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Anaplasma phagocytophilum is the causative agent of an emerging tick-borne zoonosis in the United States
and Europe. The organism causes a febrile illness accompanied by other nonspecific symptoms and can be
fatal, especially if treatment is delayed. Persistence of A. phagocytophilum within mammalian reservoir hosts is
important for ensuring continued disease transmission. In the related organism Anaplasma marginale, persis-
tence is associated with antigenic variation of the immunoprotective outer membrane protein MSP2. Extensive
diversity of MSP2 is achieved by combinatorial gene conversion of a genomic expression site by truncated
pseudogenes. The major outer membrane protein of 4. phagocytophilum, MSP2(P44), is homologous to MSP2
of A. marginale, has a similar organization of conserved and variable regions, and is also encoded by a multi-
gene family containing some truncated gene copies. This suggests that the two organisms could use similar
mechanisms to generate diversity in outer membrane proteins from their small genomes. We define here a
genomic expression site for MSP2(P44) in 4. phagocytophilum. As in A. marginale, the msp2(p44) gene in this
expression site is polymorphic in all populations of organisms we have examined, whether organisms are
obtained from in vitro culture in human HL-60 cells, from culture in the tick cell line ISE6, or from infected
human blood. Changes in culture conditions were found to favor the growth and predominance of certain
msp2(p44) variants. Insertions, deletions, and substitutions in the region of the genomic expression site
encoding the central hypervariable region matched sequence polymorphisms in msp2(p44) mRNA. These data
suggest that, similarly to 4. marginale, A. phagocytophilum uses combinatorial mechanisms to generate a large
array of outer membrane protein variants. Such gene polymorphism has profound implications for the design

of vaccines, diagnostic tests, and therapy.

Anaplasma (Ehrlichia) phagocytophilum (8, 10) is a causative
agent of granulocytic anaplasmosis. The organism infects hu-
mans as well as animals including dogs, cattle, sheep, deer,
horses, and rodents and is transmitted by Ixodes species ticks
(31, 36). Clinical disease associated with human infections is
usually acute, although patients may have long-term adverse
health outcomes such as recurrent fevers even after antibiotic
treatment (34). Infections in ruminants and rodents can be
persistent. A. phagocytophilum typically causes transient micro-
scopically detectable infections in laboratory mice or in the
white-footed mouse, Peromyscus leucopus. However, following
this initial rickettsemia and even when infection is not micro-
scopically apparent, blood from infected animals was still in-
fective to naive animals (35). Splenectomy of mice with inap-
parent infections also caused reappearance of the rickettsiae in
granulocytes within 1 week of the procedure (35). Persistence
of rickettsiae within mammalian hosts may be an important
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factor allowing continuous disease transmission. The closely
related pathogen Anaplasma marginale can persist in ruminant
hosts for the lifetime of the animal (32). In cattle persistently
infected with A. marginale, there are cyclic peaks of rickett-
semia every 2 to 6 weeks (23) containing different variants of
the immunoprotective major outer membrane protein MSP2
(11-13). These variants contain MSP2 epitopes recognized by
antibodies appearing subsequently, but not prior, to the re-
spective peak rickettsemia, suggesting that antigenic variation
is responsible for persistence. MSP2 is encoded by a multigene
family (11, 33), and sequence variation is achieved by segmen-
tal gene conversion of a single polycistronic expression site by
different pseudogenes (3, 5, 32). These pseudogenes contain a
hypervariable region and portions of flanking 5’ and 3’ con-
served sequences but are otherwise truncated and cannot en-
code full-length MSP2 (4).

There are similarities at the molecular level between
A. marginale and A. phagocytophilum. As in A. marginale in-
fections, a dominant antibody response in patients infected
with A. phagocytophilum is expressed against a variable ~40-
kDa outer membrane protein (20) [termed MSP2(P44) here].
This protein has different apparent molecular weights, reactiv-
ities with infection sera, and reactivities with MSP2(P44)-spe-
cific monoclonal antibodies in different strains (2, 24, 40). The
gene encoding MSP2(P44) has been cloned from genomic
DNAs of several strains of A. phagocytophilum (18, 30, 41).
This gene, like msp2, is a member of a cross-hybridizing mul-
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tigene family and is homologous to A. marginale msp2 (60 to
66% similarity and 40 to 53% identity, depending on the gene
and the strain). Importantly, sequence alignment of different
msp2(p44) variants and A. marginale msp2 reveals significant
variation in the same central hypervariable region (CVR) (12).
As in A. marginale, the A. phagocytophilum genome contains
incomplete msp2(p44) genes with a unique CVR and con-
served 5’ and 3’ flanking sequences (39) that could be a source
of diversity for combinatorial recombination mechanisms.
mRNA encoding MSP2(P44) is heterogeneous in populations
of A. phagocytophilum, containing diverse hypervariable re-
gions (7, 42).

Despite these similarities between the two organisms, a con-
cept that is widely favored currently is that variation in
msp2(p44) arises from the differential transcription of multiple
paralogous genes interspersed in the A. phagocytophilum ge-
nome (7, 39, 43). Here we present evidence that this concept
may not be correct and describe a polymorphic genomic ex-
pression site for MSP2(P44). This expression site transcribes
the majority of different MSP2(P44) mRNAs observed in or-
ganisms grown in vitro in cultured HL-60 cells. The genomic
expression site in A. phagocytophilum has several features sim-
ilar to those of the genomic expression site in A. marginale.
Taken together with the similar structures of the respective
outer membrane proteins and the gene families encoding
them, this suggests that comparable mechanisms are employed
for the generation of outer membrane protein diversity in the
two species.

