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ABSTRACT

The order Rickettsiales (Alphaproteobacteria) is a well-known group containing obligate
endocellular prokaryotes. The order encompasses three families (Rickettsiaceae,
Anaplasmataceae, and Holosporaceae) and a fourth, family-level cluster, which includes
only one candidate species, “Candidatus Midichloria mitochondrii,” as well as several
unnamed bacterial symbionts. The broad host range exhibited by the members of the
“Candidatus Midichloria” clade suggests their eventual relevance for a better
understanding of the evolution of symbiosis and host specificity of Rickettsiales. In this
paper, two new bacteria belonging to the “Candidatus Midichloria” clade, hosted by two
different strains of the ciliate protist Euplotes harpa, are described on the basis of
ultrastructural observations, comparative 16S rRNA gene sequence analysis, and an
estimation of the percentage of infection. Ultrastructure of these bacteria shows some
unusual features: one has an electron-dense cytoplasm, and the other one lacks a
symbiosomal membrane. The latter was up to now considered an exclusive feature of
bacteria belonging to the family Rickettsiaceae. 16S rRNA gene phylogenetic analysis
unambiguously places the new bacteria in the “Candidatus Midichloria” clade, although
their phylogenetic relationships with other members of the clade are not clearly resolved.
This is the first report of a ciliate-borne bacterium belonging to the “Candidatus
Midichloria” clade. On the basis of the data obtained, the two bacteria are proposed as two
new candidate genera and species, “Candidatus Anadelfobacter veles” and “Candidatus
Cyrtobacter comes.”

The order Rickettsiales belongs to the Alphaproteobacteria class and contains bacteria with an
obligate intracellular lifestyle and, often, parasitic habits (7). This group of microorganisms is
best known for its medically important genus Rickettsia, whose species can cause mild to severe
human diseases (34). Because of its clinical relevance, this genus has been well studied from
both the clinical and phylogenetic point of view (for an example, see reference 55). In contrast,
little is known about the phylogenetic relationships among and within the less-studied
Rickettsiales taxa. This information, however, would be of great importance to shed light on the
origin of some relevant features of Rickettsiales, like the parasitic habit and the genesis of their
eventual virulence.

According to Dumler et al. (6), the order Rickettsiales encompasses two families, namely,
Rickettsiaceae and Anaplasmataceae. The monophyly of both the families is strongly supported
by phylogenetic analysis (6). A third family, Holosporaceae, has been proposed by Gortz and
Schmidt (16), although deeper phylogenetic investigations are needed to verify the robustness of
this clade (21). Recent studies, mainly based on 16S rRNA gene sequence characterization and
analysis, showed the existence of a fourth independent clade within the order. Many authors
agree that this clade should be considered a new family of Rickettsiales (for example, see
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references 2 and 15). However, a formal description is still lacking for the clade that, at present,
contains only one “Candidatus” species, namely, “Candidatus Midichloria mitochondrii” (41),
an intracellular bacterium inhabiting the perimitochondrial space of the tick Ixodes ricinus, the
European vector of Lyme disease (2, 23), and of many other hard ticks (8). For this reason, we
will refer to this family-level cluster as the “Candidatus Midichloria” clade. Comparative
analysis of 16S rRNA gene sequences demonstrated that the “Candidatus Midichloria” clade is
highly diversified, showing similarity values among sequences ranging from 82.4% to 99.5%.
The broad host range showed by the members of the “Candidatus Midichloria” clade suggests
their relevance for a better understanding of the evolution of symbiosis and host specificity
among Rickettsiales. Within this clade, several sequences have been obtained from prokaryotes
associated with ticks (33, 40, 42, 45, 53, 54) and with bed bugs (38) but also to rather different
hosts like amoebae (15), marine sponges (24) (EMBL accession number EU236349; D.
Sipkema, unpublished data), hydrae (14), and corals (EMBL accession number FJ425643; W. R.
Johnson, unpublished data). Additionally, it has to be mentioned that this novel phylogenetic
group also comprises bacteria involved in outbreaks of human and animal diseases. Indeed, a
bacterium tentatively named “Montezuma” was detected both in human blood samples from
patients with disease with an acute fever and in the blood-feeding ticks Ixodes persulcatus and
Haemophysalis concinnae, which likely act as vectors (29). Moreover, Lloyd and colleagues (22)
showed a correlation between the presence of a microorganism belonging to the same clade and
the occurrence of the so-called strawberry disease in rainbow trout. Although published data
strongly suggest that this bacterium plays a role in strawberry disease, its natural reservoir or
vector has not yet been discovered. On account of these considerations, every new finding of
“Candidatus Midichloria” clade could provide new insights about phylogenesis, host range, and
possible new emerging pathogens of this group.

