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Anaplasma phagocytophilum is an emerging tick-borne pathogen that infects humans, domestic

animals and wildlife throughout the Holarctic. In the far-western United States, multiple rodent

species have been implicated as natural reservoirs for A. phagocytophilum. However, the

presence of multiple A. phagocytophilum strains has made it difficult to determine which reservoir

hosts pose the greatest risk to humans and domestic animals. Here we characterized three

genetic markers (23S–5S rRNA intergenic spacer, ank and groESL) from 73 real-time TaqMan

PCR-positive A. phagocytophilum strains infecting multiple rodent and reptile species, as well as

a dog and a horse, from California. Bayesian and maximum-likelihood phylogenetic analyses of all

three genetic markers consistently identified two major clades, one of which consisted of A.

phagocytophilum strains infecting woodrats and the other consisting of strains infecting sciurids

(chipmunks and squirrels) as well as the dog and horse strains. In addition, analysis of the 23S–

5S rRNA spacer region identified two unique and highly dissimilar clades of A. phagocytophilum

strains infecting several lizard species. Our findings indicate that multiple unique strains of A.

phagocytophilum with distinct host tropisms exist in California. Future epidemiological studies

evaluating human and domestic animal risk should incorporate these distinctions.

INTRODUCTION

Anaplasma phagocytophilum is a tick-transmitted rickettsial
parasite of humans and other animals. Since tick-borne
fever was first described and attributed to ‘Rickettsia
phagocytophila’ in small ruminants in Great Britain in the
early 1900s (Macleod & Gordon, 1933; Foggie, 1949, 1951),
related diseases were identified in voles (Microtus pennsyl-
vanicus) in 1938 (Tyzzer, 1938; Foggie, 1962), horses in
the 1950s in California (Stannard et al., 1969), dogs in
California in 1982 (Madewell & Gribble, 1982) and human
beings in the upper Midwest in 1993 (Chen et al., 1994). In
2001, Ehrlichia equi, Ehrlichia phagocytophila and the agent
of human granulocytic ehrlichiosis were synonymized as A.
phagocytophilum on the basis of 16S rRNA and groEL genes
and morphological and phenotypic characteristics (Dumler
et al., 2001).

Nevertheless, phenotypic and genetic data support the
presence of distinct strains. The North American strain Ap-
Variant 1, which has distinctive 16S rRNA, msp4, msp2 and
ank genes, occurs in ticks and deer (Massung et al., 2003);
deer, goats and tick-derived cell lines can be infected with
Ap-Variant 1, but rodents cannot (Massung et al., 2007).
In England, two genetically distinct subpopulations of A.
phagocytophilum coexist in separate enzootic cycles, one
involving deer and Ixodes ricinus ticks and the other
involving field voles (Microtus agrestis) and Ixodes triangu-
liceps (Bown et al. 2009). Strains in western North America
show at least two phenotypes based on pathogenicity for
horses. The equine-origin MRK strain, as well as strains
from chipmunks (Tamias species) and tree squirrels (Sciurus
and Tamiasciurus species), reproducibly induce severe
disease in horses (Pusterla et al., 1999; Foley et al., 2009b)
consistent with other data showing that squirrels and
chipmunks are reservoir-competent for A. phagocytophilum
(Nieto & Foley, 2008, 2009). In contrast, woodrat-origin
strains are minimally infectious and apathogenic in horses
(Foley et al., 2009b).

The ecological and epidemiological significance of genetic
and phenotypic variants of A. phagocytophilum is poorly
understood. The goal of the present study was to analyse A.

Abbreviations: BB, Big Basin State Park; HC, Henry Cowell State Park;
HV, Hoopa Valley Indian Reservation; HW, Hendy Woods State Park;
ML, maximum-likelihood; SNP, single nucleotide polymorphism; SPT,
Samuel P. Taylor State Park.

The GenBank/EMBL/DDBJ accession numbers for the sequences of
the individual genes analysed in this study are listed in Table 1.
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phagocytophilum strains from a diversity of wild and
domestic animal hosts in order to determine whether
genotypes in the western US cluster according to host
species or geographical location. These data are critical for
interpreting surveillance and human risk and will contrib-
ute important baseline information for understanding the
ecology of this emerging zoonotic disease.

