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A Rickettsia Genome Overrun by Mobile Genetic Elements Provides
Insight into the Acquisition of Genes Characteristic of an Obligate
Intracellular Lifestyle
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We present the draft genome for the Rickettsia endosymbiont of Ixodes scapularis (REIS), a symbiont of the deer tick vector of

Lyme disease in North America. Among Rickettsia species (Alphaproteobacteria: Rickettsiales), REIS has the largest genome se-
quenced to date (>2 Mb) and contains 2,309 genes across the chromosome and four plasmids (pREIS1 to pREIS4). The most re-
markable finding within the REIS genome is the extraordinary proliferation of mobile genetic elements (MGEs), which contrib-

utes to a limited synteny with other Rickettsia genomes. In particular, an integrative conjugative element named RAGE (for
Rickettsiales amplified genetic element), previously identified in scrub typhus rickettsiae (Orientia tsutsugamushi) genomes, is
present on both the REIS chromosome and plasmids. Unlike the pseudogene-laden RAGE:s of O. tsutsugamushi, REIS encodes
nine conserved RAGE:s that include F-like type IV secretion systems similar to that of the tra genes encoded in the Rickettsia bel-
lii and R. massiliae genomes. An unparalleled abundance of encoded transposases (>650) relative to genome size, together with
the RAGEs and other MGEs, comprise ~35% of the total genome, making REIS one of the most plastic and repetitive bacterial
genomes sequenced to date. We present evidence that conserved rickettsial genes associated with an intracellular lifestyle were
acquired via MGEs, especially the RAGE, through a continuum of genomic invasions. Robust phylogeny estimation suggests
REIS is ancestral to the virulent spotted fever group of rickettsiae. As REIS is not known to invade vertebrate cells and has no
known pathogenic effects on I. scapularis, its genome sequence provides insight on the origin of mechanisms of rickettsial

pathogenicity.

he blacklegged tick Ixodes scapularis (also known as the deer

tick) is an obligate blood-feeding vector of prominent medical
importance (19, 32), as it propagates the causative agents of sev-
eral mammalian diseases, such as babesiosis (Babesia microti),
Lyme disease (Borrelia burgdorferi), and human granulocytic ana-
plasmosis (HGA) (Anaplasma phagocytophilum) (1, 27,78, 80,91,
96,103, 110). In addition to transmitting pathogenic microorgan-
isms, ticks (like many other arthropods) carry a wide range of
symbiotic organisms (44, 83). Although the main disease trans-
mitted by I. scapularis appears to be Lyme disease and not babesi-
osis and HGA (111, 129), the ecological relationships within the
tick microbiome and the impacts of other microorganisms har-
bored by the tick, including Bartonella spp. and Rickettsia spp. (57,
80, 94, 99, 112), remain to be elucidated.

The sequence of the I. scapularis genome has been drafted
recently (GenBank accession no. NZ_ABJB000000000 GI:
255764735). The analysis of the tick genomic DNA revealed the
presence of an uncharacterized species of Rickettsia that we de-
scribe in the manuscript. Although it was anticipated that I. scapu-
laris genome sequencing and assembly could reveal the presence
of new microbes, the uniqueness of the new Rickettsia species was
unexpected, providing an invaluable tool for comparative genom-
ics. Little is known about the relationship between I. scapularis and
its resident species of Rickettsia in the context of pathogenicity or
symbiosis. For that reason, comparative genomic analysis with
more than a dozen complete rickettsial genomes (including hu-
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man pathogens) is important for providing insights into the evo-
lution of pathogenicity and symbiosis.

Rickettsia spp. (class Alphaproteobacteria) are obligate intracel-
lular bacteria with both symbiotic and pathogenic lifestyles. It is
well established that rickettsiae exploit a wide range of arthropod
and vertebrate hosts, and recent studies have shown a broader
metazoan host range for Rickettsia (92), with the host relationship
(symbiosis versus pathogenicity) not determined. Robust phylog-
enomic analyses illustrate the wide diversity of Rickettsia species,
which are classified into at least four groups: ancestral group (AG),
typhus group (TG), transitional group (TRG), and spotted fever
group (SFG) rickettsiae (47, 51). Topical studies of a larger num-
ber of rickettsiae based on partial sequence analysis (including one
or a few gene regions) suggest further delineations within the Rick-
ettsia tree (17, 122); however, it is widely agreed that the TG, TRG,
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and SFG rickettsiae are the most derived rickettsiae lineages.
Given that these three lineages contain the only known pathogenic
species of rickettsiae (45), it has been suggested that vertebrate
pathogenicity is a derived condition in Rickettsia (92), a probable
consequence of genome degradation tolerated by dependence on
host resources (20).

During the past two decades, uncharacterized species of rick-
ettsiae have been detected in various U.S. populations of I. scapu-
laris (11, 78-80, 86, 112, 114). Cytosolic rickettsiae in ovarian
tissues of Connecticut populations of I. scapularis were first ob-
served being moderately destroyed by tick lysosomal-like organ-
elles (78). The analysis of partial gene sequences of Rickettsia outer
membrane protein A (RompA), citrate synthase (GItA), and 23S
and 16S rRNA from ticks collected in Minnesota and Wisconsin
suggested that this I. scapularis-associated species is a member of
the SFG rickettsiae (86, 123). Not surprisingly, a species of Rick-
ettsia detected in I. scapularis from Texas cross-reacted with an
antibody generated from infection with another SFG rickettsia, R.
rickettsii, and further sequence analysis (RompA-, GltA-, and 17-
kDa antigen-encoding gene regions) prompted the elevation of a
novel species epithet, R. cooleyi (11). Interestingly, additional par-
tial GItA sequences generated from various central and eastern
U.S. L scapularis populations have since been deposited at
GenBank under the name “R. midichlorii”. However, limited di-
vergence across all available Rickettsia-like sequences generated
from I. scapularis populations strongly suggests a single species,
with geographic location accounting for this observed diversity
(data not shown). Consistent with this observation, an uncharac-
terized species of rickettsiae collected in Slovakia from the closely
related tick, I. ricinus, shares a similar phylogenetic position in the
rickettsial tree based on the analysis of 16S rRNA, GltA, and
RompA sequences (105).

In the manuscript, we present the first draft of the genome
sequence of the Rickettsia endosymbiont of Ixodes scapularis
(REIS) with the objective of providing insights into the biology of
this poorly characterized species, particularly regarding its rela-
tionship with its acarine host. REIS is the most basal member of
the SFG rickettsiae, sharing attributes of both pathogenic and
symbiotic rickettsiae, and it is the largest Rickettsia genome se-
quenced to date, with a chromosome size of ~1.8 Mb that con-
tains 2,059 predicted open reading frames (ORFs). The REIS ge-
nome is extraordinary compared to other completed rickettsial
genome sequences, in that 35% of its genome encodes products or
facilitators of the microbial mobile gene pool, including a Rickett-
siales amplified genetic element (RAGE), previously identified as
proliferative elements in scrub typhus group (STG) rickettsiae
(Orientia tsutsugamushi) genomes, as well as four distinct plas-
mids. The genetic profile of the REIS genome allows for an assess-
ment of the evolution of pathogenesis across the derived rickett-
siae lineages, particularly in light of the acquisition and
proliferation of mobile genetic elements (MGEs).

MATERIALS AND METHODS

Genome reconstruction. (i) Summary. The REIS genome is a hybrid
assembly consisting of shotgun sequences from I. scapularis (Wikel col-
ony) bacterial artificial chromosome (BAC) clones and recruited whole-
genome shotgun (WGS) reads (accession number ABJB000000000; pro-
ject 16232). The assembly consists of 20 scaffolds, including the main
chromosome and four plasmids (CM000770 to CM000773) plus 16 un-
placed (not annotated) scaffolds (GG688301 and GG688316), 9 of which
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are singletons. The draft chromosome of REIS is a scaffold containing 109
gaps of estimated sizes (derived from mate pair information distances),
with the majority of gaps present in regions of multiple transposon inser-
tions. Flanking regions of all gaps were compared to other Rickettsia ge-
nomes to determine genes possibly missed in the assembly. Since REIS is
the product of 12 laboratory generations of transovarial transmission,
wherein ticks may pass only one species of rickettsiae to progeny, it is
unlikely that the observed difficulty in closing the genome stems from
multiple Rickettsia species or any intraspecific variation within REIS of the
Wikel colony. The evidence supporting a single rickettsial species within
the I. scapularis Wikel colony is described in more detail in Document S1
in the supplemental material. The total genome coverage is 10.7X.

(ii) Fragment recruitment. Rickettsia reads were extracted from the
full I. scapularis read set by first recruiting reads to known Rickettsia se-
quences and then using mate pairs to iteratively pull in I. scapularis scaf-
folds with at least two mate pairs to the recruited read set. All I. scapularis
reads were aligned to 10 Rickettsia BAC sequences (BURC, BURE,
BURF, BURG, BURH, BURJ, BURQ, BURR, BURU, and BURW) and
seven Rickettsia genomes (R. africae, R. bellii, R. conorii, R. felis [in-
cluding the plasmid rfeplasmidl], R. massiliae, R. prowazekii, and R.
typhi) (15) using the snapper aligner (http://kmer.sourceforge.net/)
with the following parameters: -mersize 17, -minhitcoverage 0,
-minhitlength 17, -minmatchidentity 90, and -minmatchcoverage 50.
A total of 10,942 fragments were recruited, with 8,214 fragments re-
cruited to the BAC sequences and 7,310 fragments recruited to the
genomes.