In the present paper, two new bacteria belonging to the “Candidatus Midichloria” clade, hosted
by two different strains of the ciliate protist Euplotes harpa, are described on the basis of
ultrastructural observations, comparative 16S rRNA gene sequence analysis, and an estimation
of the percentage of infection. In addition, three new specific oligonucleotide probes, targeting
these prokaryotes, were designed and validated. Identification of host ciliates has been obtained
by 18S rRNA gene characterization. As the cultivation of these new bacteria has not been
achieved, we propose to classify them as “Candidatus Anadelfobacter veles” and “Candidatus
Cyrtobacter comes.”

MATERIALS AND METHODS

Cell cultures. Strains BOD18 and HS11/7 of ciliates were established by single-cell isolation
from environmental samples collected from Bodherne (Bornholm, Baltic Sea, Denmark) during
the summer of 1999 and from a coastal pond (termed “Stagno 1) near the mouth of the Serchio
River (Pisa, Tuscany, Italy) during the autumn of 2006, respectively. Both strains were
maintained at 19°C in artificial seawater (Red Sea salt; Foster and Smith Aquatics, Rhinelander,
WI) with 5 ppt of salt and fed with the photosynthetic flagellate Dunaliella tertiolecta, grown
under the same culture conditions.

DNA extraction and small-subunit (SSU) rRNA gene characterization. As sufficient biomass
was obtained only for strain BOD18, not for strain HS11/7, the following steps were performed
in different ways for the two strains. Ciliate cells were concentrated by centrifugation at 200 x g
for 10 min (BOD18) or by picking them up with a micropipette (HS11/7) and storing them in
70% ethanol. The DNA from both the hosts and symbionts was extracted by the method of
Wisotzkey et al. (57) for strain BOD18 or by using the NucleoSpin plant DNA extraction kit
(Macherey-Nagel GmbH & Co., Dueren NRW, Germany), following the protocol for mycelium
DNA extraction, for strain HS11/7. PCRs were carried out with a Primus 96 Plus thermocycler



(MWG Biotech, Ebersberg, Germany). The 18S rRNA gene of host ciliates was amplified using
the forward primer 18S F9 (5'-CTG GTT GAT CCT GCC AG-3'[30]) together with the reverse
primer 18S R1513 Hypo (5'-TGA TCC TTC YGC AGG TTC-3'[35]). The reaction was
performed with annealing taking place at 57°C for 35 cycles. PCR products were then sequenced
using appropriate internal primers (39) by MWG sequencing customer service (MWG Biotech).
16S rRNA genes of prokaryotic alphaproteobacterial symbionts were amplified using primers
16S alfa F19a (5'-CCT GGC TCA GAA CGA ACG-3'[52]) and 16S alfa R1517 (5'-TGA TCC
AGC CGC AGG TTC-3' [52]). The reactions were performed using a “touchdown” PCR (5),
with annealing taking place at 63°C, 57°C, and 50°C. For the symbionts of strain HS11/7, PCR
product was directly sequenced using internal primers (52). For the BOD18 strain, the PCR
product was cloned in a plasmid vector (pCR2.1-TOPO and TOPO TA cloning kit from
Invitrogen [Carlsbad, CA]) and inserted into chemically competent cells (One Shot TOP10;
Invitrogen). Inserted fragments from a representative number of clones were then amplified by
control PCR with vector-specific primers M13F and M13R (Invitrogen). The 16S rRNA gene-
sized fragments were digested with restriction endonuclease BsuRI (UAB Fermentas, Vilnius,
Lithuania). Digested fragments were visualized by electrophoresis on 2% agarose gels and
subsequent ethidium bromide staining. Fragments showing an identical electrophoresis pattern
were grouped together by restriction fragment length polymorphism (RFLP) analysis. The
dominant pattern was characterized by sequencing three cloned inserts via plasmid DNA
extraction (NucleoSpin plasmid; Macherey Nagel) and sequencing with primers M13F and
M13R.

