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Abstract

Eukaryotic genome sequencing projects often yield bacterial DNA sequences, data typically considered as microbial contamination.
However, these sequences may also indicate either symbiont genes or lateral gene transfer (LGT) to host genomes. These bacterial
sequences can provide clues about eukaryote—microbe interactions. Here, we used the genome of the primitive animal Trichoplax
adhaerens (Metazoa: Placozoa), which is known to harbor an uncharacterized Gram-negative endosymbiont, to search for the
presence of bacterial DNA sequences. Bioinformatic and phylogenomic analyses of extracted data from the genome assembly
(181 bacterial coding sequences [CDS]) and trace read archive (16S rDNA) revealed a dominant proteobacterial profile strongly
skewed to Rickettsiales (Alphaproteobacteria) genomes. By way of phylogenetic analysis of 165 rDNA and 113 proteins conserved
across proteobacterial genomes, as well as identification of 27 rickettsial signature genes, we propose a Rickettsiales endosymbiont of
T. adhaerens (RETA). The majority (93%) of the identified bacterial CDS belongs to small scaffolds containing prokaryotic-like genes;
however, 12 CDS were identified on large scaffolds comprised of eukaryotic-like genes, suggesting that 7. adhaerens might have
recently acquired bacterial genes. These putative LGTs may coincide with the placozoan’s aquatic niche and symbiosis with RETA. This
work underscores the rich, and relatively untapped, resource of eukaryotic genome projects for harboring data pertinent to
host-microbial interactions. The nature of unknown (or poorly characterized) bacterial species may only emerge via analysis of
host genome sequencing projects, particularly if these species are resistant to cell culturing, as are many obligate intracellular
microbes. Our work provides methodological insight for such an approach.
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Introduction bacterial sequences to the genome of the eukaryote]. Aside

Bacterial DNA sequences may be generated as a byproduct of
eukaryotic genome sequencing. The source of this bacterial
DNA can be 1) contamination (failure to separate incidental
bacterial species from eukaryotic cell preparation, or even fail-
ure to completely eliminate sequencing adapters or cloning
vector sequences); 2) environmental (extracellular bacteria
sequenced as a consequence of occupying the same niche
as the eukaryote); 3) symbiotic (extracellular or facultative/
obligate intracellular bacterial species directly associated with
the eukaryotic host); or 4) LGT [lateral gene transfer of

from contamination, the remaining sources of bacterial DNA
sequences generated by eukaryotic genome projects provide
clues about the biological relationships between eukaryotes
and their associated bacterial species. Thus, the creation of
methods for the detection, extraction, and characterization
of microbial sequences generated by eukaryotic genome
sequencing studies are of critical importance, particularly for
gaining insight on poorly characterized bacterial species, some
of which may be recalcitrant to cultivation. Furthermore,
annotation of such bacterial reads or genomes and deposition
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into appropriate public databases is paramount for facilitating
this approach.

Studies identifying endosymbiotic bacterial genomes within
the data generated from eukaryotic sequencing projects are
growing. Inspection by Salzberg et al. (2005a, 2005b) of
disparate fruit fly (Arthropoda: Diptera: Drosophila ananassae,
D. simulans, and D. willistoni) genome trace file archives re-
sulted in the identification of three novel species of Wolbachia
(Alphaproteobacteria: Rickettsiales: Anaplasmataceae). The
genome sequence of another Wolbachia strain was discov-
ered within the whole-genome sequencing data for the mos-
quito Culex quinquefasciatus strain JHB (Salzberg et al. 2009).
Sequencing of the Hydra magnipapillata (Cnidaria: Hydrozoa)
genome revealed the presence of an endosymbiont most clo-
sely related to species of Curvibacter (Betaproteobacteria:
Burkholderiales: Comamonadaceae) (Chapman et al. 2010).
Most recently, the genome of a Rickettsiales endosymbiont of
Ixodes scapularis (Rickettsiales: Rickettsiaceae: REIS) was
assembled from mining the initial data generated from the
deer tick sequencing effort (Gillespie et al. 2012). All of
these studies have revealed genomic data essential for further-
ing the knowledge of bacterial endosymbioses within animal
species. In the case of REIS, important characteristics of a
nonpathogen came to light when compared with the
genomes of closely related pathogenic-spotted fever group
rickettsiae (Gillespie et al. 2012).

Genomic analyses of several eukaryotes, such as the rotifers
Adineta vaga and A. ricciae (Rotifera; Bdelloidea)
(Gladyshev et al. 2008; Boschetti et al. 2012), H. magnipapil-
lata (Chapman et al. 2010), the silkmoth Bombyx mori
(Arthropoda: Lepidoptera) (Li et al. 2011), and the spider
mite Tetranychus uriticae (Arthropoda: Acari) (Grbic et al.
2011), have revealed the presence of many genes originating
from diverse bacterial species, illustrating the role of LGT in the
diversification of eukaryotic genomes. For instance, a bacterial
mannanase gene from Bacillus spp. (Firmicutes: Bacilliales) was
recently reported in the genome of the coffee berry borer
beetle, Hypothenemus hampei (Arthropoda: Coleoptera),
and demonstrated to metabolize galactomannan, the major
storage polysaccharide of coffee (Acuna et al. 2012). Large
portions of Wolbachia genomes have been identified in sev-
eral arthropod host genomes, including the bean beetle
Callosobruchus chinensis (Kondo et al. 2002; Nikoh et al.
2008), the longicorn beetle Monochamus alternatus
(Aikawa et al. 2009), D. ananassae, (Dunning Hotopp et al.
2007), the parasitoid wasp Nasonia vitripennis (Arthropoda:
Hymenoptera) (Werren et al. 2010), as well as several filarial
nematode genomes (Dunning Hotopp et al. 2007; McNulty
et al. 2010), underscoring the prevalence of LGT between
obligate intracellular bacterial species and their eukary-
otic hosts. Intriguingly, several bacterial genes encoded
in the genome of the pea aphid, Acyrthosiphon
pisum (Arthropoda: Hemiptera), presumably foster its well-
characterized  mutualism  with  Buchnera  aphidicola

(Gammaproteobacteria: Enterobacteriales), potentially rele-
gating the symbiont to aphid bacteriocytes (Nikoh and
Nakabachi 2009; Nikoh et al. 2010). These studies of bacterial
gene incorporation into eukaryotic genomes illustrate the
need to develop tools to distinguish congener bacterial
genes serendipitously captured in eukaryotic sequencing proj-
ects from true LGT events.

In this study, we analyzed the genome project (reads and
assembly) of the primitive metazoan Trichoplax adhaerens
(Animalia: Placozoa) for the presence of bacterial DNA
sequences. Published in 2008, the T. adhaerens genome re-
vealed “cryptic complexity,” as most genes encoding tran-
scription  factors and signaling pathways underpinning
eumetazoan cellular differentiation and development are pre-
sent in this simple animal (Srivastava et al. 2008). Trichoplax
adhaerens lacks nerves, sensory cells, and muscle cells, with
only four cell types previously described (Grell 1977,
Schierwater 2005). Morphologically, the animal resembles a
flat disc of cells with two epithelial layers sandwiching a region
of multinucleate fiber cells (Grell and Ruthmann 1991; Guidi
etal. 2011). Trichoplax adhaerens is known to harbor a Gram-
negative endosymbiont within fiber cells (Grell 1972; Grell and
Benwitz 1974), with bacteria passed to developing oocytes via
fiber cell extensions (Eitel et al. 2011). Our motivation for an-
alyzing the T. adhaerens genomic data for sequences belong-
ing to this symbiont was generated by previous studies that
included bacterial-like genes from T. adhaerens in phylogeny
estimations (Felsheim et al. 2009; Baldridge et al. 2010;
Gillespie et al. 2010; Nikoh et al. 2010). As two of
these genes are rickettsial signatures (virD4 and plasmid-like
parA), we considered it likely that the T. adhaerens fiber cell
symbiont is a member of the obligate intracellular
Rickettsiales.

We report an in-depth analysis of the T. adhaerens genome
assembly and trace read archive, which divulged bacterial 165
rDNA sequences, 181 bacterial-like coding sequences (CDS)
and many additional partial gene fragments of probable
bacterial nature. Robust phylogenomic analyses grouped the
T. adhaerens bacterium with the mitochondria invader
" Candlidatus Midichloria mitochondrii” (Alphaproteobacteria:
Rickettsiales), albeit with only 53% conservation across the
core proteins of these two species. Using this substantial
molecular evidence, we name a Rickettsiales endosymbiont
of T. adhaerens (RETA) and provide adjusted annotation
and related genomic information for its genes deposited in
the Pathosystems Resource Integration Center (PATRIC)
(www.patricbrc.org, last accessed March 2013). This work il-
lustrates the rich resource of eukaryotic genome projects for
data pertinent to diverse host-microbial interactions, and also
demonstrates that highly divergent, poorly known microbial
species can be characterized via in-depth mining and phyloge-
nomic analyses of even minimal genetic information captured
from these broad-scale eukaryotic-sequencing efforts.
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Materials and Methods

Small Subunit rDNA Analyses
Read Analysis

To assess the taxonomic distribution of bacterial species
sequenced concomitantly with T. adhaerens, 1,230,612
WGS sequencing reads from the T. adhaerens genome project
(Joint Genome Institute) were downloaded from the NCBI
Trace Archive for analysis. Reads were cleaned of vector con-
tamination using cross_match (Ewing et al. 1998) and
screened for quality using the fastgc program from the
Babraham Bioinformatics group (http:/Avww.biocinformatics.
babraham.ac.uk/projects/fastqc/, last accessed March 2013).
All reads with a Phred quality score greater than 20 were
subsequently mapped against a library of small subunit
(SSU) rDNA sequences, including full-length bacterial 16S
rDNA sequences from the Greengenes database (DeSantis
et al. 2006) and the full-length 18S rDNA sequence for T.
adhaerens (NCBI acc. no. Z22783). Trichoplax adhaerens se-
quencing reads were aligned to this SSU library using the
Burrows—Wheeler Aligner (Li and Durbin 2010) with the op-
tions bwasw -t 4 -T 37. Reads that had at least one successful
match in the SSU library were binned according to the taxo-
nomic classification of their matches, and subsequently visu-
alized using Krona v.2.0 (Ondov et al. 2011).

Phylogeny Estimation

The rickettsial-like 16S rDNA sequences retrieved from the
T. adhaerens read archive were used as subjects in BLASTN
searches of the NCBI NR database for the closest bacterial
sequences (of greater or equal length). Seven rickettsial-like
sequences, from various environmental studies (Revetta et al.
2010, 2011; Sunagawa et al. 2010), were retrieved and
combined with a data set (n=47) recently used to estimate
Rickettsiales phylogeny (Gillespie, Nordberg, et al. 2012).
Additional mitochondrial SSU rDNA sequences and outgroup
sequences  (Betaproteobacteria, = Gammaproteobacteria,
Alphaproteobacteria: Rhodospirillales, Parvularculales,
Rhizobiales) were included based on previous phylogenetic
studies of Alphaproteobacteria (Williams et al. 2007; Thrash
et al. 2011; Viklund et al. 2012). Further rickettsial 16S rDNA
sequences from recent studies (Kawafune et al. 2012;
Matsuura et al. 2012) were added to entail robust sampling
within the major Rickettsiales groups, bringing the data set to
93 SSU rDNA sequences. Information pertaining to all ana-
lyzed SSU rDNA sequences, and the consensus rickettsial 16S
rDNA sequence mined from the T. adhaerens read archive, are
provided in supplementary table S1, Supplementary Material
online.

All sequences, plus a second set excluding the mitochon-
drial SSU rDNA sequences (n=283), were aligned using
MUSCLE v3.6 (Edgar 2004a, 2004b) with default parameters.
Ambiguously aligned positions, the majority being present

within the variable regions of the SSU rRNA structure, were
culled using Gblocks (Castresana 2000; Talavera and
Castresana 2007). Phylogenies were estimated under
maximum likelihood using RAXML (Stamatakis et al. 2008).
The GTR substitution model was used with estimation of
GAMMA and the proportion of invariable sites. Branch
support was measured with  bootstrapping (1,000
replications).