(iii) Scaffold recruitment. The fragment recruitment read set was ex-
panded using an iterative scaffold recruitment process. First, all reads
whose mates were in the set were added. Second, a list of I. scapularis
scaffolds that contained at least one read in the set was generated. Third,
scaffolds with fewer than two fragments in the set were removed from the
list. Fourth, all fragments in the remaining list of scaffolds were added to
the set. These four steps were repeated four times, after which there was no
change in the number of reads in the set. This added 3,152 reads from 136
scaffolds to the set, for a total of 14,094 reads. Increasing the mate require-
ment for retaining a scaffold did not significantly change the number of
reads recruited. The requirement of three mates recruited 88 scaffolds and
14,070 reads. The dramatic drop in scaffold count was caused by all but
five of those scaffolds consisting of exactly two reads.

(iv) Assembly. Reads (recruited WGS fragments and shotgunned
BACs) were assembled with Celera Assembler v.4.0 (http://www.jcvi.org
/cms/research/projects/cabog) using default parameters, except the unitig
genome size (parameter utgGenomeSize) was set to 800 kb to overcome
the depth-of-coverage biases resulting in unique sequences being treated
as if they were repeats. WGS contigs were combined systematically with
BAC shotgun contigs in jumpstart assemblies using the TIGR Assembler
(113). WGS contigs were chosen over BAC shotgun contigs when conflicts
in orientation occurred. BAC contigs were broken as needed to support
the WGS contigs, which represent a better so-called average Rickettsia
endosymbiont than individually shotgunned BACs. The assembly was
electronically improved through making unrealized joins, correcting mis-
assemblies, and recruiting small contigs and singletons to further extend
contigs. PCR was performed to link two chromosome scaffolds, as well as
to confirm the circularity of three plasmids. There are remaining ambigu-
ities in the consensus caused by discrepancies in BAC shotgun versus
WGS reads, between WGS reads, in repeat regions, and in areas with low
quality or low coverage. The current assembly contains 109 contigs linked
into one chromosome spanning 1.82 Mb and four confirmed circular
plasmids. The chromosome contigs containing both BAC and WGS reads
had an average depth of 14.3 X, with WGS-only contigs having an average
depth of 4.3X. Plasmids contain only WGS reads and range in average
coverage from 7.0 to 10.5X.

(v) Consensus quality. The preliminary annotation of the REIS ge-
nome indicated hundreds of potential framshifts and premature stop
codons. In an effort to better understand the quality of the consensus, 45
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genes with potential frameshifts were manually reviewed, with 27 sites
(60%) confirmed as high quality. Additionally, 1 area represented a dis-
crepancy between BAC shotgun and WGS reads, 11 areas were false and
were resolved with editing, and 6 areas could not be resolved due to low
quality. The low coverage of areas covered only by WGS reads likely causes
many of the consensus quality problems, but the fact that 60% of gene
defects were confirmed supports that this genome contains many psue-
dogenes. Support for this was further garnered by comparing all predicted
ORFs to homologs in other Rickettsia genomes.

Annotation. The REIS genome was annotated at the J. Craig Venter
Institute (JCVI) using a standard set of processes as described previously
(18). In brief, putative protein-encoding genes were identified using the
GLIMMER algorithm (98). Predicted proteins were searched against a
nonredundant amino acid database. Domains were identified using
HMMer with the Pfam (37) and TIGRfam (55) databases. Frame shifts
and point mutations that were manually verified were designated authen-
tic. Gene annotation also was performed using the RAST (Rapid Annota-
tion using Subsystems Technology) system (5). At PATRIC (PathoSys-
tems Resource Integration Center) (50, 109), the annotation of all
available bacterial genomes (2,865 bacterial genomes as of 1 July 2011) has
been standardized using RAST, primarily to afford consistency in com-
parative genomic analysis. The REIS proteins are included within con-
served clusters generated across a selected number of input genomes using
FIGfams technology (82). All other automated methods that are stan-
dardized across bacterial genomes at PATRIC (e.g., metabolic pathway
reconstruction, gene and protein phylogeny estimations, literature com-
pilation, etc.) were applied to the REIS genome as recently described (50),
with all pertinent information available at PATRIC (http://www.patricbrc
.org/portal/portal/patric/Genome?cType=genome&cld =40569).

The JCVIand PATRIC annotation sets were merged with GSAC (Gene
Structure Annotation Comparison; http://www.sequenceontology.org
/gff3.shtml), with discrepancies between the two annotation schemes
evaluated as previously described (77). The manual assessment of discrep-
ancies also was influenced by referral to other Rickettsia genomes. In a few
cases, manual adjustments were made to gene and protein annotations to
maintain consistency with other rickettsial genomes. This final gene set
was used for all comparative analyses and was submitted to GenBank
(accession number NZ_ACLC00000000).

Comparative genomic analysis. (i) Genome alignments. Six genome
sequence alignments were performed using Mauve v.2.0.0 (28). Unmod-
ified Fasta files for each rickettsial genome were used as the input, except
that the R. sibirica genome sequence was reindexed using the reverse com-
plement of its circular permutation from the original position 668301 as
previously described (51). Repeat densities within and across genomes
were evaluated with the Nucmer program in MUMmer v. 3.0 (71).

(ii) Protein family clustering. OrthoMCL (74) was used to generate
orthologous groups (OGs) of protein families from a total of 20,035 pre-
dicted proteins across 16 complete Rickettsiaceae genomes: O. tsutsuga-
mushi strain Boryong (NC_009488), O. tsutsugamushi strain lkeda
(NC_010793), R. bellii strain RML369-C (NC_007940), R. bellii strain
OSU 85-389 (NC_009883), R. canadensis strain McKiel (NC_009879), R.
typhi strain Wilmington (NC_006142), R. prowazekii strain Madrid E
(NC_000963), R. felis strain URRWXCal2 (NC_007109), R. akari strain
Hartford (NC_009881), REIS, R. massilae strain MTU5 (NC_009897), R.
rickettsii strain Sheila Smith (NC_009882), R. rickettsii strain Iowa
(NC_010263), R. conorii strain Malish 7 (NC_003103), R. sibirica strain
246 (NZ_AABWO01000001), and R. africae strain ESF-5 (NC_012633).
From this analysis, proteins were designated unique, core, or noncon-
served based on their distribution across these genomes. One genome (R.
prowazekii strain P22; CP001584) released subsequently to our analyses
was not included in the OG clustering but was included in phylogeny
estimations and other comparative analyses. Given its high occurrence of
pseudogenes (36), the genome of R. peacockii strain Rustic (NC_012730)
also was not included in OG clustering but was included in separate ana-
lyses focused on pseudogenization and transposition. The R. peacockii
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strain Rustic genome also was included in all phylogeny estimations. Fi-
nally, sequences of plasmids pREIS1 to pREIS4 were analyzed in a separate
OG clustering analysis with plasmid sequences from R. felis strain
URRWXCal2 (pRF; NC_007110), R. monacensis strain IrR/Munich
(pRM; NC_010927), R. massilae strain MTU5 (pRMA; NC_009900), R.
peacockii strain Rustic (pRPR; NC_012732), and R. africae strain ESF-5
(pRAF; NC_012634).

(iii) Genome phylogeny. For genome-based phylogeny estimation for
46 Rickettsiales taxa, an automated workflow for gene family selection and
tree building was implemented through a set of Perl scripts (126). All
protein sequences annotated by RAST (5) for 46 Rickettsiales genomes
(plus two outgroup taxa) were downloaded from PATRIC. To estimate
Rickettsiales phylogeny, BLAT (refined BLAST algorithm) (68) searches
were performed to identify similar protein sequences between all ge-
nomes, including the two outgroup taxa. To predict initial homologous
protein sets, mcl (119) was used to cluster BLAT results, with the subse-
quent refinement of these sets using in-house hidden Markov models
(31). These protein families then were filtered to include only those with
membership in >80% of the analyzed genomes (39 or more taxa included
per protein family). Multiple-sequence alignment of each protein family
was performed using MUSCLE (default parameters) (33, 34), with the
masking of regions of poor alignment (length heterogeneous regions)
done using Gblocks (default parameters) (21, 116). All modified align-
ments then were concatenated into one data set. Tree building was per-
formed using FastTree (93). Support for generated lineages was estimated
using a modified bootstrapping procedure, with 100 pseudoreplications
sampling only half of the aligned protein sets per replication (standard
bootstrapping tends to produce inflated support values for very large
alignments). Local refinements to tree topology were attempted in in-
stances where highly supported nodes have subnodes with low support.
This refinement is executed by running the entire pipeline on only those
genomes represented by the node being refined (with additional sister
taxa for rooting purposes). The refined subtree then was spliced back into
the full tree.

(iv) Additional analyses. Various analyses were performed on selected
protein families, with most analyses, including sequence alignment (as
describe above) and phylogeny estimation. In all cases, trees were esti-
mated under parsimony in PAUP v.4.10 (Altivec) (115) and heuristic
searches with 500 random sequence additions holding 50 trees per repli-
cate. Singlemost parsimonious trees or consensus trees of equally parsi-
monious topologies were generated, with branch support assessed using
bootstrapping (a similar search strategy). In some cases, data sets also were
analyzed under maximum likelihood using Bayesian inference with the
program MrBayes v3.1.2 (59, 97). Two independent analyses from differ-
ent starting seeds were run for three million generations, with samples
taken every 1,000 generations throughout each analysis using four
Markov chains. All chains were kept at the same temperature, and all
branch lengths were saved throughout the analyses with flat priors imple-
mented. For tree building, burn-in values were determined by plotting log
likelihoods and tree lengths over sampled generations using the program
Tracer v1.4 (http://beast.bio.ed.ac.uk/Tracer). Ultimately, the first
250,000 generations from both analyses were discarded. The estimated
sample sizes for all likelihoods, trees, and model parameters from both
analyses were determined using Tracer to ensure that the MCMC proce-
dure was effectively sampling from the posterior distribution. Tree files
from parsimony and Bayesian analyses were used to draw trees using
PAUP.