MATERIALS AND METHODS

Growth of A. phagocytophilum in HL-60 cells. The promyelocytic leukemia cell
line HL-60 (CCL-240; American Type Culture Collection) was infected with A.
phagocytophilum strain NY-18 (1, 17), graciously supplied by M. E. Aguero-
Rosenfeld (New York Medical College, Valhalla, N.Y.), or strain Webster (2),
generously provided by J. S. Dumler (The Johns Hopkins Medical Institutions,
Baltimore, Md.). The cell line was propagated in RPMI 1640 medium containing
2 mM L-glutamine (Cellgro; Mediatech, Inc., Herndon, Va.) and 10% fetal
bovine serum (Cellgro) at 37°C in the presence of 5% CO,, as described previ-
ously (37). Briefly, cultured cells were maintained at approximately 2 X 10°
cells/ml. When cells were 70 to 100% infected, cell cultures were split at a 1:3
ratio (infected to uninfected cells). The percentage of infected cells was deter-
mined by microscopic examination of cytospin preparations stained with Wright-
Giemsa stain. Cells were harvested when they were 90 to 100% infected.

RT-PCR and PCR. Confluent HL-60 cells infected with A. phagocytophilum
were centrifuged at 4°C and 150 X g for 10 min, washed in phosphate-buffered
saline, and then resuspended in 5 to 6 volumes of RNAlater (Ambion, Austin,
Tex.) for extraction of RNA. Cells were incubated overnight at 4°C in RNAlater
and then at —20°C for about 8 h before long-term storage at —80°C. RNA was
isolated from stored aliquots of ~3 X 10° infected HL-60 cells by using the
RNAqueous kit (Ambion), which yielded 7 to 15 ug of total RNA/aliquot. RNA
was digested with DNase I (DNA-free; Ambion), followed by removal of DNase
I with DNase Inactivation Reagent (Ambion). For reverse transcription (RT)
reactions, 1 to 2 g of RNA template was used per reaction with the Retroscript
kit (Ambion). The complete msp2(p44) gene was RT-PCR amplified from RNA
with RT primer AB1001 and PCR primers AB1000 and AB1005 by using Taq
DNA polymerase (Perkin-Elmer, Wellesley, Mass.). These primers are located in
the mRNA and in the genomic expression site in regions immediately flanking
the 5" and 3’ ends of the msp2(p44) coding sequence. For RT-PCR amplification
of the CVR, primer AB943 (RT primer) and primers AB970 and AB976 (PCR
primers), located in the 5" and 3’ conserved sequences flanking the CVR, were
used. RT-PCR amplification of the intercistronic region between p44ESupl and
msp2(p44) utilized AB974 as the RT primer, followed by nested PCRs with
oligonucleotides AB1043 and AB1046 in the primary PCR and AB1045 and
AB1047 in the secondary PCR. The locations of RT-PCR products are shown in
Fig. 1. Controls always included reactions without reverse transcriptase and
without template. PCRs were conducted similarly on A. phagocytophilum geno-

MSP2(P44) SEQUENCE VARIATION IN A. PHAGOCYTOPHILUM 1707

mic DNA prepared from in vitro cultures (37) by using the Nucleospin nucleic
acid purification kit (Clontech, Palo Alto, Calif.). The msp2(p44) gene in the
expression site was PCR amplified with primers AB1000 and AB1001.
5’-RACE. For 5’ rapid analysis of cDNA ends (5'-RACE) (14), mRNA was
reverse transcribed into cDNA by using primer AB943. After first-strand cDNA
synthesis, the original nRNA template was removed by treatment with an RNase
mix, and the cDNA was purified using a GLASSMAX Spin Cartridge according
to the manufacturer’s instructions (Invitrogen, Carlsbad, Calif.). A homopolymeric
tail was then added to the 5’ end of the cDNA by using terminal deoxynucleotidyl
transferase and dCTP (Invitrogen). An aliquot of the reaction product was
directly amplified by PCR using SuperTaq (Ambion), a nested gene-specific
primer (AB970), and a deoxyinosine-containing anchor primer (Invitrogen).
Both the RT primer and the nested gene-specific primer are located in the 3’
conserved region flanking the CVR; therefore, 5'-RACE products should con-
tain the CVR and the 5’ end of expressed msp2(p44). The PCR conditions used
were as follows: an initial denaturation cycle of 2 min at 93°C, followed by 35
cycles of 30 s at 93°C, 1 min at 55°C, and 5 min at 72°C, and a final extension of
25 min at 72°C. Two control reactions were conducted similarly, one without
reverse transcriptase in the initial RT reaction and another with no template in
the PCR. The products of 5'-RACE were resolved by agarose gel electrophore-
sis, transferred to nylon membranes, and hybridized with the fluoresceinated
oligonucleotide probe AB945. This probe is located in the 5" conserved region
flanking the CVR. Specific hybridization was obtained only in reactions contain-
ing reverse transcriptase and template. The 5'-RACE products were cloned into
plasmid vector pCR-XL-TOPO (Invitrogen), and clones containing the 5" con-
served region of msp2(p44) were identified with probe AB945 and sequenced.
5’-RACE clones were of variable size and contained sequence extending up to
approximately 1,200 bp from the 3’ conserved region flanking the CVR.

RNase protection assay (RPA). An RNA probe was prepared from the cloned
RT-PCR product p44ESupl-msp2(p44) encompassing the N-terminal coding
region of msp2(p44), a C-terminal region of the upstream gene p44ESup1, and
the intercistronic sequence (Fig. 1). The RT-PCR product was cloned into
plasmid vector pCR4-TOPO (Invitrogen) and linearized prior to probe prepa-
ration with Pyull, which cuts within the plasmid vector sequence. Antisense,
biotin-labeled RNA probes were prepared by in vitro transcription with T3 RNA
polymerase. Probes were hybridized with varying quantities of A. phagocytophi-
lum RNA, treated with RNase to degrade unprotected probe, and analyzed by
electrophoresis on 5% polyacrylamide gels containing 8 M urea to determine the
sizes of protected probe fragments (SuperSignal RPA III Chemiluminescent
Detection Kit; Pierce, Rockford, Ill.). Controls included probe that was not
digested with RNase and probe that was hybridized with equivalent amounts of
yeast RNA and then digested. The sizes of protected probe fragments were
determined by reference to molecular weight standards (biotinylated RNA Cen-
tury Plus; Ambion). The Pvull-linearized RNA probe contained 907 bp of A.
phagocytophilum sequence (Fig. 1) including 302 bp of N-terminal coding se-
quence from msp2(p44), 213 bp of intercistronic sequence, and 392 bp of C-
terminal coding sequence of p44ESupl. The location of the major protected
RNA fragment was confirmed by using a shorter probe terminating at the Xbal
site at the C terminus of p44ESupl.

