrothermal vents (1,298 
nucleotide product) revealed endosymbiont 16S rrna 
phylotypes closely related to Phylotypes 1 (V1.3, gene 
Bank: FM165437) and 2 (V11.1, gene Bank: FM165438). 
Similar to Duperron et al. (2009), we found 22 variations 

Fig. 3  Molecular phylogenetic analysis by maximum likelihood 
method of Lamellibrachia spp. marker genes: a evolutionary his-
tory of the Lamellibrachia spp. 16S rrna gene. b The evolutionary 

history of the Lamellibrachia spp. COI gene. The numbers are boot-
strap percent values based on 1,000 resamplings. The scale bar cor-
responds to the number of substitutions per site
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between the positions 992 and 1,038 between the 16S 
rrna sequences. nineteen of 21 clones from the eratos-
thenes samples were identical to Phylotype 1, with no Phy-
lotype 2 detected. Out of 23 clones from the Palmachim 
disturbance, 14 were similar to Phylotype 1, while the 
remaining nine belonged to Phylotype 2. In the Palinuro 
volcanic complex, all clones belonged to Phylotype 2.

Based on the latter variations, we screened several sec-
tions in various Lamellibrachia specimens (Supp. Fig. S2) 
for the presence of both phylotypes of endosymbiont 16S 
rrna sequences. all of the Palinuro (618 m depth) sam-
ples except Palinuro sample 1.1 (gills only) showed posi-
tive signals only for Phylotype 2 (Table 1). In contrast, only 
Phylotype 1 was detected in eratosthenes (947 m depth) 
samples. Palmachim (1,036 m depth) samples had mixed 
symbiont populations, with both Phylotypes present in five 
out of seven sections (Table 1). no gradient of symbiont 
phylotypes was found throughout the trophosome. We note 
that no cross-amplification of 16S rrna Phylotypes 1 and 
2 was possible with the applied primers. Cross-amplifica-
tions would result in identification of both phylotypes in all 
samples.

Furthermore, bTeFaP pyrosequencing verified PCr 
results that eratosthenes specimen had a monoclonal popu-
lation of endosymbionts. Overall, all 797 of the sequences 
belonged to the bacterial 16S rrna Phylotype 1 (Fig. 4). 
at Palmachim, both bacterial 16S rrna phylotypes were 
present, although in contrast to our cloning results, Phylo-
type 2 dominated the population. at Palinuro, no Phylotype 
1 was detected. Surprisingly, a third 16S rrna phylotype 
(Phylotype 3) was detected, both in the Palinuro and Pal-
machim endosymbiont sequences, represented by 3.4 and 
4.1 % from the total bacterial sequences, respectively. The 
992–1,038 variable region of Phylotype 3 was identical to 
Phylotype 2 (hence also amplified by the 16S rrna Phy-
lotype 2 primer in screening), although the whole 451 bp 
sequence was only 95 % similar to the 16S rrna sequence 
of Phylotype 2 (Supp. Fig. S4a). Moreover, bTeFaP 
sequencing revealed two different Methylomicrobium-like 
potential symbionts in the Palmachim specimen (Fig. 3, 
Supp. Fig. S5). One Methylomicrobium-like 16S rrna 
gene sequence was 97 % similar to a poecilosclerid sponge 

symbiont from gulf of Mexico (Petersen et al. 2012). no 
potential symbionts with significant similarity to the sec-
ond Methylomicrobium-like 16S rrna gene sequence were 
identified. The phylogenetic analysis of longer (1,197 bp) 
cloned endosymbiont 16S rrna gene sequences, yielded 
phylogenetic groups I, II and III described previously 
(McMullin et al. 2003; Thiel et al. 2012), although further 
branching into other clusters was observed (Fig. 5). group 
II was separated into Pacific, gulf of Mexico group and 
separate new east Mediterranean 16S rrna Phylotype 
1-like group, including Lamellibrachia anaximandri endo-
symbionts from nile Fan, Palmachim and eratosthenes. 
endosymbiont 16S rrna Phylotype II-like group IV was 
also split into Palinuro and nile Fan-Palmachim subgroups. 