CDS Analyses
Assembly Analysis

A BLAST-based pipeline was used to identify candidate bac-
terial CDS within the T. adhaerens genome assembly. Each of
the 11,540 predicted proteins of the Triad1 assembly was
used as a query in BLASTP searches against three databases:
1) A scoping database consisting of all available Rickettsiales
proteins (NCBI taxonomy id 766); 2) all bacteria proteins (NCBI
taxonomy id 2) excluding those in the Rickettsiales database;
and 3) all eukaryotic proteins (NCBI taxonomy id 2759) exclud-
ing T. adhaerens. The choice of Rickettsiales for the scoping
database was informed by preliminary results from our SSU
taxonomic distribution analysis and phylogeny estimation, as
well as by previous studies that included T. adhaerens bacte-
rial-like genes in phylogeny estimations (Felsheim et al. 2009;
Baldridge et al. 2010; Gillespie et al. 2010; Nikoh et al. 2010).
For each T. adhaerens protein, the top 50 matches (based on E
value) in each database were pooled and ranked according to
a comparative sequence similarity match score, S, (eq. 1):

Sm=bxIxQ M

where b is the bitscore of the match, / is the percent identity
(%ID), and Q is the percent length of the query that aligned.
By incorporating %ID and match length, Sy, is intended to de-
emphasize highly significant matches to short stretches of
query (i.e., conserved domains) in favor of longer stretches
of similarity.

The top five scoring matches from the pooled lists of sub-
jects were retained and grouped according to hit number (1-
5) and organism taxonomy. Trichoplax adhaerens proteins
with no top 5 scoring matches to bacteria were excluded
from further analyses (n=9,843, or 85.3% of the total
T. adhaerens proteins). The remaining proteins (n=1,697)
were then subjected to cursory inspection of T. adhaerens
annotation, as well as targeted BLASTP searches against var-
ious databases (Alphaproteobacteria, individual Rickettsiales
genera, mitochondria, etc.) with manual inspection of func-
tional annotations from top hits. A final data set of probable
bacterial CDS (n= 181) was constructed with annotations de-
rived primarily from Uniprot Consortium (2012), PATRIC (Aziz
et al. 2008; Gillespie et al. 2011), and the NCBI-conserved
domains database (Marchler-Bauer et al. 2011). In some
cases (e.g., rickettsial signature proteins), annotations from
the literature were selected. We named a hypothetical
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organism, RETA, based on the hypothesis that these proteins
define one single bacterial species. Each protein was assigned
a unique identifier RETAOOO1-RETA0181. A complete list of
the RETA proteins is available at PATRIC (http:/enews.
patricbrc.org/rickettsial-endosymbiont-of-trichoplax-adhaer
ens/, last accessed March 2013) and provided in supplemen-
tary table S2, Supplementary Material online.

Data Set Classification

The 181 bacterial-like CDS extracted from the T. adhaerens
assembly were divided into two groups based on manual
inspection of BLASTP results. A core data set of proteins
with conserved domains (functions) that are generally verti-
cally inherited, and hence not typical constituents of the bac-
terial  mobilome, was constructed (n=119). These
bacterial-like proteins had one of three characteristics: 1)
Top BLASTP hits to Rickettsiales with the next closest homo-
logs in Alphaproteobacteria; 2) top BLASTP hits to
Alphaproteobacteria with rickettsial homologs present or ab-
sent; or 3) top BLASTP hits to other Proteobacteria but with
highly similar rickettsial homologs. This relaxed criterion per-
mitted the capture of putative rickettsial-like genes that may
not be known from the available rickettsial (or even alphapro-
teobacterial) sequenced genomes. Further, it allowed for iden-
tifying CDS that may be difficult to detect due to
extreme divergence of the symbiont genome. Finally, this ap-
proach also provided flexibility with interpretation of BLASTP
results, which may be biased due to a number of characteris-
tics in the query and/or subject sequences (e.g., truncated
sequences, length heterogeneity across matches due to
insertions and deletions, base compositional bias [BCB],
etc.). Three instances of split open reading frames
(ORFs) were detected (secA, mnmA, and GImS), as well as
three fused gene models (to/C-sppA, rmuC-uvrD, and
kdsA-smpA), bringing the number of core data set genes to
116.

The remaining 62 bacterial-like CDS, or the accessory data
set, mostly encompassed proteins of the bacterial mobilome,
especially those typically encoded by intracellular species.
Aside from lacking a phylogenetic signal typical of conserved
alphaproteobacterial proteins, CDS of the accessory data set
had one of the following characteristics: 1) highly similar to
Rickettsiales signature proteins, 2) present in some (or all)
Rickettsiales genomes yet divergent in sequence and phyloge-
netic signal, or 3) unknown from Rickettsiales genomes.
Proteins of the accessory data set were analyzed separately
(discusses later, accessory data set analyses) since, while they
could all depict proteins encoded by one putative rickettsial
symbiont (RETA), it is also possible that some may be from
additional microbes captured in the T. adhaerens genome se-
guencing (particularly those species for which 165 rDNA se-
guences were mined).

Genome Comparison

Careful observation of the BLASTP profiles and preliminary
phylogeny estimations revealed the mitochondria-associated
rickettsial species “Candidatus Midichloria mitochondrii”
(hereafter M. mitochondrii), (Lo et al. 2004; Sacchi et al.
2004; Sassera et al. 2006) as the closest relative (with available
genome sequence data) to the majority of the mined bacte-
rial-like CDS. Accordingly, an all-against-all BLASTP analysis
was executed between M. mitochondri (n=1,211) and
T. adhaerens (n=11,540). The BLASTP results for 347
matches, including S, scores and E values, were mapped
over a circular plot of the M. mitochondrii genome using
Circos (Krzywinski et al. 2009), with manual adjustment.
Proteins of both the core and accessory data sets with homo-
logs in M. mitochondrii (n=138) were highlighted, and re-
gions of synteny between the M. mitochondrii genome and
CDS from several T. adhaerens scaffolds were superimposed
on the plot.

Core Data Set Analyses
Genome-Based Phylogeny

The RETA core data set proteins were combined under the
assumption that they were vertically inherited from an alpha-
proteobacterial ancestor. To better understand the systematic
position of RETA, a total of 176 genomes were used for
robust phylogeny estimation (supplementary table S3,
Supplementary Material online). Aside from the RETA core
data set proteins, the analysis included genomes from 80
Rickettsiales, 82 non-Rickettsiales Alphaproteobacteria, 12 mi-
tochondria, and two outgroup taxa (Betaproteobacteria and
Gammaproteobacteria). The T. adhaerens mitochondrial
genome, which was generated separately from the whole
genome sequencing project (Dellaporta et al. 2006), was
used. Taxon sampling was modeled after several previous
studies on Rickettsiales phylogeny (Sassera et al. 2011;
Rodriguez-Ezpeleta and Embley 2012; Viklund et al. 2012)
for the purpose of presenting a comparable hypothesis.
Trees from these previous studies are summarized in supple-
mentary figure S1, Supplementary Material online, to assist
the interpretation of our current hypothesis.

For genome-based phylogeny estimation, an automated
pipeline for protein family selection and tree building was im-
plemented in Java. Bacterial protein sequences were down-
loaded from PATRIC (Gillespie et al. 2011). The RETA and
mitochondria proteins were extracted from NCBI, as were
an additional 27 Rickettsia genomes not annotated at
PATRIC at the time of analysis. BLAT (refined BLAST algorithm)
(Kent 2002) searches were performed to identify similar pro-
tein sequences between all genomes, including the outgroup
taxa. To predict initial homologous protein sets, mcl (Van
Dongen 2008) was used to cluster BLAT results, with subse-
guent refinement of these sets using hidden Markov models
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as previously described (Durbin et al. 1998). These protein
families were then filtered to include only those with mem-
bership in more than 80% of the analyzed genomes (141 or
more taxa included per protein family, excluding the mito-
chondrial genomes). Multiple sequence alignment of each
protein family was performed using MUSCLE (default param-
eters) (Edgar 2004a, 2004b), and regions of poor alignment
(length heterogeneous regions) were masked using Gblocks
(Castresana 2000; Talavera and Castresana 2007). All modi-
fied alignments were concatenated into a single data set for
phylogeny estimation.

Tree-building was initially performed using FastTree (Price
et al. 2010). Support for generated lineages was estimated
using a modified bootstrapping procedure, with 100 pseudor-
eplications sampling only half of the aligned protein sets per
replication (note: standard bootstrapping tends to produce
inflated support values for very large alignments). Local refine-
ments to tree topology were attempted in instances where
highly supported nodes have subnodes with low support. This
refinement is executed by running the entire pipeline using
only those genomes represented by the node being refined
(with additional sister taxa for rooting purposes). The refined
subtree is then spliced back into the full tree.

Using PhyloBayes v3.3 (Lartillot et al. 2009), we also ana-
lyzed the data set with the CAT model of substitution, which is
a nonparametric method for modeling site-specific features of
sequence evolution (Lartillot and Philippe 2004, 2006). Given
the nature of the BCB of Rickettsiales and mitochondrial ge-
nomes, and the ability of the CAT model to accommodate
saturation due to convergences and reversions (Lartillot et al.
2007), this approach is of substantial importance for estimat-
ing Rickettsiales phylogeny (Rodriguez-Ezpeleta and Embley
2012; Viklund et al. 2012). Two independent Markov chains
were run in parallel using PhyloBayes MPI v.1.2e under the
CAT-GTR model, with the bipartition frequencies analyzed at
various time points using the bpcomp program. For tree-build-
ing, appropriate burn-in values were determined by plotting
the log likelihoods for each chain over sampled generations
(time). Analyses were considered complete when the maxi-
mum difference in bipartition frequencies between the two
chains was less than 0.1. Ultimately, a burn-in value of 1,000,
with sampling every 2 trees, was used to build a consensus
tree.

Finally, to further evaluate the rickettsial nature of the core
data set, all proteins were used as queries in BLASTP searches
against three databases: Rickettsiales, Bacteria (excluding
Rickettsiales), and Eukaryota (excluding T. adhaerens). The
proteins were then binned into three “sub-data sets” (Ric,
Bac, or Euk) based on the highest S, score against each data-
base (supplementary fig. S2, Supplementary Material online).
The resulting three sub-data sets (Ric-78, Bac-26, and Euk-9)
were then run through the procedure described earlier for
phylogeny estimation, resulting in one FastTree-based and

one PhyloBayes-based tree for each sub-data set (six total
trees).

Genome Divergence

To determine whether the degree of divergence between the
RETA core data set proteins and their homologs in M. mito-
chondfrii is typical for major rickettsial lineages, an approxima-
tion of genome divergence across the genera of Rickettsiales
and the RETA core data set was calculated. The final
alignment of the core data set was processed to include
only one representative species from each Rickettsiales
genus (Odyssella, Midichloria, Neorickettsia, Wolbachia,
Anaplasma, Ehrlichia, Orientia, and Rickettsia) plus the RETA
core data set proteins. All positions of the alignment contain-
ing missing data (?s) were removed, resulting in 8,327 aa sites
(8,319 informative). The program DIVEIN (Deng et al. 2010)
was used to estimate percent protein divergence using both
the Blosum62 and WAG amino acid substitution models.

