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Discovery of Novel Rickettsiella spp. in Ixodid Ticks from Western
Canada
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The genomic DNA from four species of ixodid ticks in western Canada was tested for the presence of Rickettsiella by PCR analy-
ses targeting the 16S rRNA gene. Eighty-eight percent of the Ixodes angustus (n = 270), 43% of the L sculptus (n = 61), and 4%
of the I kingi (n = 93) individuals examined were PCR positive for Rickettsiella, whereas there was no evidence for the presence
of Rickettsiella in Dermacentor andersoni (n = 45). Three different single-strand conformation polymorphism profiles of the
16S rRNA gene were detected among amplicons derived from Rickettsiella-positive ticks, each corresponding to a different se-
quence type. Furthermore, each sequence type was associated with a different tick species. Phylogenetic analyses of sequence
data of the 16S rRNA gene and three other genes (rpsA, gidA, and sucB) revealed that all three sequence types were placed in a
clade that contained species and pathotypes of the genus Rickettsiella. The bacterium in I. kingi represented the sister taxon to
the Rickettsiella in I sculptus, and both formed a clade with Rickettsiella grylli from crickets (Gryllus bimaculatus) and “R. ixo-
didis” from I. woodi. In contrast, the Rickettsiella in I. angustus was not a member of this clade but was placed external to the
clade comprising the pathotypes of R. popilliae. The results indicate the existence of at least two new species of Rickettsiella: one
in I. angustus and another in I. kingi and L. sculptus. However, the Rickettsiella strains in I. kingi and L. sculptus may also repre-

sent different species because each had unique sequences for all four genes.

Terrestrial invertebrates harbor a diverse range of endosymbi-
otic bacteria (1-4), some of which are mutualists, assisting
their invertebrate partners in metabolic processes or increasing
their ability to resist infection by pathogens (5, 6). Other endo-
symbionts may reduce the fitness of their invertebrate hosts (7, 8)
and/or have pathogenic effects on vertebrate hosts used by hema-
tophagous arthropods (e.g., mosquitoes and ticks) (9, 10). For
example, there are some species of Rickettsiella that are intracellu-
lar pathogens of arthropods (11-16), whereas other species may
provide some benefit to their arthropod hosts (17).

Bacteria within the genus Rickettsiella were first described in
1952 as “small Rickettsia” (18) and assigned to the order Rickett-
siales (Alphaproteobacteria) (19). However, phylogenetic analyses
of sequence data of the 16S rRNA gene subsequently revealed that
Rickettsiella grylli represented a sister taxon to two genera of Gam-
maproteobacteria: Coxiella and Legionella (12). As a consequence,
the genus Rickettsiella was transferred from the Rickettsiales to the
family Coxiellaceae within the order Legionellales (20), a place-
ment that has been supported by other molecular studies (11,
21-29). Rickettsiella have been reported in a diverse range of ar-
thropod hosts, including insects (e.g., beetles, flies, crickets, lo-
custs, cockroaches, wasps, midges, moths, and aphids), collembo-
lans, crustaceans (e.g., isopods and crabs), and arachnids (e.g.,
spiders, scorpions, ticks, and mites) (20, 30). Currently, only four
species of Rickettsiella are recognized: R. popilliae, R. grylli, R. chi-
ronomi, and R. stethorae (27). However, for some species, several
pathotypes (e.g., “R. tipulae,” “R. costelytrae,” and “R.
melolonthae”) have been described based on the host species they
infect, their pathogenic effects on their hosts, and genetic compar-
isons to other Rickettsiella spp. (28, 30). Some pathotypes have
been shown, using genetic comparisons, to have identical se-
quences of the 16S rRNA gene (e.g., “R. costelytrae” and “R. py-
ronotae” [28]) and are considered synonyms of one of the four
recognized species (22, 27-29). Several other pathotypes are con-
sidered unassigned species (30).
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Ticks have been shown to be suitable hosts for Rickettsiella. For
example, a Rickettsiella genetically similar to R. grylli has been
isolated in the ovarian tissues and malpighian tubules of unfed
female Ixodes woodi (31), while female Dermacentor reticulatus
have been experimentally infected with “R. phytoseiuli” isolated
from the mite Phytoseiulus persimilis (32). Rickettsiella DNA has
also been detected by PCRin . tasmani and I. ricinus (33-35), and
in a few individuals of I. sculptus during a molecular study of the
bacterial diversity in this tick species (36). Therefore, the aim of
the present study was to develop a PCR-based assay to screen for
the presence of Rickettsiella in four species of tick from western
Canada and to compare their DNA sequences to those of different
species and pathotypes of Rickettsiella.