METHODS

Sample collection and preparation. DNA samples for molecular

characterization were obtained from small mammals including

chipmunks, dusky-footed woodrats, eastern grey squirrels (Sciurus

carolinensis) and western grey squirrels (Sciurus griseus) between

October 2005 and May 2008. Animals were sampled in central and

northern California at the following sites: Big Basin State Park (BB,

Santa Cruz County; 37u 10.6219, 122u 12.3289), Henry Cowell State

Park (HC, Santa Cruz County; 37u 08.7059, 122u 11.129), Samuel P.

Taylor State Park (SPT, Marin County; 38u 01.2329, 122u 40.7749),

Hendy Woods State Park (HW, Mendocino County; 39u 04.259,

123u 28.2389) and Hoopa Valley Indian Reservation (HV, Humboldt

County; 41u 16.659, 123u 70.129). Several lizard species including

northern alligator lizards (Elgaria coerulea), sagebrush lizards

(Sceloporus graciosus) and western fence lizards (Sceloporus occidentalis)

were also sampled in HV during May and June 2006. Blood samples

from small mammals and lizards were collected as described previously

(Foley et al., 2009a; Nieto et al., 2009). DNA from all blood samples was

extracted using a Qiagen blood and tissue kit as per the manufacturer’s

instructions. A number of sampled animals harboured ticks, results of

which have been described separately (Foley et al., 2011; Rejmanek

et al., 2011). Three additional A. phagocytophilum strains used in this

study included HZ (the fully sequenced human-origin strain from New

York state) (Dunning Hotopp et al., 2006), MRK (originally isolated

from an infected horse in Shasta County, CA, and maintained in

infected leukocytes obtained by horse passage) and Dog_CA, a strain

isolated from an infected dog from Tuolumne County, CA, that was

a patient at the UC Davis Veterinary Medicine Teaching Hospital

(VMTH) and which presented with high fever, lethargy, thrombocy-

topenia and A. phagocytophilum inclusions in approximately 100 % of

its neutrophils (courtesy of Steven Dumler, John Hopkins). This strain

has been maintained in a human promyelocytic leukaemia (HL-60) cell

line. Locations of sampling sites and California origin strains (MRK

and Dog_CA) are illustrated in Fig. 1.

PCR analysis and cloning. All DNA samples were initially screened

for the presence of A. phagocytophilum DNA using a highly sensi-

tive real-time TaqMan PCR assay targeting the msp2/p44 gene

(Drazenovich et al., 2006). This assay targets a conserved region of

the msp2/p44 gene present in ~100 copies throughout the genome and

it has been used to successfully amplify DNA from a wide variety of

strains from within the US and other parts of world, including China,

Guatemala and Germany (Drazenovich et al., 2006). Results of real-

time PCR were considered positive if they had a cycle threshold (CT)

value ,40 and a characteristic amplification curve. Nested conven-

tional PCR assays targeting sections of the ank gene and the groESL heat

shock operon, as well as the 23S–5S rRNA (rrl–rrs) intergenic spacer

region, were then performed on all positive samples. Amplification of

the ank gene was performed as described by Massung et al. (2007) using

external primers ANK-F1 (59-GAAGAAATTACAACTCCTGAAG-39)

and ANK-R1 (59-CAGCCAGATGCAGTAACGTG-39), followed by

internal primers ANK-F2 (59-TTGACCGCTGAAGCACTAAC-39) and

ANK-R2 (59-ACCATTTGCTTCTTGAGGAG-39), yielding an approxi-

mately 600 bp product. A segment of the groESL operon was amplified

using external primers HS1a (59-AITGGGCTGGTAITGAAAT-39) and

HS6a (59-CCICCIGGIACIAIACCTTC-39), followed by internal pri-

mers HS43 [59-AT(A/T)GC(A/T)AA(G/A)GAAGCATAGTC-3] and

HSVR (59-CTCAACAGCAGCTCTAGTAGC-39), yielding an approxi-

mately 1200 bp product as described by Liz et al. (2002). The 23S–5S

rRNA spacer region was amplified with newly designed external

primers ITS2F (59-AGGATCTGACTCTAGTACGAG-39) and ITS2R

(59-CTCCCATGTCTTAAGACAAAG-39), and internal primers ITS2iF

(59-ATACCTCTGGTGTACCAGTTG-39) and ITS2iR (59-TTAACTT-

CCGGGTTCGGAATG-39), using the following thermocycler condi-

tions: 94 uC for 2 min, followed by 35 cycles of 94 uC for 30 s, 58 uC
for 30 s and 72 uC for 1 min, followed by a 5 min extension at 72 uC.

