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ABSTRACT

To clarify phylogenetic relationships and genetic diversity among Bartonella washoensis
strains obtained from squirrels, multi-locus sequence analysis (MLSA) with the 16S rRNA,
ftsZ, gltA, groEL, ribC, and rpoB genes was applied for 20 strains of B. washoensis isolated
from five genera of squirrels (Tamias, Tamiasciurus, Glaucomys, Sciurus, and Spermophilus)
within the family Sciuridae. Sequence similarities in the concatenated sequences of B.
washoensis strains from squirrels of different genera ranged from 94.7% (Sciurus vs.
Spermophilus) to 98.4% (Tamiasciurus vs. Glaucomys). Phylogenetic trees based on the
concatenated sequences revealed that B. washoensis strains formed five distinct clades and
each clade correlated with the genus of squirrel from which the strains were originally
obtained. The discrimination was supported by 100% bootstrap values and posterior
probabilities, respectively. These results suggest that B. washoensis strains may have co-
speciated with their squirrel hosts and provide new insights into the application of the
MLSA to identify sources of B. washoensis infection with accuracy.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Bartonella washoensis is Gram-negative, fastidious,
facultative intracellular bacteria and was first isolated
from a human patient with fever and myocarditis in
Washoe County, Nevada in 1995 (Kosoy et al., 2003).
Subsequently, the organism was found in California
ground squirrels (Spermophilus beecheyi) with a high
prevalence of infection (>17%) in the same county (Kosoy
et al., 2003). The partial DNA sequences of the 16S rRNA,
gltA, and groEL genes of B. washoensis strains obtained from
ground squirrels were identical to those from the human
patient, suggesting that the organism is zoonotic and the

* Corresponding author. Tel.: +81 466 84 3386; fax: +81 466 84 3386.
E-mail address: maruyama.soichi@nihon-u.ac,jp (S. Maruyama).

0378-1135/$ - see front matter © 2010 Elsevier B.V. All rights reserved.

doi:10.1016/j.vetmic.2010.08.007

ground squirrels are the natural reservoirs of the pathogen
in western USA (Kosoy et al., 2003). In the same year, B.
washoensis was isolated from a dog with mitral valve
vegetative endocarditis and the sequences of several genes
of the strains were identical to those of B. washoensis from
the human and the California ground squirrels (Chomel
et al., 2003). Thus, B. washoensis is suggested to be able to
infect several species of mammals.

It has been reported that squirrels in various areas have
been infected with B. washoensis (Bown et al., 2002; Kosoy
etal., 2003; Jardine et al., 2005; Bai et al., 2008; Inoue et al.,
2009b). However, the phylogenetic relationships and the
genetic diversity of B. washoensis strains of among various
genera of squirrels have not been investigated to date.

In the present study, we analyzed 20 B. washoensis
strains from 5 genera of squirrels by using multi-locus
sequence analysis (MLSA) of 6 housekeeping genes to
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clarify the relationship between genetic diversity of the
isolates and host squirrels.

2. Materials and methods
2.1. B. washoensis strains and growth conditions

A total of 20 B. washoensis strains were analyzed in this
study. Nineteen strains were isolated from wild squirrels
that had been imported as pets into Japan from China or
North America between June 2004 and October 2007 (Inoue
et al., 2009b). Three strains from three individuals of six
squirrel species, i.e. the Richardson’s ground squirrel
(Spermophilus richardsonii), the Columbia ground squirrel
(Spermophilus columbianus), the Daurian ground squirrel
(Spermophilus dauricus), the American red squirrel (Tamias-
ciurus hudosonicus), the Southern flying squirrel (Glaucomys
volans), and the Siberian chipmunk (Tamias sibiricus), and a
single strain that had been isolated from a Hokkaido squirrel
(Sciurus vulgaris orientis) were used in this study. The 19
strains were confirmed to form a cluster with B. washoensis
strain nvh1 from a human patient in the phylogenetic
analysis based on a portion of the gltA gene (Inoue et al,,
2009b). Also included in this study was B. washoensis strain
Sb944nv, which was isolated from a California ground
squirrel (Spermophilus beecheyi) in the USA (Kosoy et al.,
2003) and had 16S rRNA, gitA, and groEL gene sequences
identical to those from B. washoensis strain nvh1 (Table 1).