MATERIALS AND METHODS

DNA extraction and PCR. A total of 469 ticks (Table 1) representing four
species—Ixodes angustus, I. kingi, I. sculptus, and Dermacentor ander-
soni—were collected from small mammals at three localities in western
Canada (37-39). Total genomic DNA (gDNA) was extracted and purified
from each tick using a DNeasy Blood & Tissue kit (Qiagen, Hilden, Ger-
many), but with the modifications described previously (40, 41). PCR
analyses were conducted to test for the presence of Rickettsiella DNA in the
total gDNA of each tick. Initially, PCRs were conducted using the primers
(RCL16S-211F and RCL16S-470R) and conditions described by Tsuchida
et al. (17); however, no amplicons were produced for any sample. PCRs
were then conducted using RCL16S-211F and a universal primer for the
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TABLE 1 Numbers of larvae, nymphs, and adults of four tick species
collected at different localities in western Canada that were PCR positive
for Rickettsiella

Life cycle No. No. (%) PCR
Locality and tick species® stage tested positive
Kootenay N.P., BC
Ixodes angustus Larvae 178 163 (92)
Nymphs 68 55 (81)
Adults 24 20 (83)
Dermacentor andersoni Adults 2 0(0)
Beechy, SK
L sculptus Larvae 33 16 (49)
Nymphs 21 8 (38)
Adults 3 0(0)
I kingi Larvae 0(0)
Nymphs 4 1(25)
Adults 1 1 (100)
D. andersoni Nymphs 20 0(0)
Adults 20 0(0)
Clavet, SK
I sculptus Nymphs 4 2 (50)
I kingi Larvae 82 0(0)
Nymphs 2 0(0)
Adults 3 2 (66)
D. andersoni Larvae 3 0(0)

“ BC, British Columbia, Canada; SK, Saskatchewan, Canada; N.P., National Park.

bacterial 16S rRNA gene (i.e., primer 802r [5'-ACTACCAGGGTATCTA
ATCCTG-3"]) (42), and the conditions of Tsuchida et al. (17), but with
modifications to the number of cycles (n = 30) and annealing tempera-
ture (58°C). This PCR assay produced amplicons from the ticks tested;
however, subsequent sequencing of representative PCR products revealed
the presence of multiple bacterial species within each amplicon. The same
problem was encountered when PCRs were conducted using the universal
eubacterial primers (i.e., fD1 and rP2) (43) that have been used to amplify
the 16S rRNA gene of Rickettsiella in other studies (see, for example, ref-
erences 22, 31, and 33). As a consequence, two new primers, Rickella-F
(5'-GTAGGAATCTGTCCTGGAG-3') and Rickella-R2 (5'-TGCTTATT
CTGTGGGTACCG-3'), were designed based on a comparison of all
available nucleotide sequences available on GenBank, to specifically am-
plify ~380 bp of the 16S rRNA gene of Rickettsiella. PCRs were performed
in 25-pl volumes containing 2.5 pl of 10X iTaq PCR buffer (Bio-Rad), 3
mM MgCl,, 200 pM concentrations of each deoxynucleoside triphos-
phate, 25 pmol (1 wM) of each primer, 0.5 U of iTaqg DNA polymerase
(Bio-Rad)/pl, and 1.5 pl of gDNA template. A negative control (i.e., with-
out gDNA) sample was included in each set of PCR assays. PCRs were
performed in a thermocycler (iCycler; Bio-Rad, Hercules, CA) under the
following conditions: 95°C for 5 min, followed by 30 cycles of 95°C for 30
s, 58°C for 30 s, and 72°C for 30 s, with a final extension step at 72°C for 5
min. Amplicons were subjected to electrophoresis on SYBR Safe-stained
1.5% agarose—TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA [pH
8.3]) gels, and their banding patterns were visualized by UV transillumi-
nation.