This PCR assay was designed so that both sets of forward primers are

embedded within the conserved 23S rRNA gene and both reverse

primers are within the 5S rRNA gene. The nested amplicon spans a

300 bp region covering the entire non-coding (less conserved) spacer

region. Amplified DNA was visualized on a 1 % agarose gel stained with

GelStar nucleic acid stain (Lonza). Bands of the expected size were

excised and cleaned with a Qiagen gel extraction kit. For sequencing of

the ank gene, gel-extracted amplicons were cloned using the pGEM-T

easy vector system (Promega) prior to sequencing.

DNA sequencing and alignment. Gel-extracted or cloned PCR

products were sequenced in both forward and reverse directions on

an ABI 3730 sequencer (Davis Sequencing). Sequences initially were

aligned using the CLUSTAL_X sequence alignment program (Larkin

et al., 2007) and trimmed to a final length of 291 bp (23S–5S rRNA),

567 bp (ank) and 1164 bp (groESL). To minimize the potential for

incorporating base-pair substitution errors introduced during PCR,

cloning or DNA sequencing into the final consensus sequence, any

samples exhibiting a unique sequence that differed from all other

sequences were reamplified and resequenced. GenBank accession

numbers for all unique sequences are presented in Table 1.

Phylogenetic analysis. For each genetic marker, phylogenetic analyses

were performed using the program Treefinder (www.treefinder.de/

Fig. 1. Small mammal sampling sites and locations of A.

phagocytophilum-infected dog and horse (MRK). HV, Hoopa
Valley State Park; HW, Hendy Woods State Park; SPT, Samuel P.
Taylor State Park; BB, Big Basin State Park; HC, Henry Cowell
State Park.
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former_index.html), which employs a maximum-likelihood (ML)

method to resolve phylogenies, and MrBayes 3.1.2 (Ronquist &

Huelsenbeck, 2003), which uses a Bayesian statistical approach based

on probability distributions. For ML analyses, the optimal nucleotide

substitution model was determined using the program jModeltest 0.1.1

(Posada, 2008). The HKY model of substitution was used for recon-

structing the groESL and ank phylogenies while the GTR model was

deemed most appropriate for phylogeny reconstruction using the 23S–5S

marker. Bootstrap support for the ML trees was based on 1000 pseu-

doreplicate datasets generated from the original sequence alignments.

For Bayesian analysis, protein-coding ank and groESL DNA sequences

and non-coding 23S–5S DNA sequences were aligned using MUSCLE

v3.8 (Edgar, 2004). Coding sequences were translated to ensure that

the sequences were in-frame and did not contain stop codons.

Identical sequences were excluded from the analysis then reincluded

for the phylogeny figures.

Preliminary analyses were performed using the GTR model of

nucleotide substitution, with a discrete gamma distribution used

to accommodate among-site variation in the rate of nucleotide

substitution (i.e. GTR+G). We accommodated process heterogeneity

within the coding sequences (ank and groESL) by partitioning these

gene regions by codon position: a separate GTR+G model was

applied to each subset of nucleotides comprising the three codon

positions.

For each of the three separate gene regions, we approximated the joint

posterior probability distribution of trees and other parameters of the

GTR+G substitution model using the Metropolis-Coupled Markov

Chain Monte Carlo (MC3) samplers implemented in MrBayes.

