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Anaplasma phagocytophilum is a widely distributed tick-borne pathogen of humans, livestock, and companion
animals. We used in silico methods to identify 10 variable-number tandem-repeat (VNTR) loci within the
genome sequence of the A. phagocytophilum HZ strain and used these data to develop a multilocus VNTR-based
typing scheme for the species. Having confirmed the stability of four of the loci in replicates of the A.
phagocytophilum strain that had been subjected to different numbers of passages through cell cocultures in
vitro, we then used this typing scheme to discriminate between 20 A. phagocytophilum strains of diverse
geographical and host provenances. Extensive diversity was found at each of the four loci studied, with total
allele numbers ranging from 13 to 18 and Hunter-Gaston discriminatory index values ranging from 0.93 to
0.99. Only 2 of the 20 strains examined shared alleles at all four loci. The discriminatory power of VNTR
analysis was found to be greater than that of either partial msp4 or 16S rRNA gene sequence comparison. The
extremely high sensitivity of this novel approach to the genetic fingerprinting of A. phagocytophilum strains
should serve well in molecular epidemiological studies of infection transmission, particularly when fine-scale
strain delineation is required.

Anaplasma phagocytophilum has long been recognized as a
pathogen of veterinary importance, primarily causing tick-
borne fever in sheep and cattle but also being associated with
infections in other domesticated animals including cats, dogs,
and horses. However, more recently it has emerged as a zoo-
notic agent, causing human granulocytic anaplasmosis (HGA).
Following its first description in the United States just over a
decade ago, HGA has been reported across Europe and North
and South America, and in the United States at least, HGA is
now recognized as being among the most medically important
tick-borne diseases (8).

A. phagocytophilum is transmitted by ticks of the genus
Ixodes and is thought to exploit a wide range of mammals as
reservoir hosts. In Europe, Ixodes ricinus, which has a broad
host range, is generally considered the most important vector
for A. phagocytophilum; surveys of questing ticks belonging to
this species collected across the continent have, in some lo-
cales, revealed the presence of the bacterium at a prevalence of
over 20% (12, 20). However, maintenance of A. phagocytophi-
lum in places where I. ricinus is absent indicates that other
Ixodes species are also likely competent vectors (2). The ability

of different Ixodes species to transmit A. phagocytophilum is
also well recognized in North America, where Ixodes scapularis
and Ixodes pacificus are important vectors on the eastern and
western sides of the continent, respectively (30, 34). In eastern
Asia, A. phagocytophilum has been detected in questing Ixodes
persulcatus and Ixodes ovatus ticks (3, 16, 25, 29). In addition to
an ability to exploit different Ixodes species as vectors, A.
phagocytophilum is thought to be capable of exploiting a wide
range of wildlife species as reservoir hosts. Apparently asymp-
tomatic infections have been detected in various mammal spe-
cies, most frequently cervids and rodents, in Asia, Europe, and
North America (2, 3, 16, 21, 22, 26, 27, 34).

Given the broad geographical and biological diversity of
vectors and hosts exploited by A. phagocytophilum, it is clear
that the species can be maintained in a number of different
enzootic cycles in different ecosystems. One of the conse-
quences of these geographical and ecological differences
should be the existence of marked diversification among A.
phagocytophilum strains, but as yet, only relatively limited mea-
surable genetic diversity within the species has been encoun-
tered. However, this observation may be as much a conse-
quence of methodological insensitivity as of a biological
foundation. To date, genetic fingerprinting of A. phagocytophi-
lum has almost exclusively relied on determination and com-
parison of nucleotide sequences, and analyses of various loci,
including the 16S rRNA-encoding gene, the groESL operon
(encoding a chaperonin/heat shock protein), gltA (encoding
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citrate synthase), msp2 (p44) and msp4 (both of which encode
surface proteins), and ankA (encoding a putatively translo-
cated protein), have been reported elsewhere (4, 6, 15, 18, 23,
32).