SSCP analyses. All PCR-positive samples were prescreened for genetic
variation using single-strand conformation polymorphism (SSCP) anal-
yses (44) according to the protocol described previously (40). This muta-
tion scanning technique can be used to distinguish among DNA se-
quences of 150 to 450 bp that differ by one or more nucleotides (44).
Amplicons from eight PCR-positive ticks (i.e., two I angustus, four 1.
kingi, and two L sculptus), representing the three different SSCP banding
patterns (i.e., profiles), were purified (40) and subjected to automated
DNA sequencing using the primers Rickella-F and Rickella-R2 in separate
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reactions. This was performed to confirm that amplicons with the same
SSCP profile have identical DNA sequences and that amplicons with dif-
ferent SSCP profiles differ in sequence by one or more nucleotides.

Characterization and phylogenetic analyses of the 16S rRNA gene.
The Rickettsiella spp. in the gDNA of two I. angustus, two L. kingi, and two
I sculptus were further characterized by amplifying a larger (~1,270 bp)
fragment of the 16S rRNA gene using the primers Rickella-F and 1387R-
mod (5'-GGGCGGTGTGTACAAGGC-3") (45). The same temperature
conditions were used for the PCR as described above except that the du-
ration of each phase was increased to 60 s. In addition, the MgCl, concen-
tration was reduced to 2.5 mM and the volume of gDNA template was
increased to 2 pl. All amplicons were purified prior to DNA sequencing
with the primers Rickella-F and 1387R-mod in separate reactions. BLAST
searches (GenBank) were performed on the DNA sequence data. The
DNA sequences of the Rickettsiella in each species of tick were aligned
manually with the sequences of Rickettsiella available on GenBank (for
accession numbers see Table S1 in the supplemental material). Phyloge-
netic analyses were performed by using the neighbor-joining (NJ) and
maximum-parsimony (MP) methods in PAUP (46). For the MP analyses,
characters were treated as unordered and were equally weighted, whereas
alignment gaps were treated as “missing” characters. The sequence of the
16S rRNA gene of Coxiella burnetii was used as the outgroup for the MP
analyses. Heuristic searches with TBR branch swapping were used to infer
the shortest trees. The length, the consistency index (CI) excluding unin-
formative characters, and the retention index (RI) of each most parsimo-
nious tree were recorded. Bootstrap analyses (1,000 replicates for the NJ
analyses and 100 replicates for MP analyses) were conducted to determine
the relative support for clades in the consensus trees.

Characterization and phylogenetic analyses of three protein-encod-
ing genes. The sequences of three additional genes, rpsA (30S ribosomal
protein A), gidA (glucose inhibited cell division protein A), and sucB (di-
hydrolipoamide succinyl-transferase component E2), were also deter-
mined for the Rickettsiella in the gDNA of two L. angustus, two L. kingi, and
two L sculptus. PCRs were performed using the conditions and oligonu-
cleotide primers described by Leclerque et al. (26). For each gene, the
nucleotide and amino acid sequences were aligned manually with those of
the other taxa within the genus Rickettsiella (for the GenBank accession
numbers, see Tables S2 to S7 in the supplemental material), C. burnetii
and Legionella pneumophila (accession numbers NC_002971 and
NC_002942, respectively). Phylogenetic analyses (NJ and MP) were per-
formed on both the nucleotide and amino acid sequence data for each
gene and the concatenated data sets, using the sequences of Escherichia coli
as the outgroup for the MP analyses.

Ethics statement. This study was approved by the University of Sas-
katchewan’s Animal Research Ethics Board and adhered to the Canadian
Council on Animal Care guidelines for humane animal use.

Nucleotide sequence accession numbers. The nucleotide sequences
of the 16S rRNA gene, rpsA, gidA, and sucB of the Rickettsiella spp. in I
angustus, 1. kingi, and L sculptus have been deposited in GenBank under
accession numbers HF912419 to HF912421 and HG792868 to HG792876.