The cultures were grown on heart infusion agar plates
(DIFCO, M1, USA) containing 5% defibrinated rabbit blood.
The plates were incubated at 35 °Cin a 5% CO, atmosphere
for 14 days and harvested bacteria were used for DNA
extraction.

2.2. DNA extraction and PCR amplification

Genomic DNA was extracted from each strain using an
Instagene Matrix (Bio Rad, CA, USA). Partial 16S rRNA, ftsZ,
gltA, groEL, ribC, and rpoB genes were amplified by PCR. The
specific primers used and the PCR conditions for 16S rRNA
(Heller et al., 1997), ftsZ (Zeaiter et al., 2002b), gltA
(Norman et al., 1995), groEL (Zeaiter et al., 2002a), ribC
(Inoue et al., 2009a) and rpoB (Renesto et al., 2001)
amplification were described previously.

2.3. DNA sequencing and phylogenetic analysis

The PCR products were purified using a Spin Column
PCR Product Purification Kit (Bio Basic, Ontario, Canada)
and were sequenced directly using specific sequencing
primers for 16S rRNA (Heller et al., 1997), ftsZ (Zeaiter et al.,
2002b), gltA (Norman et al., 1995), groEL (Zeaiter et al.,
2002a), ribC (Inoue et al., 2009a) and rpoB (Renesto et al.,
2001). All novel sequences were submitted to GenBank and
accession numbers were obtained (Table 1).

The DNA sequence datasets of the six loci (16S rRNA, ftsZ,
gltA, groEL, ribC, and rpoB) of all of the B. washoensis strains
and those of other known rodent-associated Bartonella spp.,
including B. birtlesii CIP106294" (AF204274, AF467762,
AF204272,AF355773,AY116632, and AB196425), B. doshiae
NCTC12862T (731351, AF467754, Z70017, AF014832,

AY116627, and AF165991), B. elizabethae ATCC49927T
(LO1260, AF467760, Z70009, AF014834, AY116633, and
AF165992), B. grahamii NCTC12860" (231349, AF467753,
Z70016,AF014833,AY166583, and AF165993), B. phoceensis
CIP107707T (AY515119, AY515135, AY515126, AY515129,
AB298328, and AY515132), B. rattimassiliensis CIP107705"
(AY515120, AY515133, AY515124, AY515127, AB298327,
and AY515130), B. taylorii CIP1070287 (231350, AF467756,
Z70013, AF304017, AY116635, and AF165995), B. tribo-
corum CIP105476" (AJ003070, AF467759, AJ005494,
AF304018, AB292600, and AF165996), B. vinsonii subsp.
arupensis ATCC700727" (AF214558, AF467758, AF214557,
AF304016,AY116631,and AY166582), and B. vinsonii subsp.
vinsonii ATCCVR-152T (M73230, AF467757, Z70015,
AF014835, AY116636, and AF165997), were aligned using
Clustal X version 2.0 (Larkin et al., 2007) and were combined.
The phylogenetic analyses were performed with the
maximum likelihood method (ML), neighbor-joining
method (N]), and Bayesian analyses based on the con-
catenated sequences of the six loci. Bartonella bacilliformis
ATCC35685T (211683, AB292602, AB292601, AY664491,
AJ236918, and AF165988) was chosen as an out-group
reference in each analysis. The ML tree was constructed
using PAUP* 4.0310 (Swofford, 2002). The Tamura and Nei
model (Tamura and Nei, 1993) with the assumption that
some sites are invariable and others are variable following a
discrete gamma distribution (TrN+I1+I" model) was
selected for appropriate substitution model by Modeltest
3.7 (Posada and Crandall, 1998) based on hierarchical
likelihood ratio tests (hLRT). Heuristic searches were
executed using the tree-bisection-reconnection (TBR)
branch-swapping algorithm for 10 random additions of
taxa. Bootstrap analysis was carried out on 1000 replications
of the heuristic search with the TBR branch-swapping
algorithm (Felsenstein, 1985). The NJ tree (Saitou and Nei,
1987) was constructed with the Jukes-Cantor parameters
model (Jukes and Cantor, 1969) using PAUP* 4.0310.
Bootstrap analysis was carried out on 1000 replications of
the dataset. Bayesian inference was conducted using
MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist
and Huelsenbeck, 2003). The General Time Reversible (GTR)
model + 1+ I" (Yang, 1994) was selected by MrModeltest 2.2
(Nylander, 2004) based on hLRT. Four chains of Markov
Chain Monte Carlo algorithms were performed for 3,000,000
generations, sampled every 100 generations, and the first
25% (750,000 generations) of the trees were discarded as
burn-in. The remaining generations were used to constructa
50% majority-rule consensus tree and to calculate posterior
probabilities for each node in the Bayesian tree. In the ML
and N]J trees, we consider nodes with >70% bootstrap as well
supported (Hillis and Bull, 1993). In the Bayesian tree, only
nodes with >95% posterior probabilities are considered
significant.