Among these loci, it is comparative 16S rRNA-encoding
gene sequence analysis that has been used most often. Al-
though only a few alleles have been encountered, in the United
States at least, there is evidence that different alleles could be
indicators of ecological differences among strains (21, 24).
However, in contrast, in Europe, alleles considered indicative
of different strain ecologies in North America have been en-
countered in the same species of host and even in sheep be-
longing to the same flock (31). Comparative sequence analysis
of partial msp4 has recently been described and is potentially a
useful new tool for A. phagocytophilum strain differentiation
(6). Survey of partial msp4 sequences belonging to about 50 A.
phagocytophilum strains from diverse sources worldwide dem-
onstrated the existence of 10 alleles, the sequences of which
differed by as much as 9%. Some correlation between msp4
allele type and strain provenance was observed, although half
of the strains studied possessed the same msp4 sequence (6).
To date, the greatest heterogeneity among A. phagocytophilum
strains has been revealed by comparison of ankA sequences
(23, 36). In one survey of strains infecting I. ricinus ticks in
Germany, as much as 25% sequence dissimilarity was detected
among complete ank open reading frames (ORFs), with 20
alleles being encountered among the 24 strains examined (36).
However, given the large size (almost 4,000 bp) of ankA ORFs
and the likely requirement for degenerate primer sets to am-
plify ankA fragments from different A. phagocytophilum strains,
widespread adoption of this approach would clearly entail con-
siderable resources and expenses. In this study we assessed the

feasibility of using multiple-locus variable-number tandem-re-
peat (VNTR) analysis (MLVA) as a novel approach to the
genetic fingerprinting of A. phagocytophilum. MLVA has pre-
viously been shown to offer very good discriminatory capacity
for other species of bacteria, such as Borrelia burgdorferi, Fran-
cisella tularensis, and the obligate intracellular pathogen Cox-
iella burnetii (9, 10, 33). Having identified 10 loci within the A.
phagocytophilum HZ strain genome sequence that possessed
VNTRs, we examined the extent of heterogeneity at four of
these loci among a panel of European A. phagocytophilum
strains, thereby obtaining preliminary evidence for the useful-
ness of MLVA as a sensitive tool for discrimination of the
species.

MATERIALS AND METHODS

A. phagocytophilum samples. DNA extracts were prepared from either A.
phagocytophilum-infected ISE6 cell lines or naturally infected animal blood using
either a previously described alkaline lysis method (17) or the QIAamp DNA
minikit (QIAGEN, Ltd., West Sussex, United Kingdom). Samples originated
from Denmark, Slovenia, and the United Kingdom and were derived from
symptomatic and asymptomatically infected animals. Samples were available
from a variety of mammalian hosts including humans, companion animals, live-
stock, and wild-living ruminants (Table 1). For all the samples from naturally
infected hosts used in this study, the presence of A. phagocytophilum infections
was initially determined using a previously described real-time PCR assay tar-
geting the msp2 hypervariable region flanking sequence (5).

Genomic analysis. In May 2004, all 16 contigs available from the ongoing A.
phagocytophilum HZ strain genomic sequencing project were downloaded from
the TIGR webpage (www.tigr.org) and used to detect potential VNTR loci. The
sequence was screened for the presence of tandem-repeat motifs with Tandem
Repeats Finder software (1).

Amplification of VNTR loci and determination of sequences and sizes of
amplicons. PCR primer sets were designed around each potential VNTR locus,
and the abilities of assays incorporating these primers (obtained from MWG-
Biotech AG, Ebersberg, Germany) to amplify each locus among a small number

TABLE 1. Details of the provenances of samples used in this study and of VNTR, partial msp4, and 16S rRNA gene data obtained from them