additionally, we isolated the partial sequences of 
ruBisCO type II (cbbM gene) (Fig. 6a, Supp. Fig. S4b). 
The cbbM gene isolates from Palmachim and eratosthenes 
specimens, dominated by Phylotype 1 endosymbionts, 
yielded sequences identical to the clones rubV2.11 and 
rubV3.6 isolated by Duperron et al. (2009) from the amon 
mud volcano sample. The Palinuro cbbM clones, isolated 
from two fragments of the same specimen, diverged sig-
nificantly from the previously described rubV2.11 and 
rubV3.6 clones, but did not cluster with the He978225-8 

Table 1  The presence of 16S 
rrna, aPS reductase and 
ruBisCo type II (cbbM) genes 
phylotypes in Palmachim, 
eratosthenes and Palinuro 
samples. nDSF stands for the 
nile deep-sea fan. + symbol 
marks detection of respective 
phylotype by PCr

Palmachim (1,036 m) eratosthenes (947 m) Palinuro (618 m)

16S Phylotype 1 (V1.3, group II) + +
16S Phylotype 2 (V11.1, group IV) + +
16S Phylotype 3 (this study) + +
aPS1 (identical to nDSF) + +
aPS2 (Palinuro related) +
cbbM1 (identical to nDSF) + +
cbbM2 (this study) +

Fig. 4  relative abundance of bacterial pyrotags associated with sam-
pled lamellibranchids, based on bTeFaP analysis. The total amount 
of bacterial sequences yielded per sample is shown in the brackets
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Fig. 5  Molecular phylogenetic analysis by maximum likelihood 
method of Lamellibrachia endosymbionts 16S rrna genes. evo-
lutionary history of Lamellibrachia endosymbionts based on 1,197 
positions inferred from Sanger sequencing of endosymbiont clones. 
Two major clusters are shown. Bacterial groups marked with different 
colors. The numbers are bootstrap percent values based on 1,000 res-

amplings. The scale bar corresponds to the number of substitutions 
per site. Asterisk represents the sequences yielded in this study. Dou-
ble asterisk the evolutionary history of the Phylotype 3 sequence was 
evaluated based on the 431 nucleotide analysis; therefore, its position 
in this tree is only estimated
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Fig. 6  Molecular phylogenetic analysis by maximum likelihood 
method of Lamellibrachia endosymbionts functional genes: a evolu-
tionary history of the Lamellibrachia spp. ruBisCo type II genes. b 
evolutionary history of the Lamellibrachia spp. aPS reductase genes. 

Red color marks potentially Phylotype 1-related sequences, blue 
color marks potentially Phylotype 2-related sequences. The numbers 
are bootstrap percent values based on 1,000 resamplings. The scale 
bar corresponds to the number of substitutions per site
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cbbM sequences described by Thiel et al. (2012) based on 
the analysis of 293 base pairs. Fifteen consistent differ-
ences between the Palinuro cbbM and eastern Mediter-
ranean cbbM gene sequences were present in the 735 bp 
product (2 % divergence, similar to the 16S rrna gene). 
Our attempts to identify ruBisCO type I yielded no results, 
similar to previous studies (Duperron et al. 2009; Thiel 
et al. 2012).

Two phylotypes of the aPS reductase genes were identi-
fied (Fig. 6b) in the trophosome symbionts. The Palmachim 
and eratosthenes aPS sequences were also identical to the 
sequence aPSV3.37 isolated by Duperron et al. (2009) 
from the amon mud volcano Lamellibrachia sp. endosym-
biont (Supp. Fig. S4c). and 11 out of 326 nucleotide sub-
stitutions occurred in the Palinuro aPS reductase sequence 
compared to the Phylotype 1 aPS from Palmachim, erato-
sthenes and the amon mud volcano (3.37 % divergence). 
The latter sequence clustered with the Palinuro sequence 
(gB He974483) (Thiel et al. 2012).