Preliminary analyses of each gene region entailed four independent

MC3 analyses run for 16107 generations, each with four incre-

mentally heated chains (with the temperature parameter set

to 0.2), where the cold chain was thinned by sampling every 16103

Table 1. Description of A. phagocytophilum strains and PCR results with corresponding GenBank accession numbers for individual
genes analysed in this study

Strain ID Host species Origin PCR results (accession no. shown if successful*)

23S–5S rRNA groESL ank

Scg_752_HV Sceloporus graciosus Hoopa Valley JF487929 NA NA

Sco_622_HV Sceloporus occidentalis Hoopa Valley JF487929 NA NA

Sco_760_HV Sceloporus occidentalis Hoopa Valley JF487930 NA NA

Ec_765_HV Elgaria coeruleus Hoopa Valley JF487930 NA NA

Sg_730_HV Sciurus griseus Hoopa Valley JF451142 JF494840 JF303732

Sg_167_BB Sciurus griseus Big Basin JF451139 JF494840 JF303732

Sg_168_BB Sciurus griseus Big Basin JF451139 NA JF303733

Sc_1225_BB Sciurus carolinensis Big Basin NA NA JF303732

To_1591_HW Tamias ochrogenys Hendy Woods JF451141 NA NA

To_1634_HW Tamias ochrogenys Hendy Woods JF451141 NA NA

To_1755_HW Tamias ochrogenys Hendy Woods JF451139 NA NA

Ts_219_SPT Tamias sonomae Samuel P. Taylor JF451139 JF494840 JF303733

Ts_279_SPT Tamias sonomae Samuel P. Taylor JF451139 NA JF303733

Nf_1026_HW Neotoma fuscipes Hendy Woods JF451141 JF494841 JF303734

Nf_1217_HV Neotoma fuscipes Hoopa Valley JF451141 JF494838 JF303737

Nf_1218_HV Neotoma fuscipes Hoopa Valley JF451141 JF494838 JF303737

Nf_1220_HV Neotoma fuscipes Hoopa Valley JF451141 JF494837 JF303738

Nf_1222_HV Neotoma fuscipes Hoopa Valley JF451141 JF494837 JF303738

Nf_1443_HW Neotoma fuscipes Hendy Woods JF451141 NA JF303735

Nf_1496_HW Neotoma fuscipes Hendy Woods JF451141 NA JF303739

Nf_1503_HW Neotoma fuscipes Hendy Woods JF451141 NA JF303736

Nf_1603_HV Neotoma fuscipes Hoopa Valley JF451141 JF494836 JF776828

Nf_1605_HV Neotoma fuscipes Hoopa Valley JF451141 JF494837 JF303738

Nf_1606_HV Neotoma fuscipes Hoopa Valley JF451141 JF494837 JF303737

Nf_1607_HV Neotoma fuscipes Hoopa Valley JF451141 NA NA

Nf_1619_HC Neotoma fuscipes Henry Cowell JF451141 JF494834 JF303740

Nf_1629_HC Neotoma fuscipes Henry Cowell JF451141 JF494835 JF303741

Nf_1692_HC Neotoma fuscipes Henry Cowell JF451141 NA NA

Nf_1707_HC Neotoma fuscipes Henry Cowell JF451141 NA NA

Nf_1712_HC Neotoma fuscipes Henry Cowell JF451141 NA NA

Nf_DU1_HW Neotoma fuscipes Hendy Woods JF451141 JF494841 JF303739

Nf_13.2_HW Neotoma fuscipes Hendy Woods JF451141 JF494841 JF303739

Dog_CA Canis lupus familiaris Tuolumne County JF451139 JF494833 JF303732

MRK_CA Equus caballus Shasta County JF451139 JF494840 JF303732

HZ_NY Homo sapiens New York State JF451140 JF494839 JF303731

*Identical sequences are represented by a single accession number.
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cycles. For the purposes of diagnosing MCMC performance (see

below), we also estimated the joint prior probability density for each

of the three gene regions by running the MCMC samplers in MrBayes

on an ‘empty’ alignment consisting of entirely missing data (e.g. a

matrix of sequences where each sequence is a string of question marks

equal in length to the corresponding sequence in the original data

matrix).

For each of the three gene regions, we assessed performance of the

MCMC analyses by scrutinizing the samples from each of the

four independent chains using Tracer 1.4 (http://beast.bio.ed.ac.uk/

Tracer). We assessed convergence by comparing the marginal

posterior probability density for each of the model parameters to

ensure that estimates from each of the four independent chains were

effectively identical. We assessed mixing of the chains over each

parameter using three diagnostics: (1) the rate at which proposed

updates to each parameter were accepted (with a target window of

20–70 %); (2) by examining the form of the marginal posterior

probability densities (to ensure that the density for each parameter

was smooth and unimodal); and (3) by comparing the marginal

posterior probability density for each parameter to its corresponding

prior probability density (to assess the degree of information in the

data for each parameter).