Strain Country of origin Host species

Repeat motif copy no.b Sequence type

VNTR1 VNTR4 VNTR5 VNTR8 msp4 16S rRNA
gene

HZ United States Human 52 37 17 19 i Ac

SL0474a Slovenia Roe deer 32 1 16 23 ii B
SL2514a Slovenia Dog 94 36 29 33 iii C
SL3537a Slovenia Human 35 39 21 59 iii A
SL3777a Slovenia Boar 14 49 36 33 iii A
SL3883a Slovenia Boar 50 40 31 41 iii A
AC804a England Dog 6 1 30 1 iv A
Cairn Scotland Sheep 44 21 14 38 v D
Feral goat Scotland Goat 46 19 14 38 vi E
Harris Scotland Sheep 46 19 14 38 vi B
Old Sourhope Scotland Sheep 49 33 15 18 vi D
Perth Scotland Sheep 44 44 20 38 vii D
R153 Scotland Sheep 79 22 22 18 vi D
ZW122 Wales Sheep 22 29 3 39 viii D
ZW129 England Sheep 51 50 42 33 ix D
ZW144 England Cow 32 39 34 37 x D
D016a Denmark Dog 30 43 14 45 iii C
D233a Denmark Dog 1 49 17 30 iii C
D309a Denmark Dog 25 50 30 65 iii C
D399a Denmark Dog 58 13 17 38 xi A

a These strains were not isolated; rather, DNA extracts were prepared from infected-blood samples.
b Repeat motif copy numbers in bold were determined by sequencing, those in normal text were determined by fragment analysis, and those in underlined bold were

determined by both approaches.
c The partial 16S rRNA gene sequences have all been previously encountered, and examples of each exist in GenBank with the following accession numbers: A,

AF507941; B, AY176589; C, AY281796; D, AY176587; E, AY176588.
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of isolates were determined. Loci that repeatedly yielded amplification products
and which appeared polymorphic were chosen for further evaluation. For each of
these chosen loci, amplification products were sequenced and the data obtained
were used to inform improved primer design. PCR assays incorporating new
primer pairs were optimized in terms of thermal cycle and reaction mix formu-
lation and then used to survey all samples included in the study. The success of
each assay was assessed by UV illumination of ethidium bromide-stained 1%
agarose gels on which 5-�l aliquots of amplification products had been electro-
phoretically resolved. When fragment analysis was employed to determine the
size of amplification products, the PCRs used to generate these products incor-
porated a relevant 6-carboxyfluorescein-labeled forward primer. All thermal
cycles were carried out on a Bio-Rad DNA Engine (Bio-Rad, Hertfordshire,
United Kingdom), and all PCR reagents were obtained from ABgene (Surrey,
United Kingdom).

Amplification products were processed for either sequence determination,
fragment analysis, or both. For sequencing, amplification products were purified
using a QIAquick PCR purification kit (QIAGEN), and the nucleotide base
sequence of both strands of each product was determined using standard meth-
ods, incorporating the same primers as used in the PCRs described above, by a
commercial sequencing service (Advanced Biotechnology Centre, Imperial Col-
lege, London, United Kingdom). For each amplification product, sequence data
derived from each primer were compared, verified, and combined using Align-
Plus 4 (Scientific and Educational Software, NC). For fragment analysis, ampli-
fication products were analyzed directly at various dilutions (undiluted to 1/100
depending on the amount of product) using capillary electrophoresis on a
PRISM 3730 automated DNA sequencer (Applied Biosystems Ltd., Cheshire,
United Kingdom) together with X-rhodamine-labeled MapMarker1000 (Bioven-
tures Inc., TN). Output data were processed using Genescan software (Applied
Biosystems).

Amplification and sequence determination of msp4 fragments. Nucleotide
sequence data available for A. phagocytophilum msp4, as previously described
(6), were obtained from GenBank and aligned with one another using AlignPlus
4, and this alignment was used to inform the design of primers for use in a nested
PCR assay. The resulting assay consisted of two identical thermal cycles, com-
prising 94°C for 5 min; then 40 cycles of 94°C for 10 s, 58°C for 10 s, and 72°C
for 50 s; and then 72°C for 5 min. First-round reaction mixtures (25 �l) contained
12.5 �l of 2� PCR Mastermix (ABgene), 1 �l of a 10-pmol �l�1 solution of
primers MSP4AP5 and MSP4AP3 (6), 9.5 �l of water, and 1 �l of DNA extract.
Second-round reaction mixtures (25 �l) contained 12.5 �l of 2� Mastermix
(ABgene), 1 �l of a 10-pmol �l�1 solution of primers msp4f (5� CTA TTG GYG
GNG CYA GAGT) and msp4r (5� GTT CAT CGA AAA TTC CGT GGT A),
9.5 �l of water, and 1 �l of the first-round postamplification mix. The success of
amplification reactions was verified as described above, and amplification prod-
ucts were purified and then sequenced as described above using assays incorpo-
rating the same primers as used in the second round of the msp4 PCR. For each
amplification product, sequence data derived from each primer were compared,
verified, and combined using AlignPlus 4 and then primer sequences at both
extremities were removed. The resulting 301-bp sequences were then compared
with one another and with previously determined A. phagocytophilum msp4
sequences using AlignPlus 4. For phylogenetic studies, partial msp4 sequences
were aligned with one another using Clustal X (35) and inferences were drawn
from this alignment using programs within the PHYLIP suite (11).

