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Two types of endosymbiotic bacteria were identified in the gastrodermis of the marine invertebrate Xeno-
turbella bocki (Xenoturbellida, Bilateria). While previously described Chlamydia-like endosymbionts were rare,
Gammaproteobacteria distantly related to other endosymbionts and pathogens were abundant. The endosym-
bionts should be considered when interpreting the poorly understood ecology and evolution of Xenoturbella.

Xenoturbella bocki is a benthic marine worm first described
in 1949 and only found at a few geographical locations at
apparently low population densities. It has a very simple body
plan (Fig. 1A) with a blind gut (cul-de-sac) and lacks coelomic
cavities, a brain, and reproductive and excretory organs (35).
Xenoturbella was originally classified as a flatworm, but molec-
ular analyses have placed it within its own animal phylum, with
various affiliations (reviewed in reference 34). The most recent
phylogenetic analyses using mitochondrial genome and phy-
logenomic data indicate a position either within Deuterosto-
mia (5) or at the base of Bilateria (14). Thus, the evolutionary
history of Xenoturbella remains elusive and it is unclear
whether its simple body plan represents a plesiomorphic char-
acter or, alternatively, is the result of secondary loss (34). In
addition, the ecology of Xenoturbella is not well understood,
leaving, e.g., its food source unresolved (4, 18).

Symbiotic bacteria are found in a remarkable number of
diverse marine invertebrates (11), where they affect both the
ecology and the evolution of their hosts. The first indications of
intracellular endosymbionts in Xenoturbella were published by
Israelsson (17) and confirmed by electron microscopy of a
Xenoturbella spermatid cluster (Fig. 1B); however, our first
molecular analyses identified the putative endosymbionts as
Gammaproteobacteria, whereas Israelsson (17) had reported a
group of endosymbiotic Chlamydiae. The objectives of this
study were therefore (i) to identify the putative endosymbionts
by 16S rRNA gene analysis, (ii) to localize them inside the host
by fluorescence in situ hybridization (FISH), and (iii) to spe-
cifically test for the prevalence of the gammaproteobacterial
endosymbionts in Xenoturbella.

Sample collection and preparation. Seven specimens of X.
bocki were collected at two different sites on six different dates
in 2005 (GPS position: 58°16'N, 11°26'E) and 2006 (GPS po-
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sition: 58°17'N, 11°31'E) by dredging and sieving of surface
sediment at a 100-m water depth in the Gullmar Fjord, Sweden
(4). Whole animals were fixed in 4% (wt/vol) paraformalde-
hyde in sterile seawater and stored in 70% ethanol. Two sper-
matid clusters (i.e., aggregations of male gametes at the stage
of maturation just before becoming fully mature spermatozoa)
could be dissected from two whole animals and were preserved
in 98% ethanol; since these dissected animals could not be
utilized, a total of five whole animals and two spermatid clus-
ters were available for further analysis. The identity of the X.
bocki specimens and spermatid cluster was confirmed by clon-
ing and sequencing cytochrome ¢ oxidase I (cox!) gene frag-
ments (3, 13). One animal and one spermatid cluster were used
for transmission electron microscopy (TEM) as previously de-
scribed (26). DNA was extracted from 2- to 4-mm-wide cross
sections of the remaining four whole animals (Qiagen DNeasy
tissue kit; Qiagen GmbH, Hilden, Germany). The second sper-
matid cluster was digested with 2 U proteinase K (Qiagen) in
10 pl of 0.1 M Tris-EDTA buffer for 12 h at 55°C, followed by
inactivation for 15 min at 95°C. The resultant digest was used
directly as the template for PCR.

PCR, cloning, and sequence analyses. Nearly full-length 16S
and 23S rRNA gene fragments were PCR amplified using
general bacterial primer pairs 26F-1492R (15, 20) and 129F-
2241R (16, 19) at an annealing temperature of 57°C. Short 16S
rRNA gene fragments of the X. bocki endosymbionts were
amplified with primers 16SigF and 16SigR (annealing temper-
ature: 60°C), which are specific for Chlamydiales (12), and
primer 64F, which was designed to target the gammapro-
teobacterial endosymbionts (Table 1), in combination with
bacterial primer 518R (25) at an annealing temperature of
54°C. All PCRs were performed as 25-pl reaction mixtures for
28 cycles using HotStar7ag Master Mix (Qiagen). PCR prod-
ucts were gel purified (E.Z.N.A. gel extraction kit; Omega
Bio-Tek, Doraville, GA), cloned (pGEM-T Easy vector sys-
tem; Promega, Madison, WI), and sequenced (Macrogen,
Seoul, Korea).