RESULTS

No amplicons were obtained for any of the 45 D. andersoni or the
negative-control samples, whereas 268 (63%) of the 424 Ixodes
individuals tested were PCR positive (Table 1). On TBE-agarose
gels, all PCR-positive samples had a single band of the expected
size (~380 bp) for the partial fragment of the 16S rRNA gene
amplified using primers Rickella-F and Rickella-R2. There was a
significant difference (x*, = 224.9, P < 0.001) in the proportions
of I angustus, I. sculptus, and I. kingi (i.e., 88%, 43%, and 4%,
respectively) that were PCR positive for Rickettsiella. For 1. angus-
tus, there was no significant difference (x>, = 5.94, P > 0.05)
among life cycle stages in the proportions of individuals that were
PCR positive for Rickettsiella (Table 1). Although none of the three
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FIG 1 SSCP profiles of representative amplicons of the 16S rRNA gene of Rickettsiella from the total gDNA of Ixodes angustus (lanes 1 to 7 and lanes 19 to 25),

I. kingi (lanes 17 and 18), and L sculptus (lanes 8 to 16).

I sculptus adults were infected with Rickettsiella, there was no sig-
nificant difference (x>, = 0.37, P > 0.05) in the proportions of I.
sculptus larvae and nymphs that were PCR positive for Rickettsiella
(Table 1). Of the 95 I. kingi individuals screened for Rickettsiella
DNA, some of the adult and nymphal ticks were PCR positive,
whereas none of the 81 larvae was PCR positive. Furthermore,
individuals of I. kingi and I sculptus collected from both Clavet
and Beechy (Saskatchewan [SK], Canada) were PCR positive for
Rickettsiella.

There were three different SSCP profiles among the 268 ampli-
cons of the bacterial 16S rRNA gene (Fig. 1). The SSCP profiles of
the amplicons from four 1. kingi samples (two from Beechy and
two from Clavet) were identical to one another but differed from
those of all 26 amplicons derived from L. sculptus (24 from Beechy
and two from Clavet). Similarly, there was no variation in SSCP
profiles among the 238 amplicons from I. angustus. However, the
profiles of each sample differed from those derived from I. sculptus
and I kingi. A comparison of the DNA sequences (340 bp) of
representative samples of each SSCP profile type revealed that
samples with identical banding patterns had identical sequences
of the 16S rRNA gene, whereas those that differed in banding
pattern differed by 3 to 22 bp in sequence. BLAST searches of the
three sequence types revealed that they were most similar to the
16S rRNA gene sequences of species within the genus Rickettsiella,
but each was unique compared to these sequences.

Given the novel sequences of the Rickettsiella from 1. angustus,
I sculptus, and 1. kingi, comparisons were made for the sequence
of a larger fragment (1,272 bp) of the 16S rRNA gene for six Rick-
ettsiella-infected ticks (i.e., two I angustus, two L. kingi, and two L
sculptus). There were 55 variable positions in the sequence align-
ment of the three taxa, representing 36 transitional (23 purine and
13 pyrimidine) changes, 15 transversional changes, two multiple
mutational changes, and two indels (Table 2). The DNA se-
quences of the Rickettsiella in the two I. angustus were identical to
one another but differed by 3.8% (i.e., 49 bp) from the Rickettsiella
in the two I. kingi and from the Rickettsiella in the two I. sculptus.
The DNA sequences of the Rickettsiella in I. kingi differed by 1.1%
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(i.e., 14 bp) from the Rickettsiella in the I. sculptus (Table 2). The
DNA sequences of the Rickettsiella in I. angustus, 1. kingi, and L
sculptus differed by 2.0 to 6.6% (i.e., 25 to 82 bp), 2.6 to 6.2% (i.e.,
33 to 78 bp), and 2.5 to 6.0% (i.e., 32 to 75 bp), respectively,
compared to the sequences of taxa within the genus Rickettsiella
(see Table S1 in the supplemental material).

The NJ analysis of the sequence data for the 16S rRNA gene
revealed that the Rickettsiellain I. kingi represented the sister taxon
to the Rickettsiella in 1. sculptus with 100% statistical support (Fig.
2). There was also some statistical support (i.e., a bootstrap value
of 77%) for both taxa belonging to a clade that contained “R.
ixodidis” and R. grylli (ex Gryllus bimaculatus). In contrast, the
Rickettsiella in 1. angustus was placed external, with strong statis-
tical support (80% bootstrap value), to a group comprising two
clades; the first containing seven pathotypes of R. popilliae, and the
second containing Rickettsiella ex Eisenia fetida and Rickettsiella ex
Folsomia candida (Fig. 2). The single most-parsimonious tree (not
shown) produced by the MP analysis of the sequence data (i.e.,
158 cladistically informative characters) had a length of 607, a CI
of 0.58 and a RI of 0.60. As with the NJ analysis, there was very
strong statistical support (i.e., bootstrap value of 99%) for a sister
taxa relationship between the Rickettsiella in I. kingi and I. sculptus
in the MP tree, but no support for these taxa forming a clade with
R. grylli (ex G. bimaculatus) and “R. ixodidis.” There was also no
statistical support in the MP tree for the inclusion of the Rickett-
siella in I. angustus in a clade with other taxa in the genus.