Discussion

Lamellibrachia anaximandri is considered to be the only 
representative of endemic siboglinids in the Mediterranean 
Sea. The addition of our data to the existing sequences 
yields two possible clusters of Mediterranean Lamellibra-
chia spp. Since the COI evolution rate in lamellibrachids 
is slow (McMullin et al. 2003), small changes, such as 
single nucleotide substitutions, may nevertheless be attrib-
uted to significant evolutionary divergence. although two 
random nucleotide substitutions were found in the COI 
sequences probed from Lamellibrachia individuals in the 
same Palinuro colony (Thiel et al. 2012), a consistent cyto-
sine/thymine substitution existed at position 390 (relative 
to the COI sequence of Lamellibrachia sp. SMH-2007a, 
genebank accession number eU046616.1) between the 
eastern and Western Mediterraean Lamellibrachia COI 
gene sequences. eastern and western Mediterranean basins 
are separated by the shallow (approximately 300 m) Sic-
ily Straits, hindering the mixing of the respective Lamelli-
brachia populations; therefore, the presence of two Lamel-
librachia lineages, developed separately, is possible. On 
the other hand, clustering of the Tyrrhenian Sea specimen 
“lam1” (gambi et al. 2011) with the eastern Mediterra-
nean group hinders this hypothesis.

In light of uncertainties in the phylogeny of the host 
siboglinids, the understanding of the biogeography of the 
endosymbiont population can clarify the host-symbiont 
coevolution. The main filters for endosymbiont acquisition 
are its availability in the host’s environment, the ability of 
bacteria to be a siboglinid endosymbiont and the environ-
ment (such as vent versus seep evironment) (McMullin 

et al. 2003). McMullin et al. (2003) suggested that depth 
possibly limits the distribution of siboglinid endosym-
bionts, yielding overlapping deep-intermediate groups I 
and II (900–3,300 m) and shallow group III (550–650 m). 
Interestingly, the Mediterranean sequences from group 
IV (Fig. 5) share a common ancestor with the shallow 
group III; hence, the gene flow between the strictly atlan-
tic group III and Mediterranean endosymbiotic popula-
tions is plausible. group III includes the only representa-
tive found in the atlantic easternmost gulf of guinea, 
providing the spatial link between the gulf of Mexico and 
the Mediterranean Sea. The Mediterranean Sea is discon-
nected from the atlantic deep water by two barriers—the 
Strait of gibraltar (300–900 m) and the Strait of Sicily 
(maximum depth 316 m); therefore, only relatively shallow 
populations can be connected. although some of the east-
ern Mediterranean group IV endosymbionts were found 
in deeper water (Palmachim is at 1,036 m and the amon 
mud volcano is at 1,157 m), the ambient temperatures of 
13–14 °C at the latter locations are similar to the ambient 
temperatures at depths of 200–500 m in the gulf of Mexico 
(e.g., nOaa/aOMl, gulf of Mexico Monitoring) and sig-
nificantly higher than temperatures measured deeper than 
900 m (<6 °C) where groups I and II endosymbionts were 
probed. These findings hint that temperature rather than 
depth may control the distribution of group III siboglinid 
endosymbionts. a separation between the Palinuro16S 
rrna gene bacterial sequences and eastern Mediterranean 
sequences was observed within group IV, indicative of 
potential divergence between the populations. These popu-
lations are separated by the Strait of Sicily that potentially 
hinders gene flow, yet another relevant environmental fac-
tor can be the maximum ambient temperature. The tem-
peratures measured at hydrothermally active Palinuro site 
(up to 19.4 °C in the study by Thiel et al. (2012) and up to 
26 °C within the worm colony in this study) are drastically 
higher than at cold hydrocarbon seeps (up to 14.5 °C within 
the worm colony).

groups I and II include Escarpia laminata (1,400–
3,300 m at the gulf of Mexico and eastern Pacific 
(McMullin et al. 2003; Thiel et al. 2012)) endosymbi-
onts, endosymbionts of Lamellibrachia barhami (eastern 
Pacific 1,400–2,400 m (McMullin et al. 2003)) and endo-
symbionts of gulf of Mexico Lamellibrachia sp. from 
1,400 to 2,600 m (Thiel et al. 2012). Moreover, Escarpia 
spicata endosymbionts (whale fall at 1,240 m, eastern 
Pacific (Feldman et al. 1998)) clustered in group I, and 
Lamellibrachia columna from the Fiji-lau back arc basin, 
~2,000 m (Feldman et al. 1997) clustered in group II. 
Similar to the findings from the Mediterranean, represent-
atives of both endosymbiont groups I and II coexisted in 
the Escarpia laminata specimen from the alamos Canyon 
(He983331.1, He983332.1) (Thiel et al. 2012). Hence, 
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endosymbionts in groups I and II are globally distributed 
deep species, able to coexist in the same host. Further-
more, they are not host-selective, since different genera of 
siboglinids can host them.