All amino acid sequence comparisons were based on blastp results.
The nr database (including the GenBank, RefSeq Nucleotides, EMBL,
DDBJ, and Protein Data Bank databases) was used, coupled with a search
against the Conserved Domains Database. Searches were performed
across all organisms with composition-based statistics. No filter was used.
Default matrix parameters (BLOSUM62) and gap costs (existence, 11;
extension, 1) were implemented, with an inclusion threshold of 0.005.
The taxonomic distributions of blastp hits were graphically depicted as
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previously described (46). In some instances, all sequences within align-
ments were screened for possible signal peptides using SignalP v.3.0 (10)
and LipoP v.1.0 (65) servers. Potential transmembrane-spanning regions
were predicted using the transmembrane hidden Markov model
(TMHMM) v.2.0 server (92).

RESULTS AND DISCUSSION

Genome architecture. The assembled genome of REIS, consisting
of one chromosome and four plasmids, is an estimated 2,027,501
nucleotides (nt) long, with a total of 2,309 predicted open reading
frames (ORFs) (Fig. 1A). The proportion of ORFs with assigned
functions versus annotations as hypothetical proteins (HP) is con-
sistent with other Rickettsiales genomes. Split genes (84 genes
comprised of 217 ORFs) and predicted pseudogenes (148) reflect
genome decay that is typical of most Rickettsia genomes (see Table
S1in the supplemental material). However, unlike other Rickettsia
genomes, the REIS genome is dominated by ORFs encoding mem-
bers of the bacterial mobile gene pool, especially transposases
(TNPs) and related insertion sequence elements. This character-
istic of accessory genome plasticity is primarily what distinguishes
REIS from other sequenced Rickettsia genomes, and intriguingly it
establishes a novel evolutionary link between it and STG rickett-
siae.

Regarding stable RNA genes, several features typical of Rickett-
sia genomes are conserved in REIS: (i) the 5S and 23S rRNA genes
are separated from the 16S rRNA gene (2); (ii) the transfer-
messenger RNA (tmRNA) gene, which is circularly permuted like
other Alphaproteobacteria tmRNA genes (67), has alarge interven-
ing sequence between the coding (193 nt) and acceptor regions
(74 nt); and (iii) the RNaseP gene has an insertion sequence in the
region coding helix P12 of the mature RNA (54). The latter two
insertion sequences contain Rickettsia palindromic elements
(RPEs) (87), and these regions in REIS are highly divergent from
comparable regions in other Rickettsia genomes (81). The genes
encoding the signal recognition particle RNA (4.5S RNA) and
transcription-associated 6S RNA are conserved as in other Rick-
ettsia genomes, although the latter is present twice, as it is encoded
within a duplicated region of the genome that contains five ORFs
(coordinates 93946 to 101518 and 143906 to 148622) (Fig. 1B).
The REIS genome carries 33 tRNA genes, with a novel duplication
of tRNAPhe-GAA 3 duplication of tRNAAP-GTC that it shares
only with R. bellii genomes, and deletions of tRNAAR-GGC and
tRNAT®-CCA The two missing tRNA genes likely are present
within separate gaps of the assembly (see Table S2 in the supple-
mental material). Finally, we report the first occurrence of a group
II intron in a Rickettsia genome (discussed below), bringing the
total number of stable RNA coding genes to 45.

Chromosome. The assembled REIS chromosome is an esti-
mated 1,821,709 ntlong, with a total of 2,059 predicted ORFs (Fig.
1B, first and second rings). Unexpectedly, 29% of the predicted
ORFs on the chromosome do not have homologs within other
Rickettsia genomes. Because of the nature of the generated bacte-
rial DNA (see Materials and Methods), 109 gaps of estimated sizes
averaging 790 nt are present throughout the final scaffold (Fig. 1B,
third ring; also see Table S3 in the supplemental material). The
effect of these gaps on the calculation of the core Rickettsiaceae and
Rickettsia genomes and the determination of the degree of pseu-
dogenization in REIS versus other Rickettsia genomes is discussed
below.

An extraordinary 35% of the predicted ORFs on the chromo-

January 2012 Volume 194 Number 2

Insight on Obligate Intracellular Rickettsia

some can be classified as MGEs, comprised of TNPs, integrases
(INTs), phage-related ORFs, and other genes typically located on
plasmids (Fig. 1B, fourth ring). A specific MGE, named here
RAGE and previously detected in large numbers within the ge-
nomes of O. tsutsugamushi strains Boryong (23) and Ikeda (85),
alone accounts for 9% of the chromosome (Fig. 1B, fifth ring).
While several RAGE components are found scattered throughout
the chromosome and typically are associated with TNPs, seven
complete (or nearly complete) modules, encoding an F-like type
IV secretion system (F-T4SS) among other distinct features, are
found on the chromosome in regions of high coverage (labeled in
the fifth ring). The excessive proliferation of MGEs, particularly
the TNPs and RAGEs, have caused an excess of recombination
events throughout the REIS chromosome, resulting in minimal
synteny with other Rickettsia genomes (see Fig. S1 in the supple-
mental material) and a lack of an identifiable GC-skew plot and
trinucleotide skew typical of many bacterial genomes (data not
shown). Aside from MGE:s, several large recombination-mediated
duplications occur throughout the chromosome, and duplicate
regions across the chromosome and plasmids suggest multiple
independent invasions into the former by the latter (Fig. 1B, sixth
ring).

Plasmids. The REIS genome contains four distinct plasmids
(pREISI to pREIS4) (Fig. 1C), with 72% of encoded ORFs not
present in other Rickettsia genomes. While all four of the plasmids
contain RAGE components, notably genes encoding TraAl; and
TraD; (Ti indicates the plasmid pTi of Agrobacterium tumefa-
ciens) that process plasmid DNA prior to conjugation, only
pREIS1 and pREIS3 encode a complete cluster (RAGE p1 and p3),
bringing the total number of complete (or nearly complete)
RAGEs to nine in the REIS genome. pREIS1 and pREIS3 also
encode ProQ, a regulator of ProP proline/betaine transporters,
which are involved in osmoregularity and likely are critical for
adaptation to intracellular environments (118, 128). While proP
genes are widespread and proliferated in all Rickettsia genomes
(51, 88, 95), this is the first occurrence of proQ regulators. Two
adjacent ORFs encoding small heat shock proteins, which are
found on most rickettsial plasmids (8), are present on all plasmids,
except pREIS3, and are duplicated on pREIS4. Interestingly, a ho-
molog of yccA, with an integral membrane gene product that in-
hibits the FtsH protease and may be involved in the regulation of
apoptosis (120), is carried on pREIS1 and pREIS2 and has been
recombined to a region on the chromosome (coordinates 1803800
to 1806030). The recombination event has deleted the majority of
the yccA homolog on the chromosome, as well as the dihydrodi-
picolinate reductase gene (dapB) that is involved in the biosynthe-
sis of diaminopimelate (DAP) and lysine. Given that yccA is con-
served in all sequenced Rickettsiales genomes, the plasmid copies
may be critical for REIS survival. The pseudogenization of dapB
suggests that this gene is nonessential in REIS, which is consistent
with incomplete pathways for lysine biosynthesis and the ability
to synthesize DAP from asparate (without DapB) in other Rickett-
sia spp.

pREIS2 and pREIS4 encode several multigene regions, com-
prised mostly of pseudogenes, that have been transferred to vari-
ous regions of the chromosome. A group II intron, coupled with
an associated reverse transcriptase (RT), is present on pREIS2 and
three disparate regions on the chromosome (Fig. 1B and C). Ad-
ditional RTs (as well as genes encoding TraAl;, TraD.;, and
TNPs) flank these group I introns, although none of the modules
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A chromosome pREIS1 pREIS2 pREIS3 pREIS4
Size (bp) 1,821,709 55,147 66,811 49,883 33,951
ORF count 2059 59 83 43 65
% Non-hypothetical 76 73 82 58 62
% Hypothetical 24 27 18 42 38
Pseudogenes 201 7 4 2 18