3. Results

The 20 analyzed B. washoensis strains were classified into
8, 15, 16, 18, 18, and 17 genotypes for 16S rRNA, ftsZ, gltA,
groEL, ribC, and rpoB, respectively (Table 2). The sequence
similarities between the examined strains and other known
rodent-associated Bartonella spp. ranged 98.5-99.2% for 16S
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Table 2
Sequence similarity of six housekeeping genes and the concatenated sequence between 20 B. washoensis strains and known rodent-associated Bartonella.

Gene Length (bp) No. of genotype Sequence similarity (%) by:

Inter-species of rodent-associated Bartonella Intra-species of B. washoensis

16S rRNA 1350 8 98,5-99.2 99.2-100

ftsZ 788 15 88.1-93.3 93.8-100

gltA 328 16 86.3-93.3 91.2-100

groEL 1185 18 86.3-92.9 93.6-100

ribC 618 18 80.4-885 88.2-100

rpoB 825 17 87.3-91.2 92.4-100

Concatenated 5092 20 89.8-93.1 94.7-99.9

rRNA, 88.1-93.3% for ftsZ, 86.3-93.3% for gltA, 86.3-92.9%
for groEL, 80.4-88.5% for ribC, and 87.3-91.2% for rpoB,
respectively. The sequence similarities within examined
strains of B. washoensis showed similarities ranging from
99.2-100% for 16S rRNA, 93.8-100% for ftsZ, 91.2-100% for
gltA, 93.6-100% for groEL, 88.2-100% for ribC, and 92.4-100%
for rpoB, respectively. The sequence similarities of the
concatenated sequence (5092 bp) of the six loci between B.
washoensis strains and other known rodent-associated

Bartonella spp. ranged from 89.8% to 93.1% and all 20
strains were individually discriminated in the range from
94.7% to 99.9% similarities (Table 2).

In the phylogenetic tree based on the concatenated
sequences, similar tree topologies of 20 B. washoensis
strains and other known rodent-associated Bartonella spp.
were obtained by ML, NJ, and Bayesian analyses, respec-
tively. All B. washoensis strains formed a large clade
separated from other known rodent-associated Bartonella