Phylogenetic analysis. For phylogenetic reconstructions, a selection of sequences,
encompassing 47 sequences of bacteria belonging to the Rickettsiales and to other
alphaproteobacterial orders, was used. Phylogenetic trees were built using different analytical
methods and different filter sets from the ARB program package (27). The FastDNAmI program
(32), the TREEPUZZLE program (43), and the PHYML program (17) were applied for
maximum likelihood reconstructions. Neighbor joining and maximum parsimony analysis were
performed by the Distance program with Kimura correction and DNAPARS program from the
PHYLIP package for phylogeny inference (10). DNAPARS and PHYML were performed with a
bootstrap analysis of 1,000 pseudoreplicates. Tree topologies were finally compared to recognize
stable nodes (26).

Probe design and FISH experiments. Some preliminary fluorescence in situ hybridization
(FISH) experiments were performed on ciliate cells of strains BOD18 and HS11/7 in order to
verify the presence of bacterial endosymbionts and to identify the class they belonged to. These
preliminary experiments were performed with probes targeting Eubacteria (EUB338 [1]),
Archaea (ARCH915 [46]), and the main classes of Proteobacteria (ALF1b, BET42a, and
GAMA42a [28]). A FISH experiment, with probe Poly 862 (5'-GGC TGA CTT CAC GCG TTA-
3" [50]) specific for bacteria belonging to the genus Polynucleobacter (Betaproteobacteria), was
also performed. On the basis of the sequences obtained, three probes, Ana 434 (5'-AAT TTT
CCC CAC TAA AAG AAC-3"), Cyrt 1438 (5'-TTG CGA GGT TAG CGC ACC-3'), and
EUB338 V (5'-GCT GCC CCC CGT AGG AGT-3") were designed and synthesized as
described elsewhere (36). The Ana 434 probe targets the alphaproteobacterial symbiont of .
harpa HS11/7, while the Cyrt 1438 and EUB338 V probes target the alphaproteobacterial
symbiont of E. harpa BOD18. The specificity of the probes was tested on both the ARB
database (37) and the RDP database (4). FISH experiments were performed by the method of
Manz et al. (28), using different concentrations of formamide. Probe EUB338 V was also used
in competition with probe EUB338 (1). The use of the new specific probes also allowed
estimation of the percentage of infected ciliate cells for both strains.



Electron microscopy observations. For transmission electron microscopy (TEM), ciliate cells
were fixed in 2.5% glutaraldehyde and 1% OsOs in cacodylate buffer (0.05 M) (pH 7.4). The
cells were then dehydrated in ethanol and embedded in Epon 812 resin. Thin sections were
stained with uranyl acetate and lead citrate. Finally, observations were made with a JEOL 100S
microscope.

Nucleotide sequence accession numbers. The EMBL accession numbers of the 18S rRNA gene
sequences of strain BOD18 and strain HS11/7 are FN552693 and FN552694, respectively. The
EMBL accession numbers of 16S rRNA gene sequence of the alphaproteobacterial symbiont
from strain HS11/7 is FN552695. The accession numbers of the 16S rRNA gene clone sequences
of the alphaproteobacterial symbiont from strain BOD18 are FN552696 to FN552698.

RESULTS

Characterization of the host ciliate. Analysis of morphological features, such as the size,
shape, number of dorsal kineties, and cirral pattern, indicated that both strains HS11/7 and
BOD18 belong to the ciliate species Euplotes harpa.