RFLP analysis of msp2(p44) genomic expression site clones. RT-PCR and
PCR products containing the complete msp2(p44) sequence amplified from the
genomic expression site were cloned into the pCR4-TOPO vector and Esche-
richia coli TOP10 cells (Invitrogen). Individual colonies were grown overnight in
96-well deep blocks containing 1.5 ml of Luria-Bertani medium and kanamycin
(50 pg/ml). Plasmid DNA was prepared from cultures by centrifuging the
blocks at 1,100 X g for 15 min, resuspending cells in 400 wl of 50 mM Tris-HCI
(pH 8.0)-10 mM EDTA-100 ng of RNase A/ml, adding 400 pl of 200 mM
NaOH-1% sodium dodecyl sulfate, and inverting five times to lyse cells. Four
hundred microliters of 3 M sodium acetate, pH 4.5, was added, and the plates
were covered with sealing tape and inverted five times. The blocks were placed
at —80°C for 1 to 2 h, then thawed and centrifuged for 30 min at 2,830 X g and
4°C. Nine hundred microliters of cleared supernatant was transferred to a 96-well
filter plate (Unifilter; Whatman, Clifton, N.J.) on a new 96-well block and
centrifuged for 3 to 4 min at 1,140 X g. An equal volume of isopropanol was
added to each well, and the block was covered with sealing tape and inverted
once or twice before being centrifuged for 45 to 60 min at 2,830 X g and 4°C. The
supernatant was carefully decanted, and pellets of DNA were washed with 1 ml
of 70% ethanol and air dried before resuspension in TE buffer (10 mM Tris-
HCI-1 mM EDTA [pH 8.0]). All samples were digested with EcoRI to release
insert DNA and with EcoRI and Rsal to analyze restriction fragment length
polymorphism (RFLP) patterns. Digested DNA was resolved by electrophoresis
on 1.5% agarose gels and visualized by staining with ethidium bromide. Clones
were selected for DNA sequencing based on the RFLP patterns obtained.
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FIG. 1. Structure and variability of a genomic expression site for msp2(p44) in A. phagocytophilum. (Top) Diagram indicating the location of
msp2(p44) and an upstream gene (p44ESupl) within the expression site. Solid areas immediately flanking the variable region (var) represent
sequence present in the expression site and in most genomic pseudogenes. The locations of RT-PCR and 5’-RACE products and of an RPA probe
used to establish the structure of mRNA carrying msp2(p44) are indicated below the diagram. DNA probes used in Southern blots to verify locus
structure are indicated above the diagram. ES, expression site; P, promoter sequence; T, terminator; RecA, a downstream sequence homologous
to the recA gene; X, Xbal cleavage site. (Bottom) PLOTSIMILARITY graph, drawn to the same scale as the diagram above, demonstrating the
variability of this expression locus in five different populations of A. phagocytophilum. These populations are the NY18 strain cultured in HL-60
cells, the Webster strain cultured in HL-60 cells, the HGE2 strain cultured in ISEG6 tick cells (population II in Fig. 7), and two populations of A4.
phagocytophilum from infected human blood (patient 2, day 3, and patient 2, day 27 [Fig. 8]). A similarity score of 1.0 indicates identical sequence
in a sliding window of 10 nucleotides, and a score decreasing from 1.0 to 0.0 indicates increasing variation.

Southern blotting. A. phagocytophilum genomic DNA prepared from organ-
isms cultured in vitro (37) was digested with Xbal, which cleaves on either side
of the msp2(p44) gene in the expression site (Fig. 1), to release an approximately
1.9 kb fragment containing the gene. Digested DNA was separated by electro-
phoresis on a 1% agarose gel and transferred to nylon membranes for hybrid-
ization. Probes were either oligonucleotides synthesized with a 5’ fluorescein end
label (Genosys Biotechnologies, The Woodlands, Tex.) or PCR-amplified prod-
ucts labeled with fluorescein-dUTP by using the Prime-It Fluor labeling kit
(Stratagene, La Jolla, Calif.). Hybridization and detection were performed by
methods described previously (3), by using a rabbit anti-fluorescein antibody
conjugated to alkaline phosphatase and chemiluminescence detection of bound
probe. Four probes were used in the hybridization studies: probe 1 (554 bp) was
derived from amplification of NY18 genomic DNA with primers AB990 and
AB1015, probe 2 (154 bp) was derived from amplification with primers AB990
and AB1044, probe 3 was fluorescein-labeled oligonucleotide AB945, and probe
4 was fluorescein-labeled oligonucleotide AB1016 (see Fig. 1 for locations of
probes).