Split ORFs 63 (175) 2(4) 1(2) 2 (4) 16 (32)
Other 138 5 3 0 2
% MGE 35 63 53 51 54
% TNP 26 20 43 7 37
% RAGE 9 42 10 44 17
Avg. gene length (nt) 689 825 651 1051 ND
RNAs 44 0 1 0 0
% GC 31 34 32 35 31
% Coding 78 89 80 90 ND
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FIG 1 Architecture of the REIS genome. (A) General statistics for the REIS chromosome and four plasmids (pREISI to pREIS4). For split genes, total
genes are shown with split ORFs in parentheses. (B) Characteristics of the REIS chromosome. The putative origin of replication, positioned at 12 o’clock,
was selected based on limited synteny with other SFG genomes (see Fig. S1 in the supplemental material). The outer black circle is a scale with coordinates
(in Mb) listed at 200-kb intervals. Six rings inside the scale are the following: plus (1)- and minus (2)-strand genes with core Rickettsia genes colored blue,
REIS singletons (not present in other Rickettsiaceae genomes) colored red, and all other genes colored gray; (3) 232 putative pseudogenes colored green
(see Table SI in the supplemental material) and gaps (109 total; see Table S3 in the supplemental material) in the assembly colored black; (4) mobile
genetic elements, including transposases, integrases, phage-related ORFs, and other genes typically encoded on plasmids colored turquoise; (5) RAGE
genes colored pink, with the location of the seven complete or nearly complete RAGE clusters illustrated (C, Be, F, D, A, E, and B); (6) regions of large-scale
duplication and recombination (joined by lines) and regions resulting from plasmid integration (boxed numbers 1 to 3). The ring’s six-color scheme is
the following (clockwise from the top): purple, duplication of five ORFs and the 6S RNA gene; brown, group Il intron and associated genes; black, six-gene
insert from pREIS4; burgundy, N-terminal region of rickA (N) joined to the duplicated C-terminal regions (C) (see Fig. S5 in the supplemental material);
magenta, four-gene duplication associated with RAGE-A and RAGE-B. (C) Main features of the four REIS plasmids. Duplicated regions within
pREIS2 and pREIS4 are depicted with pink shading. Multigene regions (described above) that have been transferred to the chromosome are within dashed
boxes. The color scheme depicts genes present on both the chromosome and plasmids (above line) and unique genes of the plasmids discussed in the
text.
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appear to be functional. The entire element shares little similarity
with group II introns from STG rickettsiae and Wolbachia spp.
and appears to be derived from distant nonproteobacterial ge-
nomes (data not shown). A stretch of three ORFs within the large
duplication on pREIS4 also has been transferred to the chromo-
some (Fig. 1B and C). This element is flanked by TNPs and con-
tains genes coding ProP, a stringent response regulator SpoT_H
(hydrolase domain), and an S-adenosylmethionine (SAM)-
dependent methyltransferase (type 11). Most of these ORFs are
split genes and pseudogenes; however, multiple homologs are
present throughout the REIS genome and the other Rickettsia ge-
nomes, suggesting a continual invasion of these ORFs via MGEs
such as conjugative plasmids. It was previously reported that
nearly half of the 68 ORFs encoded on the pRF plasmid of R. felis
strain URRWXCal2 have homologs on the R. felis chromosome
and the chromosomes of other Rickettsia genomes (47). The ob-
servations described here further support the incorporation of
ORFs from rickettsial plasmids into their resident chromosomes.

PREIS2 LGT. Plasmid pREIS2 contains two extraordinary re-
gions of lateral gene transfer (LGT) that are unknown from other
Rickettsia spp. but are recurrent among diverse obligate intracel-
lular bacteria. First, two copies of a cluster of genes encoding all six
enzymes involved in the conversion of malonyl-coenzyme A
(CoA) to biotin (75) are present within an inverted repeat com-
prising >25% of pREIS2 (Fig. 1C). This is the first report of an
entire biotin (bio) synthesis operon being encoded on a bacterial
plasmid, and the orientation of the bio genes is similar only in the
genomes of three obligate intracellular bacterial pathogens (Ne-
orickettsia risticii strain Illinois, N. sennetsu strain Miyayama, and
Lawsonia intracellularis strain PHE/MN1-00) and the divergent
cyanobacterium Cyanothece sp. strain ATCC 51142 (Fig. 2A).
Phylogeny estimation strongly supports a recent acquirement of
this bio operon in the genomes of REIS, Neorickettsia spp., and L.
intracellularis (also see Table S4 in the supplemental material). In
the Rickettsiales, strategies for biotin synthesis/acquisition are
quite variable (30, 49). Ehrlichia spp. and Anaplasma spp. encode
five of the six enzymes (lacking bioH) and likely have an unknown
mechanism for the hydrolysis of methyl ester from pimeloyl-ACP
(Fig. 2A, inset). In contrast, Wolbachia spp. encode none and Rick-
ettsia spp. encode only one (bioC) of the bio synthesis enzymes;
however, a BioY importer is encoded by these genomes, suggest-
ing that the import of host biotin has fostered the deletion of the
bio genes. Interestingly, all of the bio synthesis genes, as well as the
bioY gene, are absent from the STG rickettsial genomes, which is
consistent with the lack of several genes coding for biotin-
dependent enzymes (data not shown). Even the biotin ligase-
encoding birA gene, which is universal in Rickettsiales genomes, is
absent from STG rickettsial genomes. Thus, while a unique bio
operon exists in the Rickettsiales mobilome and likely has been
incorporated and stabilized into at least the Neorickettsia ge-
nomes, the necessity for biotin utilization may not be a defining
characteristic of these bacteria. The presence of both bioY and two
copies of the bio operon in REIS is staggering, indicating a poten-
tial functional redundancy for biotin utilization.

The second LGT event on pREIS2 comprises a sequence of
seven genes that are arrayed in the same configuration as in the
WO-B prophage of several Wolbachia genomes (Fig. 2B). This
region of WO-B originally was predicted to contribute to
Wolbachia-host interactions (130). It encodes two divergent
L-allo-threonine aldolases (LtaE) involved in glycine biosynthesis,
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an ATP-binding multidrug resistance transporter (MdIB), a
phytanoyl-CoA dioxygenase (PhyH) involved in antibiotic syn-
thesis, a nucleoside-diphosphate-sugar epimerase (WcaG) in-
volved in lipopolysaccharide (LPS) biosynthesis, and two curious
ORFs resulting from gene fusions (KWG-OMeT and GT1-SAM).
KWG-OMeT consists of an N-terminal KWG repeat domain
fused to a C-terminal SAM-dependent O-methyltransferase (type
2) domain, while GT1-SAM comprises an N-terminal glycosyl-
transferase (type 1) domain fused to a C-terminal radical SAM
domain (see Fig. S2 in the supplemental material). LGT recently
was proposed for the distribution of these seven genes in REIS and
most sequenced WO-B-harboring Wolbachia genomes (60). Our
analysis revealed two novel findings further strengthening this
claim. First, three of the ORFs in this cluster (PhyH, KWG-OMeT,
and GT1-SAM) share strong homology with the halophilic myxo-
bacterium Haliangium ochraceum strain DSM 14365 (Deltapro-
teobacteria) (42). All three of these ORFs are contiguously arrayed
in the H. ochraceum genome (61), and the gene fusions KWG-
OMeT and GT1-SAM were not detected in any other organism
(see Fig. S2). Second, three adjacent genes in the WO-B prophage
also likely have been transferred between REIS and WO-B-
harboring Wolbachia genomes: a SAM transporter (EamA), a
UDP-glucose 6-dehydrogenase (Ugd) involved in outer mem-
brane and LPS biosynthesis, and a glycerol-3-phosphate (G3P)
transporter (GlpT). While these genes are scattered throughout
the genomes of REIS and other Rickettsia spp., they share the same
degree of homology and a phylogenetic signal with WO-B-
harboring Wolbachia spp. similar to that of the genes described
above (see Fig. S2). Collectively, the combined 10 genes of this
MGE-facilitated cluster have functions in SAM acquisition
(EamA) and utilization (KWG-OMeT and GT1-SAM), drug ef-
flux (MdIB) and biosynthesis (PhyH), metabolite scavenging
(GIpT) and biosynthesis (LtaE), and cell surface polysaccharide
modification (WcaG and Ugd). Three of these LGT products
(EamA, Ugd, and GIpT) have become mainstays of Rickettsia spp.
genomes (discussed below).

Phylogenomics. REIS has the largest sequenced genome of the
15 diverse Rickettsia taxa (Fig. 3A). The combined 2,309 ORFs
found on the REIS chromosome and four plasmids are 797 more
than the next largest Rickettsia genome, R. felis (1,512 ORFs). With
the smallest Rickettsia genomes of the typhus group (TG) rickett-
siae having an average of 836 ORFs, REIS is exceptional in having
an accessory genome of nearly twice the size of TG rickettsial ge-
nomes. Despite a large portion of the accessory genome encoding
singletons (32%) and MGEs (52%) (Fig. 3B, inset), the base com-
position of the REIS genome is typical of other Rickettsia genomes.
This suggests that LGT products are mostly from organisms with
AT biases similar to those of rickettsiae, or that rapid conversion
to ~31% GC has occurred in the majority of transferred MGEs. A
slightly higher %GC of the pREIS plasmids is typical of other
Rickettsia genomes harboring plasmids and can be attributed to
the extreme AT bias of the intergenic regions of the chromosome
(data not shown), which comprise an unusually large portion of
Rickettsia genomes and likely are graveyards for pseudogenes (3).

Core genome. Despite this expanded accessory genome that is
atypical of Rickettsia spp., REIS shares 468 protein families with 15
Rickettsiaceae genomes and an additional 166 protein families
with 13 other Rickettsia genomes (Fig. 3B, inset; also see Fig. S3 in
the supplemental material). Eighteen additional protein families
were conserved in all sampled Rickettsia genomes except REIS (see
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FIG 2 Two regions of lateral gene transfer (LGT) on pREIS2. (A) LGT of a biotin (bio) operon between the obligate intracellular bacteria REIS, Neorickettsia spp.,
and Lawsonia intracellularis (noted with a red star at the root). Phylogeny was estimated from the concatenation of six bio genes (bioC, bioH, bioF, bioA, bioD, and
bioB; see Table S4 in the supplemental material) from 39 diverse bacteria across seven major taxonomic groups (see the color scheme in the inset at the bottom
left; only taxonomic groups above the line are represented in the tree). The schema at the right show the gene order and coding strand for all bio genes per genome,
with breaks in black bars denoting noncontiguous genes. The contiguous arrays of all six bio genes in REIS, Neorickettsia spp., Lawsonia intracellularis, and
Cyanotheca sp. strain ATCC 51142 are shaded and denoted with an asterisk (see the text for further details). Gene color is described in the inset at the bottom right,
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Table S2 in the supplemental material). Several of these genes
likely are important for rickettsial biology, encoding proteins in-
volved in translation (GatB and Rim]J), protein processing (SecE,
ClpX, and HtrA), general metabolism (DapB, HemB, andFni), cell
envelope biosynthesis (GpsA and RIpA), RNA regulation (HipB
and Rbn), and DNA repair (UvrC). The function of the remaining
ORFs is unknown (n2B ATPase, DUF2532, COG3671, DUF461,
and DUF2674). For 12 of these 18 coding sequences (CDS; those
except DUF461, ClpX, Rim]J, Rbn, n2B, and Fni), ORFs of variable
lengths were detected within the WGS reads using R. rickettsii
strain Iowa homologs, suggesting that they were not included in
the assembly. However, the insertion of TNPs and larger multi-
gene MGEs, as well as TNP-mediated recombination, could ac-
count for the deletion or disruption of all but five of these con-
served ORFs (GatB, SecE, HtrA, RlpA, and COG3671; see Table S2
in the supplemental material). If they are true pseudogenes, the
determination of possible roles these genes play in the ability of
other Rickettsia spp. to invade vertebrate cells and cause host
pathogenesis is an important avenue for future research.