We identified weak parameters as those with low effective sample

size values (i.e. ,200) and for which the inferred marginal posterior

and prior probability densities were similar. We eliminated any

weak parameters by collapsing to submodels of the GTR family as

necessary, and then running new analyses under these simplified

models (using the same details as described above). Specifically, this

led to simplifying the models for protein-coding sequences by

collapsing from three partitions for each gene (corresponding to the

three codon positions) to two partitions (with first and second codon

positions combined into a single data partition, and third position as

a single data partition) and finally to a single partition for all sites in

each gene region.

During the model search, all three gene trees exhibited the MrBayes

Long Tree pathology (Brown et al., 2010) so empirical branch-length

priors were obtained from their corresponding ML estimates. ML

estimates for each dataset were obtained using RAxML 7.0.4

(Stamatakis, 2006), performed with 30 individual replicates under

the same partitioning schemes as those used in the MrBayes analyses.

The tree with the highest log-likelihood was selected, and its tree

length was extracted using the ape package in R (Paradis et al., 2004),

and divided by (N–1), where N is the number of species in each

dataset. This process resulted in the selection of the following

substitution models. For ank, a separate GTR model was applied to

each of three partitions (by codon position) with unlinked stationary

frequencies, instantaneous rate matrices and rate priors, and an

unconstrained exponential branch length prior across all partitions

with a lambda of 80.447. For groESL, F81 was applied to each of two

data partitions (first and second codon positions in one position,

and third codon position in a second) with unlinked stationary

frequencies, instantaneous rate matrices and rate priors, and an

unconstrained exponential branch length prior with a lambda of

1338.250. For 23S–5S rRNA, GTR was applied to a single data

partition for the alignment, with an unconstrained exponential

branch length prior with a lambda of 16.202.

For the phylogenies presented below, all final MrBayes analyses were

carried out with four independent runs and four chains per run. Each

analysis ran for 56107 generations, sampled every 16103 genera-

tions, with a burn-in of 16104 sampled generations. To summarize

the posterior distribution of trees, we present only the majority-rule

consensus trees for each of the gene regions (Holder et al., 2008).

Alignments, trace files and tree posteriors are available upon request.

RESULTS

PCR analysis

A total of 73 individual animals sampled from multiple sites
throughout northern California between October 2005 and
May 2008 were positive for infection with A. phagocytophi-
lum, as detected by real-time PCR. They included 38
woodrats, 11 redwood chipmunks (Tamias ochrogenys), 6
Sonoma chipmunks (Tamias sonomae), 6 western grey
squirrels, 3 eastern grey squirrels and 9 lizards including
7 western fence lizards, a northern alligator lizard and a
sagebrush lizard. The overall infection prevalence was 9.3 %
in woodrats, 6.3 % in chipmunks, 10.5 % in squirrels and
5.3 % among lizards. Successful amplification and DNA
sequencing of the three genetic markers varied considerably.
Amplification of the 23S–5S rRNA spacer region was the
most sensitive, with 31 of the 73 real-time PCR-positive
samples (42 %) amplifying successfully. The ank gene
was less sensitive, with only 21 (30 %) samples amplifying
successfully, while amplification of the groESL gene was the
least sensitive, with only 15 (21 %) samples amplifying. The
PCR results for all three genes are summarized in Table 1.

Phylogenetic analysis

Samples that amplified at the 23S–5S rRNA region included
strains from 19 woodrats, 5 chipmunks, 3 western grey
squirrels, 2 western fence lizards, the northern alligator
lizard and the sagebrush lizard. Excluding the 4 lizards, only
3 single nucleotide polymorphisms (SNPs) were identified
among all of the rodent-origin samples as well as the HZ,
MRK and Dog_CA strains. All of the woodrats, which were
sampled at three different sites (HC, HW and HV) separated
by several hundred kilometres, shared a strain with a unique
sequence with two of the redwood chipmunks from HW.
This sequence varied by one SNP from the HZ strain
sequence. The other three chipmunks (one from HW and
two from SPT) and two of the squirrels (both from BB) had
a sequence that was identical to the MRK and Dog_CA
sequences, while the third squirrel sampled in HV had a
unique SNP that further differentiated it from the other
squirrels. In contrast, two considerably different sequences
containing multiple SNPs and several insertions/deletions
(indels) were detected among the four lizard-origin A.
phagocytophilum strains.