The Rickettsiella in I. angustus, I. sculptus, and I. kingi each had
novel nucleotide and amino acid sequences for three additional
genes; rpsA, gidA, and sucB (see Tables S2 to S7 in the supplemen-
tal material). The nucleotide sequences of all three genes for the
Rickettsiella in I. kingi and I sculptus were more similar to one
another (96.0 to 98.1%) than they were to the nucleotide se-
quences of the Rickettsiella in I. angustus (82.6 to 90.2%) (Table 3).
The extent of the nucleotide differences in DNA sequence of the
three genes between the Rickettsiella in I. angustus and the Rickett-
siella in I kingi and I sculptus were greater than those between
different pathotypes of R. popilliae and were of a similar magni-
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TABLE 2 Variable nucleotide positions in the aligned 16S rRNA gene sequences of “Rickettsiella king,

within three species of Ixodes in western Canada

»

R. sculptus,” and “R. angustus” detected

Nucleotide position®

Species 1 3 35 52 64 68 82 84 87 116 124 165 223 240 281 320 322 328 330 331 332 335 337 350 405 452 509
“R. kingi” ACGT A CCAT G G G G c A T A T G A A T A G T A
“R.sculptus” . T . . . . . . . . . . . . . . . . . . G . . A C G
“Roangustus” C T A C - A A G G T A A A A G C T C T G G C G A C

“ A dot indicates the same nucleotide as in the sequence of the “R. kingi,” and a hyphen indicates a nucleotide deletion.

tude between different species of Rickettsiella (i.e., between R. pop-
illiae and the Rickettsiella in I. woodi) (see Tables S2, S3, and S5 in
the supplemental material). The magnitude of the nucleotide dif-
ferences in DNA sequence of all three genes between the Rickett-
siella in 1. kingi and I sculptus were similar to that among some
pathotypes of R. popilliae (see Tables S2, S3, and S5 in the supple-
mental material). Similarly, the differences in amino acid se-
quence for all three genes between the Rickettsiella in 1. angustus
and the Rickettsiella in 1. kingi and I. sculptus (Table 4) were of a
similar magnitude between all pathotypes of R. popilliae and the
Rickettsiella in 1. woodi (see Tables S3, S5, and S7 in the supple-

— ‘Rickettsiella tipulae’ 7
|- ‘Rickettsiella agriotidis’
‘Rickettsiella melolonthae’

ex Myrmeleon bore

+ Rickettsiella popilliae
ex Poecilus chalcites

84

ex Harpalus pennsylvanicus

‘Rickettsiella costelytrae’

‘Rickettsiella pryronotae’

ex Eisenia fetida

ex Folsomia candida

‘Rickettsiella angustus’

‘Rickettsiella ixodidis’
71 Rickettsiella grylli, ex Gryllus bimaculatus
‘Rickettsiella kingi’

‘Rickettsiella sculptus’

ex Asellus aquaticus

98
Rickettsiella grylli, ex Armadillidium vulgare
Diplorickettsia massiliensis
63 ex Acyrthosiphon pisum
93 ex Cecidotrioza sozanica
94 ex oribatid mites
002

FIG 2 Neighbor-joining tree depicting the relationships of the 16S rRNA gene
sequences of “Rickettsiella angustus,” “R. kingi,” “R. sculptus,” and other species
and pathotypes of the genus Rickettsiella. The scale bar represents the inferred
substitutions per nucleotide site. The relative support for clades in the tree
produced from the NJ and MP analyses are indicated above and below
branches, respectively.
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mental material). The amino acid differences in sequence of gidA
and sucB between the Rickettsiella in I. kingi and L. sculptus were of
a similar magnitude to the differences among some pathotypes of
R. popilliae, whereas the number of amino acid differences in the
sequences of rpsA for the Rickettsiellain I. kingi and I. sculptus (n =
6) was greater than that among pathotypes of R. popilliae (n = 0 to
2) (see Tables S3, S5, and S6 in supplemental material).