Phylogeny. Robust phylogeny estimation suggests that REIS is
the earliest branching lineage of the SFG rickettsiae (Fig. 3B). The
REIS genome shares more protein families with R. felis of the TRG
rickettsiae than with its closest relative in the SFG rickettsiae, R.
massiliae (see Table S5 in the supplemental material), further sup-
porting its phylogenetic position. Most of the duplicate REIS
ORFs are MGEs and have homologs in the larger Rickettsia ge-
nomes (R. bellii, R. felis, and R. massiliae), suggesting the ongoing
transfer of these MGEs or their gradual decay in relation to the
more streamlined Rickettsia genomes. The presence of plasmids in
these genomes is likely an indication that LGT is an active process
sculpting genomic diversity in Rickettsia spp. (8).

Since the initial discovery of a rickettsial plasmid (pRF of R.
felis) (90), a diversity of plasmids has been uncovered in various
Rickettsia species (6-8). Plasmids also have been identified in
many poorly characterized Rickettsia species associated primarily
with phytophagous arthropods and nonarthropod hosts (121).
However, prior to this report, only the genomes of R. bellii and R.
massiliae were known to encode full F-T4SSs likely involved in the
spread of rickettsial plasmids. Thus, rickettsial genomes harboring
plasmids, yet without a complete F-T4SS, either are incapable of
transferring plasmids or use an alternative mechanism for conju-
gation, such as transduction or the conserved Rickettsiales vir ho-
molog (rvh) P-like T4SS (46, 48). The analysis of common protein
families across all four pREIS plasmids, as well as five additional
rickettsial plasmids (pRF of R. felis, pPRM of R. monacensis, pPRMA
of R. massiliae, pRPR of R. peacockii, and pRFA of R. africae),
identified 40 genes present at least once on multiple rickettsial
plasmids (see Table S6 in the supplemental material). The most
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commonly occurring genes encode proteins involved in plasmid
maintenance and stability (parA and dnaA), protein structure
maturation (ibpA and hsp), conjugation (traAl;), gene regulation
(HTH_Xre family), and gene mobilization (rve; several TNPs and
DNA INTs). Of note, pREIS1 and pREIS3 contain two additional
RAGESs, suggesting that this MGE is a member of the integrative
conjugative element (ICE) family spread by diverse plasmids of
the bacterial mobile gene pool (16, 24). Importantly, because sev-
eral of the plasmid genes are present on the chromosomes of rick-
ettsial genomes, the use of single genes to estimate rickettsial phy-
logeny requires the careful consideration of the evolutionary
trajectory of said genes. The phylogeny estimate we present is
robust, in that vertically transmitted genes shared with sampled
outgroup proteobacteria were selected for inference (see Fig. S4 in
the supplemental material).

REIS shares two signature characteristics of SFG rickettsiae,
including a pseudogenized RalF gene and a RickA gene. RalF en-
codes a eukaryotic Sec7 domain that is known in prokaryotes only
from some Rickettsia and Legionella spp. (25). In Legionella, RalF is
a characterized Dot/Icm I-like T4SS effector, functioning as a gua-
nine nucleotide exchange factor that recruits ADP ribosylation
factor to occupied phagosomes. This process aids Legionella spp.
in the ability to replicate free from the host immune system and
subvert vesicular trafficking (84). Like other SFG genomes (52),
the REIS RalF ORF lacks the N-terminal Sec7 domain and associ-
ated central Sec-7-capping domain, containing only the Pro-rich
C-terminal tail (data not shown). RickA, a protein considered to
activate host Arp2/3 complexes resulting in actin nucleation (52,
64), has been implicated in the intercellular spread of some rick-
ettsiae (58). The protein lacks predicted transmembrane regions
and a sec secretion signal (data not shown), yet it is localized to the
bacterial surface (53), suggesting that it is secreted via the rvh T4SS
(52). The rickA gene in REIS is interrupted by TNP ISPg3 insertion
at the C-terminal region of the ORF (see Fig. S5 in the supplemen-
tal material). Homologous recombination between similar ISPg3
sequences resulted in a large genome rearrangement separating
the C-terminal region from the remaining ORF. This C-terminal
fragment was duplicated along with five additional gene rem-
nants. Thus, rickA of REIS likely is inactive, possibly preventing
host cell actin polymerization. However, recent studies suggest
that rickA expression alone does not suffice for actin polymeriza-
tion (9, 35), and evidence from host cell actin tail composition
suggests that other bacterial factors are involved in intercellular
mobilization (56, 106). One of these, rickettsial surface cell anti-
gen 2 (Sca2), recently has been characterized as a formin-like me-
diator of actin-based motility in R. parkeri (SFG rickettsiae) (56).
Like rickA, sca2 of REIS is a pseudogene (K. T. Sears et al., submit-
ted for publication).

which illustrates the recent amendment to the biotin synthesis pathway (75). (B) LGT of a 10-gene region between the prophage WO-B of the Wolbachia
endosymbiont of Drosophila melanogaster (wMel) and REIS. EamA, S-adenosylmethionine (SAM) transporter; Ugd, UDP-glucose 6-dehydrogenase; GlpT,
glycerol-3-phosphate transporter; LtaE, low-specificity L-threonine aldolase; MdIB, ATP-binding multidrug resistance transporter; PhyH, phytanoyl-CoA
dioxygenase; KWG-OMeT, N-terminal KWG repeat domain fused to C-terminal O-methyltransferase (type 2) domain; GT1-SAM, N-terminal glycosyltrans-
ferase (typel) domain fused to C-terminal radical SAM domain; WcaG, nucleoside-diphosphate-sugar epimerase. The MdIB ORF is colored blue and is included
in the estimated phylogeny shown in Fig. 6. The two domain fusion proteins are colored red and were detected as contiguous ORFs in only one other bacterial
genome, Haliangium ochraceum (KWG-OMeT, YP_003265293; GT1-SAM, YP_003265292). The two transposases (TNPs) flanking the pREIS2-carried ORFs are
colored yellow. Orthology across REIS and wMel genes is shown with green shading, with percent similarity listed for each comparison. Dashed lines connect each
gene with a graphical depiction of the top 100 Blastp subjects using the REIS sequences as queries. The taxonomic color scheme is the same as that in the inset in
panel A, with taxa listed from top to bottom (Firmicutes to Archeae) depicted clockwise starting at 12 o’clock on the graphs. Dashed white lines distinguish the
Rickettsiales subjects from the remaining Alphaproteobacteria. Additional information pertaining to this region is found in Fig. S2 in the supplemental material.
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A Genome Accession Size (bp) GC% CDS
Ancestral Group
R. bellii RML369-C NC_007940 1,522,076 31.7 1,429
R. bellii OSU 85-389 NC_009883 1,528,980 31.6 1,476
R. canadensis McKiel NC_009879 1,159,772 311 1,093
R. prowazekii Madrid E NC_000963 1,111,523 29.0 834
R. prowazekii Rp22 CP001584 1,111,612 29.0 864
R. typhi Wilmington NC_ 006142 1,111,496 28.9 838

Transitional Group
R. felis URRWXCal2

chromosome NC_007109 1,485,147 32.5 1,444
pRF NC_007110 62,829 33.6 68
R. akari Hartford NC_009881 1,231,060 32.3 1,259

Spotted Fever Group

REIS
chromosome NZ_CMO000770 1,823,326 30.6 2,059
pREIS1 NZ_CMO000771 55,147 34.4 59
pREIS2 NZ_CMO000772 66,811 321 83
pREIS3 NZ_CMO000773 49,883 34.9 43
pREIS4 NZ_GG688316 33,951 31.4 65
R. monacensis IrR/Munich
pRM NC_010927 23,486 31.8 26
R. massiliae MTU5
chromosome NC_009897 1,360,898 325 1,180
pRMA NC_009900 15,286 314 12
R. peacockii Rustic
chromosome NC_012730 1,288,492 32.5 1,363
pRPR NC_012732 26,406 34.6 20
R. rickettsii Shelia Smith NC_009882 1,257,710 32.5 1,345
R. rickettsii lowa NC_010263 1,268,175 324 1,384
R. conorii Malish 7 NC_003103 1,268,755 324 1,374
R. sibirica 246 NZ_AABWO01000001 1,250,021 32.5 1,083
R. africae ESF -5
chromosome NC_012633 1,278,540 32.4 1,112
pRAF NC_012634 12,377 334 11
B R. rickettsii str. Sheila Smith
CcDS % MGE R. rickettsii str. lowa
CORE R. peacockii str. Rustic
Rickettsiaceae 468 0 R. africae str. ESF 5§
Rickettsia 156 0 R. sibirica str. 246 SFG
R. conorii str. Malish 7
ACCESSORY R. massiliae str. MTUS
Unique 739 61.2
Non-conserved 836 50.6 R. akari str. Hartford I TRG

R. felis str. URRWXCal2

Rickettsia
———— - - - R. canadensis str. McKiel |
- —eeemw | 09 Ly R. bellii str. OSU 85 389 AG
Rickettsiaceae |-CIIIIIII R. bellii str. RML369-C