The phylogenetic relationships among all of the sequences
were assessed by ML and Bayesian analysis. Both types of
analyses resulted in nearly identical phylograms differing
only slightly in their support for particular nodes. The
Bayesian tree with ML nodal support values is presented
in Fig. 2. The phylogram separated the samples into three
unique clades. The sagebrush lizard strain (Scg_752_HV)
and one from a western fence lizard (Sco_622_HV) grouped
together and strains from the other two lizards (Ec_765_HV
and Sco_760_HV) formed their own distant clade. The other
clearly defined clade consisted of all the mammalian-origin
samples and was further partitioned based on the SNPs

Molecular characterization of Anaplasma phagocytophilum
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described above, although the posterior probabilities and
bootstrap support for these partitions were weak, probably
due to a low level of nucleotide variation.

Amplification of the groESL marker was successful for only
15 rodent samples including 12 woodrats, 2 western grey
squirrels and 1 Sonoma chipmunk. The HZ, MRK and
Dog_CA strains also amplified successfully. Among these
samples, eight unique sequences were identified. The two
squirrel, chipmunk and MRK strains all shared identical
sequences that differed by one SNP from the HZ strain, by
another SNP from the Dog_CA strain and by one or more
unique SNPs from all of the woodrat strains. A phylogenetic
tree based on Bayesian and ML analysis illustrates the
differences among the samples (Fig. 3). Similar to the
partitioning of samples based on the 23S–5S rRNA marker,
analysis of the groESL sequences shows that the HZ strain is
unique from all others, branching out from the group of
identical sequences that includes the MRK strain along with
the squirrel and chipmunk strains. The woodrat strains
form their own separate group. However, unlike the lack
of sequence variation among woodrats across the 23S–5S

rRNA region, further resolution of these samples was
observed with the groESL marker.

Amplification of the ank gene was successful for 21 samples
including strains from 15 woodrats, 3 western grey
squirrels, 1 eastern grey squirrel and 2 Sonoma chipmunks.
The ank gene also showed considerably more variation
among samples than either groESL or the 23S–5S rRNA
marker. Sequence variation was attributable to numerous
SNPs throughout the entire gene segment. In addition, a
single 3 nt indel, corresponding to the amino acid leucine,
distinguished the woodrat strains from the other strains.
As for the other two markers, the HZ strain displayed a
unique sequence differentiating it from the others. The
MRK and Dog_CA strains had identical sequences to those
of the eastern grey squirrel and two of the western grey
squirrels and they varied by 1 SNP from the other western
grey squirrel and the two chipmunks. These sequences
varied from all of the woodrat sequences by at least 22
unique SNPs in addition to the indel described above.

As observed with the other two markers, phylogenetic
relationships inferred by Bayesian and ML analysis indicated

Fig. 2. Majority-rule consensus phylogram inferred from an alignment of A. phagocytophilum 23S–5S rRNA gene sequences.
Bayesian analyses of phylogeny were performed using MrBayes v. 3.1.2. Identical sequences were excluded from analysis and
reincluded for this figure. Values of nodal support are Bayesian posterior probabilities. For nodes recovered in both Bayesian
and ML analyses, ML bootstrap confidence values exceeding 50 % are also shown. Branch lengths are in units of expected
number of nucleotide substitutions per site. Amarginale, A. marginale (GenBank accession no. AY048815); HZ_NY, human
strain from New York state; MRK_CA, horse strain from California; Dog_CA, dog strain from California; Sg, Sciurus griseus; Ts,
Tamias sonomae; To, Tamias ochrogenys; Nf, Neotoma fuscipes; Scg, Sceloporus graciosus; Sco, Sceloporous occidentalis;
Ec, Elgaria coerulea; HV, Hoopa Valley; BB, Big Basin; SPT, Samuel P. Taylor; HW, Hendy Woods; HC, Henry Cowell.
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(with strong nodal support) the existence of three main
clades (Fig. 4). The HZ strain formed its own clade, the
MRK and VMTH dog strains formed a clade with all of
the squirrels and chipmunks, and the woodrats formed
a separate highly diverse clade. Interestingly, within
the woodrat clade there was strong support for further
partitioning of strains based on sampling location. In fact,
only two woodrats, Nf_1026_HW and Nf_1603_HV, were
not grouped by location.