The results of the phylogenetic analyses conducted on the nu-
cleotide and amino acid sequence data of three genes (rpsA, gidA
and sucB) and on the concatenated sequence data of these genes
are shown in Fig. 3. In all trees, except for the MP tree of the rpsA
amino acid sequence data, there was strong to total statistical sup-
port (i.e., bootstrap values of 88 to 100%) for the five pathotypes
of R. popilliae (i.e., “R. melolonthae,” “R. agriotidis,” “R. tipulae,”
“R. costelytrae,” and “R. pyronotae”) forming a monophyletic
clade (Fig. 3). In addition, NJ and MP analyses of the nucleotide
and amino acid sequence data for each gene and for the concate-
nated data revealed a sister taxa relationship between the Rickett-
siella in I. kingi and I. sculptus with 96 to 100% statistical support.
In some phylogenetic analyses, there was some statistical support
(i.e., bootstrap values of 72 to 100%) for the Rickettsiella in I. kingi
and I sculptus forming a clade with R. grylli GSU ex I. woodi,
whereas in other analyses they were placed on a branch external to
the different pathotypes of R. popilliae and the Rickettsiella in I.
angustus. In most NJ and MP analyses, there was strong statistical
support (i.e., bootstrap values 87 to 98%) for a sister taxa relation-
ship between the Rickettsiella in I. angustus and the different
pathotypes of R. popilliae. The exception to this was in the NJ tree
produced from the nucleotide sequence data of sucB, where there
was strong support (i.e., bootstrap value of 91%) for the Rickett-
siella in 1. angustus representing the sister taxon to the Rickettsiella
in I kingi and I sculptus (Fig. 3).

» «

TABLE 3 Pairwise comparisons of the numbers of nucleotide
differences and percent similarities in DNA sequences of three genes
(rpsA, gidA, and sucB) between Rickettsiella spp. in three species of
ixodid tick: Ixodes angustus, I. kingi, and I sculptus

Pairwise comparisons”

rpsA gidA sucB
Tick host 1 2 3 1 2 3 1 2 3
1. I. angustus 85.6  90.2 86.7 86.3 82.6 83.0
2.1 kingi 93 97.5 105 98.1 162 96.0
3. L sculptus 88 22 108 15 158 37

@ Pairwise comparisons show the numbers of amino acid differences (lower diagonals
for each gene) and the percent similarities (upper diagonals for each gene) in the DNA
sequences of three genes (rpsA [894 bp], gidA [787 bp], and sucB [928 to 931 bp]). The
numbers in column 1 correspond to the comparison number subheadings.
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TABLE 2 (Continued)

Novel Rickettsiella spp. in Ixodid Ticks from Canada

Nucleotide position”

512 696 706 715 719 725 726 871 875 876 877 878 888 889 894 908 909 985 997 1007 1009 1051 1056 1060 1115 1177 1135 1156

A A A T G - cC G G A A A CT G T G T G A A A G C A G T A
. . c . A - . A . . G . . . A . A . . . A . G . . .
c G T C . A A . T G . G T € T C A C . T T G . T G A C T

DISCUSSION

A PCR assay, utilizing genus-specific primers, was used to test for
the presence of the Rickettsiella 16S rRNA gene in the total gDNA
of 469 individual ticks representing four species collected from
three different localities in western Canada: Kootenay National
Park (British Columbia), Beechy (SK), and Clavet (SK). A total of
268 ticks (i.e., 23 adults, 66 nymphs, and 179 larvae), all Ixodes sp.,
were PCR positive for Rickettsiella using our PCR assay. None of
the 45 D. andersoni tested were infected with Rickettsiella, even
though many of these ticks were found parasitizing the same host
individuals as I sculptus (at Beechy) or I angustus (at Kootenay
National Park) that were found to contain Rickettsiella. This sug-
gests that there was no transfer of Rickettsiella to D. andersoni
individuals feeding on the same small mammal host as ticks in-
fected with Rickettsiella. Interestingly, those Rickettsiella detected
in ticks thus far have only been found in members of the genus
Ixodes: I. ricinus in the Palearctic (34, 35), I. woodi in the Nearctic
(31) and I tasmani in Australia (33). The results of the present
study also detected Rickettsiella DNA in three species of Ixodes: 1.
angustus, I sculptus, and L. kingi. All feeding life cycle stages (i.e.,
larvae, nymphs, and adults) of I. angustus were infected with Rick-
ettsiella, whereas for I. kingi, all but the larval stage contained the
bacterium, and for I sculptus, only the larvae and nymphs con-
tained Rickettsiella. However, this finding may be a consequence
of the small sample sizes examined for some of the life cycle stages
and/or alow prevalence of Rickettsiella in the ticks (e.g., in I. kingi).
There were significant differences among the three species of
Ixodes in the proportions of individuals infected with Rickettsiella.
A majority (88%) of the 270 I. angustus individuals were infected
with Rickettsiella, compared to 43% of the 61 L sculptus individu-
als and four (4%) of the 95 I. kingi individuals tested. The PCR-
positive ticks included I. sculptus and I. kingi individuals collected
from both Beechy and Clavet.