- - O. tsutsugamushi str. lkeda
- - 0. tsutsugamushi str. Boryong STG

0.1 substitutions per site

FIG 3 Rickettsia phylogenomic analysis. (A) Genome statistics for 15 complete Rickettsia genomes and the sequenced plasmid of R. monacensis (7). Statistics were
computed from the PATRIC web site (50, 109). Rickettsia spp. are classified according to previous studies (47, 51). The REIS chromosome and plasmids are
shaded gray. (B) Phylogeny estimated from 191 concatenated protein alignments (see Materials and Methods for details). STG, scrub typhus group; AG, ancestral
group; TG, typhus group; TRG, transitional group; SEG, spotted fever group. The inset illustrates brief results of orthologous group (OG) clustering of 2,309 total
predicted REIS ORFs across 16 Rickettsiaceae genomes (see Materials and Methods for details). In green, the percentage of mobile genetic elements per OG
category is provided. The complete distribution of OGs across all genomes is provided in Fig. S3 in the supplemental material.
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Comparison to a nonpathogen. The recently sequenced ge-
nome of R. peacockii strain Rustic provided insight into possible
factors involved in rickettsial colonization and pathogenesis of
vertebrate host cells (36). R. peacockii, with a lineage close to that
of R. rickettsii in the SFG rickettsia (Fig. 3B), causes no known
pathogenicity in mammals or its tick (Dermacentor spp.) hosts,
and its genome contains 42 copies of the ISRpel transposon that
have facilitated a loss of synteny with other SFG rickettsiae via
extensive ISRpel-mediated homologous recombination. The
ISRpel transposon was originally identified in R. peacockii as the
possible factor abolishing actin polymerization, as its insertion
point truncates rickA (108). We analyzed the characteristics of 50
genes across 15 Rickettsia genomes that were reported as deleted or
mutated in the R. peacockii genome (see Fig. S6 in the supplemen-
tal material). Less than half of these genes (22) likely were verti-
cally inherited from Alphaproteobacteria ancestors, and only five
of the genes are conserved in all other Rickettsia genomes (SAM-
methyltransferase [COGO0500], SAM-dependent methyltrans-
ferase with a tetratricopeptide repeat domain, HP with a
COG3264 N-terminal domain, coproporphyrinogen III oxidase,
and thioredoxin DsbA). This suggests that the majority of these
pseudogenized ORFs in R. peacockii are constituents of the hyper-
variable Rickettsia accessory genome that is dominated by MGEs
and genes for cell surface structures, most of which are either
dispensable or involved in species-specific functions with their
hosts (43).

Three of the R. peacockii pseudogenes were conserved in all
genomes except REIS: n2B ATPase, HP with an N-terminal
alanyl-tRNA synthetase domain (HP_N-AlaS), and phosphati-
dylethanolamine transferase (YhbX) (see Fig. S6 in the supple-
mental material). In REIS, n2B is deleted by a TNP (mutator
family)-mediated recombination event, while a premature stop
codon truncated the gene in R. peacockii. HP_N-AlaS is inter-
rupted by IS200 transposon (TNP_17 superfamily) insertion in
REIS, while an ISRpel transposon insertion deletes part of the
gene in R. peacockii. Finally, YhbX, which was suggested to play a
role in LPS assembly in Rickettsia (36), contains frameshift muta-
tions in both REIS and R. peacockii genomes. These shared muta-
tions between two bona fide nonpathogenic Rickettsia species lend
insight into potential factors involved in rickettsial virulence. Im-
portantly, we note that mutational events affecting these genes
have occurred as independent events. Indeed, the analysis of the
distribution of the ISRpel transposon across all Rickettsia ge-
nomes suggests that it is a minor player in the rampant prolifera-
tion of MGE:s in the REIS genome (see Fig. S7 in the supplemental
material). Despite footprints of at least seven transposition events,
only one full-length ISRpel transposon is encoded in the REIS
genome, and the flanking terminal inverted repeat sequence is
degraded (data not shown). Collectively, the mechanisms under-
lying genome shuffling and gene degradation in REIS and R. pea-
cockii likely are evolutionarily independent, although several
shared pseudogenes hint at a common inability to establish infec-
tion in vertebrate hosts.

Accessory genome. A substantial degree of LGT has shaped the
REIS accessory genome (Fig. 4). Of 1,664 REIS proteins of the
accessory genome, 46% have closest homologs in non-Rickettsia
genomes (Fig. 4A). More than half (54%) of these proteins are
most similar to counterparts in one of five distantly related bacte-
rial species, with two of these species having an intracellular life-
style: Legionella pneumophila strain Paris and O. tsutsugamushi
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strain Boryong. The larger Rickettsia genomes, namely, R. bellii
and R. felis, were demonstrated previously to share genes with
Legionella spp. (89, 90), although the amount of similar genes (127
OREFs) shared between REIS and L. pneumophila strain Paris is far
greater. The common accessory genes shared between STG rick-
ettsial genomes and REIS is not as unexpected given the close
phylogenetic relationship of species from Orientia and Rickettsia;
however, the lack of this amount of shared MGEs between Orien-
tia spp. and any other Rickettsia genomes suggests novel LGT
events between these genomes (discussed below). The three other
bacteria species with a significant number of best blastp hits to
REIS proteins of the accessory genome are distantly related taxa:
Geobacter uraniireducens strain Rf4 (Deltaproteobacteria), Micros-
cilla sp. strain PRE1 (Bacteroidetes), and Microcystis aeruginosa
strain PCC 7806 (Cyanobacteria). Of note, Microcystis aeruginosa
genomes are highly plastic and TNP enriched compared to other
cyanobacterial genomes (39, 66).

Distinguishing between accessory genes that encode MGEs and
those encoding other proteins reveals a substantial bias toward
MGEs, particularly TNPs (Fig. 4B; also see Table S7 in the supple-
mental material). Nearly 80% of the REIS accessory genome en-
codes MGEs, and 68% of these MGEs have best blastp hits to the
five taxa described above. Only 2 of 414 sequences from these five
taxa are non-MGE, and 98% are TNPs (and related derivatives) as
opposed to being components of the RAGE (Fig. 4B, pie chart at
the left). The most commonly occurring TNPs form four major
groups, 1S4 (n = 49), IS200-TNP17 (n = 86), IS4-TNP11 (n =
54), and rve-COG3335 (n = 43), with a substantial amount of
similarity between most members within each group (see Fig. S8
in the supplemental material). Indeed, roughly half of the REIS
TNPs are singletons or duplicated singletons (see Table S8 in the
supplemental material), yet given the similarity of these ORFs to
homologs in other diverse bacterial species, it is likely that multi-
ple independent invasions occurred in the REIS genome, and that
subsequent homologous recombination across proliferated TNP
families has facilitated the scrambled gene order in REIS relative to
that in other Rickettsia genomes. This is clear in visualizing the
density of repetitive sequences per genome, as REIS is much more
similar to STG rickettsial genomes in this capacity than to its
closer relatives R. bellii and R. massiliae (Fig. 4C).

Of the remaining TNPs with homologs present in other Rick-
ettsiaceae genomes (311), none of the REIS TNPs are found in a
conserved distribution (see Table S8 in the supplemental mate-
rial). These MGEs represent 40% of the total REIS genes in the
nonconserved protein families, with genomes of STG rickettsiae,
TRG rickettsiae, and R. massiliae encoding substantially more ho-
mologs than the remaining Rickettsiaceae genomes (see Fig. S9 in
the supplemental material). Thus, there is some phylogenetic cor-
relation, as well as correlation with genome size, underlying TNP
abundance in REIS and other rickettsial genomes. This is sup-
ported by a greater number of shared syntenic regions between the
genomes of REIS and R. massiliae, as opposed to REIS versus R.
bellii, for example (Fig. 4D). However, the predominance of
shared TNPs between REIS and the STG rickettsial genomes, as
well as a recent exchange of RAGEs between REIS and R. bellii
(Fig. 4D, encircled region), strongly allude to a highly plastic REIS
accessory genome overlaying a typical core rickettsial genome.

RAGE. The most unexpected discovery within the REIS ge-
nome was the presence of numerous RAGEs. These MGE:s origi-
nally were identified in the O. tsutsugamushi strain Boryong ge-
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nome as being essentially two separate units, one comprised of
F-T4SS genes (tra) and another composed of tra-associated genes,
including those encoding histidine kinase (HK), ankyrin repeat
(AR), and tetratricopeptide (TPR) domains (23). While highly
proliferated, no complete copy of either unit was identified, and
many genes within these units were indicative of pseudogeniza-
tion. A similar pattern was observed in the O. tsutsugamushi strain
Ikeda genome, although the authors used the proliferated ele-
ments to reconstruct a hypothetical complete element called
OtAGE (O. tsutsugamushi amplified genetic element) (85). The
sequence and gene order of the tra genes were similar to those of
the F-T4SS clusters encoded by the genomes of R. bellii and R.
massiliae; however, the tra-associated genes were noted as being
variable across the Orientia and Rickettsia elements. This, com-
bined with several different families of INTs associated with the
OtAGE, led Nakayama et al. to hypothesize that multiple inva-
sions of these elements occurred in the Rickettsiaceae genomes,
and that these elements are best characterized as members of the
ICE family (16, 24).