For both strains, a nearly full-length 18S rRNA gene sequence (1,886 bp) (EMBL accession
numbers FN552693 and FN552694 for strains BOD18 and HS11/7, respectively) was obtained.
Molecular data confirmed the morphological observations. The two sequences are almost
identical: there is only one difference at a single nucleotide position (nucleotide 1675, which is
an “A” in HS11/7 and a “T” in BOD18). The 18S rRNA gene sequence of strain HS11/7 is
identical to the sequence of Euplotes harpa FSP1.4 that had been collected some years before in
the same pond (EMBL accession number AJ811015F [50]) and present one-nucleotide
difference with respect to the sequences of E. harpa FC1 (EMBL accession number AJ811016
[50]) and BOD2 (EMBL accession number AJ305252 [35]). In turn, this last sequence is
identical to that of BOD18; indeed, both strains were collected at the same time in the same
locality, and they differ by two nucleotides respect to the 18S rRNA sequence of strain FCI.

Preliminary FISH experiments. Preliminary FISH experiments showed the presence in both
ciliate strains of two different species of bacterial symbionts. Positive, overlapping signals
obtained from probe BET42a, specific for Betaproteobacteria (28), and probe Poly 862
demonstrated the presence of bacteria belonging to the genus Polynucleobacter
(Betaproteobacteria). Different bacterial cells occurring in the cytoplasm of the host were
positively targeted by the probe ALF1b, specific for Alphaproteobacteria (28), showing the
presence of at least another (second) bacterial symbiont belonging to the class
Alphaproteobacteria.

Characterization of an alphaproteobacterial symbiont from strain HS11/7. TEM
observations demonstrated the presence of two different bacteria in the cytoplasm of E. harpa
HS11/7, showing different morphological features (Fig. 1). Clearly, there were bacteria
belonging to the genus Polynucleobacter (Betaproteobacteria), as seen by the long rod-shaped
cell with electron-dense peripheral cytoplasm and the presence of nucleoids (19). Another rod-
shaped bacterium with a length of 5 to 6 pm and width of 1 to 2 um and probably the
alphaproteobacterial symbiont, was also seen. This bacterium shows an electron-dense cytoplasm
and is often surrounded by a clear halo, and in some cases it was possible to see the presence of a
symbiosomal membrane from the host.

A nearly full-length 16S rRNA gene sequence (1,438 bp; EMBL accession number FN552695)
was obtained from strain HS11/7. This sequence has a similarity value of 89.5% with the
sequence of “Candidatus Midichloria mitochondrii,” and similarity values ranging from 83.8%
to 89.7% with other sequences of bacteria belonging to the “Candidatus Midichloria” clade.



FIG. 1. Transmission electron micrographs of Euplotes harpa strain BOD18 (A) and strain HS11/7 (B). Polynucleobacter
bacteria are visible (arrows), together with secondary alphaproteobacterial symbionts (arrowheads). Bars, 0.5 pm.

Characterization of an alphaproteobacterial symbiont from strain BOD18.
Polynucleobacter-like bacteria were also observed in the cytoplasm of E. harpa BOD18 by
TEM. In addition, morphologically different bacteria could be detected (Fig. 1). These organisms
frequently show an irregular shape, their size is about 4 to 5 um in length and 2 to 3 um in width,
and they are not surrounded by any host membrane, although an adjacent clear zone is often
visible.

A nearly full-length 16S rRNA gene sequence was obtained (1,441 bp) as a consensus sequence
from three different gene clone sequences (EMBL accession numbers FN552696 for clone 1m,
FN552697 for clone 8m, and FN552698 for clone 121). This sequence has a similarity value of
88.6% with the sequence of “Candidatus Midichloria mitochondrii,” and similarity values
ranging from 83.5% to 88.7% with other 16S rRNA gene sequences of bacteria belonging to the
“Candidatus Midichloria” clade.

FISH experiments with specific probes and percentage of infection. Probe Ana 434 was
shown to be highly specific. Indeed, in silico, it matched only the sequence obtained from the
HS11/7 symbiont, as no other matches were found screening both the ARB database and the



RDP database. In FISH experiments, probe Ana 434 never cross-reacted with the symbionts
belonging to the genus Polynucleobacter that were recognized by the probe Poly 862. Probe
Ana_434 gave a strong and clear signal in FISH experiments with bacteria found in the
cytoplasm of E. harpa strain HS11/7, confirming that the obtained sequence belongs to the
symbiont (Fig. 2). FISH experiments were performed on 63 ciliate cells, and all of these cells
contained the symbiont.