DNA sequencing. Sequencing was performed at the University of Florida DNA
Sequencing Core Laboratory (Gainesville) by using ABI Prism dye terminator
cycle sequencing protocols developed by Applied Biosystems (Foster City, Cal-
if.). The fluorescently labeled extension products were analyzed on an Applied

Biosystems model 373 Stretch DNA Sequencer. Oligonucleotide primers were
designed by using OLIGO 5.0 (Molecular Biology Insights, Cascade, Colo.)
software and synthesized by Genosys Biotechnologies. Nucleotide sequences
were analyzed by using the Wisconsin Package, version 10.3 (Accelrys Inc., San
Diego, Calif.), available through the Biological Computing Core facilities of the
Interdisciplinary Center for Biotechnology Research at the University of Florida.
Sequence alignments were made by using PILEUP and GAP, and similarities
were displayed by using PLOTSIMILARITY. Prokaryotic factor-independent
RNA polymerase terminator sequences were predicted by using TERMINA-
TOR. To obtain the sequence of an msp2(p44) expression site and flanking
regions, the sequence present in mRNA was first obtained from 5'-RACE and
RT-PCR clones from both strain Webster and strain NY18 RNA. This sequence
was then extended (22, 38) in both 5’ and 3’ directions from strain NY18
genomic DNA by using unique 5’ flanking and CVR sequences to identify
genomic loci capable of transcribing the observed mRNA. The sequence of a
single genomic region matching the observed mRNA was obtained. This se-
quence was confirmed on both strands following PCR amplification of the entire
locus with primers AB1041 and AB1042. For comparison, the sequence of this
genomic locus was obtained from strains NY18 and Webster cultivated in HL-60
mammalian cells, from the HGE?2 strain cultivated in ISEG6 tick cells (29), and
from organisms present in infected human blood.
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Preliminary genome sequence data was obtained from The Institute for
Genomic Research through the website at http://www.tigr.org.

A. phagocytophilum transferred from HL-60 to tick cells. The growth of or-
ganisms in both the HL-60 human promyelocytic cell line and the ISE6 cell line
from Ixodes scapularis has been described previously (21). The HGE2 strain (15)
was passaged in HL-60 cells for 6 months and then was grown alternately in
human and tick cells. HH represents the population of organisms grown contin-
uously in HL-60 cells, and II represents the population of organisms grown
continuously in tick cells. HI represents organisms that had been transferred
from HL-60 to tick cells and had been established in tick cell culture, while HIH
represents HI organisms transferred back to growth in HL-60 cells (21).
A. phagocytophilum DNA was isolated from infected cultures passaged in the
above four ways. The msp2(p44) gene from the genomic expression site was PCR
amplified with oligonucleotide primers AB1000 and AB1001. PCR products were
cloned into the pCR4-TOPO vector, and individual clones were analyzed by
RFLP mapping and sequencing.

A. phagocytophilum from human blood. DNA was extracted from samples of
human blood that were submitted to the New York State Department of Health
and were PCR positive for A. phagocytophilum, as defined by specific amplifica-
tion of a 920-bp fragment of the 16S rRNA gene by primers HGEIF and
HGE3R, as described elsewhere (9). Samples were collected from a total of six
patients. For patient 1, we had three PCR-positive samples taken on days 0, 8,
and 12 after the onset of clinical symptoms. For patient 2, we had two PCR-
positive samples taken on days 3 and 27 postonset. Patient 2 was congenitally
asplenic. This patient initially received a short course of doxycycline consisting of
eight doses over 4 days (days 3 to 6 postonset), improved, and was discharged
from the hospital for 19 days. The patient was readmitted to the hospital on day
27 with clinical symptoms consistent with a relapsing A. phagocytophilum infec-
tion. Only one sample each was available for patients 3 to 6, and these were taken
on days 1, 3, 5, and 6 after the onset of clinical symptoms, respectively. Patients
1 and 3 to 6 appeared to be normal immunocompetent individuals. The
msp2(p44) expression site locus was PCR amplified from all samples, and indi-
vidual clones of the locus were analyzed by RFLP mapping and sequencing as
described previously.

Oligonucleotides. Oligonucleotides used as primers and probes were as follows
(5" to 3"; “F” stands for 5 fluorescein): AB943, AAGAAGATCATAACAAGC
ATT; AB945, FGCTAAGGAGTTAGCTTATGATGTTGTTACTGGRCAGA
CTGATAA; AB970, CCTTCAATAGTYTTAGCTAGTAACCC; AB974, TCA
TAAGCTAACTCCTTAGC; AB976, GGAGTTAGCTTATGATGTTGTTA;
AB990, GGCTAACCCCCTCTAACATCT; AB1000, CCGGCTGAAGTGAG
GAGACGA; AB1001, AAGTACCGCAGGAAGTAGAAT; AB1005, TTAAA
GTAGAAAAGGGGAGCC; AB1015, FTTCACTGCCGGAAAGAGTGGGG
CTAAAGGAGAAGT; AB1016, FCCCGCGGGCCAAACGATACCACAG
GTGCTAAAGGA; AB1041, ATGTCAGTACCGGCATATCTTGAAATC;
AB1042, AACTGCTCAACAATAGACATTGAAGCC; AB1043, TGGGTATA
GAGATAGAGGGAAGTGAG; AB1044, TCTAGAGAAAGATGTGCGTAA
GAGG; AB1045, AGAGTGGGGCTAAAGGAGAAGTG; AB1046, CCACCA
ATACCATAACCAACACTAC; AB1047, ATGTTGTCCTTAAACCCAAT
CC.

Nucleotide sequence accession numbers. The sequences reported here have
been assigned GenBank accession numbers AY164490 to AY164513. AY 164490
and AY164491 are the msp2(p44) genomic expression loci from strains NY18
and Webster cultured in HL-60 cells. AY164492 is the locus from the HGE2
strain cultured in ISE6 cells. AY164493 and AY164494 are the loci from pa-
tient-2 blood samples collected on day 3 and day 27 postonset, respectively.
AY164495 to AY164508 are variable-region sequences from the genomic ex-
pression locus in blood samples from patients 1 to 6. AY164509 to AY164512 are
variable-region sequences from the genomic expression locus in the HGE2
strain, variants HH1, HH2, HI1, and II1. AY164513 is a genomic pseudogene
from the NY18 strain.