F-T4SS. Unlike STG genomes, the REIS genome encodes mul-
tiple intact RAGEs (Fig. 5). The structure of the F-T4SS genes
throughout the nine largest RAGEs is highly similar to the ele-
ments of the STG genomes and R. bellii and R. massiliae (Fig. 5A).
The RAGE T4SS genes can best be described as an amalgamation
of tra-like genes similar to those encoded on the F plasmid (73)
and two genes (traAl; and traD;) encoded on plasmid Ti of Agro-
bacterium tumefaciens (127). TraAly; is a multidomain protein
containing a TraA-like MobA/MobL DNA mobilization domain
coupled with the Tral;-like helicase/nickase domains. TraAly; is
thus a relaxase and is likely associated with plasmid transfer in
Rickettsia spp., an observation supported by the presence of
traAlp; on several of the Rickettsia plasmids (see Table S6 in the
supplemental material). This large ORF corresponds to two
smaller genes in the RAGEs of STG genomes, which to date have
not been shown to harbor plasmids. The junction of the F-like and
Ti-like conjugative T4SS genes across all RAGEs is highly variable,
with the insertion of phage-like, TNPs, and other cassettes (dis-
cussed below) being common. The presence on pREISI and
PREIS3 of two additional RAGE clusters suggests that this MGE is
a member of the ICE family (16, 24) and likely utilizes diverse
plasmids of the bacterial mobile gene pool for dispersal. Impor-
tantly, this is the first report that the whole RAGE can insert and
mobilize on rickettsial plasmids.

F-T4SS associated genes. Like their STG rickettsial counter-
parts, the REIS RAGEs contain a variable stretch of genes associ-
ated with the F-T4SS genes that flank traD; (Fig. 5B). Similar
genes in this region across all Rickettsiaceae RAGEs include those
encoding a DNA methyltransferase (D12 class N6 adenine spe-
cific), a PolC-like DNA helicase, stringent response hydrolases
(SpoT_H) and synthetases (SpoT_S), and proteins containing HK
and TPR domains. Unlike STG genomes, this region in the Rick-
ettsia RAGEs does not encode AR domain-containing genes, and
the HK domain-encoding genes are not duplicated in cassettes.
Along with RAGE-E of REIS, the RAGEs of R. bellii and R.
massiliae inserted into the tRNAVa-GAC gene that flanks the cytidyl
kinase-encoding gene (cmk). cmk is deleted from the genomes of
STG rickettsiae, and the proliferated nature of the RAGE in these
genomes prevented an accurate location of the insertion foci
(85). Other tRNA genes of REIS, including tRNAVa-TAC and
tRNAASP-GTC have served as insertion sites for RAGEs (Fig. 5B),
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and the presence of at least seven divergent RAGE-associated INT
genes suggests multiple invasions of these elements into the ge-
nome. The lack of INTs in the two plasmid-encoded RAGEs sug-
gests that these particular elements are not capable of further
transmission but likely can contribute to recombination with
other chromosomally encoded RAGEs.

RAGE evolution. The phylogeny estimation of the F-T4SS
proteins from 13 Rickettsia RAGEs suggests that the REIS RAGEs
are highly divergent and are the products of multiple genomic
invasions (Fig. 5C). This is exemplified by REIS RAGE-Be and the
RAGEs of R. bellii, which are extraordinarily similar despite the
limited colinearity of genes across these genomes (Fig. 4D). A
similar pattern of high similarity across the RAGEs of R. massiliae
and R. bellii was previously observed and attributed to LGT be-
tween these diverse Rickettsia species (14); however, it is evident
from our analysis that RAGE-C of REIS is the closest element to R.
massiliae, with several other elements (RAGE-D and RAGE-E)
separating this group from the highly similar RAGE-Be and the
RAGEs of R. bellii (Fig. 5C). Phylogeny estimation of the individ-
ual RAGE proteins further suggests multiple genomic invasions of
divergent RAGEs (see Fig. S10 in the supplemental material).
Counter to this observed divergence across the F-T4SS genes of
REIS RAGEs, the F-T4SS genes of the STG rickettsial RAGEs were
demonstrated to be highly similar to one another, prompting Cho
et al. to propose that gene conversion has kept the proliferated
RAGE:s static in these genomes (23). These discordant evolution-
ary pressures on RAGEs encoded in STG genomes versus Rickett-
sia genomes may reflect their neofunctionalization in the former
versus the latter, with a possible role in shaping antigenic variation
in scrub typhus populations. There also may be a drive for gene
conversion in STG RAGE:s to ensure the formation of at least one
functional F-T4SS, although the lack of any identified plasmids in
O. tsutsugamushi strains doesn’t support the need for a function-
ing conjugative T4SS. Despite the possibility that the REIS RAGEs
are mosaics resulting from recombination across the duplicate
copies, the observed divergence between different elements and
the presence of complete copies on two plasmids leads us to con-
clude that multiple genomic invasions have occurred (Fig. 5C).

Evolutionary implications. Surprisingly, the proliferation of
MGEs in the REIS genome has had a minimal impact on the inac-
tivation of genes conserved in other Rickettsia genomes (see Table
S9 in the supplemental material). Aside from rickA (discussed
above), a few exceptions are noteworthy. Several genes encoding
components of the rvh P-T4SS, which is highly conserved in Rick-
ettasiales (48), are split or truncated relative to their counterparts
in other genomes. Of the 18 rvh T4SS genes conserved in Rickettsia
genomes (46), eight are problematic in REIS (rvhBI, rvhBéa,
rvhB6b, rvhB6c, rvhBée, rvhB9b, rvhB10, and rvhD4). Despite be-
ing a mainstay in Rickettsia genomes, no substrates of the rvi T4SS
have been identified to date, thus the effects of these possible pseu-
dogenes are difficult to predict. gppA (encoding guanosine
pentaphosphate phosphohydrolase), a gene flanking the rvh sub-
strate recognition particle (rvhD4) in all Rickettsia genomes, also is
pseudogenized in REIS. This likely affects the efficiency of the
stringent response in REIS. Two genes encoding metabolic en-
zymes involved in phospholipid biosynthesis (GpsA) and SAM
formation from methionine and ATP (MetK) are pseudogenized
in REIS, yet as described above, the genes glpT and eamA (both
LGT products) encode transporters for the uptake of these metab-
olites from the host. Finally, REIS does not encode the repertoire
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of rickettsial surface cell antigens typical of SFG rickettsial ge-
nomes (13). Specifically, relative to other SFG genomes, sca0
(rompA), sca2, and sca5 (rompB) all are pseudogenes, sca4 is trun-
cated with additional copies on plasmids pREIS1 and pREIS3, and
various other rickettsial surface cell antigens are partially or en-
tirely encoded or are completely absent (see Table S9 in the sup-
plemental material) (104). Interestingly, a complete Sca5 protein
is available in GenBank from a “rickettsial endosymbiont of I.
scapularis” (ABQ57416), suggesting either misassembly due to
low sequencing coverage or natural variation within the REIS
population at the sca5 locus. The generation of additional se-
quences will be needed to validate these putative pseudogenes, as
well as to fortify the species limits and pangenome of REIS.

In addition to the variability in gene content flanking their
F-T4SS components, the RAGEs can serve as hotspots for multi-
gene insertions. This was shown originally for the RAGE within
the R. massiliae genome, which contains a 15-gene insert between
traAl;; and traD; (14). Thus, the RAGE can serve a piggybacking
role, acting as a vehicle for the dissemination of the bacterial mo-
bilome. A staggering 18-gene insert in RAGE-A of REIS illustrates
this point (Fig. 6). In RAGE-A, the region between the F plasmid-
like and Ti plasmid-like F-T4SS genes served as a hot spot for the
integration of an element dominated by components typical of
Gram-positive aminoglycoside antibiotic biosynthesis (AGAB)
gene clusters (107) (Fig. 6A). Eleven genes in this insert are highly
similar to those of kanamycin and gentamicin biosynthetic gene
clusters (69) found in some Actinobacteria and Firmicutes ge-
nomes (see Table S10 in the supplemental material). To our
knowledge, this is the first report of such genes within a Rickett-
siales genome, and the significance of their insertion into a non-
pathogenic Rickettsia species awaits experimental determination.
This anomalous insert also contains three internally arrayed genes
uncharacteristic of AGAB gene clusters that encode (i) an unchar-
acterized component of the ABC-type transport system, (ii) one of
two divergent type 2-like nucleotide transporters (Tlc-2-like), and
(iii) a LuxR-like transcriptional activator (see Fig. S11 in the sup-
plemental material). Importantly, this is the first demonstration
in Rickettsia spp. of tlc genes associated with MGEs, and it fortifies
the dogma for the dispersal of these genes across diverse intracel-
lular bacteria (101). Also located internally within the AGAB clus-
ter is a gene encoding an uncharacterized multidrug resistance
transporter (MdIB) highly homologous to the mdIB gene located
within the prophage WO-B of plasmid pREIS2 (Fig. 2B). Includ-
ing a third mdIB gene conserved in all Rickettsia genomes, this
multigene family is present in a diverse array of intracellular bac-
terial species and has a common origin relative to homologs from
extracellular species (Fig. 6B). This strongly suggests that these
transporters are important components of the intracellular life-
style. Finally, a second copy of the G3P importer gene (glpT),
which is also a component of WO-B (Fig. 2B), is located upstream
of the AGAB genes. This illustrates a stunning commonality in
gene content across diverse MGEs of the intracellular mobilome.