In silico, probe Cyrt 1438 matched 10 and 107 alphaproteobacterial sequences in the ARB and
RDP databases, respectively. None of these alphaproteobacteria belong to the Rickettsiales order.
Results of FISH experiments showed that this probe binds perfectly to its target organism (Fig.
2) and never cross-reacts with symbionts belonging to the Polynucleobacter genus. The presence
of a mutation in a highly conserved region allowed us to design a second probe, targeting
position 338 (Escherichia coli). This probe (EUB338 V) matches 2,983 sequences in the RDP
database (most of them in the group “Bacteria incertae sedis”), including 32 sequences of
Rickettsiales bacteria. Although less specific, FISH experiments showed that probe EUB338 V
binds perfectly to the target organism (the alphaproteobacterial symbiont of E. harpa BOD18)
and discriminates between this bacterium and different prokaryotes (Polynucleobacter symbionts
or engulfed bacteria), when used under appropriate stringency conditions (30% formamide and
in competition with probe EUB338 [1]). If not used simultaneously, probes EUB338 and
EUB338 V recognize the same organisms (cross-react). Positive results of FISH experiments
with both probes on ciliate cells showed that the alphaproteobacterial symbiont of E. harpa
BOD18 has a prevalence of 88% (50 ciliate cells observed).

Double hybridization with the new specific probes and alphaproteobacterial probe ALF1b
excluded the presence of additional alphaproteobacterial symbionts in both ciliate strains. The
sequences of the newly designed probes were deposited at probeBase (25).

FIG. 2. Results of FISH on Euplotes harpa strain HS11/7 (A) and BOD18 (B). (A) FISH performed with green-labeled probe
Poly 862, targeting the primary symbionts of the genus Polynucleobacter, and red-labeled probe Ana 434, targeting
“Candidatus Anadelfobacter veles.” (B) FISH performed with green-labeled probe Poly 862 and red-labeled probe Cyrt 1438,
targeting “Candidatus Cyrtobacter comes.” Note that the signal from the two different probes on the same cell never overlaps.
Bars, 10 um.

Phylogenetic analysis. Phylogenetic analysis showed that sequences belonging to organisms of
the same family grouped together in strongly supported clades. Indeed, all the family-level
groups, including the “Candidatus Midichloria” clade, are supported by high bootstrap values
(>90%) regardless of the algorithm and filter set. Sequences from bacteria belonging to the
Holospora and Caedibacter genera, together with sequences from an Acanthamoeba polyphaga
symbiont and from a bacterium associated with fleas, form an independent clade, which is
supported by lower bootstrap values. Relationships among different families were constant in all
calculated trees, although not always supported by high bootstrap values. Sequences from



bacteria belonging to the Holospora and Caedibacter genera occupy a basal position within the
order, and the Anaplasmataceae family is always the sister group of the “Candidatus
Midichloria” clade. Within this clade, relationships among different subclades are not stable.
While the association among the sequences of “Candidatus Midichloria mitochondrii,”
Candidatus Nicolleia massiliensis,” and other bacteria associated with ticks as well as a
bacterium associated with the strawberry disease of trout resulted in a well-defined subclade,
association of the sequence from E. harpa HS11/7 symbiont with this subclade was supported
only by very low bootstrap values (under 46%) in maximum parsimony (MP)- and maximum
likelihood (ML)-based trees. The sequence retrieved from the symbiont of E. harpa BOD18
occupies a deep branching position with respect to the whole “Candidatus Midichloria” clade