The retrieved rRNA gene sequences were aligned with the
Silva SSURef and LSURef version 100 databases (30), and
their phylogenetic position was inferred by Bayesian analysis
(31). Tree searches (3,000,000 generations) were performed
with program default priors on model parameters and default
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FIG. 1. (A) Schematic drawing of the simple body plan of Xenoturbella (redrawn from reference 35). (B) Cells of the gammaproteobacterial
endosymbiont (red) detected by probe XenoGam441-CY3 at high magnification (scale bar, 2 wm). (C) Double hybridization of gammaproteobac-
terial and chlamydial endosymbionts with probes XenoGam441-CY3 (red) and Cps-1353mod-CYS5 (displayed in yellow for better contrast,
indicated by the arrow); blue-green structures, autofluorescent tissue recorded in the fluorescein isothiocyanate channel (scale bar, 5 pm).
(D) FISH detection of gammaproteobacterial endosymbionts with probe XenoGam441-CY3 (red) in a cross section of an X. bocki specimen. The
image is composed of five consecutive image stacks, spanning from the gut (to the very left) to the epidermis (to the very right) (magnification,
X400; scale bar, 50 wm). Dense clusters of gammaproteobacterial endosymbionts (red) are confined to the gastrodermis; 4',6-diamidino-2-
phenylindole (DAPI)-stained cell nuclei and mitochondria of X. bocki are displayed in blue; the green and yellow structures are autofluorescent
tissue recorded in the fluorescein isothiocyanate channel. (E and F) TEM images of bacterial cells in sections of germinal tissue from a spermatid
cluster (E) and of gastric tissue (F) of X. bocki. Arrows point to examples of different putative bacterial morphotypes. Scale bars, 0.5 pm. n,
spermatid nucleus; m, spermatid mitochondrion.

settings for the MCMC runs using the GTR+I"+1 evolutionary
model, which, according to Modeltest version 3.7 (29), best fit
the sequence data sets among 56 evaluated models. The input
files of log likelihood scores for the various models were gen-
erated in PAUP* (33). The displayed trees (Fig. 2) have been
cropped for better readability; for full trees, see the supple-
mental material.

FISH. Three 16S rRNA-targeted probes, termed XenoGam,
were designed specifically for the X. bocki gammaproteobac-
terial endosymbionts using the ARB program package (21). A

previously published probe was modified to match the chla-
mydial endosymbiont sequences (Table 1), and probe specific-
ity was evaluated in silico using ARB and the Ribosomal Da-
tabase Project Probe Match tool (6). All XenoGam probes had
seven or more mismatches with the chlamydial endosymbiont.
Probe XenoGam441 had one or more mismatches with any
other sequence in the database, whereas probes XenoGam666
and XenoGam727 had perfect matches with five or six other
16S rRNA gene sequences mostly affiliating with the endosym-
biont sequence. Hybridization conditions were optimized for

TABLE 1. PCR primers and FISH probes developed in this study

Primer or probe Sequence (5'-3") Target, specificity Temp (°C)” % FA®
Primers
64F GGA CGG TAA CAT TGT GGT GC 16S rRNA gene, X. bocki gammaproteobacterial 54
endosymbiont
1417F CGA AGG AGA GAC GGA GAA 23S rRNA gene, X. bocki gammaproteobacterial 59
GGT TAG endosymbionts (sequencing primer)
Probes
Cps-1353mod*® GAC GTT ATT GCT GAC ACG 16S rRNA, X. bocki chlamydial endosymbiont 15
and relatives
XenoGam441 ATA GCC TTC CTC AGT GAT 16S rRNA, X. bocki gammaproteobacterial 15
endosymbiont
XenoGam666 CGG AAA TTC CTC TAC CC 16S rRNA, X. bocki gammaproteobacterial 15
endosymbiont and relatives
XenoGam727 TCC AGG TAG ACG CCT TC 16S rRNA, X. bocki gammaproteobacterial 15

endosymbiont and relatives

“ Temp, applied primer annealing temperature for PCR.
® FA, applied formamide concentration in the hybridization buffer for FISH.
¢ Modified from reference 28.
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1001 Francisella novicida str. U112 (CP000439)
Danshui River mangrove clone DS058 (DQ234142)
Fangia hongkongensis str. UST040201-002 (AB176554)
Ecteinascidia turbinata endosymbiont (AY054370)

a9 Xenoturbella bocki sp., EST library clone, collected Jan.05, Gullmarsfjord (EC907012)§

T Xenoturbella bocki sp. 2, spermatid cluster clone, collected Apr.06, Gullmarsfjord (EU400612)
52 Xenoturbella bocki sp. 1, body clone, collected Mar.06, Gullmarsfjord§