Amplification and sequence determination of 16S rRNA gene fragments. 16S
rRNA gene fragments were amplified from nucleic acid extracts prepared from
A. phagocytophilum strains, and then amplification products were sequenced as
previously described (2). Sequences were handled using AlignPlus 4, as described
above.

Determination of the discriminatory ability of VNTR. The abilities of individ-
ual or grouped VNTRs to discriminate among the A. phagocytophilum strains
studied were assessed using the Hunter-Gaston discriminatory index (HGDI)
(14). This index is based on the probability that two unrelated strains will be
placed into different typing groups and was described particularly for use on
representative (nonlocal) collections of distinct strains. An acceptable level for
discrimination clearly depends on a number of factors, but the authors suggest
that an index of greater than 0.90 is desirable if typing results are to be inter-
preted with confidence (14).

Nucleotide sequence accession numbers. The novel partial msp4 sequences
reported in this study have been deposited in GenBank with the following
accession numbers: SL0474 (type ii) msp4, EF442003; SL2514 (type iii) msp4,
EF442004; AC804 (type iv) msp4, EF442005; Cairn (type v) msp4, EF442006;
Feral goat (type vi) msp4, EF442007; Perth (type vii) msp4, EF442008, ZW122
(type viii) msp4, EF442009; ZW129 (type ix) msp4, EF442010; ZW144 (type x)
msp4, EF442011; D399 (type xi) msp4, EF442012.

RESULTS

Identification of VNTR loci in the A. phagocytophilum HZ
strain genome sequence and characterization of loci selected
for MLVA-based genetic fingerprinting. Our interrogation of
the genome sequence of A. phagocytophilum HZ strain re-
vealed 10 potential VNTR loci (Table 2). All but one of these
lay outside ORFs or pseudogenes, as subsequently described in
the annotated genome (13). The exception, VNTR7, lay within
a 273-bp putative ORF with no known homologs. This locus
was excluded from further analysis. The VNTR5 and VNTR6
loci lay close to one another (Table 2), approximately 600 bp
apart on the genome; hence, only one (VNTR5) was used for
further analysis. The sizes of the VNTR motifs were similar to
those commonly reported for other bacteria (ranging from 7 to
15 bp), but the number of repeats encountered at some loci
was high (up to 80) (Table 2). Attempted amplification of the
eight remaining loci, using primers designed by reference to
the HZ genome sequence, from a small panel of A. phago-
cytophilum DNA extracts, yielded mixed results: some loci
yielded a single amplification product for all the extracts
tested, but others either failed to yield a detectable amplifica-
tion product with all or some of the extracts or yielded multiple
amplification products of various sizes from the same DNA
extract. Following optimization attempts, which incorporated
various modifications of the amplification procedure (temper-
ature gradient PCRs and nested PCRs) and repeated extrac-
tion of A. phagocytophilum DNA, four loci were considered
unsuitable for our needs. The remaining four loci (VNTR1,
VNTR4, VNTR5, and VNTR8) were explored in 20 A. phago-
cytophilum strains (Table 1), using PCRs incorporating locus-
specific primers (Table 3). A total of 51 amplification products
were analyzed by sequencing. However, many contained
VNTRs that were too long (�600 bp) to reliably permit com-
plete coverage using this approach; thus, the VNTR number
could be accurately estimated only using fragment analysis.
Once fragment analysis had been introduced and evaluated, it
was used in place of sequencing to estimate repeat motif num-
ber in amplification products generated later in our study.