(Fig. 3).
DISCUSSION

The 18S rRNA sequence data unambiguously assign the two ciliate strains to the Euplotes harpa
species. In the cytoplasm of each strain, two different bacterial symbionts were detected by TEM
observations and FISH experiments. The presence of bacteria belonging to the Polynucleobacter
genus (Betaproteobacteria) was actually expected. These prokaryotes have already been reported
as obligate symbionts of the ciliate species E. harpa (47, 50). The presence of a second bacterial
symbiont in Polynucleobacter-bearing host ciliates has previously been detected in Euplotes
eurystomus (20), Euplotes patella (20), Euplotes octocarinatus (12, 20), and E. harpa (35, 48,
50). There may even be a connection between the presence of the primary symbiont and the
colonization of the cytoplasm by a second infective species, as previously described for the
ciliate symbiont Holospora (13). The importance of Polynucleobacter bacteria for Euplotes spp.
is well documented (18, 20, 49, 50), but nothing is known about the nature of the relationship
between the secondary symbionts and their hosts. Our data show a very high infection rate for
both symbionts in the strains studied (88% in E. harpa BOD18 and 100% in E. harpa HS11/7).
Moreover, the results were observed over the course of a year. Therefore, it seems possible that
the association of these bacteria with their host ciliates could not be only an opportunistic and
episodic event, although this hypothesis needs to be confirmed by research on a broader sample
collection. The presence of secondary symbionts in Euplotes has been known for many years (for
example, see reference 20). Despite this, little is known about their phylogenetic relationship.
The present paper reports for the first time a complete characterization of two secondary
symbionts of Euplotes.

Besides defining size and shape, ultrastructural observations highlighted some peculiar
morphological features of the two alphaproteobacteria under investigation. Indeed, it must be
mentioned that each of the two organisms shows morphological features that are typical of many
bacteria belonging to the order Rickettsiales. Symbionts of E. harpa strain HS11/7 possess an
electron-dense cytoplasm. While a symbiosomal vacuole was visible only in some cases for the
symbionts of E. harpa strain HS11/7, symbionts of E. harpa strain BOD18 always live free in
the host cytoplasm, not surrounded by any symbiosomal membrane. Both strains generally
present an adjacent clear zone. The absence of a symbiosomal membrane in many Rickettsiales
has already been reported. In fact, to date, the absence of a symbiosomal membrane was
considered a distinctive feature of members of the family Rickettsiaceae (6), while members of
the Anaplasmataceae family are included in a vacuole in the host cell. Among organisms
belonging to the “Candidatus Midichloria” clade, an ultrastructural description is available only
for bacteria associated with Hydra (14), for “Candidatus Midichloria mitochondrii” (2, 3, 8), and
for Acanthamoeba symbionts (15). While the presence of a host-derived membrane is not
discussed for bacteria of Acanthamoeba, both in the case of symbionts of Hydra and
“Candidatus Midichloria mitochondrii” such a membrane has been reported. As bacteria
associated with strain BOD18 occupy a deep branching position in our phylogenetic



reconstructions, it could be speculated that the lack of a symbiosome is an ancestral feature for
members of the “Candidatus Midichloria” clade, though some members of closely related clades
(i.e., Anaplasmataceae) do not show such a feature. Morphotypes with an electron-dense
cytoplasm were previously reported for two species of the Rickettsia genus (44). This appearance
is also very similar to that of “Candidatus Midichloria mitochondrii,” while bacteria of
Acanthamoeba and of Hydra look quite different from this point of view.
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FIG. 3. Maximum likelihood phylogenetic tree of the order Rickettsiales, inferred from 16S rRNA gene sequences. Numbers at
bifurcations represent bootstrap values on 1,000 pseudoreplicates (values below 70% are not shown). Accession numbers are
shown in parentheses. Bar, 10 nucleotide substitutions in 100 nucleotides.

Molecular characterization of the two alphaproteobacterial symbionts clearly shows that these
microorganisms belong to the order Rickettsiales. As stated before, this order comprises
obligately intracellular bacteria, hosted by a wide range of organisms, including ciliated protists.