DISCUSSION

With multiple reservoir hosts and several tick vectors,
the ecology of A. phagocytophilum in the far-western US
is complex and remains poorly understood. In order to
understand the risk factors associated with transmission of
a tick-borne pathogen to humans and domestic animals,
it is important to know whether clinically or ecologically
meaningful phenotypic and genetic diversity exists in the
environment and which hosts carry pathogenic strains.
In an effort to characterize the strains circulating in
this environment, we utilized three genetic markers with

varying levels of resolution and sensitivity to compare A.
phagocytophilum DNA extracted from small mammal and
lizard species collected in northern California.

Woodrats, chipmunks and squirrels have all been impli-
cated as reservoirs for A. phagocytophilum in humans, dogs
and horses (Foley et al., 2008b; Nieto & Foley, 2008, 2009).
Based on sequence analysis across all three genetic markers,
we have shown that strains capable of causing granulocytic
anaplasmosis in a horse (MRK) and a dog (Dog_CA) are
genetically identical or nearly identical to strains isolated
from squirrels and chipmunks from multiple sites in
northern California. In contrast, all of the woodrat strains
collected from many of the same locations differed from the
other strains consistently across all three markers. Although
local human-origin strains of A. phagocytophilum were
not available for analysis, previous findings indicated that
human and equine strains from northern California were
genetically identical or nearly identical across multiple
genetic markers (Foley et al., 2009b). It was interesting that,
at least in the intergenic spacer region, the human-origin HZ
strain clustered with the woodrat strains. This finding could
be due to shared, derived sequence evolution, or it could be

Fig. 3. Majority-rule consensus phylogram inferred from an alignment of A. phagocytophilum groESL sequences. Bayesian
analyses of phylogeny were performed using MrBayes v. 3.1.2. Identical sequences were excluded from analysis and reincluded
for this figure. Values of nodal support are Bayesian posterior probabilities. For nodes recovered in both Bayesian and ML
analyses, ML bootstrap confidence values exceeding 50 % are also shown. Branch lengths are in units of expected number of
nucleotide substitutions per site. HZ_NY, human strain from New York state; MRK_CA, horse strain from California; Dog_CA,
dog strain from California; Sg, Sciurus griseus; Ts, Tamias sonomae; Nf, Neotoma fuscipes; HV, Hoopa Valley; BB, Big Basin;
SPT, Samuel P. Taylor; HW, Hendy Woods; HC, Henry Cowell.
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the result of other processes, such as homoplastic evolution.
We considered it unlikely to be a shared, derived character
given the geographical distance between this strain origin
and California. The close relationship was not observed
for the other genes but further work using this marker
more broadly geographically is warranted. Nevertheless,
our findings lend strong support to the growing body of
evidence suggesting that A. phagocytophilum strains infecting
woodrats in California are fundamentally distinct from
other strains including those capable of causing disease in
humans and domestic animals. For example, there appears
to be a lack of spatial overlap between clinical human, canine
and equine cases of A. phagocytophilum and infection in
woodrats (Chae et al., 2000). In addition, horses experi-
mentally inoculated with woodrat strains of A. phagocyto-
philum did not become infected, while the same horses did
become infected when they were subsequently inoculated
with an A. phagocytophilum strain of chipmunk origin (Foley
et al., 2008a). Lastly, genetic characterization of MSP2/P44
expression sites showed a clear difference between A.
phagocytophilum strains originating from humans and dogs
with those originating from woodrats (Morissette et al.,
2009). Together, these findings indicate that in northern

California, the likely reservoirs for granulocytic anaplas-
mosis, in humans and domestic animals, are sciurids
(tree-squirrels and chipmunks) and not woodrats as was
previously postulated.