TABLE 4 Pairwise comparisons of the numbers of amino acid
differences and percent similarities in DNA sequences of three genes
(rpsA, gidA, and sucB) between Rickettsiella in three species of ixodid
tick: Ixodes angustus, I. kingi, and L sculptus

Pairwise comparisons”

rpsA gidA sucB
Tick host 1 2 3 1 2 3 1 2 3
1. I. angustus 95.3  96.6 91.6  92.0 84.8 81.2
2.1 kingi 14 98.0 22 98.1 47 93.9
3. L sculptus 10 6 20 5 46 19

“ Pairwise comparisons show the numbers of amino acid differences (lower diagonals
for each gene) and the percent similarity (upper diagonals for each gene) in the DNA
sequences of three genes (rpsA [encoding 298 amino acids], gidA [encoding 262 amino
acids], and sucB [encoding 309 to 310 amino acids]). The numbers in column 1
correspond to the comparison number subheadings.
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The amplicons of the 16S rRNA gene (~380 bp) for the 268
PCR-positive samples were compared using SSCP. This mutation
scanning technique has been used effectively to differentially dis-
play genetic variation between DNA sequences that are 150 to 450
bp in size and that differ by one or more nucleotides (see, for
example, references 40, 41, 47, and 48). Three different SSCP pro-
files were detected among the 268 Rickettsiella amplicons, each
profile type associated with a different tick species. DNA sequenc-
ing of representative samples confirmed that those with the same
SSCP profile had identical sequences of the 16S rRNA gene,
whereas those with different SSCP profiles differed in sequence.
The sequences of the partial (340 bp) 16S rRNA gene for the Rick-
ettsiellain I. kingi differed from the Rickettsiella in the . sculptus by
3 bp, while both taxa differed from the Rickettsiella in 1. angustus
by 22 bp. A larger number of nucleotide differences (i.e., 14 to 49
bp; 1.1 to 3.8%) were detected among the Rickettsiella from the
three species of Ixodes when a much larger fragment (1,272 bp) of
the 16S rRNA gene was analyzed. BLAST searches of the sequence
data showed that each taxon was closest in sequence to a member
of the genus Rickettsiella; however, the Rickettsiella in I. angustus, 1.
sculptus, and I. kingi each had novel sequences of the 16S rRNA
gene compared to those of all recognized species and pathotypes
of Rickettsiella. Similarly, the Rickettsiella in I. angustus, L. sculptus,
and . kingi each had novel nucleotide and amino acid sequences
for three additional genes: rpsA, gidA, and sucB. Given this, we
propose to provisionally name the Rickettsiella spp. in I. angustus,
I sculptus, and L kingi as “Rickettsiella angustus,” “Rickettsiella
sculptus,” and “Rickettsiella kingi,” respectively, in accordance
with the nomenclature used in other studies (see, for example,
references 26 and 27).