Genus of Species of
squirrel squirrel
H . Spermophilus beecheyi
B. washoensis Sb944nv/ North America (California ground squirrel)
wal. RI211/North Ameion} | soermoptitas richardsons
! : S :
RJ33-1/ North America ! {Rickiasgacnls groonisquicl)
CJ22-1/ North America Sperssoptillor solvklame
CJ23-2/ North America . .
7gL_ CJ25-1/ North America (Columbia ground squirrel)
DR10-1/ China
N Spermophilus dauricus
e DRI-1/ China i perm t
DR3-1/ China : (Daurian ground squirrel)
AA4-1/ North America g . .
AA2-2/ North America | g"m”e“;;ﬂe;’:;ﬁ';‘)m
AA15-2/ North America |
o AMS-1/ North America 4 Glaucomys volans
AM?2-1/ North America | . .
Southern fl
"8 AMS-1/ North America | (Southem flying squirrel)
China 1
- zgii; China ! Tamias sibiricus
SR22-1/ China E (Siberian chipmunk)
—-ﬂﬁ{ - ER14-3/ China 1 Sciurus vulgaris orientis
0.02 B. vinsonii subsp. vinsonii (Hokkaido squirrel)
—_ _—_m‘ﬂ:& vinsonii subsp. arupensis
Substitution per site B. tribocorum
B. elizabethae
o B. rattimassiliensis

B. taylorii

B. ph

ensis

B. doshiae
B. birtlesii

B. bacilliformis

Fig. 1. The ML tree based on the aligned 5092 bp of concatenated sequence of six housekeeping genes, including 16S rRNA, ftsZ, gltA, groEL, ribC, and rpoB
from 20 B. washoensis strains and known rodent-associated Bartonella spp. For the B. washoensis strains examined in this study, the strain name followed by
the country name from which it was derived was indicated. The Bartonella bacilliformis strain ATCC35685" sequences were used as an out-group. Numbers
above the branches indicate the bootstrap values (1000 replications) based on ML/N]J analyses and the numbers below branches are Bayesian posterior

probabilities.
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Table 3

Sequence similarity matrix based on the concatenated sequence of six housekeeping genes among 20 B. washoensis strains by squirrel genus.

Genus of squirrel (No. of strains)

Percent sequence similarity (No. of bp differences) with:

Spermophilus Tamiasciurus Glaucomys Tamias
Spermophilus (n=10)
Tamiasciurus (n=3) 96.0-96.3 (186-204)
Glaucomys (n=3) 96.2-96.6 (175-195) 98.4 (80-83)

Tamias (n =3)
Sciurus (n=1)

95.7-96.1 (199-221)
94.7-95.1 (248-269)

95.5-95.6 (223-229)
94.9-95.0 (256-260)

95.8-959 (211-214)

94.9-95.0 (255-258) 96.2 (192-194)

2 The percentage of sequence similarity in gray cells indicates the intra-species sequence similarity for the genus of squirrel.

spp. and the discrimination was supported with 100%
bootstrap values (BV) in ML and NJ analyses and 100%
Bayesian posterior probabilities (BPP), respectively (Fig. 1).

In the clade of B. washoensis, the strains formed five
distinct clades that correlated with the genus of the host
squirrel from which the strains were originally obtained,
representing clades for Spermophilus, Tamiasciurus, Glauc-
omys, Tamias, and Sciurus. These discriminations were also
supported by 100% BV in ML and NJ analyses and 100% BPP.
Strain ER14-3, which was obtained from Sciurus vulgaris
orientis, formed a large clade with those from Tamias
sibiricus with 92% BV in ML and NJ analyses and 100% BPP.
Strains from four species of Spermophilus, including Sp.
beecheyi, Sp. richardsonii, Sp. columbianus, and Sp. dauricus
consisted of a large clade. Although strain CJ22-1, which
was obtained from Sp. columbianus, formed a clade with
strains from Sp. richardsonii, most strains formed sub-
clades with the relevant host squirrel species (Fig. 1).

The sequence similarity of the concatenated sequence
of B. washoensis within the five genera ranged from 97.1-
99.8% (Spermophilus) to 99.9% (Glaucomys) and the
similarity of B. washoensis between the genera ranged
from 94.9-95.0% (Sciurus vs. Glaucomys) to 98.4% (Glauc-
omys vs. Tamiasciurus) (Table 3).