RESULTS

Structure of a genomic expression site for MSP2(P44). Like
msp2 of A. marginale, msp2(p44) genomic copies and tran-
scribed mRNA contain a CVR flanked by 5’ and 3’ conserved
sequences (Fig. 2). This was confirmed for strains NY18 and
Webster of A. phagocytophilum by using oligonucleotide prim-
ers in the conserved regions to amplify the CVR from mRNA
by RT-PCR. As expected, different clones of the RT-PCR
products contained diverse CVR sequences. 5'-RACE was
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then used to obtain sequence from mRNA extending 5’ from
the CVR. The locations of RT-PCR and 5'-RACE products
are shown in Fig. 1. Six different 5'-RACE clones from strain
NY18 and two from strain Webster were sequenced. From the
sequenced clones we obtained mRNA sequence extending 5’
to the CVR sequence and indeed, by comparison with known
gene sequences, 5’ to the msp2(p44) gene initiation codon.
Interestingly, the two longest 5'-RACE clones from NY18
mRNA contained, at their 5" ends, sequence identical to that
of the two longest clones from Webster mRNA, even though
the 5-RACE clones contained different CVR sequences.
These data suggested that different msp2(p44) mRNAs were
possibly derived from the same genomic locus.

Probing of genomic DNA with sequence present in mRNA
5’ to the initiation codon (Fig. 1 and 3, probe 2) indicated that
this genomic region exists as a single copy in the genome. This
was in contrast to results obtained with a probe from the 5’
conserved region immediately flanking the CVR (Fig. 1 and 3,
probe 3), which hybridized with multiple members of the
msp2(p44) multigene family. We sequenced genomic DNA
from the potential expression site locus in strains NY18 and
Webster, using sequence information from the 5’ end of
mRNA to identify the locus. The sequence obtained encoded
a complete msp2(p44) gene, including the CVR, flanking con-
served sequences, and complete N and C termini. At the N
terminus was a potential signal peptide (Fig. 2) followed by the
sequence HDDVSAL(D/E)TG (HDDVSALDTG in strain
NY18 and HDDVSALETG in strain Webster [data not
shown]), corresponding to that obtained previously by Zhi et
al. (39, 41) by N-terminal sequencing of the native protein.
Upstream of the msp2(p44) gene (Fig. 1) was a second open
reading frame encoding a polypeptide with a molecular weight
of 29,329, p44ESupl, most closely related (BLASTP E value,
9¢~ ) to a polypeptide (OpAG3) in the analogous msp2 ex-
pression site (3) of A. marginale (Fig. 4A). Whereas opag3 is
separated from msp2 by two open reading frames in A. margi-
nale, p44ESupl was immediately upstream of msp2(p44) in A.
phagocytophilum. Approximately 80 bp upstream of p44ESup1
was a potential promoter region that closely resembled the
promoter identified by primer extension analysis (3) of msp2 in
A. marginale (Fig. 4B). Thirty of 31 bases were identical in the
—35 and —10 predicted promoter regions in A. marginale and
A. phagocytophilum, despite little similarity in regions immedi-
ately flanking the promoter. Downstream of msp2(p44) in the
expression site (Fig. 1) was a predicted prokaryotic terminator
sequence followed by sequence homologous to numerous bac-
terial RecA polypeptides (e.g., BLASTP E value with Brucella
melitensis RecA, 3e~?°). Comparison of the sequence of the
complete expression site locus in strains NY18 and Webster
revealed that, with the exception of the CVR, the sequence was
largely conserved. Only one amino acid substitution was pre-
dicted in p44ESupl between strains NY18 and Webster.

Polymorphisms in the msp2(p44) expression site reflect sim-
ilar polymorphisms in msp2(p44) mRNA. An important ques-
tion is whether expression from this genomic locus could yield
the diverse species of msp2(p44) mRNA that are observed in
A. phagocytophilum (7, 42). In A. marginale, different mRNAs
are encoded from a single msp2 expression locus because the
msp2 gene in this locus is continually undergoing segmental
gene conversion by pseudogenes containing diverse CVR se-
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FIG. 2. Conservation of msp2 sequence between A. marginale and A. phagocytophilum. The msp2E sequence is the predominant variant
sequence encoded in the msp2 expression site of an acute bloodstream population of A. marginale strain Florida (GenBank accession number
AF200925), and msp2pseud is encoded by a pseudogene present in genomic DNA of the same strain of A. marginale (accession number U60780).
The msp2(p44)E sequence is the predominant variant sequence encoded in the msp2(p44) expression site of A. phagocytophilum strain NY18 (this
study) grown in HL-60 cells, and msp2(p44)pseud is encoded by a pseudogene present in genomic DNA of the same strain of 4. phagocytophilum
(this study). Amino acids that are identical in all four sequences are capitalized. The N-terminal amino acid sequences of native MSP2 and MSP2

(P44) are underlined.

quences (5). To answer this question, we compared the struc-
tures of multiple independent clones of the locus from geno-
mic DNA with the structures of multiple independent clones
reverse transcribed from msp2(p44) mRNA (Fig. 5). As ex-
pected, RFLP patterns of the genomic clones were diverse
(Fig. 5A), showing that msp2(p44) in the expression site is
very polymorphic. Similar RFLP patterns were obtained from
clones derived from msp2(p44) mRNA, at corresponding fre-
quencies. The sequences of the CVR region in the genomic
clones closely matched CVR sequences in mRNA-derived
clones (Fig. 5B), which were generated by three independent
methods [RT-PCR amplifying the complete msp2(p44) gene,
RT-PCR amplifying the CVR alone, and 5'-RACE from the 3’
conserved region (see Fig. 1)]. As in A. marginale (3), CVR se-