Accessory Data Set Analyses

The 62 T. adhaerens bacterial-like sequences lacking a typical
alphaproteobacterial signal (accessory data set) were
separated from the core data set proteins using BLASTP
searches. The NR (all GenBank + RefSeq Nucleotides +
EMBL+ DDBJ + PDB) database was used, coupled with a
search against the Conserved Domains Database (Marchler-
Bauer et al. 2011). Searches were performed across “all or-
ganisms”, as well as “Rickettsiales” with composition-based
statistics. No filter was used. Default matrix parameters
(BLOSUMG62) and gap costs (Existence: 11 Extension: 1)
were implemented, with an inclusion threshold of 0.005.
This process facilitated the division of the RETA accessory
data set into three groups: 1) proteins with closest homologs
to Rickettsiales (n=27); 2) proteins present in (some or all)
Rickettsiales genomes but divergent from their rickettsial
counterparts (n=18); and 3) proteins unknown from
Rickettsiales (n=17). The two groups containing rickettsial
homologs were then used in subsequent BLASTP searches
against the following five databases: 1) “Rickettsiales”, 2)
"Alphaproteobacteria  (minus  Rickettsiales)”, 3) “Pro-
teobacteria  (minus Alphaproteobacteria)”, 4) "Bacteria
(minus Proteobacteria)”, and 5) “minus Bacteria.” The top
20-50 (query-dependent) subjects from each search resulting
in significant (>40 bits) alignments were retrieved, compiled,
and aligned using MUSCLE v3.6 (default parameters). Full
alignments were used for subsequent analyses. In some in-
stances, all sequences within alignments were screened for
possible signal peptides using SignalP v.4.0 (Petersen et al.
2011), LipoP v.1.0 (Juncker et al. 2003), and Phobius
(Kall et al. 2007). Potential transmembrane spanning regions
were predicted using transmembrane hidden Markov model
v.2.0 (Krogh et al. 2001).
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Phylogenetic trees were estimated using PAUP* v4.0b10
(Altivec) (Wilgenbusch and Swofford 2003) under parsimony
and implemented heuristic searches with 500 random se-
guence additions holding 50 trees per replicate. Single most
parsimonious trees or consensus trees of equally parsimonious
topologies were generated, with branch support assessed
using bootstrapping (1,000 pseudoreplications). Phylogenies
were also estimated under maximum likelihood using RAXML
v.7.2.8 (Stamatakis et al. 2008). A gamma model of rate het-
erogeneity was used with estimation of the proportion of in-
variable sites. Branch support was assessed with 1,000
bootstrap pseudoreplications. Finally, for the analyses of fla-
gella (FlgG and FliG) and T4SS proteins (RvhD4 and RvhB6)
alignments were combined and analyzed together using both
RAXML and PhyloBayes (as described earlier).

Evaluating Bacterial Gene Transfer to the T. adhaerens
Genome

Several approaches were made to determine whether any of
the 181 bacterial-like genes of the core and accessory data
sets have strong evidence for being a part of the T. adhaerens
genome (as opposed to belonging to the genomes of RETA or
other microbes). We first evaluated the scaffold properties
that contain each bacterial-like gene, judging that bacteria-
to-host LGTs could only be demonstrated on scaffolds greater
than one gene and containing eukaryotic-like genes. The 181
RETA genes were divided into four categories: 1) genes pre-
sent on large (>40 genes) scaffolds with predominately
eukaryotic-like genes (n=18); 2) genes present on small
(<7 genes) "hybrid” scaffolds with both bacterial- and
eukaryotic-like genes (n=19), 3) genes present on small
(<5 genes) scaffolds comprised entirely of bacterial-like
genes (n=59), and 4) singleton-gene scaffolds (n=85).
Next, CDS within each category were split into single- and
multi-exon genes. All multi-exon genes were then subjected
to BLASTX searches using the entire gene models (exons + in-
trons) as queries. These entire gene models were also analyzed
with the bacterial gene prediction program fgenesb (Tyson
et al. 2004), using the “generic BACTERIAL” model, to deter-
mine discrepancies with the original eukaryotic gene predic-
tions within the T. adhaerens assembly. This intron evaluation
allowed for the distinction between true eukaryotic genes in-
advertently included within the RETA data sets (e.g., nuclear
genes encoding mitochondrial proteins) and bacterial LGTs
undergoing a transformation to eukaryotic-like gene struc-
tures (i.e., accruement of introns, gain of eukaryotic signal
sequences, etc.). Importantly, the approach also revealed ev-
idence against predicted introns due to 1) chimeric gene
models comprised of two or more genes (or gene fragments)
that were “stitched” together by the eukaryotic gene calling
algorithms, 2) bacterial genes that were divided into frag-
ments due to multiple start sites called by eukaryotic gene
calling algorithms, and 3) gene models that were fused with

additional short (and likely spurious) ORFs. Finally, for the 18
RETA genes found on large scaffolds that are dominated by
eukaryotic-like genes, individual protein phylogenies were es-
timated (discussed earlier, accessory data set analyses) to lend
an additional level of support for discerning between true
eukaryotic genes and LGTs to the T. adhaerens genome.

Results

An overview of the methodology applied to the analysis of
T. adhaerens genome project (sequence read archive and as-
sembly) illustrates the various approaches implemented to
identify bacterial DNA sequences (fig. 1). Totals for CDS and
scaffolds are given for extracted data that suggest the pres-
ence of a rickettsial species, with more detailed information
provided in the various sections below.

Bacterial DNA Mined from Trichoplax
SSU rDNA

Within the T. adhaerens genome project sequence read ar-
chive, a total of 289 SSU rDNA sequences were mined for
analysis (fig. 2a). The majority (88.2%) of these sequences
were identified as eukaryotic 185 rDNA genes belonging to
the T. adhaerens genome. The remaining 34 SSU rDNA se-
guences were determined to have highest similarity with bac-
terial or plastid 16S rDNA-like sequences. Using the
prokaryotic 165 rDNA sequences from the Greengenes data-
base (DeSantis et al. 2006), these sequences received the most
accurate taxonomic assignment possible (supplementary table
S4, Supplementary Material online). Three major groups
comprised 76.5% of the sequences: Alphaproteobacteria
(n=9), Gammaproteobacteria (n =4), and eukaryotic chloro-
plasts (n=13). The remaining eight sequences were
grouped into a diverse array of taxa (Betaproteobacteria,
Deltaproteobacteria, ~ Spirochaetes,  Firmicutes,  and
Plantomycetes). Importantly, ten of the 16 taxonomic assign-
ments were made for one individual 16S rDNA operational
taxonomic unit, with the bacterial assignments for Marivita
spp. (Rhodobacterales), Limnobacter spp. (Burkholderiales),
and Borrelia spp. (Spirochaetes) possibly representing a
single organism with multiple rDNA operons (Kembel et al.
2012). The 13 cyanobacterial-like sequences had the best
matches to chloroplasts of marine eukaryotes, such as hapto-
phyte and cryptomonad algae, as well as heterokonts. These
rDNA sequences may also be inflated due to a high copy
number of plastid genomes. Finally, the two Rickettsiales se-
guences were determined to depict partial fragments of the
same molecule, and thus were concatenated into one rDNA
sequence and classified as RETA.

Bacterial CDS

Of the 11,540 predicted CDS within the T. adhaerens
assembly, 14.7% (n=1,697) had at least one prokaryotic
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Fic. 1.—Overview of the methodology used to identify bacterial DNA sequences within the Trichoplax adhaerens genome project. Bacterial SSU rDNA
sequences were mined from the trace read archive (left), with rickettsial sequences further analyzed via phylogeny estimation. Bacterial CDS identified in the
assembly (right) were determined to be primarily rickettsial-like based on phylogeny estimation and identification of rickettsial signature genes. The distri-
bution of bacterial CDS on small (bacterial-like) and large (eukaryotic-like) scaffolds is shown, with CDS on the latter further evaluated for LGT via phylogeny

estimation.

analog within the top five scoring hits in a reciprocal BLASTP
analysis against the NR database (fig. 2b). Pooling the
bacterial hits according to higher-level taxonomy illustrated a
bias towards Rickettsiales, other Alphaproteobacteria and
Gammaproteobacteria, with those three groups showing at
least one representative taxon within the top five hits in 163,
175, and 211 BLASTP matches, respectively. The remaining
higher level taxa with more than 15 total hits (1-5) comprised
a diverse group of prokaryotes. Importantly, aside from poten-
tial symbiont DNA and LGT products, many of these
T. adhaerens proteins are nuclear genes encoding proteins
that are trafficked to and imported by the mitochondria, with
the diversity of bacterial groups in the BLASTP matches consis-
tent with the genetic mosaicism of nuclear-encoded mitochon-
drial genes (Thiergart et al. 2012). Along with Rickettsiales,
other Alphaproteobacteria, and Gammaproteobacteria, four
other higher level taxonomic groups (Betaproteobacteria,
Deltaproteobacteria, Spirochaetes, and Firmicutes) within this
analysis had a corresponding 16S rDNA mined from the T.
adhaerens sequence read archive (fig. 2a). Finally, within each
taxonomic group containing scores to over 75 of the 1,697 T.
adhaerens proteins, only the Rickettsiales showed a consistent

representation across hits 1-5 (R?>=0.006), with other groups
showing increasing or decreasing representation across
hits: 2-5 (avg. R*=0.805 for Gammaproteobacteria,
Other  Alphaproteobacteria, ~ Firmicutes,  Acidobacteria,
Cyanobacteria,  Deinococcus-Thermus, — Archaea, and
Actinobacteria). Thus, in most cases where Rickettsiales was
the top scoring hit to a T. adhaerens protein, hits 2-5 were
also occupied by Rickettsiales, suggesting a strong rickettsial
signal within these proteins.

Rickettsiales 16S rDNA Phylogeny

Despite mining a diverse set of 16S rDNA sequences from the
T. adhaerens sequence read archive, we only estimated a phy-
logeny of the RETA 16S rDNA sequence with a diverse group
of Rickettsiales for three primary reasons: 1) a match between
the retrieved rickettsial 16S rDNA (fig. 2a) and CDS (fig. 2b); 2)
the long-known presence of an intracellular bacterial symbiont
associated with T. adhaerens (Grell 1972; Grell and Benwitz
1974; Eitel et al. 2011); and 3) evidence from other studies
suggesting the presence of rickettsial CDS within the T. adhae-
rens assembly (Felsheim et al. 2009; Baldridge et al. 2010;
Gillespie et al. 2010; Nikoh et al. 2010). Phylogeny estimation
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Fic. 2.—ldentification of bacterial DNA sequences within the Trichoplax adhaerens genome trace read archive and assembly. (a) lllustration of 289 SSU
rDNA sequences identified in the T. adhaerens trace read archive (http:/genome.jgi-psf.org/Triad1/Triad 1.download.ftp.html, last accessed March 2013). The
pie chart at top left illustrates the 34 prokaryotic 165 rDNA sequences detected among 255 T. adhaerens 18S rDNA sequences. Larger graph at right
illustrates the taxonomic distribution of the 34 prokaryotic 16S rDNA sequences (see text for details on taxonomic assignment). Sequences are grouped into

nested sectors according to hierarchical taxonomy, progressing from the interior to exterior of the plot. Color scheme is explained in box at bottom left.
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of the SSU rDNA data set grouped RETA in a clade of diverse
rickettsial species that is sister to the traditional
Anaplasmataceae sensu stricto (Anaplasmataceae s. s.)
(fig. 3). Previous studies have also recovered this large clade
within Rickettsiales (Beninati et al. 2004; Davis et al. 2009;
Vannini et al. 2010; Kawafune et al. 2012; Boscaro et al.
2013), which includes many species with diverse eukaryotic
hosts, and we recently proposed the name “Midichloriaceae”
as a sister family within the Anaplasmataceae sensu lato
(Gillespie, Nordberg, et al. 2012). Here, we determined
RETA to be part of a clade comprising poorly described bac-
teria from species of coral (Gorgonia ventalina and
Montastraea faveolata) and sponge (Cymbastela concentrica)
(Revetta et al. 2010, 2011; Sunagawa et al. 2010), consistent
with the aquatic habitat of T. adhaerens. Importantly, this
lineage is well diverged from the group comprising M. mito-
chondrii (89% identity between RETA and M. mitochondlrii str.
IricVA 16S rDNA sequences), which is comprised predomi-
nantly of bacteria identified in various arthropod species.
The basal lineages of *“Midichloriaceae” are comprised
mostly of protist-associated rickettsial species and uncharac-
terized species collected via environmental sampling.
Collectively, our analysis of the RETA SSU rDNA sequence re-
trieved from the T. adhaerens sequence reads is consistent
with the presence of a rickettsial bacterial symbiont associated
with Placozoa.