B. washoensis strains except those from the genus
Spermophilus were also classified by the clade of their host
genus and geographic origins, i.e. Tamiasciurus and
Glaucomys squirrels in North America and Tamias chip-
munks and Sciurus squirrels in China. On the other hand, all
of the strains derived from the genus Spermophilus formed
a large clade, although the host animals of the genus
Spermophilus originated from two different areas, i.e. North
America and China (Fig. 1).

4. Discussion

To analyze the relationships between the genetic
diversity of B. washoensis strains and host squirrels, MLSA
with the 16S rRNA, ftsZ, gltA, groEL, ribC, and rpoB genes were
applied for 20 B. washoensis strains, which were isolated
from five different genera of squirrels, including Tamias,
Tamiasciurus, Glaucomys, Sciurus, and Spermophilus. These
strains formed a large clade with B. washoensis strains nvh1
from a human patient in the phylogenetic tree analysis
based on the gltA gene (Inoue et al., 2009b). However, the
strains were not discriminated at the species level of the
organisms by the sequence similarity of 16S rRNA, gltA, and
ribC genes, because the similarities between B. washoensis
strains and other known rodent-associated Bartonella spp.

showed higher than those within B. washoensis strains. On
the other hand, the sequence similarities (89.8-93.1%)
based on the concatenated sequence of six loci between B.
washoensis strains and other known rodent-associated
Bartonella spp. were significantly lower than those (94.7-
99.9%)within B. washoensis strains examined. In addition, all
20 strains examined were discriminated by the concate-
nated sequence. These results suggest that multi-gene
analyses have higher discrimination power and should be a
useful tool for further epidemiological investigation of B.
washoensis.

In the phylogenetic trees based on the analysis of the
concatenated sequence, B. washoensis strains formed a
large clade apart from any of the other known rodent-
associated Bartonella spp. Interestingly, B. washoensis
strains formed five distinct clades by the genus of squirrels,
i.e. clades Spermophilus, Tamiasciurus, Glaucomys, Tamias,
and Sciurus, supported by 92-100% BV in ML and NJ and
100% BPP, respectively. The similarities of the concate-
nated sequences among the genus of squirrels were
individually discriminated within the range from 94.9%
to 98.4%, suggesting that B. washoensis is classified by the
genus of the host squirrels. Based on the trees, all strains
except those from squirrels of the genus Spermophilus were
also classified by geographic origin, as the geographic
distribution of Tamiasciurus hudsonicus and Glaucomys
volans is limited to North America and that of Tamias
sibiricus and Sciurus vulgaris orientis is in Eurasia. These
results suggest that B. washoensis may have co-speciated
with their host squirrels.

On the other hand, the clade of Bartonella strains
obtained from Spermophilus species formed four sub-
clades correspondent to squirrel species, including Sp.
beecheyi, Sp. richardsonii, Sp. columbianus, and Sp. dauricus.
The clades include the strains from two different
continents, i.e. North America and Eurasia. This result
may indicate that a phylogenetic relationship of B.
washoensis strains obtained from the genus Spermophilus
is mainly associated with the genus of squirrel hosts rather
than with their geographic origins. Although most B.
washoensis strains from the squirrels formed sub-clades by
the species of squirrel, strain CJ22-1 from Sp. columbianus
formed a clade with the strains from Sp. richardsonii. This
result may explain that the habitat of Sp. columbianus and
Sp. richardsonii are overlapped in North America (Nowak,
1999) and may be infected with related strains from
common sources by some arthropod vectors.

In conclusion, MLSA based on the concatenated
sequences of six genes is a useful tool for the discrimina-
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tion of B. washoensis at the strain level. The strong host
specificity of B. washoensis strains could allow to trace the
source of B, washoensis infection in humans and animals by
using MLSA.
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