Xenoturbella bocki sp. 3, body clone, collected Jun.05, Gullmarsfiord§

Xenoturbella bocki sp. 4, body clone, collected Nov.05, Gullmarsfiord§

Xenoturbella bocki sp. 5, body clone, collected Jul.06, Gullmarsfjord§

Candidatus Ruthia magnifica str. Cm (CP000488)
100': Coxiella burnetii str. Dugway 5J108-111 (NC_009727)
Amblyomma americanum endosymbiont (AY939824)

0.10

Xenoturbella bocki sp., EST library clone, collected Jan.05, Gullmarsfjord (EC906941)§
Xenoturbella bocki sp. 2, spermatid cluster clone, collected Apr.06, Gullmarsfjord (EU400613)§
Xenoturbella bocki sp. 1, body clone, collected Mar.06, Gullmarsfjord§

Xenoturbella bocki sp. 3, body clone, collected Jun.05, Gullmarsfjord§

Xenoturbella bocki sp. 4, body clone, collected Nov.05, Gullmarsfjord§

Xenoturbella bocki sp. 5, body clone, collected Jul.06, Gullmarsfiord§

Xenoturbella westbladi UUZM 57848 endosymbiont, collected 1998 Koster Islands (EF177461)
Salmo salar gill symbiont isolate D261006 (EU326493)

Candidatus Fritschea bemisiae str. Falk (AY140910)

Candidatus Fritschea eriococci str. EIm (AY140911)

Simkania negevensis str. Z (U68460)

80 Candidatus Rhabdochlamydia crassificans str. CRIBO1 (AY928092)

River water isolate CRIB34 (EU363465)

100 Candidatus Protochlamydia amoebophila str. UWE25 (AF083615)

"Protochlamydia naegleriophila" str. KNic (DQ632609)
Neochlamydia hartmannellae str. A1Hsp (AF177275)

0.10

FIG. 2. Phylogeny of the Xenoturbella endosymbionts (bold) inferred from Bayesian analysis of 16S rRNA gene sequences. Scale bars, 10%
sequence divergence. (A) Position of the gammaproteobacterial endosymbiont among members of the class Gammaproteobacteria based on 1,301
sequence positions between E. coli positions 58 and 1,461. (B) Position of the chlamydial endosymbiont among members of the class Chlamydiae
based on 1,296 sequence positions between E. coli positions 53 and 1,466. Values are neighbor-joining-based bootstrap percentages. §, short
sequence added to the tree by the parsimony method. For complete versions of the trees, see Fig. S2 in the supplemental material.

the CY3-labeled probe XenoGam441 by Clone-FISH (32) on
Escherichia coli JM109(DE3)/pGEM-T clones (Promega) ex-
pressing the target 16S rRNA; untransformed E. coli JM109
(Promega) and Desulfovibrio strain 18 (GenBank accession
number FJ655907) served as negative controls with six and five
mismatches with the probe, respectively. FISH was performed
at various formamide concentrations (5 to 60%) in the hybrid-
ization buffer according to standard protocols (8), signal inten-
sities were quantified with the image analysis software DAIME
version 1.1 (9), and sigmoidal best fits of the fluorescence
intensity data were made with Prism v. 5.0b (GraphPad Soft-
ware Inc., La Jolla, CA). The resulting probe dissociation curve
showed rapid disappearance of probe-conferred signal from
the perfect match target at formamide concentrations of
>15% (see Fig. S1 in the supplemental material); no signal was
obtained with the negative control strains under any of the
conditions tested. Similar results were obtained with probes
XenoGam666 and XenoGam727 in hybridization series of in-
creasing formamide concentrations of X. bocki cryosections (8;

data not shown). Therefore, 15% formamide was selected as
the optimal stringency for all XenoGam probes.

One-half of an X. bocki specimen was embedded in OCT
compound (Leica Microsystems, Wetzlar, Germany), frozen
at —35°C, and sectioned at —15°C into 10- to 20-pm-thick
slices on a CM1800 cryostat (Leica). Sections were immo-
bilized on gelatin-coated slides, dehydrated, and hybridized
with CY3- and CY5-labeled probes according to standard
protocols (8). Besides the endosymbiont-specific probes,
EUBI-III (7) and NON (2) were used as positive and neg-
ative control probes, respectively. All hybridizations were
evaluated on an Axiovert 200M epifluorescence microscope
equipped with an ApoTome module for optical sectioning
(Carl Zeiss, Jena, Germany).