Phylogenetic analyses of the sequence data for the 16S rRNA
gene revealed that “R. angustus” was placed external to a clade,
comprising two groups; the first of which contained seven patho-
types of R. popilliae (i.e., “R. tipulae,” “R. agriotidis,” “R.
melolonthae,” “R. costelytrae,” Rickettsiella in Myrmeleon bore,
Rickettsiella in Poecilus chalcites, and Rickettsiella in Harpalus
pennsylvanicus), and the second of which contained the Rickettsi-
ella spp. in the earthworm, Eisenia fetida, and in the springtail,
Folsomia candida. The magnitude of sequence differences between
“R. angustus” and other members of the genus, including “R.
sculptus” and “R. kingi,” ranged from 25 to 82 bp (2.0 to 6.6%),
which is greater than the differences (i.e., 1 to 7 bp; 0.1 to 0.6%)
among seven pathotypes of R. popilliae. In addition, phylogenetic
analyses of the nucleotide and amino acid sequence data for the
rpsA, gidA, and sucB genes revealed a similar topology, with high
bootstrap support for both the NJ and MP analyses. For each of
these genes, the magnitude of the sequence differences between
“R. angustus” and “R. sculptus”/“R. kingi” were greater than those
among isolates from recognized species of Rickettsiella. This sug-
gests that “R. angustus” represents a new species of Rickettsiella
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FIG 3 Phylogenetic trees depicting the relationships of “‘Rickettsiella angustus,” “R. kingi,” “R. sculptus,” and other species and pathotypes of the genus
Rickettsiella based on NJ analyses of the nucleotide and amino acid sequences of the rpsA, gidA, and sucB genes, and the concatenation of the sequence data for
these three genes. The scale bar represents the inferred substitutions per nucleotide site. The relative support for clades in the tree produced from the NJ and MP
analyses are indicated above and below branches, respectively.
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based on the results of the phylogenetic analyses and the magni-
tude of differences in the sequences of the four genes compared to
other members of the genus.

The results of the phylogenetic analyses for all four genes (i.e.,
16S rRNA, rpsA, gidA, and sucB) revealed that “R. kingi” and “R.
sculptus” were sister taxa. In some analyses these two taxa formed
a clade with R. grylli (a pathogen of the cricket, Gryllus bimacula-
tus) and/or “R. ixodidis” in the tick I. woodi, whereas in others they
were positioned on a branch external to the different pathotypes
of R. popilliae and “R. angustus.” These results suggest that “R.
sculptus” and “R. kingi” are not pathotypes of any recognized spe-
cies of Rickettsiella. However, given that species delineation within
the genus Rickettsiella is controversial (30), either “R. sculptus”
and “R. kingi” may represent different pathotypes of a single new
species or each may represent a distinct Rickettsiella species. There
was a significant difference in the proportions of I sculptus and L.
kingi individuals infected with Rickettsiella. Furthermore, “R.
sculptus” and “R. kingi” were only detected in individuals of L
sculptus and I. kingi (respectively), and there was no evidence of
cross-transmission of the Rickettsiella in 1. sculptus to I. kingi, or
vice versa, even though there were instances of infected ticks of
both species feeding on the same small mammal hosts at two lo-
calities (~200 km apart) in Saskatchewan. The sequences of the
16S rRNA gene for “R. sculptus” and “R. kingi” differed from those
of other Rickettsiella by 32 to 78 bp (2.5 to 6.2%), which is similar
to or exceeds the sequence differences (i.e., ~3%) among closely
related species of bacteria (49). Moreover, the number of differ-
ences in the sequences of the 16S rRNA gene of “R. sculptus” and
“R. kingi” (i.e., 14 bp over an alignment length of 1,255 bp) was
greater than that among different pathotypes of R. popilliae (i.e., 1
to 7 bp). Although “R. sculptus” and “R. kingi” had novel nucleo-
tide and amino acid sequences for three other genes (rpsA, gidA,
and sucB), the magnitude of the sequence differences between
these two taxa for two of these genes (gidA and sucB) were of a
similar magnitude to thatamong pathotypes of R. popilliae. None-
theless, the number of differences in amino acid sequence of rpsA
between “R. sculptus” and “R. kingi” (n = 6) was greater than that
among the different pathotypes of R. popilliae (n = 0 to 2). These
combined results suggest that “R. sculptus” and “R. kingi” may
each represent a distinct species within the genus Rickettsiella;
however, this requires further investigation.

In conclusion, three novel Rickettsiella were detected in the
total gDNA of three species of Ixodes in North America that use
small mammals as hosts. More work is needed to determine
whether these putative new species of Rickettsiella have pathogenic
or beneficial effects on their tick hosts, as has been shown for other
members of the genus (see, for example, references 13 and 17) and
whether other species of Ixodes in North America are hosts for
Rickettsiella.
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