A Rickettsiales Genome Associated with Trichoplax

The 1,697 "bacterial-like” proteins identified in our CDS
mining of the T. adhaerens (fig. 2b) were further evaluated
via manual inspection of annotation, as well as a series of
BLASTP analyses against specific databases (bacterial groups
and mitochondria), to yield a data set of 181 probable bacte-
rial CDS (supplementary table S2, Supplementary Material on-
line). The proteins were divided into RETA core (n=119) and
accessory (n=62) data sets and assigned unique identifiers
(RETAO001-RETAQ181). Given that the majority of subjects
from all-against-all BLASTP analyses (between T. adhaerens
and “all bacteria”) were from Rickettsiales genomes (fig.
2b), we compared the RETA proteins directly with the taxon
containing the most top BLASTP subjects, M. mitochondrii
(fig. 4a). An all-against-all BLASTP analysis between T. adhae-
rens and M. mitochondrii yielded 347 hits above a set thresh-
old (S,,>20), with 124 of these matches illustrating

homologous proteins from the M. mitochondrii genome and
the T. adhaerens assembly. Additional CDS (n = 14) were later
identified as the best RETA-M. mitochondrii matches based on
manual  BLASTP analyses  (supplementary  fig. S3,
Supplementary Material online). Thus, a total of 138 RETA
proteins were mapped to the M. mitochondrii genome, com-
prising 93.2% (n=111) of the core and 41.5% (n=27) of
the accessory RETA data sets (fig. 4b). Despite being present
on predominantly small scaffolds within the T. adhaerens (dis-
cussed later, Bacterial Genes in the Trichoplax Genome), seven
regions of synteny were identified across RETA and M. mito-
chondrii, an understandable result given the lack of genome
synteny across genera of Rickettsiales (Gillespie, Nordberg,
et al. 2012). Collectively, 76.2% of the RETA CDS were
found to have highly similar homologs in the M. mitochondrii
genome, including seven syntenic regions, suggesting that
these bacterial CDS from the T. adhaerens genome project
comprise a potential Rickettsiales bacterium.

Genome-Based Phylogenetic Position of RETA

An estimated phylogeny of the core data set, which accom-
modated the strong inherent BCB in some of the data, unam-
biguously placed RETA with M. mitochondrii in a clade
("Midichloriaceae”) within the Rickettsiales (fig. 5). The sam-
pled mitochondrial genomes formed a lineage within the
Rickettsiales, diverging after the Holosporaceae (“ Candidatus
Odyssella thessalonicensis,” hereafter O. thessalonicensis) but
prior to the derived rickettsial families (Anaplasmataceae,
Rickettsiaceae). Thus, the ancestral positions of the
Holosporaceae and branching point for the mitochondrial an-
cestor are consistent across trees estimated from SSU rDNA
(fig. 3) and multiple proteins (fig. 5). The discrepancy in the
placement of “Midichloriaceae” as ancestral to the
Rickettsiaceae in the genome-based tree versus its sister rela-
tionship to the Anaplasmataceae s. s. in the SSU rDNA-based
tree is explained by the lack of genomic data available for
other members of the “Midichloriaceae.”

Although the tree generated without accommodating BCB
also grouped RETA and M. mitochondrii together, the position
of the SAR11 group of Alphaproteobacteria within the
Rickettsiales was recovered (supplementary fig. 54,
Supplementary Material online). Importantly, previous
genome-based phylogenies estimated with methods that ac-
commodate BCB unambiguously show that SAR11 are not

Fie. 2.— Continued

Cyanobacterial hits correspond to chloroplast rDNA sequences of cyanobacterial origin. Plot made with Krona v.2.0 (Ondov et al. 2011) with manual
adjustment. (b) lllustration of T. adhaerens proteins that have strong similarity to their prokaryotic counterparts. All proteins encoded within the T. adhaerens
assembly (NCBI, ASM15027v1, n=11,540) were used as queries in BLASTP searches against prokaryotic and eukaryotic proteins within the nr database
(NCBI), with subjects ranked according to S, score (see text for details). Graph depicts the taxonomic distribution of the top five scores per T. adhaerens
protein that included a prokaryotic protein (n=1,697). The taxa are arrayed along the x axis in decreasing order according to the number of top hits (blue).
Prokaryotic groups with less than 15 total hits per group (sum 1-5) are not shown. Asterisks depict taxonomic groups that also have a 165 rDNA sequence

illustrated in panel a.

Genome Biol. Evol. 5(4):621-645.  doi:10.1093/gbe/evt036 Advance Access publication March 7, 2013 629


http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt036/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt036/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt036/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt036/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt036/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt036/-/DC1

Driscoll et al. GBE

“Candidatus Caedibacter h. bae” (A h ba polyphaga AHN-3)
Caedibacter caryophila str. 221 (ciliate Paramecium caudatum)

Uncultured deep-sea bacterium clone Ucm1520 (Atlantic Ocean, Angola Basin) [ES]
Holospora obtusa (ciliate P. caudatum)
«Candic Porahol .

F ] (ciliate P. sexaurelia)
UB clone Oh3123011E (prairie dog flea Oropsylla hirsuta)

UB clone HOCICi16 (drinking water distribution system simulator)
“Candidatus Captivus acidiprotistae” (unidentified acidophilic protist)
- UB clone R2-FM3 (euglenid protist Petall hagnophila) [ES]

- UB clone R2-Liz3 ( id protist P.sph hila) [ES]

Endosymbiont (Acanthamoeba sp. KA/E23)
:
- “Candi Odyssell: i is” str. L13 (Acanthamoeba spp.)
- Holosporaceae bacterium str. Serialkilleuse_9403403 (Acanthamoeba sp.)
“Candic Odyssella sp.” 5-F ( plant) [ES]
Endosymbiont (A h ba sp. TUMK-23)
URB clone PRTBB8516 (ocean water at 6,000m depth from Puerto Rico Trench) [ES]
- Nephroselmis olivacea (Chlorophyta; Prasinophyceae)

M viride (Streptophyta; Mesosti y )
Ch haeridium glob: (Streptophyta; Coleochaetophyceae)
Phy itrella patens (Streptophyta; Embryophyta)
Chara vulgaris (Streptophyta; Ct phy )
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LehaLe) e cl \ F Y )
UB clone ELB16-030 (Antarctica: Southern Victoria Land, Lake Bonney) [ES]
UB clone R1-FM1 ( id protist Petal h. phila) [ES
UB clone R1-Liz1 ( id protist P.sph phila) [ES]
“Candi Cryptoprodotis polytropus” (ciliate P: Jomi
“Candi Occi ia massiliensis” str. 0s18 (soft tick Ornithodoros sonrai)
S dary symbiont Hefei (aphid Sitobion miscanthi)
Orientia tsutsugamushi str. Ikeda (mite Leptotrombidium sp.)
Rickettsia endosymbiont (water beetle Deronectes semirufus)
Rickettsia endosymbiont (leech Torix tagoi)
Secondary endosymbiont (weevil Curculio sikkimensis)
UB clone SHFG464 (coral Montastraea faveolata)
URB clone Ho(lakePohlsee)_4 (epithelium of Hydra oligactis)
Bacterial symbiont (ciliate Diophrys appendiculata)
i i | biont (vol I green algae Carteria cerasiformis)

Rickettsiaceae

Y

i dosymt (vol I green algae Pleodorina japonica)
URB clone EV221H2111601SAH71 (South Africa: Kalahari Shield, subsurface water) [ES]
UA clone SM1B06 [ES]
“Candic Xenohaliotis californiensis” (abal Haliotis herodii)
- Neorickettsia helminthoeca (trematode Nanophyetus salmincola)
:
Uncultured Neorickettsia sp. (garfish Xenentodon cancila)
- Wolbachia endosymbiont clone KrWlbOkn1 (Birch Catkin bug Kleidocerys resedae)
:
Endosymbiont (weevil Rhinocyll icus)
- “Candidatus Ne I: Jjap ” (Ixodidae)
:
- “Candidatus Neoehrlichia mik is” (Homo i
Aegyptianella pullorum (soft tick Argas (Persicargus) persicus)
Anaplasma marginale str. St. Maries (Ixodidae)
URB clone Hv(lakePohlsee)_25 (Hydra vulgaris)
“Candidatus Cyrtobacter comes” (protist ciliate Euplotes harpa)
“Candidatus Anadelfobacter veles” (protist ciliate Euplotes harpa)
UA clone MD3.55 (coral Montastraea faveolata)
UP clone PEACE2006/237_P3 [ES]
URB Ho_lab_2.5 (Hydra oligactis)
UB clone RNA62799 (drinking water)
UB clone RPR28 (drinking water)
UB clone Gven_P15 (coral Gorgonia ventalina)
Rick ial dosymbi pl Trichoplax adhaerens) *
UB clone Cc045 (marine sponge Cymb I ica)
UB clone Mfav_P11 (coral Montastraea faveolata)
UB clone Mfav_B15 (coral M. faveolata)
UB clone Mfav_F04 (coral M. faveolata)

Endosymbiont (Acanthamoeba sp. UWC36)

Anaplasmataceae

ole|

Anaplasmataceae
sensu lato

“Midichloriaceae”

bootstrap UA clone sw-xj63 (cold spring) [ES]
©0.91-1 URB clone ID25L (rainbow trout Oncorhynchus mykiss)
. UB clone Hw124 (tick Haemaphysalis wellingtoni from chicken)
©0.81-0.90 “Candidatus Midichloria sp. Ixholo1 (paralysis tick Ixodes holocyclus)
©0.71-0.80 “Candidatus Nicolleia massiliensis” (castor bean tick Ixodes ricinus)
©0.61-0.70 “Candidatus Midichloria mitochondrii” (castor bean tick Ixodes ricinus)
@ 0.51-0.60 “Candidatus Midichloria mitochondrii” str. IricVA (castor bean tick /. ricinus)
O <0.50 Rickettsiales bacterium str. Huangshan-1 (castor bean tick Ixodes (ovatus) ricinus)
“Candidatus Lariskella arthropodarum” clone KrLaSpr (Birch Catkin bug Kleidocerys resedae)
“Candidatus Lariskella arthropodarum” clone AmLaKka1 (seed bug Arocatus melanostomus)
URB “Montezuma” (ticks Ixodes per F i i )
“Candidatus Lariskella arthropodarum” (seed bug Nysius plebeius isolate NPTA1 bacteriome)
“Candidatus Lariskella arthropodarum” clone DbLaKnz (Hairy Shieldbug Dolycoris baccarum)
01 UB clone XC1 (rat flea Xenopsylla cheopis)

UB clone CF2 (cat flea Ctenocephalides felis)

Fic. 3.—Phylogeny of SSU rDNA sequences estimated for 78 Rickettsiales taxa, 10 mitochondria, and 5 outgroup taxa. See text for alignment and tree-
building methods. Tree is final optimization likelihood: (—22042.321923) using GTR substitution model with GAMMA and proportion of invariant sites
estimated. Brach support is from 1,000 bootstrap pseudoreplications. For nodes represented by 2 bootstrap values, the left is from the analysis that included
10 mitochondrial sequences, with the right from the analysis without the mitochondrial sequences. All nodes with single bootstrap values had similar support
in both analyses. Red (mitochondria) and orange (within Rickettsiaceae) branches are reduced 75% and increased 50%, respectively. Blue cladograms depict
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closely related to mitochondria, yet are more derived in the
Alphaproteobacteria (Rodriguez-Ezpeleta and Embley 2012;
Viklund et al. 2012) (supplementary fig. S1, Supplementary
Material online). Of note, our tree estimated without accom-
modating BCB placed O. thessalonicensis outside of the
Rickettsiales as an early branching lineage of the remaining
Alphaproteobacteria. Although originally described as a
member of the Holosporaceae (Birtles et al. 2000), a study
presenting genome-based phylogenies failed to group
O. thessalonicensis within Rickettsiales (Georgiades et al.
2011). This disparity with our hypothesis is discussed later in
light of rickettsial signatures and the nature of Holosporaceae
(see Discussion).