quences differed by multiple substitutions, insertions, and de-
letions, with some sequence blocks shared by otherwise differ-
ent variants. For example, KDLVQELTPE at positions 124 to
133 (Fig. 5B) is shared by sequence variants of the expression
locus in both strains Webster and NY 18, but further upstream
the major Webster strain variant (WebESDNAseqA [Fig. 5B])
diverges from the others. These types of changes would be
consistent with a mechanism of segmental gene conversion.
An oligonucleotide probe was designed based on sequence
differences in the expression site encoding the CVR in strains
NY18 and Webster (Fig. 5B). This probe should be specific for
sequence found in the expression site in about 30% of the
NY18 population. On Southern blots, the 1.9-kb Xbal band
containing the expression site was detected only in the NY18
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FIG. 3. Verification of expression site structure by Southern blotting of genomic DNA. A. phagocytophilum DNA from either strain NY18 (NY)
or strain Webster (WB) was digested with the enzyme Xbal to release the 1.9-kb fragment containing the expressed msp2(p44) gene (ES) and the
1.3-kb fragment containing p44ESupl. Digested and separated DNA was hybridized with probes 1 to 4 against different regions of the expression
site (see Fig. 1 for locations of probes). Molecular weight markers are in the far right lane of each blot.

population (Fig. 3, probe 4), as expected, even though the
1.9-kb fragment from the locus was clearly present in strain
Webster and could be revealed by using probes to conserved
expression site sequence (Fig. 3, probes 1 and 2).

This expression site encodes the majority of full-length

A

msp2(p44) mRNA. RT-PCR using oligonucleotide primers lo-
cated in the N-terminal coding region of msp2(p44) and the C
terminus of p44ESup1 revealed a polycistronic mRNA of ~900
bases encompassing the intergenic region (Fig. 6, RT-PCR).
However, when this fragment was used to synthesize an RNA

A. marginale msp2 expression site

opag3

opag2

opag1

N v 0 T

msp2

A. phagocytophilum msp2(p44) expression site

p44ESup1

1kb

W var 7/% T

msp2(p44)

3kb

B -35

A. marginale

-10 +1

CTCTTGACTTAATTCTTTTTTAGTATACCTTATGGGT

A. phagocytophilum CTCTTGACTTAATTCTTTTTTAGTATAACTTTACCTG

FIG. 4. Comparison of outer membrane protein expression site structures in A. marginale and A. phagocytophilum. (A) Diagram showing the
locations of expressed msp2 and msp2(p44) genes in the two organisms. Nomenclature for opagl to opag3 of A. marginale is as in reference 27. P,
predicted promoter; T, predicted prokaryotic terminator sequence; var, variable region. (B) Comparison of predicted promoter sequences in A.

marginale and A. phagocytophilum expression sites.
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probe for RPA, only a minor proportion of the probe was fully
protected at 900 bases (Fig. 6, RPA). The major protected
probe band was ~600 to 650 bases, containing the N-terminal
coding sequence of msp2(p44) and the intergenic region be-
tween msp2(p44) and p44ESupl. These data suggested that,
although there is polycistronic mRNA detectable by RT-PCR
carrying both msp2(p44) and p44ESupl, the major species of
mRNA carrying msp2(p44) present at steady-state levels in
infected HL-60 cells extends through the intergenic region and
Xbal site (Fig. 1) and no more than 150 bases into the coding
region of p44ESupl. This could possibly be explained by dif-
ferential stability of a polycistronic mRNA to endonucleolytic
degradation during cellular processing (16) and agrees with the
previous observation that 5'-RACE clones frequently termi-
nate in the same sequence region (Fig. 1).

Variability of the expressed msp2(p44)gene during in vitro
passage of A. phagocytophilum between human and tick cells.
Jauron et al. (21) have maintained the HGE2 strain of A.
phagocytophilum in parallel in the HL-60 human promyelocytic
cell line and the ISE®6 tick cell line from 1. scapularis. They have
also documented antigenic changes in MSP2(P44) when the
organism was transferred between these cell lines. Importantly,
expression of an MSP2(P44) epitope recognized by a mono-
clonal antibody was lost within 3 weeks of transfer of organisms
from human to tick cells, whereas organisms continually grown
in human cells continued to express the epitope (21). More-
over, when organisms were returned from tick to human cells,
they regained expression of the same MSP2(P44) epitope. We
analyzed the genomic expression site in these samples, by
RFLP mapping and sequencing, to determine if there were
sequence changes in msp2(p44) variants expressed from this
locus that may correlate with the antigenic data (Fig. 7). As
with previous populations of A. phagocytophilum analyzed,
RFLP mapping showed multiple variant sequences present in
all four samples. Growth in specific host cells and passage
between host cells clearly influenced which variants were found
and the proportions of each (Fig. 7A). Interestingly, the pre-
dominant variants present in organisms grown continuously in
HL-60 cells (HH1 and HH2 [Fig. 7]), which represented ap-
proximately 97% of this population, were not detected after
organisms had been transferred to tick cells but reappeared
when organisms were transferred back to HL-60 cells and
again became the predominant variants (HIH1 and HIH2 [Fig.

MSP2(P44) SEQUENCE VARIATION IN A. PHAGOCYTOPHILUM 1713

7]). Although all populations in both HL-60 and ISE6 cultures
were diverse, the effects of these environmental changes were
different for different variants. Growth of variants HI1 and II1
appeared to be favored in tick cells, similar to the increased
representation of HH1 and HH2 in mammalian cells. These
data correlate with the previous data showing changes in the
expressed MSP2(P44) epitopes induced by transfer from HL-
60 to tick cells (21).