For each locus, the numbers of repeat motifs in amplifica-
tion products from at least four A. phagocytophilum strains
were estimated using both sequencing and fragment analysis.
For one locus (VNTR8) these estimates matched, but for the
remaining three, fragment analysis either underestimated
(VNTR4) or overestimated (VNTR1 and VNTR5) by two

TABLE 2. Details of the 10 VNTR loci identified in the
A. phagocytophilum HZ strain genome sequence

VNTR
locus

Genome
coordinate Repeat motif sequence No. of

repeats

VNTR1 1026286 CTCTGGTCT 52
VNTR2 937744 TGGGCTAT 32
VNTR3 308635 GTCAGGAA 80
VNTR4 293445 TTGCTCA 37
VNTR5 214596 TGAAAGGTATCGCGG 17
VNTR6 215448 ATGTGCT 49
VNTR7 1444211 GAAGGCA 12
VNTR8 1168712 GGAGACGTACT 19
VNTR9 645705 TGACTGGG 35
VNTR10 657819 TGTTCC 12
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repeats. The stability of each VNTR locus was examined using
the Old Sourhope strain of A. phagocytophilum. DNA extracts
were prepared from isolates of this strain recovered following
4th and 20th passages in coculture with ISE6 cells. The num-
bers of repeats present at all four VNTR loci were the same in
the two extracts.

The range in the number of repeats found among the 20
strains examined at the four loci was broad (Table 1). At one
extreme, for three loci, at least one strain possessed only a
single copy of the VNTR motif. At the other extreme, one
strain possessed 94 repeat motifs at the VNTR1 locus. At each
VNTR locus, sequence analysis of amplification products in-
dicated high conservation of repeat motifs among the 20 A.
phagocytophilum strains examined. Among the eight VNTR1
loci sequenced, all possessed complete and identical repeat
motifs. Among 15 VNTR4 loci, all possessed complete repeat
motifs but that of the HZ strain differed from that of the other
14 strains by a single substitution. Among the 16 VNTR5 loci
examined, all possessed complete repeat motifs, but three vari-
ants were observed (Table 4), differing by substitutions and
insertions/deletions. Among the 12 VNTR8 loci examined, the
repeat motifs were complete and identical in 11 strains, but
one (ZW129), although complete, possessed a single substitu-
tion.

Application of VNTR analysis to the genetic fingerprinting
of A. phagocytophilum and comparison with partial msp4 and
16S rRNA gene sequence analysis. The HGDI was used to
assess the abilities of the four VNTR loci to differentiate
among the 20 studied A. phagocytophilum strains. Between 13
and 18 alleles were encountered at each locus, with VNTR1
demonstrating the greatest discrimination (HGDI � 0.989)
and VNTR8 the lowest (HGDI � 0.926) (Table 3). Eighteen
of the 20 A. phagocytophilum strains examined shared at least
one allele with at least one other strain, and these common
alleles were shared by up to five different strains (Table 1).
Apart from the two strains that shared alleles at all four loci,
no clear pattern of relatedness could be discerned among the
strains examined (Table 1), and given the opportunistic man-

ner in which strains were selected for this study, further explo-
ration of possible correlation between the MLVA fingerprint
of a strain and its host species or country of origin was not
carried out.

Comparison of partial msp4 sequences identified 11 different
sequence types among the 20 A. phagocytophilum strains (Ta-
ble 1), yielding an HGDI of 0.858. Two of the sequence types
were shared by more than one strain, with type iii being shared
by most of the strains of Slovenian or Danish origin and type
vi being shared by four strains recovered from United King-
dom sheep, including the two which possessed identical VNTR
alleles (Table 1). Comparison of the 10 previously unreported
msp4 sequences used in our study with the nine different par-
tial (301-bp) sequences previously found among a wide diver-
sity of North American and European A. phagocytophilum
isolates (6) revealed that all were similar (generally �5% dis-
similarity) but new. Phylogenetic inference based on parsi-
mony analysis of an alignment of these 19 sequences indicated
that the strains examined in our study shared a close and
specific evolutionary relationship with those previously exam-
ined (Fig. 1). The topology of this reconstruction was very
similar to those of reconstructions inferred using maximum-