A novel putative endosymbiont in Xenoturbella. In initial 16S
and 23S rRNA clone libraries prepared from a single X. bocki
spermatid cluster with general bacterial primers, 23 out of 24
sequenced 16S rRNA gene clones and all 5 sequenced 23S
rRNA gene clones represented a single sequence type distantly
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related to symbiotic and pathogenic Gammaproteobacteria
known for an intracellular lifestyle, e.g., Coxiella, Legionella,
and Francisella (Fig. 2A; see Fig. S2A and B in the supplemen-
tal material). This 16S rRNA gene sequence showed <90%
identity with its closest relatives and formed a monophyletic
group with an endosymbiont of the tunicate Ecteinascidia tur-
binata (22), the marine isolate Fangia hongkongensis, and the
genera Francisella and Piscirickettsia (Fig. 2A). A congruent
phylogenetic position was inferred for the 23S rRNA gene
sequence (see Fig. S2B in the supplemental material). The
chlamydial endosymbionts reported by Israelsson (17) were
not detected in these general clone libraries. Therefore, a
Chlamydiales-specific PCR was employed which finally re-
trieved a 16S rRNA gene fragment identical to that of the
chlamydial endosymbiont. This sequence clustered with insect
endosymbionts of the candidate genus Fritschea and showed
98% identity with a salmon gill-associated sequence (Fig. 2B).

A second general bacterial 16S rRNA gene clone library was
generated from a section of a whole animal, thus also including
the gut and gut content. In contrast to the spermatid library,
none of the 32 sequences analyzed from the whole-body library
affiliated with the gammaproteobacterial or chlamydial endo-
symbiont sequences described above. Instead, they were highly
(95 to 100%) similar to one of six phylotypes representing
various Alpha-, Beta-, and Gammaproteobacteria, probably
originating from contaminating gut content of the worm (see
Table S1 in the supplemental material). However, 16S rRNA
gene sequences of both putative endosymbionts were detected
by specific PCR also in the whole-animal preparation (Fig. 2;
see Fig. S2A and C in the supplemental material).

Tissue-specific localization and abundance. FISH analysis
of sections from the same whole-animal specimen as used for
the clone libraries showed that the gammaproteobacterial
endosymbionts were highly abundant in the gastrodermis of X.
bocki (Fig. 1B and D), whereas chlamydial cells were extremely
rare (Fig. 1C). The gammaproteobacterial cells were coccoid,
with a diameter of 0.5 to 1.0 um, and often occurred in groups
(Fig. 1B and D), an arrangement typical for cells inside bac-
teriocytes (Fig. 1F). No bacterial cells were detected outside
the gastrodermis, i.e., in the parenchyma, muscles, or epider-
mis (Fig. 1A and D); the gut content, which presumably con-
tains abundant bacteria, had been lost during preparation.
Comparable results were obtained with all three XenoGam
probes (Table 1) labeled with CY3 or CY5, and comparison to
the general bacterial probe EUB, as well as simultaneous hy-
bridizations with probes XenoGam441-CY3 and EUB-CY5
and probes XenoGam441-CY3 and Cps-1353mod-CYS, re-
spectively, indicated that almost all of the Bacteria detectable
by FISH belonged to the gammaproteobacterial endosymbi-
onts, while chlamydial cells were estimated to account for
<1% of the cells (Fig. 1C and results not shown).

It should be noted, however, that during their life cycle,
Chlamydiae form metabolically inactive elementary bodies that
may be difficult to detect by FISH (28); but even if 90% of the
Chlamydiae present were elementary bodies, their total number
would still be much lower than that of the Gammaproteobacteria.
Israelsson (17) reported several different intracellular bacterial
morphotypes in the gastrodermis of Xenoturbella, with cell diam-
eters of 0.3 to 1 pum; these results agree well with our TEM
analysis of both spermatid clusters and gastrodermal cells (Fig. 1E
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and F). Even though the FISH analysis does not directly prove the
intracellular localization of either gammaproteobacterial or chla-
mydial endosymbionts, the combined results of TEM, FISH, and
sequence analysis suggest that the different morphotypes repre-
sent the reticulate and elementary bodies of the chlamydial cells,
as well as the gammaproteobacterial endosymbionts, and thus
that both types of endosymbionts occur within the same host cells.