A large array of variant sequences is present in the expres-
sion site in human infections. We compared the sequences of
this genomic locus of A. phagocytophilum in blood samples
from six infected persons. The variability of the locus was
primarily localized to the CVR and was similar to that ob-
served in comparisons of strains NY18 and Webster from in
vitro culture (Fig. 1, PLOTSIMILARITY graph). Generally,
multiple and diverse sequences of the CVR were obtained
from each patient (Fig. 8). The predominant variants in a
single patient were different from each other and from the
predominant sequence variants in other patients, suggesting a
vast capacity for variation. Paired blood samples that were all
PCR positive for A. phagocytophilum were available to us from
two patients and were taken either at days 0, 8, and 12 (patient
1) or at days 3 and 27 (patient 2) after onset of clinical symp-
toms. The clinical history and symptoms (see Materials and
Methods) of patient 2 were consistent with the day-27 blood
sample representing a relapse of the initial infection. The
paired blood samples from each of the two patients contained
multiple msp2(p44) variants. Similar predominant variants
were obtained in the three samples from the first patient taken
at days 0, 8, and 12, with the exception of day 0, varB. Inter-
estingly, in patient 2, with a potential relapse infection, a minor
variant present on day 3 (varC) became the predominant vari-
ant on day 27 (varA), and the initial predominant variants were
not detected (Fig. 8).

DISCUSSION

The data presented here reveal a genomic expression site
for msp2(p44) that is used for expression of multiple mRNAs
with diverse CVRs in strains NY18 and Webster of 4. phago-
cytophilum. Polymorphisms in mRNA transcribed in infected
mammalian cells are accompanied by similar polymorphisms in
the expressed msp2(p44) gene. RNase protection data and

FIG. 5. Sequence diversity in mRNA encoding msp2(p44) reflects polymorphisms in the msp2(p44) copy within the genomic expression site.
(A) RFLP analysis of expression site clones compared to RFLP analysis of msp2(p44) mRNA. Plasmid DNAs from 135 independent strain NY18
genomic expression site clones (ES-DNA) and 95 independent clones derived by RT-PCR from NY18 msp2(p44) mRNA were digested with EcoRI
and Rsal and analyzed by agarose gel electrophoresis. Clones with identical digestion patterns were grouped together, and the frequencies of the
major patterns were determined. Each digestion pattern (on the right) is shown next to a marker lane of molecular weight standards. The
percentage of clones with each digestion pattern is shown below. Minor patterns representing <2% of the population are not shown; therefore,
the sums of the percentages shown are <100%. The predominant variants, represented by clones A through E, have the same digestion patterns
whether they are derived from DNA or from RNA. Patterns F through I, representing minor variants, were unique to clones derived from either
DNA or RNA. (B) Sequence comparison of genomic expression site clones with clones derived from msp2(p44) mRNA. Individual expression site
clones representing the predominant RFLP patterns A and B (Fig. SA) were sequenced and aligned with the sequences of six 5'-RACE clones
and two RT-PCRvar clones, also derived from strain NY18 msp2(p44) mRNA. For comparison, the two predominant genomic expression site
sequence variants present in strain Webster (WebESDNAseqA and WebESDNAseqB) are included at the bottom of the alignment. The amino
acids encoded by probe 4 (see Fig. 1 and 3), specific for the CVR sequence expressed in strain NY18, are capitalized (amino acids 73 to 84).
Identical sequences are indicated by identical symbols (+ or #) to the left of the aligned sequences. Although not identical, the sequences of
ESDNAseqgA and 5'-RACE clone 5 each differed by only a single amino acid from the two groups of identical sequence variants. These changes
could represent actual minor variation in mRNA species or a mutation occurring during in vitro amplification and cloning.
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FIG. 6. The major mRNA species encoding the N terminus of msp2(p44) in A. phagocytophilum-infected HL-60 cells also contains the
msp2(p44)-p44ESup] intergenic region. (Left) Ethidium bromide-stained gel of RT-PCRs amplifying the C-terminal region encoding p44ESup1,
the N-terminal region encoding msp2(p44), and the intergenic region between them. +, RT-PCR; cl to c3, control reactions containing either no
reverse transcriptase enzyme, no template in primary PCR, or no template in secondary PCR, respectively. (Right) RPA using the cloned and
sequenced 907-bp RT-PCR product to generate an antisense RNA probe. The complete RNA probe is ~1,100 bases, as it also contains vector
sequence that should not be protected by hybridization with A. phagocytophilum RNA. The quantity of protecting A. phagocytophilum RNA is
indicated below the gel. Positions of molecular size standards are indicated on the right for both panels.

comparison of clones derived from DNA and RNA suggest
that this expression site is used for transcription of the major-
ity, if not all, of msp2(p44) polymorphic mRNAs. Lin et al. (26)
have recently described conservation of amino acid residues at
five positions within the CVR encoded in msp2(p44) mRNA
transcribed during human infections. These five positions are
also conserved in the different variant sequences present in this
expression site in infected patients (positions 28, 63, 101, 102,
and 132, encoding amino acids C, C, W, P, and A, respectively
[Fig. 8]). Therefore, both variable and conserved sequences
present in transcribed mRNA correspond to variable and con-
served sequences present in this expression locus. This further
supports designation of this locus as the primary site for ex-
pression of polymorphic msp2(p44) mRNA.

Zhi et al. (43) have described an alternative mechanism for
expression of one truncated msp2(p44) copy, p44-18, involving
RNA splicing with the transcript from an adjacent msp2(p44)
gene. However, this mechanism could not explain the diversity
of transcripts observed, since other pseudogenes, not similarly
juxtaposed (39), could not be expressed in this way. It was
proposed that this unusual splicing mechanism may contribute
toward the dominant expression of p44-18 in mammals. Inter-
estingly, the HH1 variant (Fig. 7) is also a dominant variant in
HL-60 cells and has a sequence almost identical (1 amino acid
difference) to that encoded by p44-18. However, the HH1
variable region is present in the same expression site as the
other expressed variants that we have characterized. There-
fore, it appears unnecessary to postulate a different mechanism
for expression of this dominant variant.