The robustness of the phylogenetic signal within the core
data set was determined by estimating trees from the three
sub-data sets (Ric-78, Bac-26, and Euk-9), which were
grouped based on top S, score against three databases
(Rickettsiales,  Bacteria  excluding  Rickettsiales, and
Eukaryota). Whether generated using RAXML (GTR model)
or PhyloBayes (CAT model), estimated trees based on all
three sub-data sets unambiguously grouped RETA within
the Rickettsiales (supplementary fig. S5, Supplementary
Material online). This suggests that, despite differences in
top BLASTP hits using RETA proteins as queries (as revealed
by S scores in supplementary fig. S2, Supplementary Material
online), the proteins of the core data set contain a
phylogenetic signal that consistently places RETA within the
Rickettsiales, distinct from the Rickettsiaceae and
Anaplasmataceae.

RETA and Rickettsiales Genome Divergence

Although some RETA CDS have a clear rickettsial signature
(i.e., vhD4, parA, and ampD described previously (Felsheim
et al. 2009; Baldridge et al. 2010; Gillespie et al. 2010; Nikoh
et al. 2010), many of the mined CDS had limited %ID to any
counterparts in the NR database, making distinction even be-
tween eukaryotic and prokaryotic proteins often difficult to
assess by sequence comparison alone. Despite this, a predom-
inant rickettsial signal emerged from the mined CDS (fig. 5),
yet it is clear from the 16S rDNA tree that RETA is a member of
a diverse rickettsial lineage with minimal genomic information
available (M. mitochondrii). To determine whether RETA is
typical in its degree of divergence from other rickettsial line-
ages, we calculated genome divergence across the most con-
served protein regions within the core data set, sampling one

representative member of each rickettsial genus, plus RETA
(table 1). As expected, RETA was most similar to M. mitochon-
drii, with these genomes being 45% divergent from one an-
other. The mean genome divergence across the major
Rickettsiales genera was 51%, and ranged from 30%
(Anaplasma vs. Ehrlichia) to 63% (RETA vs. Neorickettsia).
Importantly, RETA had a mean divergence of 56% compared
with other rickettsial genomes, just below Neorickettsia (57 %)
and not atypical from other rickettsial lineages. These results
are consistent with our phylogeny estimation based on 16S
rDNA (fig. 3) and the conserved proteins of the core data set
(fig. 5).

Variable Bacterial CDS Mined from Trichoplax

Of the total bacterial-like CDS identified from the T. adhaerens
genome assembly, 32% (n=62) were determined to lack a
conserved alphaproteobacterial signal, meaning there is little
support for the vertical inheritance of these genes from a
common alphaproteobacterial ancestor. These 62 RETA acces-
sory data set proteins were further divided into three groups
based on BLASTP analyses: 1) proteins with closest homologs
to Rickettsiales (n=27); 2) proteins present in (some or all)
Rickettsiales genomes but divergent from their rickettsial
counterparts (n=18); and 3) proteins unknown from
Rickettsiales (n=17). Plotting these CDS by their %GC re-
vealed that the Rickettsiales-like proteins differed from the
genes within the other two categories, possessing a mean
%GC consistent with Rickettsiales genomes (fig. 6).
Importantly, the mean %GC of these rickettsial-like CDS is
the same as the mean %GC of the RETA core data set CDS
(29%), suggesting that at least these 27 CDS of the accessory
data set likely belong to RETA.

Phylogeny estimations substantiated the rickettsial nature
of the entire 27 rickettsial-like CDS (supplementary fig. S6,
Supplementary Material online). Most of these “rickettsial
signature” CDS encode secretion system proteins (rvh T4SS,
apr-like T1SS), variable transporters involved in metabolite
scavenging from the host (g/tP, tic1, 2A0306, and citT), and
proteins involved in intracellular growth and survival (spoT,
sodA, proP, patatins [cd07199], ampG, and mdlB) (supple-
mentary table S5, Supplementary Material online). In addition,
six other CDS in this set provided overwhelming evidence for
the presence of a rickettsial symbiont associated with
T. adhaerens. The parA gene, which is ubiquitous on rickettsial
plasmids (Baldridge et al. 2010; Gillespie et al. 2012), hints at a

Fic. 3.— Continued

minimally resolved lineages within the “Midichloriaceae.” The divergence point of five outgroup taxa from Betaproteobacteria (n=1),
Gammaproteobacteria (n= 1), and other Alphaproteobacteria (n= 3) is shown with a dashed branch. For each taxon, associated hosts are within paren-
theses, with ES depicting an environmental sample. Other abbreviations: UB, uncultured bacterium; UP, uncultured proteobacterium; UA, uncultured
alphaproteobacterium; URB, uncultured Rickettsiales bacterium. Taxa within black boxes have available genome sequence data. The 165 rDNA sequence
mined from the T. adhaerens trace archive is boxed green and noted with a red star. Accession numbers for all sequences are provided in supplementary

table S1, Supplementary Material online.
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Fic. 4.—Bacterial CDS identified within the Trichoplax adhaerens genome assembly. (a) Results of an all-against-all BLASTP analysis between the
genomes of T. adhaerens Grell-BS-1999 (n = 11,540) and “ Candidatus Midichloria mitochondrii” str. IricVA (n=1,211), hereafter M. mitochondrii. Outer
black circle is a scale with coordinates (in Mb) for the M. mitochondrii genome, with the putative origin of replication positioned at 12 o’clock as previously
determined (Sassera et al. 2011). Four rings inside the scale as follows: 1) 1,211 CDS of the M. mitochondrii genome, with operons and transcriptional units
(predicted using fgenesb (Tyson et al. 2004)) colored green and gray, respectively; 2) heat maps for S, scores >20 (outer) and corresponding £ values (inner)
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possible plasmid associated with RETA. Furthermore, this CDS
is fused with a short ORF encoding the antitoxin HicB, and
parA and hicB are adjacent on the plasmids carried by
“Candidatus Rickettsia amblyommii” strains, R. massiliae
strains, and R. rhipicephali. PRKO6567 encodes a putative bi-
functional protein with both glutamate synthase subunit
(GItD) and 2-polyprenylphenol hydroxylase (UbiB) domains.
Chimeric GItD-UbiB proteins are encoded in nearly every
Rickettsiales genome (save O. tsutsugamushi), but sparsely
encoded in other proteobacterial genomes and unknown
from other bacterial genomes. The estimated phylogeny of
p-stomatins, members of the SPFH (Stomatin-Prohibitin-
Flotillin-HfIC/K superfamily (Hinderhofer et al. 2009), grouped
the RETA protein with M. mitochondrii and Rickettsiaceae in a
clade that is the likely origin of eukaryotic SPFH members
(Thiergart et al. 2012). Finally, three components of the bac-
terial flagella system (FIgG, FliG, and FliH) grouped with ho-
mologs from M. mitochondrii in the estimated tree, with this
clade ancestral to all other alphaproteobacterial lineages con-
taining flagella. Importantly, flagella were unknown from
Rickettsiales until the recent genomes of M. mitochondrii
and O. thessalonicensis revealed their presence (Georgiades
et al. 2011; Sassera et al. 2011), with a recent study demon-
strating the expression of several M. mitochondrii flagellar
components (Mariconti et al. 2012). The putative presence
of these three genes in RETA suggests that flagella may be
common among rickettsial species outside of the traditional
Rickettsiaceae and Anaplasmataceae.

The 18 CDS with divergent rickettsial homologs have a
mean %GC higher than rickettsial genomes (39%) (fig. 6).
Oddly, two (trpS and rmhA) were determined to be identical
to sequences from the genome of the anaerobic thermoha-
lophile  Halothermothrix orenii H 168  (Firmicutes:
Haloanaerobiales) (Mavromatis et al. 2009). As both of
these CDS are on the same T. adhaerens scaffold
(NW_002061683) and the genes in the Hal. orenii genome
are neighbors, these CDS are likely contamination. For the
other 16 CDS, phylogeny estimations placed them in clades
distinct from the Rickettsiales homologs (supplementary fig.
S7, Supplementary Material online). Although no dominant

phylogenetic signal from any taxonomic group was observed,
two genes (cox3 and rsmE) and one gene fusion (fkpA-trmH)
have clear chlamydial origins. Despite fkpA and trmH being
adjacent in many chlamydial genomes, no chlamydial 16S
rDNA was found in the T. adhaerens trace reads, casting
doubt on the presence of a chlamydial species within the as-
sembly. Encoding a chloroplast-targeted RpsP, rpsP was de-
termined to be of algal (Haptophyceae) origin, consistent with
the mining of cyanobacterial-like (chloroplast) 16S rDNA se-
quences (fig. 2a). Thus, it is likely that a small amount of algal
contamination was present in the material used for sequenc-
ing, possibly originating from the food source of the cultured
T. adhaerens laboratory colony. RETA proteins for the remain-
ing 11 CDS (CcoP, PleD_2, MhpC, GNAT_1-2, PhrB_1-4,
TraU, and PotA) grouped with various different bacterial spe-
cies in the estimated trees, none of which had a clear associ-
ation with the 16S rDNA sequences mined from the
T. adhaerens trace reads.

Finally, the 17 CDS unknown from Rickettsiales had best
scoring BLASTP hits to a wide range of bacterial species, most
of which had no had clear associations with the extracted 16S
rDNA sequences. However, three CDS (COG1506, hypothet-
ical protein RETA0107 and PleD_1) had high similarity to se-
guences from aquatic Alteromonadales genomes, with the
latter two proteins having 99% identity with sequences
from the genome of Alteromonas macleodii ATCC 27126, a
marine planktonic copiotroph (lvars-Martinez et al. 2008). This
suggests likely contamination of the T. adhaerens assembly
with at least one species of aquatic Alteromonadales, given
the mining of three 16S rDNA sequences from this group
(fig. 2a). Of note in this set, four sequences of a transposase
(ISL3) of cyanobacterial origin, and a protein-encoding SEL1
and other tetratricopeptide (TPR) motifs (COGO0790), are
strong candidates for being components of the RETA acces-
sory genome. Several larger rickettsial genomes (e.g., REIS,
R. massiliae, R. felis, and R. belli) have accessory genomes
comprised of transposases of diverse origins, including
Cyanobacteria (Ogata et al. 2005, 2006; Blanc et al. 2007
Gillespie et al. 2012). Furthermore, bacterial proteins encoding
eukaryotic domains (i.e., SEL1T and TPR motifs) are