TABLE 3. Details of PCR primers used for amplification of A. phagocytophilum VNTR loci

VNTR
locus Forward primer Reverse primer

Size range of
PCR products

(bp)

Range of VNTR
repeat units

No. of
allelesa HGDI

VNTR1 TGTGCAGGTTTAGAGGCAA CATAGATCTATGTGATCTCT 164–1001 1–94 18 0.989
VNTR4 GAAAGAGATGTTCTCAGCTT GCAAAGGGTTTAACCTATGA 410–753 1–50 15 0.974
VNTR5 GACCATAAGTTGAAGACAGGGA AATCCGGCTTATCTCCACCTG 192–777 3–42 15 0.947
VNTR8 TGCATGCATATTCTCGAGGATT GTCCGTGGTCTATCTTATACA 202–906 1–65 13 0.926

a Number of alleles observed among the 20 A. phagocytophilum strains examined.

TABLE 4. Variation in VNTR5 repeat motifs observed among the
16 A. phagocytophilum strains for which sequence

data were available

A. phagocytophilum strain designation(s) VNTR5 repeat motif

HZ, R153......................................................TGAA-AGGTATCGCGG
SL2514, FG, H, OS, PR, D016, D233,

D309..........................................................TGTAGAGGTATCGCGG
SL0474, SL3537, SL3777, SL3883,

AC804, D399............................................TATAGAGGTATCGCGG

FIG. 1. Phylogenetic dendrogram inferred using parsimony ap-
proach from alignment of 301-bp sequences for the representatives of
the 10 novel partial msp4 sequence types encountered in this study (ii
to xi) and representatives of nine partial msp4 sequence types de-
scribed previously (6). Numbers on the branches indicate the percent
support for each of the branching orders proposed, as determined by
bootstrap analysis of 1,000 replicates.
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likelihood and distance matrix-based methods (data not
shown) and to that described in previous studies (6). Further-
more, strong bootstrap support was obtained for some of the
proposed branching orders (Fig. 1). Perhaps of most signifi-
cance was the clustering of ruminant (mainly sheep) isolates
from Norway and the United Kingdom on a deeply diverging
lineage; however, United Kingdom sheep-associated isolates
were also encountered elsewhere in the tree, and all the 10 new
sequence types were far less divergent from the majority of
previously characterized strains than the “roe deer” sequence
type associated with isolates obtained from a German roe deer
(6).

Comparison of partial 16S rRNA gene sequences identified
five sequence types among the 20 strains examined, yielding an
HGDI of 0.774. All sequence types but one were possessed by
more than one strain, and one sequence type was shared by
seven strains (Table 1). Sequence analysis revealed that the
five sequence types were derived from only four point substi-
tutions within a 497-bp alignment (�1% dissimilarity). All five
sequence types had been encountered in previous studies.

There did not appear to be any clear correlation between the
three approaches to genetic fingerprinting used in this study.
The distribution of 16S rRNA gene sequence types among the
strains studied did not bear any apparent congruence to that of
msp4 sequence types, and neither data set demonstrated an
obvious relationship with the MLVA. Remarkably, the “Feral
goat” and “Harris” strains, which were indistinguishable by
VNTR and msp4-based analysis, belong to different 16S rRNA
gene sequence types (Table 1). Thus, combination of the ap-
proaches to fingerprinting used in this study resulted in all 20
strains studied being distinguished from one another.

DISCUSSION

The recent release of the A. phagocytophilum genome se-
quence has provided a resource of exceptional importance for
improving our understanding of the biology of this enigmatic
organism and the epidemiology of the infections that it causes
(13). One of the most immediate benefits from this release has
been to provide a shortcut for identifying loci around the
genome that have the potential for hypervariability. Exploita-
tion of such loci in novel approaches to the detection of in-
traspecies genetic delineation has been reported for numerous
other bacterial pathogens (19), and in this study, we add A.
phagocytophilum to this list.