Two additional endosymbiont phylogenetic groups, 
16S rrna Phylotype I-related group that included only 
sequences from the eastern Mediterranean and east-
ern Pacific group, were established. These groups did not 
cluster with any known group, yet they were most closely 
related to globally distributed group II. The habitats of the 
latter groups are physically separated from the commonly 
studied endosymbiont communities by physical barriers, 
such as distance in the case of eastern Pacific specimens 
and Sicily Strait in the case of eastern Mediterranean spec-
imens, possibly hindering the gene flow and allow for the 
evolution of discrete species. Therefore, the eastern Medi-
terranean Phylotype I-related group is most likely a local 
relict, rather than reintroduced atlantic population.

The phylogenetic tree of the siboglinid symbionts 
can be cut into two large clusters. The first one including 
groups I, III and IV, while the second one includes group 
II, Mediterranean Phylotype 1-related and Pacific bacterial 
16S rrna sequences. We have shown that in the habitats 
with shared depth range, bacteria from the both large clus-
ters can coexist in the same host. The endosymbiont phy-
lotypes are evenly distributed throughout the trophosome, 
regardless of potential chemical gradient within the host. 
The horizontal transmission of the endosymbionts (nuss-
baumer et al. 2006) can explain this phenomenon since the 
gradient possibly does not exist during the early stages of 
the worm’s life cycle due to its small size. Hence, the lar-
vae ought to take up the bacteria that will further thrive in 
all the conditions present in the trophosome and survive 
through the earlier stages of the host’s life cycle.

The additional endosymbiont phylotype revealed by the 
bTeFaP sequencing within the trophosomes of the Pal-
machim and Palinuro Lamellibrachia clustered with group 
IV. Its presence hints at the existence of minor endosymbi-
ont communities, not detected by the cloning methods, but 
detected by bTeFaP, highly sensitive to rare bacterial popu-
lations (Pilloni et al. 2012; Shakya et al. 2013). Such is the 
methylotrophic bacteria found in the Palmachim specimens. 
although it could be a contaminant from the tube surface that 
seldom was covered by sponge-like aggregates that can be the 
source of sponge symbiont-like OTUs, the existence of meth-
ylotrophic endosymbionts should not be completely denied, 
since such were found in the symbiont-baring marine organ-
isms, including siboglinids (Cavanaugh et al. 1987; Dubilier 
et al. 2008; Schmaljohann and Flügel 1987; Smirnov 2000).

Similar to the bacterial 16S rrna phylogeny, the analy-
sis of the functional ruBisCO type II and aPS reductase 
genes phylogenies yielded clusters potentially related to 
16S rrna gene Phylotypes 1 and 2. We hypothesize that 

the ruBisCO and aPS reductase phylotypes isolated from 
Palinuro belong to the Phylotype 2 bacteria and that the 
eratosthenes ruBisCO phylotype are from Phylotype 1 
endosymbiotic bacteria, although Phylotype 3 found in this 
study could also amplify in Palinuro samples. This could 
be the cause for the difference between the Palinuro aPS 
reductase sequences yielded in our study and the sequences 
submitted by Thiel et al. (2012).

Conclusions

In this study, we conducted a phylogenetic analysis of the 
host Lamellibrachia sp. and its gammaproteobacterial thio-
autotrophic endosymbiont from far eastern locations in the 
Mediterranean Sea. We report that more than one species 
can coexist in the same colony, as also shown with gulf of 
Mexico siboglinids. On a global scale, there are two major 
group clusters of “seep” lamellibrachids and escarpids 
endosymbiotic bacteria with several geographically vari-
able subgroups. We show that at least three thioautotrophic 
endosymbiont phylotypes can coexist within Mediterra-
nean Lamellibrachia and that bacteria from both clusters 
can coexist within a single host. Within the seep commu-
nity, various siboglinid hosts carry the same endosymbiont 
species. The siboglinid host acquires the bacteria available 
in its environment, while the endosymbiont species distri-
bution is controlled by depth, temperature and local evolu-
tion within the isolated Mediterranean deep waters.
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