Fic. 4— Continued

for 347 T. adhaerens-M. mitochondrii protein matches, with S, scores from 20 (dark blue) to 576 (burgundy) and E values from 1 (dark blue) to 1.00E—500
(burgundy); 3) histograms depicting the number of contigs on each scaffold that contain the identified T. adhaerens gene: eukaryotic-like CDS (black), RETA
CDS of core data set (orange), RETA CDS of accessory data set (blue); 4) all 347 T. adhaerens CDS (outer, black) and 138 RETA CDS (inner, orange, blue)
(supplementary fig. S3, Supplementary Material online, for linear histogram and further information). NOTE: five yellow CDS (outer) were below the S, 20
cutoff but were determined to be RETA CDS via manual inspection. RETA CDS present on the same T. adhaerens scaffold are linked in the interior of the plot,
with boxes (1-7) depicting syntenic regions across M. mitochondrii and RETA. Plot made using Circos (Krzywinski et al. 2009) with manual adjustment. (b) List
of 181 RETA CDS identified within the T. adhaerens assembly. RETA identifier (0001-0181) followed by gene symbol or predicted product description
(complete annotations in supplementary table S2, Supplementary Material online). Core data set CDS (orange) comprise 119 ORFs corresponding to 116
genes, with three split genes (dashed boxes). Accessory data set CDS (blue) comprise 62 genes. Black circles depict RETA CDS with homologs present in the
M. mitochondrii genome (n = 138), and are listed according to their clockwise arrangement in ring 4 of the plot in (a). Yellow circles depict the five genes
added manually (S, < 20) to ring 4. Green boxes enclose the seven syntenic regions illustrated in the interior on the plot. Open circles depict the 42 RETA
CDS that do not have significant homologs in the M. mitochondfrii genome. Red asterisks denote six CDS that were subsequently determined to be likely
nuclear encoded mitochondrial genes (see text). Red asterisks also mark the location of these CDS in (a) between rings 2 and 3.
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Fic. 5.—Genome-based phylogeny estimated for RETA, 162 alphaproteobacterial taxa, 12 mitochondria, and 2 outgroup taxa. RETA core proteins
(n=113) were included in the phylogenetic pipeline that entails ortholog group (OG) generation, OG alignment (and masking of less conserved positions),
and concatenation of aligned OGs (see text). Tree was estimated using the CAT-GTR model of substitution as implemented in PhyloBayes v3.3 (Lartillot and
Philippe 2004, 2006). Tree is a consensus of 1,522 trees (post burn-in) pooled from two independent Markov chains run in parallel. Branch support was
measured via posterior probabilities, which reflect frequencies of clades among the pooled trees. RETA is boxed green and noted with a red star.
Classification scheme for Rickettsia spp. follows previous studies (Gillespie et al. 2007, 2008). Taxon names, PATRIC genome IDs (bacteria) and NCBI
accession numbers (mitochondria) for the 176 genomes are provided in supplementary table S3, Supplementary Material online.
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Table 1

Comparison of Sequence Divergence across RETA and Rickettsiales Genera®

RETA Midi Odys Neor
RETA 0.47
Midi
Odys
Neor
Wolb
Ehrl
Anap
Orie
Rick

Wolb Ehrl Anap Orie Rick

Note.—RETA, Rickettsiales endosymbiont of Trichoplax adhaerens; Midi, “Candidatus Midichloria mitochondrii” str. IricVA; Odys, “Candidatus Odyssella
thessalonicensis” str. L13; Neor, Neorickettsia risticii str. lllinois; Wolb, Wolbachia endosymbiont str, TRS of Brugia malayi; Ehrl, Ehrlichia ruminantium str. Gardel;
Anap, Anaplasma phagocytophilum str. HZ; Orie, Orientia tsutsugamushi str. lkeda; Rick, Rickettsia bellii str. RML369-C.

®Calculated % divergence (8,327 aa sites of core data set) with DIVEIN (Deng et al. 2010), using the WAG (top right of matrix) and Blosum62 (bottom left of
matrix) amino acid substitution models. Color scheme as follows: light yellow, <35 (% divergence); yellow, 36-40; tan, 41-45; light orange, 46-50; orange, 51-55; dark
orange, 56-60; red, >60. Values for the closest taxon to RETA (Midlchloria) are in italics.

characteristic of a variety of intracellular species, some of
which show evidence for extensive LGT with rickettsial ge-
nomes (Schmitz-Esser et al. 2010; Penz et al. 2012).
Importantly, aside from the probable contamination from
algal, Alteromonadales and H. orenii genomes, most of the
CDS either lacking or having divergent rickettsial homologs
should be considered as possible components of the RETA
accessory genome, given that diverse elements are known
to be encoded within rickettsial genomes (e.g., the aminogly-
coside antibiotic biosynthesis cluster of REIS (Gillespie et al.
2012)).

Bacterial Genes in the Trichoplax Genome

To determine whether any of the 181 RETA CDS might in-
stead represent lateral transfers into the T. adhaerens
genome, we evaluated the assembly scaffolds that contained
these CDS (fig. 7a). A total of 79.5% (n= 144) of the RETA
CDS were present on either all-bacteria (n=59) or singleton
(n=85) scaffolds. These CDS were removed from consider-
ation, because LGT events could only be predicted on scaf-
folds with eukaryotic-like genes. Assessment of the non-RETA
genes on small hybrid scaffolds did not reveal any strong can-
didates for complete eukaryotic-like genes, being comprised
mostly of small T. adhaerens ORFans and partial sequences
with little or no similarity to sequences in the NR database
(data not shown). Thus, these CDS (n = 19) were likewise re-
moved from consideration as LGT events. In further support of
the earlier mentioned, none of the intron-containing RETA
genes within these three small scaffold categories were deter-
mined to contain plausible introns using a bacterial gene pre-
diction program (supplementary table S2, Supplementary
Material online). Of the four scaffold categories we created,
only 10% (n = 18) of the total RETA CDS were found on large

scaffolds dominated by eukaryotic-like genes and were
thereby amenable to LGT analysis.

The eight large eukaryotic-like scaffolds that include the 18
RETA CDS that we analyzed for LGT properties are major
components of the T. adhaerens assembly, containing from
41 to 1,541 genes (fig. 7b). Phylogeny estimations for all 18
RETA proteins (supplementary fig. S8, Supplementary Material
online) clearly indicate that six of the CDS (leuS, muts, tilS,
romA, prfA, and rplQ) are eukaryotic genes that were errone-
ously obtained by our pipeline. Five of these genes (leus,
muts, tilS, romA, and prfA) grouped with eukaryotic genes
encoding counterparts that are predicted to be imported by
the mitochondria, with the latter four having rickettsial origins.
This explains their initial characterization as RETA genes.
Bacterial gene predictions across the scaffold regions encod-
ing all of these genes, coupled with manual assessment, de-
termined that the introns within all six genes are valid. In
addition, homologs to all of these genes were identified in
MitoCarta, a compendium of mammalian nuclear-encoded
genes with strong support for mitochondrial localization
(Pagliarini et al. 2008). When we excluded these six genes
from the RETA core data set and re-estimated the genome
phylogeny (as described earlier), the resultant tree (data not
shown) had an identical topology to the one including these
genes (fig. 5), suggesting the minimal eukaryotic signal within
the RETA core data set did not override the predominantly
rickettsial signal.

Phylogeny estimations for the remaining 12 RETA CDS pre-
sent on large eukaryotic-like scaffolds strongly implied that all
of these genes are bacterial-like and present among eukary-
otic genes within the T. adhaerens genome (supplementary
fig. S8, Supplementary Material online). If they are indeed
LGTs, 10 of these genes are likely recent transfers, as they
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Fic. 6.—Bacterial CDS (accessory data set) identified within the Trichoplax adhaerens genome assembly. These 62 CDS were determined to lack the
profile of typical Rickettsiales genes inherited vertically from an alphaproteobacterial ancestor (see text). RETA CDS are plotted by %GC (x axis). Trichoplax
adhaerens protein accession numbers (NCBI), RETA IDs and gene/protein names are listed on the y axis, with color scheme as follows: green, highly similar to
Rickettsiales signature proteins (trees shown in supplementary fig. S6, Supplementary Material online); blue, present in some (or all) Rickettsiales genomes yet
divergent in sequence and phylogenetic signal (trees shown in supplementary fig. S7, Supplementary Material online); red, unknown from Rickettsiales
genomes. Inset shows the average %GC for all 62 CDS, as well as for the three groups. Stars depict the following: yellow, identical to sequences from the
genome of Halothermothrix orenii H 168 (Firmicutes: Haloanaerobiales); orange, 99% aa identity with sequences from the genome of Alteromonas
macleodii ATCC 27126 (Gammaproteobacteria: Alteromonadales); green, most similar to chloroplast sequences of haptophytic algae (Eukaryota;
Haptophyceae). Colored boxes on the y-axis correspond with stars on the plot, with the gray box illustrating a fused gene model (trmH-fkpA).
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NW_002060943 0001 PhrB_2 AD-B 1 1.00 - 0.93 A; Nitrospirae/Legionellales
1541 0002 PhrB_3 AD-B 1 1.00 - 0.95 A; Nitrospirae/Legionellales
0003 PhrB_4 AD-B 1 0.80 N 0.96 A; Nitrospirae/Legionellales
0004 LeuS CD-B 12 0.06 N 0.56 B; mitochondria
0005 GNAT_2 AD-B 1 1.00 - 0.98 C; Spirochaetes/Odyssella
0006 MutS CD-B 3 0.83 C 0.88 D; mitochondria
0007 PhrB_1 AD-B 1 1.00 - 0.95 A; Nitrospirae/Legionellales
0008 TilS CD-R 7 0.15 C 0.44 E; mitochondria
NW_002060944 0009 RsmE AD-B 1.00 - 0.97 F; Chlamydiae
1091 0010 GNAT_1 AD-B 1 1.00 - 0.94 C; Spirochaetes/Odyssella
NW_002060945 0011 MhpC AD-B 1 1.00 - 0.98 G; Cyanobacteria
1071 0012 DapF CD-R 3 0.66 C 0.99 H; Rickettsiales
0013 BPL_N_1 AD-R 2 0.39 C 0.90 I; Rickettsia spp./Chlamydiae
NW_002060948 0014 BPL_N_2 AD-R 2 0.07 (o} 0.85 I; Rickettsia spp./Chlamydiae
745
NW_002060955 0015 RpmA CD-B 3 0.00 - 0.00 J; Rickettsiales/mitochondria
173
NW_002060959 0017 PrfA CD-E 7 0.00 - 0.00 K; mitochondria
152
NW_002060958 0016 MurA CD-R 1 0.88 N 0.98 L; Rickettsiales
145
NW_002060975 0018 RplQ CD-B 3 0.07 N 0.52 M; Eukaryota/Chloroflexi

41

Fic. 7.—Evidence for bacterial-like genes encoded in the Trichoplax adhaerens genome. (a) Division of the 181 RETA CDS into four categories based on
the composition of their scaffolds: eukaryotic scaffolds, CDS present on large (>40 genes) scaffolds with predominately eukaryotic-like genes (n = 18); small
hybrid scaffolds, CDS present on small (<7 genes) scaffolds with both bacterial- and eukaryotic-like genes (n = 19); all-bacteria scaffolds, CDS present on
small (<5 genes) scaffolds comprised entirely of bacterial-like genes (n=59); and singleton-gene scaffolds (n = 85). Each category is further divided into
single exon genes and genes possessing one or more introns (as predicted within the original T. adhaerens assembly). (b) Eight large, eukaryotic-like T.
adhaerens scaffolds contain 18 RETA CDS. Scaffold IDs and number of encoded genes are from the T. adhaerens assembly (see text). RETA IDs and protein
names are further described in supplementary table S2, Supplementary Material online. For core data set CDS: CD-R, CD-B, and CD-E correspond to the sub-
data sets Ric-78, Bac-26, and Euk-9, respectively (supplementary fig. S2, Supplementary Material online). For accessory data set CDS: AD-R, highly similar to
Rickettsiales signature proteins; AD-B, present in some (or all) Rickettsiales genomes yet divergent in sequence and phylogenetic signal (fig. 6). The number of
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do not contain introns or other eukaryotic-like features (e.g.,
eukaryotic secretion signals). dapF was determined to encode
a complete DapF-like protein when predicted as a bacterial
gene, ruling out its two predicted introns. However, the single
introns splitting the two coding regions within BPL_N_1 and
BPL_N_2 are localized within conserved sites as compared
with closely related BPL_N sequences (supplementary fig.
S9, Supplementary Material online). The two BPL_N proteins
are divergent from one another (45% amino acid identity), yet
form a clade together with proteins encoded in Rickettsia and
Chlamydiae genomes (supplementary fig. S8, Supplementary
Material online). Furthermore, the sizes of both proteins
(BPL_N_1, 267 aa; BPL_N_2, 264 aa) are consistent with bac-
terial BPL_N proteins rather than the larger eukaryotic proteins
that include a BirA-like domain in conjunction with the N-ter-
minal region solely encoded by prokaryotic BPL_N proteins.
Thus, the genes encoding BPL_N_1 and BPL_N_2 appear to be
LGT products from bacteria that are undergoing transitions to
eukaryotic-like gene structures.