While rampant invasion by MGEs has equipped REIS with
dozens of genes unknown from other Rickettsia genomes, it is
likely that similar elements seeded the ancestral rickettsiae with
genes that have become mainstays, functioning primarily in
aiding these bacteria in survival within a eukaryotic cellular
niche (Table 1). All of these genes have strong support as prod-
ucts of LGT and are present in unrelated intracellular bacterial
species. For example, many of these genes were recently dem-
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onstrated to have highly similar homologs in the genome of the
distantly related deltaproteobacterium “Candidatus Amoebo-
philus asiaticus” (102) (see Table S11 in the supplemental ma-
terial). In Rickettsia spp., several of these LGT products have
become duplicated and proliferated, including those encoding
Tlc nucleotide transporters (see Fig. S11 in the supplemental
material), SpoT stringent response regulators (see Fig. S12 in
the supplemental material), ProP osmoregulatory proteins (see
Fig. S13 in the supplemental material), and AmpG permeases
involved in peptidoglycan recycling and beta-lactamase induc-
tion (see Fig. S14 in the supplemental material). Their expan-
sion into multigene families suggests a strong selection on their
retention in Rickettsia genomes, and their association with
MGESs implies that a rich source for further diversification via
LGT is present in the mobilome. Importantly, while REIS
shows evidence of pseudogenization for several putative viru-
lence factors characterized for pathogenic species of Rickettsia
(discussed above), there is strict conservation in the genes
identified here as being essential for an intracellular lifestyle.

Conclusions. The analysis of the genome sequencing of I
scapularis revealed the presence of a rickettsial endosymbiont
which was detected previously in various tick populations
throughout the United States. We used the available sequence
reads, in combination with information from 18 complete Rick-
ettsiaceae genomes, to assemble a draft version of the REIS ge-
nome. Despite a conserved core genome shared with other Rick-
ettsia species, the massive accessory genome (nearly twice the size
of the entire R. prowazekii genome) makes REIS exceptional
among Rickettsia genomes. The extreme proliferation of MGEs is
reminiscent of the STG rickettsiae genomes, yet REIS encodes far
more TNPs than RAGEs compared to those of Orientia. Our study
is the first to identify plasmid-carried RAGEs, and it indicates that
multiple invasions of these MGEs have occurred in the REIS ge-
nome. The ability of large gene clusters to insert and piggyback on
the RAGEs suggests that these MGEs are efficient facilitators of the
bacterial mobilome. Indeed, our analysis strongly suggests that the
RAGE and other MGEs have seeded the Rickettsia genomes with
genes typical of other intracellular bacterial species.

Unlike its sister lineage that diverged into the mitochondria,
rickettsiae have evolved diverse strategies for life inside eukaryotic
cells (49). Genome reduction and the acquisition of genes in-
volved in exploiting host resources have concomitantly shaped the
genomes of extant symbiotic and pathogenic rickettsial species.
For Rickettsia spp., several scenarios have been proposed regard-
ing the evolution of pathogenesis, ranging from gene loss leading
to virulence (38) to the acquisition of virulence factors from LGT
(90) to initial host virulence (stress) followed by gradual modifi-
cation to symbiosis (17). Given that the degree of pathogenicity
and the variation in host ranges does not directly correlate with
rickettsial genome size and content, it is likely that no single sce-
nario best explains the evolution of pathogenesis from symbiosis
or vice versa for Rickettsia spp. Rather, through the avoidance of
being trapped by a single host in an inextricable dependency, Rick-
ettsia spp. have continually evolved strategies for manipulating
multiple hosts for their survival. The observed diversification
across the genus perhaps best reflects evolutionary continuums
that likely keep genome size and composition in relative flux, al-
lowing for the emergence of novel traits to offset reductive evolu-
tion. Although it is becoming more understood through the com-
pilation of diverse genome sequences, the role of LGT in shaping
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Dashed white lines distinguish the Rickettsiales subjects from the remaining Alphaproteobacteria. The top five Blastp hits for each of these ORFs are listed in Table
S10 in the supplemental material. The MdIB ORF is colored blue and included in the estimated phylogeny in panel B. An associated transposase (TNP) is colored
yellow. Additional ORFs are GlpT, glycerol-3-phosphate transporter (see Fig. 2B); HP, hypothetical protein; ABC, uncharacterized ABC transporter (COG4178);
Tlc, ADP/ATP translocase (rickettsial type 2 Tlc); and LuxR, HTH transcriptional activator. Additional information pertaining to ABC, Tlc, and LuxR is provided
in Fig. S11 in the supplemental material. (B) Estimated phylogeny of an uncharacterized multidrug resistance transporter, MdIB (EC 3.6.3.44). A gray star depicts
the monophyly of mdIB genes within diverse intracellular bacterial species, with these lineages colored gray (except for the eukaryote Hydra magnipapilata). The
three REIS ORFs are boxed, with a red dashed box enclosing the ortholog conserved in all Rickettsia genomes. The predicted membrane association of all three
REIS orthologs is shown at the right, with TMS regions depicted using TMHMM v.2.0 (70).
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TABLE 1 Conserved Rickettsia genes putatively seeded by MGEs

Insight on Obligate Intracellular Rickettsia

Protein

Function

MGE

Details

Tlc

SpoT

ProP

AmpG

RhIE

EamA

Ugd

GlpT

MdIB

PID

HP

Nucleotide translocase

Global regulator of stringent response

Osmoregulation, amino acid import

IM GlcNAc-1,6-anhydro-muropeptide

import and beta-lactamase inducer

ATP-dependent RNA helicase

SAM importer

UDP-glucose 6-dehydrogenase

G3P importer

ATP-binding multidrug resistance
transporter

Phospholipase D

DUF2608; HAD-like superfamily

RAGE

RAGE, plasmid

RAGE, plasmid

ND«

ND«

WO-B

WO-B

RAGE, WO-B

RAGE, WO-B

RAGE

rvh T4SS

Antiporter that provides the microbial cell with host ATP in exchange for ADP. Tlcl
of R. prowazekii is a typical Tlc protein (ATP/ADP); Tlc4 (CTP, UTP, GDP) and
Tlc5 (GTP, GDP) function as ribonucleotide importers, while the substrates of Tlc2
and Tlc3 have not been experimentally determined (4). All sequenced Rickettsia
genomes encode all five Tlc transporters (see Fig. S11 in the supplemental
material).

Full-length eubacterial SpoT proteins catalyze both the synthesis and degradation of
ppGpp (alarmone), which is a mediator of cellular activities in response to changes
in nutrient abundance (100). Rickettsia spoT genes are truncated and encode
proteins that contain only the synthetase or hydrolase domain (see Fig. S12 in the
supplemental material). Genomes contain from 4 (TG) to 14 (REIS; R. felis) spoT
genes, with pseudogenes present in most genomes.

Proton symporter (sensitive to osmotic shifts) importing osmolytes, i.e., proline,
glycine betaine, stachydrine, pipecolic acid, ectoine, and taurine (26). Rickettsia
genomes encode from six (R. massiliae and R. peacockii) to 17 (R. felis) proP genes,
with seven highly conserved groups and an additional clade comprised of less
conserved genes (see Fig. S13 in the supplemental material). The proQ regulator of
proP is found only in REIS (plasmids pREIS1 and pREIS3).

IM permease involved in the translocation of peptidoglycan (PG) subunits from the
periplasm to the cytoplasm (PG recycling) (62). It also acts as a permease in the
beta-lactamase induction system (76). Four conserved groups are present in
Rickettsia genomes, with each genome encoding at least three ampG genes (see Fig.
S14 in the supplemental material). Three ampG3 pseudogenes in REIS are located in
regions indicative of LGT.

DEAD-box helicase (12) and putative ribosome assembly factor with a role in the
interconversion of rRNA folding intermediates (63). Flanks ampG-2 in
Rickettsia genomes and known only from Wolbachia genomes in the
Anaplasmataceae.

Possible export pump for several amino acids and their metabolites, especially cysteine
(29). Demonstrated to uptake host SAM in R. prowazekii (117). eamA is highly
conserved in all sequenced Rickettsiaceae genomes, illustrating the importance for
SAM uptake (see Fig. S2 in the supplemental material). The pseudogenization of
metK (encoding SAM synthase) in several genomes suggests that the acquirement of
eamA has made the retention of metK obsolete.

Catalyzes the oxidation of UDP-glucose to yield UDP-glucuronic acid (40) and
functioning in the biosynthesis of LPS and other polysaccharides, such as colanic
acid and K-antigens (124). Associated with virulence in Xanthomonas campestris
(22). Known in Rickettsiales only from some genomes of Wolbachia spp. and all
sequenced Rickettsia genomes (see Fig. S2 in the supplemental material). Located
near rvhB4b and ampG-3 in Rickettsia genomes.

IM antiporter of the major facilitator superfamily, exchanging host G3P for bacterial
cytosolic phosphate (P;) (72). G3P import has been demonstrated in R. prowazekii,
although it is not directly associated with GlpT (41). REIS encodes two glpT genes:
one conserved across all Rickettsia genomes and a second encoded within RAGE-A
and similar to the WO-B-related glpT from Wolbachia spp. (see Fig. S2 in the
supplemental material). In Rickettsia genomes, the conserved glpT gene is flanked
by tlc1 and ndk, the latter encoding a nucleoside diphosphate kinase functioning in
nucleotide metabolism as well as the stringent response.

Uncharacterized transporter. Highly conserved in Rickettsiaceae genomes and
multicopy in REIS and several others. Present in WO-B prophage (Fig. 2) and
RAGE-A (Fig. 6) and part of the intracellular bacteria mobilome.

Phospholipase involved in phagosomal escape (125). Conserved across
Rickettsiales genomes with highly similar homologs in other intracellular bacterial
species. Multiple pld copies are associated with RAGEs and TNPs in the REIS
genome.

Two divergent duplicate genes encoding putative haloacid dehalogenase-like
hydrolases. The genes are adjacent and usually flank gppA, which itself flanks the
gene encoding the rvh T4SS coupling protein (rvhD4). The closest homologs are
proteins encoded in Parachlamydia genomes.

@ Associated with other duplicate genes or TNPs.
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the diversity of Rickettsia has remained largely unknown. To this
end, the nature of the REIS genome and its impressive assortment
of MGEs provide new insight.
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