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Analysis of several nucleotide polymorphisms in polymorphic genes (ankA4, gltA, and groESL) from 16S rRNA
gene-based genetic variants of Anaplasma phagocytophilum from dogs in the western United States defined at
least two sets of multigene polymorphisms to further characterize these variants. The multigene polymorphism
approach holds promise for development of a genotyping scheme for this important pathogen.

Anaplasma phagocytophilum is a tick-borne pathogen that
causes granulocytic anaplasmosis in a number of mammals,
cats, llamas, including dogs, horses, and humans (3, 5, 16, 23,
25, 33). Strains of A. phagocytophilum show disparities in clin-
ical severity, disease manifestation, reservoir competency, and
antigenic diversity (2, 6, 19-22, 27), suggesting the importance
of studying the pathogen’s clonal structure and population
genetics. One of the most frequently used genes for phyloge-
netic studies has been the 16S rRNA gene because of a slow
rate of mutation in its variable intragenic region interspersed
with stable constant domains (24) and the availability of a large
sequence database in GenBank for sequence comparison. A
small number of genetic variants based on polymorphisms in
the 16S rRNA gene of A. phagocytophilum from humans,
horses, sheep, llamas, white-tailed deer, and ticks have been
described (3, 4, 10, 19, 22, 27). Their biological significance has
also been discussed (20-22, 27). We recently described five
genetic variants of A. phagocytophilum from seven dogs in
Washington State that had clinical diagnoses of granulocytic
anaplasmosis. This included five cases of coinfection with more
than one variant (22). In addition to the 16S rRNA gene, the
roles of ankA (a gene coding for a cytoplasmic protein anti-
gen), gltA (the gene for a citrate synthase), and groESL (a gene
coding for a heat shock protein) of A. phagocytophilum strains
from different hosts have been explored to determine their
phylogeny (7, 18, 26, 29, 32). In this investigation, we explored
the combined contribution of polymorphisms in these three
phylogenetically informative genes in order to characterize
genetic variants and better define the clonal structure of this
pathogen.

(This study was presented in part at the Sth Ticks and Tick-
Borne Pathogens Meeting in Neuchatel, Switzerland, August/
September 2005.)

Each dog in this study was a resident of Washington State.
Their travel histories, clinical syndromes, pathology laboratory
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findings, and evidence of coinfection by one or more variants
of A. phagocytophilum based on the polymorphisms in the 16S
rRNA gene have been described previously (22). DNA was
extracted from the EDTA blood samples from seven dogs that
were infected with known anaplasmal variants. Portions of
ankA, gltA, and groESL were amplified using the following
primer sets: ankA primers LA6/LA1 (8), glitA primers
HGM28F/HG1257R (13), and groESL primers HS1/HS6 (9,
28). Two or three independent amplicons were generated for
each gene, and on average seven independent sequencing re-
actions were performed, covering both sense and antisense
strands. Therefore, each identified polymorphism was the out-
put from, on average, a sevenfold sequence coverage of the
relevant portions of all three genes after being compared to all
the available sequences in GenBank. To maintain consistency
with the published literature, polymorphisms in ankA, gltA, and
groESL have been presented in the context of GenBank acces-
sion numbers AF100885, AF304136, and U96728, respectively.
Novel sets of polymorphisms in each of the three genes were
identified, and individual sets were designated as alpha, beta,
or gamma sets to provide clarity. The use of the term “variant”
was restricted to novel strains based on unique 16S rRNA gene
polymorphism criteria only.

Phylogenetic relatedness of each variant with that of the
available sequences from GenBank was determined by phylo-
genetic analysis. All sequences were aligned, and a neighbor-
joining tree was built using the minimum-evolution criterion.
Based on the structure of the tree, representative taxa from the
significant clades were selected for further analysis. Since these
were protein-coding genes, each alignment was translated us-
ing MacClade (17) and checked for premature termination
codons and inappropriate gaps or alignments. LogDet and
maximum-likelihood distance trees were generated using
PAUP* 4.0b10 (30).