General occurrence of both types of endosymbionts in
Xenoturbella. Three additional individual animals from differ-
ent samplings were analyzed for both endosymbionts by spe-
cific PCR; all three tested positive for both sequence types
(Fig. 2; see Fig. S2A and C in the supplemental material).
Further evidence of the ubiquitous presence of both endosym-
bionts in Xenoturbella was derived by blastn searches (1) of an
X. bocki expressed sequence tag (EST) library; two sequences
of the library (GenBank accession numbers EC907012 and
EC907192) apparently originated from bacterial rRNA con-
tamination and showed >99% identity with the 16S rRNA
gene of the gammaproteobacterial endosymbionts (Fig. 2A).
The same library also contained the 16S and 23S rRNA gene
sequences of the chlamydial endosymbionts (17). The chla-
mydial endosymbionts were originally described in samples
collected already in 1998, and the detection of at least three
different bacterial morphotypes by TEM in these specimens
(17) suggests that also the gammaproteobacterial endosymbi-
onts have been consistently associated with Xenoturbella. We
realize that the number of specimens analyzed is still small,
which is mainly due to the difficulty of finding the animal;
however, the consistent detection of both endosymbionts in six
or seven independent samples from different years or months
that were analyzed in different laboratories is, in our view, a
strong indication of a specific and stable symbiotic association
between Xenoturbella and the two bacterial types.

The endosymbionts were also detected in the spermatid
clusters (Fig. 1E and 2), which may be indicative of vertical
symbiont transmission (10). However, there is no TEM evi-
dence that the endosymbionts also occur inside the sperm cells
(Fig. 1E). In Xenoturbella, which is hermaphroditic, eggs and
spermatids develop within the parenchymal cell layer (Fig. 1A)
and are emptied into the gut via the gastrodermis (27). There-
fore, spermatid clusters likely contain gastrodermal cells that
harbor endosymbionts. In the absence of eggs and larvae for
further analysis, the question of vertical transmission therefore
remains unresolved.

Proposal of “Candidatus Endoxenoturbella lovénii.” The
gammaproteobacterial 16S rRNA gene sequence type was de-
tected in a spermatid cluster, four adult worms, and an EST
library, which all represent independent X. bocki individuals;
FISH and TEM revealed a tissue-specific localization and a
high abundance of the Gammaproteobacteria without apparent
tissue necrosis. Together, these results suggest that the Gam-
maproteobacteria form a stable and specific association with
Xenoturbella and may be provisionally classified as “Candidatus
Endoxenoturbella lovénii” (24).

Description of the candidate genus Endoxenoturbella.
“Candidatus Endoxenoturbella” (En.do.xe.no.tur.bel’ la, pref.
endo from G. endon, within; Xenoturbella, a marine worm;
Endoxenoturbella, inside the worm Xenoturbella); small, coc-
coid bacteria (0.5 to 1.0 wm in diameter), members of the class
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Gammaproteobacteria, highly abundant and presumably en-
demic in the gastrodermis of Xenoturbella species.

Description of the candidate species Endoxenoturbella
lovénii. The description of “Candidatus Endoxenoturbella lové-
nii” [lo.ve’.ni.i, N.L. masc. adj., referring to the Sven Lovén
Centre for Marine Sciences, University of Gothenburg (the
union of the Kristineberg Marine Research Station and the
Tjarn6 Marine Biological Laboratory), to appreciate its impor-
tance as a base for research in marine biology and in particular
on Xenoturbella] is the same as that of the genus. This species
colonizes the gastrodermis of Xenoturbella bocki. The basis of
its assignment was the 16S rRNA gene sequence (GenBank
accession number EU400612) and hybridization with a 16S
rRNA-targeted oligonucleotide probe (5'-ATAGCCTTCCTC
AGTGAT-3"). The source was the gastrodermis of Xenotur-
bella bocki Westblad; so far, it has not been cultured.

Evolutionary and functional implications. Without under-
standing the ecology and evolution of the host, at present we
can only speculate about the function of the endosymbionts.
Most intracellular bacterium-animal symbioses are related to
nutrient provision or waste recycling, in particular of nitroge-
nous compounds (23), and some marine invertebrates with
endosymbiotic bacteria show a reduced body plan, e.g., gutless
oligochaetes or pogonophoran tube worms (11). If Xenotur-
bella is a derived deuterostome (5) that feeds on (protein-rich)
mollusks (3, 4), nitrogen detoxification by symbionts may have
facilitated a secondary loss of excretion organs. If it is an
ancestral primitive worm (14) living on dissolved organic mat-
ter (18), it may be more likely that the symbionts supply growth
factors or chemical defense to their host. Though still hypo-
thetical, the possibility that the endosymbionts provide essen-
tial functions to Xenoturbella and may have contributed to its
secondary simplification should be considered when interpret-
ing the ecology and evolution of Xenoturbella.

Nucleotide sequence accession numbers. The sequences re-
ported here have been deposited in GenBank under acces-
sion numbers EU400612 to EU400614 and GU129934 to
GU129939.
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