Aside from the BPL_N proteins, genes encoding DapF and
MurA also appear to be LGT products with rickettsial origins.
Thus, all four of these T. adhaerens genes may be transfers
from RETA and involved in maintenance of the symbiosis. The
gene encoding rRNA small subunit methyltransferase E (RsmE)
is clearly of chlamydial origin, and a strong candidate for LGT
since the only eukaryotic-like rsmE genes encode products
shipped to chloroplasts. The remaining candidate LGT prod-
ucts encode DNA photolyase repair enzymes (PhrB_1-4),
GCN5-related N-Acetyltransferases (GNAT_1-2) and a bacte-
rial lysophospholipase (MhpC). The phylogeny estimations for
all of these proteins suggest a substantial degree of LGT un-
derlying their distribution across bacteria, with several intracel-
lular species grouping close to the RETA proteins. Collectively,
our analysis of potential bacteria-to-T. adhaerens LGT events
yielded 12 RETA genes that are clearly bacterial in origin and
apparently encoded within the T. adhaerens genome.

Discussion

For a variety of reasons (e.g., contamination, failure to purify
the target organism from environmental microbiota, low-level
capture of endosymbionts, LGT), eukaryotic genome sequenc-
ing projects often include DNA sequences from the non-target
organism. Contigs and scaffolds are typically filtered from the
assembly if there is evidence for organellar contamination,

sequencing artifacts (e.g., bacterial and phage cloning vec-
tors), and/or prokaryotic contamination. These sequences
remain available within the trace read archives, and several
studies have utilized these resources to assemble bacterial ge-
nomes and associate eukaryotes with their resident microbes
(Salzberg et al. 2005b, 2009). Still, other studies have capital-
ized on the concomitant sequencing of host and associated
microbes and reported the presence of these microbes in con-
junction with the eukaryotic sequencing project (Chapman
et al. 2010; Gillespie et al. 2012). Whatever the route for
identification of microbial DNA generated via eukaryotic
genome sequencing projects, it is clear that it is no longer a
rare event, and that methods are needed to facilitate the pro-
cess of sifting out “who is who"” amongst the generated se-
guence data. These methodological approaches will not only
be applicable for identifying and analyzing microbial species
from eukaryotic genome sequencing projects but also be prac-
tical for effectively processing data from metagenome and
microbiotic studies (lverson et al. 2012).

Mining Bacterial Genes from the Trichoplax Genome

As an aquatic animal, T. adhaerens is known to feed on green
algae (Chlorophyta), cryptomonad (Cryptophyta) species of
the genera Cryptomonas and Rhodomonas, Cyanobacteria,
and detritus from other organisms (Schierwater and Kuhn
1998; Schierwater 2005). The “Grell” strain of T. adhaerens,
which was fed a monoculture of the cryptophyte alga
Pyrenomonas helgolandii, was the source for genome se-
guencing (Srivastava et al. 2008). Despite the effort to purify
tissues prior to genome sequencing, the results of our study
show that a small, yet detectable portion of the generated
sequence data was from a different source(s) than
T. adhaerens. This is not surprising, as the animals were not
cultured axenically and may be associated with other free-
living organisms in culture.

Our analysis of the trace read archive and genome assem-
bly revealed considerable microbial diversity associated with
the T. adhaerens sequencing project (fig. 2). According to the
mined 16S rDNA sequences, many of the organisms with the
highest sequence similarity are aquatic and probably inhabit
similar niches as T. adhaerens (e.g., Marivita spp., Alteromonas
spp, haptophyte and cryptomonad algae, heterokonts). Other
16S rDNA sequences extracted from the trace read archive
(e.g., Borrelia spp., Lawsonia intracellularis) are harder to ex-
plain as environmental, and probably do not reflect any direct

Fic. 7.— Continued

exons for each CDS is shown. The results of gene predictions by fgenesb (Tyson et al. 2004) (headings for three columns colored green) are described as
follows: “Coverage (T. adhaerens),” percentage of bps in the eukaryotic gene prediction matching those in the fgenesb prediction; “Discrepancy,”
differences at either the N- or C-terminus across eukaryotic and fgenesb predictions; “Coverage (RETA),"” percentage of bps in the fgenesb prediction
matching those in the eukaryotic gene prediction. The most related sequences as determined by phylogeny estimation are listed, with letters referring to
individual phylogeny estimations (supplementary fig. S8, Supplementary Material online). Potential bacteria-to-T. adhaerens LGT products are highlighted in

yellow.
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biological associations with T. adhaerens. Their presence sug-
gests a low level of microbial contamination, as we did not
find any substantial evidence for matching CDS in the
assembly or trace read archive for these organisms.
Notwithstanding, this minimal information may prove useful
in future studies of placozoan biology, particular regarding
ecological interactions, and it may also be important for test-
ing the interpretations that we have presented here.

Importantly, the 181 bacterial-like CDS we obtained from
the T. adhaerens sequencing project were identified from the
published assembly. According to the inclusion criteria from
the original study (Srivastava et al. 2008), scaffolds were re-
moved from the assembly if they 1) were shorter than 1 kb in
total length, 2) were suspected to be organellar contaminants,
and/or 3) possessed a distinct GC content or a prevalence of
BLASTN alignments to prokaryotic genomes. In our analysis,
88.4% (n=160) of bacterial-like CDS mined from the assem-
bly were on small scaffolds (mean length of 2.7 kb) just over
the exclusion cutoff, with the remaining 21 CDS on much
larger scaffolds. Only one CDS (a second copy of rpsP) was
determined likely to originate from chloroplasts of haptophytic
algae (Eukaryota; Haptophyceae). Finally, the mean %GC of
all 181 CDS (31.7) was highly similar to that of the T. adhae-
rens genome (32.7), masking their detection as distinct non-T.
adhaerens genes. Collectively, these characteristics of the
identified bacterial-like CDS likely account for their inclusion
in the T. adhaerens assembly.

Evidence for a Rickettsiales Endosymbiont of
T. adhaerens

The rickettsial 165 rDNA sequence mined from the T. adhae-
rens sequence read archive was determined to be most similar
to sequences isolated from the marine sponge Cymbastela
concentrica (99% nt identity). Other highly similar 16S rDNA
sequences have been reported from H. oligactis, diverse coral
species and unknown hosts from environmental samplings
(Fraune and Bosch 2007; Revetta et al. 2010, 2011;
Sunagawa et al. 2010), and all of these sequences grouped
in a clade outside of the well-studied rickettsial families
Rickettsiaceae and Anaplasmataceae in our estimated phylog-
eny (fig. 3). A recent study on the microbiome of the eugle-
noid alga Eutreptiella sp. revealed the presence of a rickettsial
symbiont (Kuo and Lin 2013) that is also a member of this
clade (tree not shown; 97% nt identity to RETA 16S rDNA,
NCBI accession no. JQ337869). Thus, RETA belongs to a
poorly known rickettsial lineage comprised of species associ-
ated with eukaryotic organisms from aquatic environments,
consistent with the marine niche of T. adhaerens. Importantly,
this lineage is divergent from other members of the
“Midichloriaceae,” including M. mitochondrii, and suggests
that a substantial amount of diversity and host range underlay
this large rickettsial assemblage (Gillespie, Nordberg, et al.
2012).

The identification of a rickettsial 16S rDNA sequence was
important for corroborating both the long-known presence of
a Gram-negative intracellular symbiont in T. adhaerens
(Grell 1972; Grell and Benwitz 1974; Eitel et al. 2011) and
the previous detection of rickettsial-like CDS associated with
this genome (Felsheim et al. 2009; Baldridge et al. 2010;
Gillespie et al. 2010; Nikoh et al. 2010). It also steered the
approach for analyzing the T. adhaerens assembly with the
understanding that this rickettsial species was likely divergent
from those with available genome sequences. The majority
(81%, n=146) of the 181 CDS mined from the T. adhaerens
assembly indeed showed a consistent rickettsial signal. We
observed that M. mitochondrii was the most similar rickettsial
species to RETA with an available genome sequence, and sub-
sequently mapped 138 of the total RETA CDS to the M. mito-
chondrii chromosome (fig. 4). In fact, the publication of the
M. mitochondrii genome (Sassera et al. 2011) was an invalu-
able resource for effectively mining the RETA genes from the
T. adhaerens assembly, as attempts prior to the availability of
this genome yielded far fewer genes of interest. Principally,
the strategy to mine rickettsial-like CDS from the T. adhaerens
assembly was plagued by the divergent nature of the bacte-
rial-like CDS, and in many instances (e.g., universal proteins
and nuclear-encoded organellar proteins) it was difficult to
discern between top BLASTP subjects in the eukaryotic and
prokaryotic databases. Thus, a thorough manual component
of our methodology was invoked, coupled with rigorous phy-
logeny estimation of all the CDS. Calculating an approxima-
tion of the genome divergence across RETA and the major
Rickettsiales lineages illustrated that the observed divergence
of RETA genes, in relation to other lineages, is consistent for
rickettsial genomes (table 1). Collectively, the divergent nature
of the mined RETA genes is in agreement with the SSU rDNA-
based phylogeny that suggests the RETA-containing group of
aquatic Rickettsiales is a well-diverged clade within the
“Midichloriaceae.”

A majority (66%, n=119) of the RETA CDS, named the
core data set, contained characteristics of vertically inherited
alphaproteobacterial genes; as such, their predicted proteins
were used to estimate a robust genome-based phylogeny
across  Alphaproteobacteria  (fig. 5). This phylogeny
estimation grouped RETA with M. mitochondrii, to the exclu-
sion of the derived rickettsial families Anaplasmataceae and
Rickettsiaceae. Without genome sequences for any other
members of the “Midichloriaceae,” coupled with the limited
data identified for RETA, it is difficult to make conclusions
regarding the factors that distinguish this group from the
other derived Rickettsiales lineages. However, our genome-
based phylogeny estimation did agree with the overall
higher level divergences within Rickettsiales based on the
SSU rDNA tree (fig. 3), especially regarding the ancestral po-
sition of Holosporaceae and the branching point of the mito-
chondrial ancestor prior to the diversification of the
Anaplasmataceae, Rickettsiaceae, and “Midichloriaceae.”
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The uniqueness  of Rickettsiales ~ within  the
Alphaproteobacteria, particularly regarding the relatedness
of Holosporaceae, will become clearer with the generation
of more genome sequences from this poorly understood
taxon. Notwithstanding, the clade containing RETA and its
aquatic relatives will provide useful genomic information
regarding the diversification of the three derived rickettsial
families, especially regarding the evolution of vertebrate path-
ogenicity from a seemingly vast array of obligate intracellular
symbionts of virtually every major eukaryotic lineage (Gillespie,
Nordberg, et al. 2012).

The remaining 62 identified CDS, named the accessory
data set (fig. 6), provided additional evidence for a rickettsial
symbiont associated with T. adhaerens. Nearly half (43.5%,
n=27) of these genes are signatures of all or some rickettsial
genera (supplementary table S5, Supplementary Material
online), and phylogeny estimation unambiguously supports
the rickettsial nature of these RETA CDS (supplementary fig.
S6, Supplementary Material online). In conjunction with the
genes of the core data set, a profile emerged implicating the
probable metabolic dependency of RETA on eukaryotic cells;
for example, the presence of genes for the uptake of host ATP
(tlcT), carbohydrates (citT) and amino acids (2A0306, proP,
gltP). Other rickettsial signature genes encode proteins in-
volved in the establishment of osmoregulation (proP), antiox-
idant defense (sodA), regulation of the stringent response
(spoT), and peptidoglycan recycling/B-lactamase induction
(amp@G). Aside from the six rickettsial hallmark genes described
earlier that encode ParA-HicB, PRK06567, p-stomatin, and
several flagellar proteins (FIgG, FliG, and FliH), two additional
rickettsial signatures are noteworthy. First, a gene encoding a
patatin phospholipase (cd07199) was identified that is highly
similar to the rickettsial Pat1 proteins recently demonstrated to
function in the invasion of host cells (Rahman MS, Gillespie JJ,
Kaur S, Sears KT, Ceraul SM, Beier-Sexton M, Azad AF,
unpublished data). Second, a gene was identified that en-
codes an MdIB-like transporter with unknown specificity
that is present within the genomes of many intracellular bac-
terial species (Gillespie et al. 2012). We have previously iden-
tified many of these rickettsial signatures (e.g., Tlc, ProP, GItP,
SpoT, and MdIB) as components of integrative conjugative
elements (Gillespie et al. 2012). Their presence in RETA and
phylogeny estimations provided in this study (supplementary
fig. S6, Supplementary Material online) suggests that these
genes are widely dispersed across Rickettsiales and are likely
critical factors that orchestrate the obligate intracellular life
cycle of these bacteria. Aside from broadening our perspective
on rickettsial biology and genomics, particularly the range and
nature of the rickettsial mobilome, these signatures will be
useful for identifying Rickettsiales in future metagenomic,
microbiome and environmental studies.