Well-known Rickettsiales bacteria living inside ciliates belong to the genera Caedibacter and
Holospora, which are classified as “incertae sedis” and in the family Holosporaceae (16),
respectively, and placed in a phylogenetic basal position within the order. Recently, a novel
member of the family Holosporaceae, “Candidatus Paraholospora nucleivisitans,” has been
found in Paramecium sexaurelia and characterized (9), and two more bacteria belonging to the
family Rickettsiaceae were described as symbionts of ciliates of the genera Pseudomicrothorax
(11) and Diophrys (51). Molecular phylogenetic analysis shows that the alphaproteobacterial
symbionts of E. harpa strains HS11/7 and BOD18 are always included in the “Candidatus
Midichloria” clade. This is the first report of ciliate-borne Rickettsiales species belonging to this

group.

At this time, the data available do not allow a clear reconstruction of phylogenetic relationships
within the “Candidatus Midichloria” clade; hence, it is not yet possible to make direct inferences
about the evolutionary history of this group and the identity of its ancestral host. Recent studies
hypothesize, with some caution, that arthropods could represent the ancestral hosts for at least
three groups of the order Rickettsiales, namely, the Rickettsiaceae and Anaplasmataceae families
and the “Candidatus Midichloria” clade (56). The present work accounts for the fact that the
“protist-hosted” condition is present in three out of the four major lineages of Rickettsiales
(except Anaplasmataceae) including the early branching Holosporaceae. Hence, the most
parsimonious interpretation of our data points to a reevaluation of the protist-hosted status as the
ancestral condition of the whole order with protists acting as an evolutionary “training ground”
for intracellular bacteria before they achieved the ability to infect higher eukaryotes (31).

The phylogenetic cluster of “Candidatus Midichloria mitochondrii,” which includes the
symbionts studied, comprises bacteria hosted by organisms living in a wide range of different
habitats, such as terrestrial, marine, freshwater, and brackish water environments. Some of these
bacteria were also associated with pathological conditions (22, 29). In the case of the so-called
strawberry disease of trout, the possible etiologic agent has been identified, but nothing is known
about its natural reservoir in the environment (22). Finding phylogenetically related bacteria in
protist ciliates, living in freshwater and brackish water habitats, may help to settle this matter.

Description of “Candidatus Anadelfobacter veles” gen. nov., sp. nov. Anadelfobacter veles
(A.na.de.lfo.bac’ter. N.L. masc. n. bacter, a rod; N.L. masc. n., Anadelfobacter; ve'les. L. n.
veles, a light-armed forefront soldier [since its description precedes, as a vanguard, those of the
bulk of “Candidatus Midichloria” clade species, which will follow later]).

Rod-shaped bacterium, up to 2 um wide and up to 6 um long. Electron-dense cytoplasm, no
visible inclusions. Gram-negative cell wall organization. Surrounded by a host membrane,
frequently also by a clear zone. Lives in the cytoplasm of the protist ciliate Euplotes harpa,
identified in strain HS11/7. Basis of assignment: 16S rRNA gene sequence (EMBL accession
number FN552695) and positive matching with the 16S rRNA-targeting oligonucleotide probe
Ana 434 (5'-AAT TTT CCC CAC TAA AAG AAC-3'). Uncultured thus far.

Description of “Candidatus Cyrtobacter comes” gen. nov., sp. nov. Cyrtobacter comes
(Cyr.to.bac'ter. G. adj. kyrtos, humped [because of cell shape], N.L. masc. n. bacter, a rod; N.L.
masc. n. Cyrtobacter; co'mes. L. n. comes, companion [of Polynucleobacter bacteria within
Euplotes cell]).

Rod-shaped bacterium, often presenting an irregular shape. Up to 3 um wide and up to 5 um
long. No visible inclusions, Gram-negative cell wall organization. Lives free in the cytoplasm of
the protist ciliate E. harpa, frequently surrounded by a clear zone. Identified in strain BOD18.
Basis of assignment: 16S rRNA gene sequence (EMBL accession numbers of clone sequences



FN552696 to FN552698), and positive matching both with the 16S rRNA-targeting
oligonucleotide probes Cyrt 1438 (5'-TTG CGA GGT TAG CGC ACC-3") and EUB338 V (5'-
GCT GCC CCC CGT AGG AGT-3"). Uncultured thus far.
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