Nucleotide polymorphism sets. Identified nucleotide poly-
morphisms in a single copy of each of three genes are summa-
rized in Tables 1 to 3. The unique polymorphism profile for
each gene was designated to represent a polymorphism set. In
the context of this study, a polymorphism set is expected to be
specific to strains representing each genetic variant. For ankA,
two polymorphism sets (alpha and beta) were identified in six
of the seven blood samples. The ankA alpha set has the
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TABLE 1. Unique sets of polymorphisms in the ankA genes
associated with A. phagocytophilum variants
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TABLE 3. Unique sets of polymorphisms in the groESL genes
associated with A. phagocytophilum variants

GenBank
no.” or
set 2288 2290 2292 2323 2329 2330 2335 2377 2379 2443 2620

Nucleotide(s) at position:

AF100885 G A G C T G G A
Alpha A T A G C T C A
Beta A T A G C T C C

T TIT A
G None® G
G None’® G

“ GenBank accession number used to identify nucleotide positions.
® Deletion.

following polymorphisms at the indicated nucleotide posi-
tions (underlined): AGG2288A (Arg—Lys), ATG2290/
2292TTA (Met—Leu), CCA2323G (Pro—Ala), TGT2329-
2330CTT (Cys—Leu), GAT2335C (Asp—His), AAT2379G
(Asn—Lys), TTT deletion at 2443 (loss of Phe) and
ACT2620G (Thr—Ala). The ankA beta set has all the poly-
morphisms of the alpha set plus the AAT2377/2379CAG
(Asn—Gln) change. The 3-bp deletion (TTT) seen in the ankA4
gene has also been seen in strains from the upper Midwest
(18). For gltA, two polymorphism sets were identified. The glt4
alpha set had the AAG267T (Lys—Asn) and GTG314—C
(Val—Ala) polymorphisms, whereas the beta set had the fol-
lowing polymorphisms in addition to the one described for the
gltA alpha set: GTA269A (Val—lle), ACG66A (synonymous
change), GAC5984 (Asp—Asn), and GTG696A (synonymous
change). Three unique groESL sets of polymorphisms were
identified. The groESL alpha set has mutations at the following
nucleotide positions: ACG285A (synonymous change) and
GCT939C (synonymous change). The groESL beta set has the
GATS585C synonymous change in addition to the alpha set of
polymorphisms. The gamma set has the ATG154A (Met—Ile)
change as well as the polymorphisms described in the alpha set.
Dogs 4 and 5 were coinfected with strains harboring both alpha
and beta sets, whereas dog 6 was infected with strains harbor-
ing alpha and gamma sets. The remaining dogs were infected
with the strain harboring the alpha sets only. The multiset of
polymorphisms in each of the three genes is consistent with our
previously reported observation that some of these dogs were
coinfected with more than one variant (22). The premise was
that the A. phagocytophilum genome harbors only a single copy
of these genes and therefore any polymorphisms/heterozygos-
ity in these genes would reflect coinfections with more than
one genotype or variant.

A tentative genotype scheme from the summary of the com-
bination of all the polymorphism sets in ankA, gltA, and
groESL including our previously published data for 16S rRNA
gene (22) for individual dog samples is presented in Table 4.
The above genotyping criteria were based on the following

TABLE 2. Unique sets of polymorphisms in the glt4 genes
associated with A. phagocytophilum variants

GenBank 1no.® Nucleotide at position:

or set 66 267 269 314 598 696
AF304136 G G G T G G
Alpha G T G C G G
Beta A T A C A A

“ GenBank accession number used to identify nucleotide positions.

GenBank no.® Nucleotide at position:

or set 154 285 585 939
U96728 G G T T
Alpha G A T C
Beta G A C C
Gamma A A T C

“ GenBank accession number used to identify nucleotide positions.

parameters: (i) molecular characteristics of the Washington
(WA) variants described earlier (22) and (ii) the presence and
absence of individual sets of polymorphisms (alpha, beta, and
gamma sets) in the three genes in different dog samples. We
also had to make the assumptions that we had identified all the
possible variants in each sample by the 16S rRNA gene se-
quencing approach (22) and identified all the polymorphism
sets for each of the three genes. In addition, if any particular
set of polymorphisms in a gene was present in all samples, we
assumed they represented the same variant. For example, dog
5, which was infected with WA variant 3, also harbored beta
sets of polymorphisms of ankA and gltA plus either the groESL
alpha or beta set. Similarly, WA variant 4, which was present in
dogs 2, 3, 4, 6, 7, and 8, was further defined by the presence of
alpha sets of polymorphisms in the ankA, gltA, and groESL
genes. Due to the limitation of this approach, we were not able
to identify polymorphisms in ankA, gltA, and groESL genes of
WA variants 1, 2, and 5. The data shown in Table 4 enabled us
to propose a genotype of at least two variants of WA variants
3 and 4. According to this scheme, WA variant 3 harbors the
ankA beta set, the gltA beta set, and either the alpha or beta
groESL set, whereas WA variant 4 harbors the ankA alpha set,
gltA alpha set, and groESL alpha set.