MLVA of A. phagocytophilum appears to be a practical and
potentially very useful addition to the repertoire of molecular
methods currently used to explore the genetic diversity of the
species. We found all four VNTR loci to be stable with time/
passage and began to explore the usefulness of MLVA for
genetic fingerprinting of the species. In our hands, MLVA
proved to be a markedly more sensitive approach to delineat-
ing among A. phagocytophilum strains than either msp4 or 16S
rRNA gene-based analyses, which are two of the most widely
applied approaches currently in use (6, 22). The MLVA
scheme described herein distinguished between 19 of the 20
strains examined, yielding an HGDI of 0.995, whereas msp4
and 16S rRNA gene analyses yielded HGDIs of 0.858 and
0.774, respectively.

Although we have demonstrated the usefulness of MLVA

for the delineation of A. phagocytophilum strains, our study has
not provided a clear indication that this approach is also useful
for comparative assessment of genetic relatedness among
strains. The number of shared alleles encountered at each
VNTR locus was remarkably low compared to MLVA schemes
described for other bacteria (19). Although this heterogeneity
is useful in that each locus has strong discriminatory power,
among the strains that we studied it was just too extensive to be
practical for comparative purposes. This observation does not,
however, exclude the application of our MLVA scheme to this
end; it may well be useful for comparing strains that may be
linked epidemiologically, for example, those circulating in a
particular flock of sheep or among the inhabitants of a specific
woodland. There is, perhaps, some support for this scenario in
our results, with strains infecting Scottish sheep sharing mark-
edly more alleles with one another than with strains not infect-
ing Scottish sheep.

The use of specific PCRs for MLVA permits the analysis of
A. phagocytophilum strains in infected tissues, thereby circum-
venting the need to culture these highly fastidious organisms.
Although methods for the recovery of A. phagocytophilum
from infected material are well established and relatively reli-
able, they require tissue culture facilities that may not be avail-
able in routine bacteriology laboratories. Thus, the develop-
ment of genetic fingerprinting tools for which isolation of A.
phagocytophilum is not a prerequisite, such as the MLVA
scheme described herein, has clear practical advantages. In-
deed, although culture-reliant methods such as pulsed-field gel
electrophoresis have been applied to the study of A. phago-
cytophilum genetic diversity (7), PCR-based methods have been
used in an overwhelming proportion of the studies reported.

Our characterization of nine novel msp4 sequence types
among the 19 previously uncharacterized A. phagocytophilum
strains that we examined almost doubles the number currently
reported. That none of the msp4 sequence types that we de-
scribed has previously been encountered is surprising. The
paper in which the development and application of compara-
tive analysis of msp4 sequences for delineation of A. phago-
cytophilum were first reported (6) described 10 sequence types
among 50 strains recovered from eight different host species
(human, dog, horse, white-tailed deer, roe deer, donkey, bison,
and sheep) in five different European countries (Switzerland,
Italy, Germany, Poland, and Norway) and the United States.
Our encounter with an entirely novel set of sequence types in
a smaller group of strains of a less varied provenance suggests
that the vast majority of msp4 sequence types remain to be
discovered. Interestingly, although our findings point to serious
shortcomings in the current knowledge of msp4 heterogeneity
and thus, perhaps, the folly of attempting epidemiological in-
ferences from the limited data set that we have, in our sample,
human and ruminant-associated strains were distinct, as pre-
viously reported (6). Clearly, more rigorous comparisons are
necessary before any significance can be put on this apparent
delineation.

Our finding of incongruence between the approaches to A.
phagocytophilum genetic fingerprinting is not entirely unex-
pected. von Loewenich et al. (36) made similar observations
when comparing intraspecies delineations derived from com-
parison of ankA, 16S rRNA gene, and groEL sequence data.
Our findings are also consistent with the conclusion drawn by
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these authors (36) that the sequence variability at one genetic
locus is not sufficient to determine the genetic diversity of a
certain strain. Furthermore, given that, in general, no clear
association between genotype and any epidemiological param-
eter has emerged, we echo previous workers in suggesting that
a framework for the discovery of biologically meaningful ge-
netic variation among A. phagocytophilum strains can be con-
structed only with a better understanding of ecological differ-
ences within the species. Specifically we need to further assess
the degree to which strains have adapted to exploit differing
transmission pathways comprising different host and vector
species, particularly as the limited experimental work in this
area has provided support for the existence of such adaptation
(4, 24, 28).
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