Although all of the woodrat samples consistently grouped
together phylogenetically and nearly all the sciurid samples
clustered together as well, two redwood chipmunk samples
(To_1591_HW and To_1634_HW) were an exception,
clustering instead with the woodrat samples according to
their 23S–5S rRNA gene sequences. Unfortunately, neither
the ank nor the groESL genes were successfully amplified
from these samples. These data suggest that, in some
instances, chipmunks may acquire A. phagocytophilum
strains that are typical in woodrats. Interestingly, laboratory
studies have shown that woodrats are susceptible to several
strains including HZ, MRK and Dog_CA (Nieto et al.,
2010). However, infections with these strains were transient,
typically detectable by PCR for only several weeks. In
contrast, woodrats infected with an A. phagocytophilum
strain of woodrat origin exhibited PCR-detectable infections
for up to 8 months (Castro et al., 2001). One factor to con-
sider is whether reservoir hosts could be infected concur-
rently with more than one strain of A. phagocytophilum.

Fig. 4. Majority-rule consensus phylogram inferred from an alignment of A. phagocytophilum ank sequences. Bayesian analyses
of phylogeny were performed using MrBayes v. 3.1.2. Identical sequences were excluded from analysis and reincluded for this
figure. Values of nodal support are Bayesian posterior probabilities. For nodes recovered in both Bayesian and ML analyses, ML
bootstrap confidence values exceeding 50 % are also shown. Branch lengths are in units of expected number of nucleotide
substitutions per site. HZ_NY, human strain from New York state; MRK_CA, horse strain from California; Dog_CA, dog strain
from California; Sg, Sciurus griseus; Sc, Sciurus carolinensis; Ts, Tamias sonomae; Nf, Neotoma fuscipes; HV, Hoopa Valley;
BB, Big Basin; SPT, Samuel P. Taylor; HW, Hendy Woods; HC, Henry Cowell.
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Limited experimental data suggest that infection with one A.
phagocytophilum strain precludes infection with a second
strain (J. Foley & D. Rejmanek, unpublished data). If true in
the wild, this could further help to maintain the observed
host tropism among strains.

There appears to be greater strain diversity among the
woodrat samples than among sciurid samples, based on
variations within the groESL and ank genes, although fewer
sciurid samples were collected and sequenced than from
woodrats. For the ank gene in particular, there was only
1 nt that differed among the six sciurids and MRK and
Dog_CA strains, even though these samples originated
from diverse locations across northern California. In
contrast, the woodrat samples partitioned into multiple,
well-supported clades or branches, each of which varied
by at least 7 SNPs. Why there would be greater diversity
among woodrat strains of A. phagocytophilum as compared
to sciurid strains is not clear. One possibility is that the
sciurid strains detected in this study are recent descendants
of a highly successful strain that may have been able to
outcompete other less successful sciurid strains. Another
explanation may be that woodrat strains, which induce
long-lasting infections in their hosts, could be partitioned
into different geographical sites or host–vector cycles. This
is supported by the fact that nearly all of the unique
woodrat strains collected were spatially clustered, such that
no single strain was detected in more than one location.
The existence of multiple strains in any one area suggests
that none may have a particular fitness advantage.

Of final note, the detection of two highly dissimilar strains
of A. phagocytophilum in multiple lizard species is quite
intriguing. Although western fence lizards have been shown
to be both PCR- and seropositive for A. phagocytophilum in
the wild, the dissimilarity of the 23S–5S rRNA gene lizard
sequences from all other strains tested in the current study
suggests that these may be more than just different strains
but potentially novel species. It is unfortunate that the lizard
strains did not amplify at either of the other two genes,
although, given the variation within the 23S–5S rRNA
marker, it is possible that the primer sequences for these
more variable genes were too dissimilar to anneal properly.
Additional research will be necessary to further classify these
strains based on more conserved genetic regions (i.e. 16S
rRNA gene and mitochondrial DNA). A broader survey
of A. phagocytophilum strains infecting lizards and their
associated ticks will also help us to understand the role and
extent of these strains in the environment.

In conclusion, we have shown that multiple strains of
A. phagocytophilum with distinct host tropisms exist in
northern California. These include several highly divergent
strains detected in lizards, several closely related sciurid
strains that are identical or nearly identical to a disease-
causing strain isolated from dogs and horses, and a more
divergent group of strains unique to woodrats. Future
epidemiological studies evaluating human and domestic
animal risk need to incorporate these distinctions. With

increasing reports of dissimilar genotypes of A. phagocyto-
philum from multiple regions of the world, it is important to
continue to define distinct phenotypes based on ecological
data as well.
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