In relation to the phylogeny of Rickettsiales, two notable
observations were made from the analysis of the accessory
data set. First, several RETA genes were identified that encode

components of the rvh T4SS (Gillespie et al. 2009, 2010y,
however, we did not find any of the rvh genes in the
genome of O. thessalonicensis, suggesting that either the rick-
ettsial lineages branching off after Holosporaceae acquired a
P-T4SS, or the Holosporaceae have secondarily lost the P-
T4SS. Second, regarding the flagella system genes identified
for RETA, only M. mitochondrii and O. thessalonicensis are
known to contain flagellar genes among Rickettsiales. This
suggests that the two well-studied groups Anaplasmataceae
and Rickettsiaceae have secondarily lost the requirement for
flagella, moving effectively within and across eukaryotic cells
without them. More genome sequences from the
Holosporaceae and “Midichloriaceae” are needed to test
these evolutionary scenarios for the gain and loss of P-T4SSs
and flagella across Rickettsiales.

Finally, 56.5% (n=35) of the accessory data set is com-
prised of CDS that are not rickettsial in origin, with 17 of these
genes not having any significant homologs in Rickettsiales ge-
nomes. Some of these CDS, which are highly similar to se-
guences from algal, Alteromonadales and H. orenii genomes,
hint at a low level of contamination within the T. adhaerens
assembly. However, the majority of these mined CDS may
depict genes of the RETA accessory genome, especially con-
sidering that none of them have corresponding 16S rDNA
sequences extracted from the trace read archive.
Additionally, these CDS do not encode proteins that expand
the typical metabolic capacity of Rickettsiales genomes. The
complete sequencing of the RETA genome will be essential for
determining whether these sequences are indeed encoded
within its genome; regardless, even excluding these tenuous
CDS of the accessory data set, the rickettsial-like CDS of the
accessory data set together with all CDS of the core data set
provide substantial evidence for RETA as the intracellular den-
izen of T. adhaerens fiber cells.

Bacterial Genes Encoded in the T. adhaerens Genome

Our analysis of the 181 mined bacterial-like CDS revealed that
12 of these genes are present on large scaffolds primarily
composed of eukaryotic-like genes (fig. 7). Phylogeny estima-
tion of these LGT products suggests that four of these genes
encode proteins (BPL_N_1, BPL_N_2, DapF, and MurA) with
strong homology to rickettsial counterparts, possibly reflecting
RETA transfers to the T. adhaerens genome (supplementary
fig. S8, Supplementary Material online). Although the two
BPL_N encoding genes have acquired introns (supplementary
fig. S9, Supplementary Material online), they are likely not
complementing any host deficiency related to biotin ligation
that is associated with eukaryotic BirA proteins that carry the
BPL_N domain. Three lines of evidence support this hypothe-
sis. First, the genes only encode the N-terminal domain of BirA
proteins, which is not the region responsible for ligating biotin
to biotin-dependent enzymes. Instead, this domain has ho-
mology to type 1 glutamine amidotransferases (cd03144),
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which function in the transfer of the ammonia groups of GIn
residues to other substrates. Second, despite the presence of
introns, both BPL_N genes encode predicted proteins similar in
size (~250 aa) to bacterial-like BPL_N proteins, none of which
contain a BirA domain. Finally, the T. adhaerens genome en-
codes a separate BirA gene (XP_002116544) located on a
scaffold (NW_002060958) distinct from those encoding the
BPL_N genes, with the encoded protein 44% identical to the
human holocarboxylase synthetase. This suggests that T.
adhaerens is capable of ligating biotin to biotin-dependent
enzymes without the need for BPL_N proteins.

The presence in the T. adhaerens genome of two rickettsial
genes encoding cell envelope synthesis enzymes (DapF and
MurA) is reminiscent of aphid (LdcA, RIpA, and AmiD) and
rotifer (DdI) genomes, wherein such bacterial-like genes are
functional (Gladyshev et al. 2008; Nikoh and Nakabachi 2009;
Nikoh et al. 2010). In the case of the aphid, ldcA, rlpA, and
amiD have acquired introns and (in some instances) eukaryotic
signal sequences and are highly expressed in bacteriocytes that
house its obligate symbiont B. aphidicola. This remarkable
phenomenon likely restricts symbiont growth to these specific
tissues (Nikoh et al. 2010). It is tempting to speculate that
putative transfers of RETA dapF and murA genes to the
T. adhaerens genome may operate in a similar fashion.
Recent images of the T. adhaerens symbiont in oocytes (trans-
ferred from fiber cell extensions) (Eitel et al. 2011) show a
Gram-negative cell envelope structure, suggesting the pres-
ence of peptidoglycan. Thus, tissue-specific expression of
murA and dapF by T. adhaerens could limit the growth of
RETA to the fiber cells, which are primarily where the symbiotic
bacteria are observed (Grell 1972; Grell and Benwitz 1974).

Four of the eight remaining putative LGT products encode
copies of a bacterial-like photolyase (PhrB_1-4) that may play
a functional role in T. adhaerens, or the maintenance of RETA,
or both. PhrB is a photoreactivation enzyme, functioning in the
repair of pyrimidine dimers (Schul et al. 2002). Genes encod-
ing these enzymes are frequently detected in marine metage-
nomic studies and are likely important factors of aquatic
microbes inhabiting surface waters (Delong et al. 2006;
Frias-Lopez et al. 2008; Singh et al. 2009). Photolyase genes
are known to be differentially gained and lost throughout
bacterial evolution (Lucas-Lledo and Lynch 2009), and our
phylogeny estimation suggests a substantial degree of
LGT shaping the distribution of these genes in bacteria (sup-
plementary fig. S8, Supplementary Material online).
Furthermore, it was recently demonstrated that species of
the SAR11 clade of Alphaproteobacteria encode some PhrB-
and PhrB-like genes that are most similar to those encoded
within cynaobacterial genomes (Viklund et al. 2012). Thus,
transfer to the T. adhaerens genome of these genes from a
non-rickettsial source could function to repair DNA damage to
its resident symbiont, particularly if there is limited symbiont
gene flow due to its vertical transmission. Alternatively, the
PhrB proteins may function to benefit 7. adhaerens in its

aquatic niche if it is vulnerable to substantial UV light. It has
been proposed that loss of photolyases in eukaryotic species
would enhance deleterious mutation rates (Lucas-Lledo and
Lynch 2009), and given that we did not detect any PhrB or
related cryptochrome genes within the T. adhaerens genome
(data not shown), the four bacterial-like phrB genes may be
under strong selective pressure to repair damage to T. adhae-
rens genes.

The remaining four putative LGT products (GNAT_T1,
GNAT_2, MhpC, and RsmE) are not of rickettsial origin,
and encode enzymes known solely from prokaryotes or plas-
tids; consequently, it is difficult to envision these bacterial-
like genes complementing functions lost in the T. adhaerens
genome. They may, however, function in the maintenance
of RETA, despite their various evolutionary sources, possibly
representing parts of the RETA accessory genome that were
laterally acquired and subsequently transferred to the T.
adhaerens genome. There is precedence for such an event;
for instance, most of the identified gene transfers to the
aphid genome that support its gammaproteobacterial sym-
biont (B. aphidicola) are of rickettsial and not gammaproteo-
bacterial origin (Nikoh et al. 2010).

Whatever the source of the 12 identified bacterial-like
genes encoded in the T. adhaerens genome, their significance
in placozoan biology and possible role they may play in fos-
tering its symbiosis with RETA is an exciting area of future
research. Importantly, if LGTs to the T. adhaerens genome
support the maintenance of a rickettsial symbiont, it may be
that growth of RETA in other eukaryotic cells or cell lines may
not be possible without these T. adhaerens bacterial genes.

Conclusion

From the genomic sequence data generated for a placozoan
(T. adhaerens), we identified and analyzed bacterial DNA se-
guences and compiled evidence for a rickettsial endosymbiont
of T. adhaerens. This genomic profile of RETA potentially con-
firms the long suspected presence of a bacterial symbiont
associated primarily with 7. adhaerens fiber cells. Based on
available genome sequences for Rickettsiales, all of which
are either obligate intracellular symbionts or pathogens of
various metazoan species, the data we present here likely
depicts approximately 20% of the entire RETA genome.
Despite the lack of a complete genome, our phylogeny esti-
mations and other analyses place RETA solidly within the
“Midichloriaceae” clade. This rickettsial lineage is poorly un-
derstood, but based on the closest relative with an available
genome sequence (M. mitochondrii), is quite different than
the more than 80 genome sequences currently available for
the well-studied species of the Anaplasmataceae and
Rickettsiaceae. Thus, a better understanding of the
"Midichloriaceae” clade of Rickettsiales is needed, particularly
for 1) highlighting features involved in vertebrate
pathogenicity in  species of Anaplasmataceae and
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Rickettsiaceae, 2) determining the diversifying factors that
define obligate intracellular life cycles of a wide range of eu-
karyotic hosts, and 3) deciphering the processes that shaped
the transition of a rickettsial symbiont to an organelle
(mitochondria) of eukaryotic cells.

Placozoans are an early branching metazoan lineage (Miller
and Ball 2008; Schierwater et al. 2009; Schierwater and Kamm
2010), and publication of the T. adhaerens genome sequence
has proven invaluable to the fields of evolutionary genetics,
developmental biology and animal phylogenetics, among
others. However, given previous morphological evidence, as
well as our data presented for RETA, the relevance of a sym-
biotic genome must be included in discussions and analyses of
placozoan biology. Of primary importance is understanding
whether RETA is primitive in gene repertoire compared with
other rickettsial species that invade more complicated meta-
zoan species with much more diverse cellular networks. Also
critical is determining the function of bacterial-like genes
encoded in the T. adhaerens genome, and whether these func-
tions pertain to the placozoan itself or symbiosis with RETA (or
both). Given the complex genetics underlying the aphid-
Buchnera mutualism (discussed earlier) and other metazoan-
bacterial symbioses (Woyke et al. 2006; Wu et al. 2006;
McCutcheon and Moran 2007, 2010; McCutcheon et al.
2009; McCutcheon and von Dohlen 2011; Engel et al.
2012), as well as the recent demonstration of a tripartite met-
abolic codependency across genomes of an obligate biotrophic
fungus (Gigaspora margarita), its plant hosts, and its beta-
proteobacterial endosymbiont (Candidatus Glomeribacter giga-
sporarum) (Ghignone et al. 2012), it is clear that symbioses
pose challenges for high-throughput genomics. Complete
metabolic and cellular pathways can only be garnered by ob-
taining the genes from all participant genomes that underlay
the complete “organism,” particularly if some (or all) of the
players are inextricably tied together. Thus, isolating RETA from
T. adhaerens and determining the nature of this symbiosis is
critical for understanding this aspect of placozoan biology.

Supplementary Material

Supplementary tables S1-S5 and figures S1-59 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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Note Added in Proof

During the production of this work, a recent publication
(Montagna et al. 2013) formally classified a novel
Rickettsiales family, Candidatus Midichloriaceae, for which
the Rickettsiales endosymbiont of Trichoplax adhaerens is a
member.
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