Phylogenetic analysis. We determined the phylogeny of
these variants with respect to other reported A. phagocytophi-
lum strains (see the supplemental material). For the ankA
gene, there was 90% bootstrap support for the clade repre-
senting the dog variants and California strains being different
from the clade representing the New York strains. It does
confirm that ankA remains a phylogenetically important gene
to describe genetic heterogeneity in A. phagocytophilum. In
addition, there was 90% bootstrap support upholding clade
differences between the United States and the Eurasia clades.
Interestingly, strains from Germany fell in three different
clades, as was also shown by von Loewenich et al. (31). For

TABLE 4. Combination of multiple gene polymorphisms in
different dog samples

Sample igz;ﬁg? ankA set gltA set groESL set(s)

2 vl, v2, v4 Alpha Alpha Alpha

3 vl, v4 Alpha Alpha Alpha

4 v4 Alpha Alpha Alpha, beta

5 v3 Beta Beta Alpha or beta
6 v2, v4 Alpha Alpha Alpha, gamma
7 v4 Alpha Alpha Alpha

8 v4, v5 Alpha Alpha Alpha

“16S rRNA based on genetic variants have been described by Poitout et al.
(22).
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groESL, the gamma set of polymorphisms made a separate
clade and clustered with strains from Sardinia (1) but were
different from the alpha and beta sets. Otherwise, clade struc-
tures were similar to that of the ankA gene. The gltA tree
suggested that variants representing the beta set were closer
to strains from California than the New York and Minnesota
strains. In summary, Washington variants clustered with U.S.
strains in general, except for the groESL gamma set, which
clustered outside the U.S. strains (see the supplemental mate-
rial). In general, U.S. strains formed a separate clade from the
China clade and the European clade for all genes examined.
The data suggest a limited phylogenetic variation within the
U.S. clades to distinguish the strains when each gene is exam-
ined separately. There is, however, adequate genetic signal,
which suggests some differences among the variants but which
is more obvious in clades representing European and Chinese
strains and possibly the Russian strains. It needs to be pointed
out than any phylogenetic relationships based on the gene
sequence should be interpreted with caution since recombina-
tion is extant among bacterial species (11). In this case, phy-
logenetic analysis was based on three noncontiguous genes
located at significant distances on the A. phagocytophilum ge-
nome (12). The agreement among the three genes suggests
that no recombination event has confounded the analysis.
The strength of our approach to distinguish genotypes from
different strains relies on the buildup of a large sequence
database of 16S rRNA, ankA, gltA, and groESL genes. There-
fore, we recommend that investigators try to obtain sequence
data for these genes of A. phagocytophilum whenever feasible.
Little is known about the population structure of A. phago-
cytophilum with regard to host tropisms, virulence profiles, and
susceptibility to different antibiotics. This limitation is mostly
due to approaches available to work on an obligate intracellu-
lar pathogen such as A. phagocytophilum. It has been difficult to
identify phenotypic markers for strain discrimination for this
pathogen. Therefore, genotypic based differences could be ex-
ploited to address some of the host-pathogen specificity issues.
Previous studies have attempted to exploit the polymorphisms
in the 16S rRNA gene as a marker to distinguish the virulent
and variant A. phagocytophilum strains (19, 22, 27). Besides the
16S rRNA gene, ankA, gltA, and groESL are among other
polymorphic genes that have been exploited independently to
investigate phylogenetic relatedness for A. phagocytophilum (8,
9, 13-15, 18, 28, 31). Our multigene analysis approach with the
use of known variants provides an opportunity to more nar-
rowly define A. phagocytophilum genotypic differences at the
population genetics level. This approach will help in our un-
derstanding of the clonal concept for this emerging pathogen.

We acknowledge Marshfield Clinic Research Foundation for finan-
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