The structure of the expression site has similarities to that
described previously for msp2 of A. marginale (3). These sim-

ilarities include the expressed msp2(p44) gene, the coding se-
quence for an upstream gene, and a predicted promoter se-
quence. Taken together with previous information that shows
the presence of homologous multigene families in both A.
phagocytophilum and A. marginale, the presence of truncated
genes in both organisms, and a similar organization of variable
and conserved regions in the expressed proteins (3, 4, 12, 18,
30, 33, 39, 41), it is highly likely that the two organisms use
similar mechanisms for the generation of outer membrane
protein diversity.

The close juxtaposition of the expression site with a se-
quence homologous to RecA is intriguing, given the pivotal
role of RecA in homologous recombination. In Neisseria gon-
orrhoeae antigenic variation of the pilus proceeds by a RecA-
dependent process that involves unidirectional recombination
of portions of incomplete silent pilin genes, pilS, into the ex-
pressed pilE gene (25, 28). This is thought to involve a pil E-pilS
hybrid intermediate, with a crossover in small regions of con-
served sequence. There are clear analogies between this mech-
anism and the use of segments of incomplete, silent gene
copies to recombine unidirectionally into the msp2 expression
site in A. marginale (5). However, as yet it is unknown whether
the mechanism in A. marginale is RecA dependent or why the
recA sequence is immediately downstream from the expression
site in A. phagocytophilum but not in A. marginale. Also, the
recA gene at this position in A. phagocytophilum is not com-
plete, but encodes a segment of 87 amino acids of the more
conserved RecA N terminus, followed by unrelated sequence
and termination codons in all three reading frames.

There were multiple variant sequences present in the ex-
pression site in all populations of A. phagocytophilum that we
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FIG. 7. The predominant msp2(p44) sequence variants in the expression site are different during in vitro growth in HL-60 and ISEG6 cells. A.
phagocytophilum was grown continuously in HL-60 (HH) or ISE6 (II) cells or transferred between them (HI, HIH). A total of 70 to 92 independent
clones of the genomic expression site were prepared and analyzed from each of the four populations of A. phagocytophilum, as in Fig. 5. (A) RFLP
analysis of expression site clones from each population. The percentage of clones with each digestion pattern is given below each gel. (B) Alignment
of the CVRs of the msp2(p44) expression sites from the predominant sequence variants determined in panel A.

examined, including organisms from in vitro culture in human
or tick cells, and organisms in blood samples. The proportions
of different variants and the detection of new variants were
affected by environmental conditions such as growth in tick or
human cells and by the time from disease onset in humans. We
hypothesize that this is due to high-frequency segmental gene
conversion of the expression site by different msp2(p44) genes,
including incomplete copies, followed by selection of different
variants. This hypothesis is supported by Southern blotting and
genome sequence data. Figure 3 shows that there are numer-
ous potential donor copies existing elsewhere in the genome
for expression site variable-region sequence. Also, we com-
pared 20 different variable-region sequences found in the ex-
pression site in this study with the unfinished A. phagocytophi-
lum genome database (http://www.tigr.org). Fourteen variable-
region amino acid sequences encoded in the expression site are
identical (10 sequences) or nearly identical (4 sequences with
one or two amino acid changes) to sequence encoded by ge-
nomic copies found elsewhere in the genome. Four expression
site variants (A'Y164495, AY164498, AY164499, and AY164511)

each appear to be a composite of sequence from two to three
different genomic copies, and two expression site variants
(AY164505 and AY164510) did not clearly match copies in this
database. Therefore, there appear to be potential donor copies
for the majority of different sequences that we have observed
here in the expression site.

Selection of different variants could be mediated in infected
hosts by the host’s immune responses, as there is evidence that
antibodies to MSP2(P44) have protective capacity, at least
against homologous variants (19, 24). This would explain the
observation of different predominant variants found in paired
blood samples taken 24 days apart in the case of the congen-
itally asplenic patient with symptoms indicative of a relapse
infection. The data from human-tick cell transfers suggest that
selection of variants can also involve host cell environment or
growth temperature.

The large number of msp2(p44) variants indicates that it
could be difficult to use this antigen reliably in diagnostic tests
or vaccines. The possibility of using conserved regions outside
the CVR remains, although there are data showing that anti-
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..ndn-na. v-td-va-nxr
..ndn-ta. v-td-tk-ts
..ndn-ka. v-gd-tk-tp
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FIG. 8. A diverse repertoire of msp2(p44) sequences is encoded in the genomic expression site in individual patients infected with A. phago-
cytophilum. Genomic DNA was prepared from infected human blood of each patient. For two patients (patients 1 and 2), samples were available
at differing times following the first onset of clinical symptoms. Independent clones of the genomic expression site were prepared and analyzed by
RFLP mapping as in Fig. 5 and 7. The predominant variants (A and B) in each sample were sequenced and aligned by using PILEUP. In one case
a minor variant in one population (patient 2, day 3, varC) that was identical to a predominant variant in a subsequent A. phagocytophilum
population from the same patient (patient 2, day 27, varA) is also shown. The percentage of each sequence variant within a population, as
determined by RFLP mapping, is indicated next to the variant designation. Identical sequences are indicated by identical symbols (+, #, or x) to

the left of aligned sequences.

bodies to MSP2(P44) in human infections primarily recognize
variable epitopes (2). One should also exercise caution in the
use of msp2(p44) genes for molecular typing and epidemiolog-
ical analyses of different strains, as has been suggested (6),
until more data are available on the stability of the different
multigene loci. It may be difficult to distinguish between se-
quence polymorphisms caused by evolutionary divergence and
rapid recombination mechanisms.

Clinically, the ability of the organism to express large num-
bers of different variants of an immunoprotective outer mem-
brane protein has important implications for therapy and pa-
tient monitoring. The possibility of relapse infections should be
considered, especially for immunosuppressed patients. Such
patients should be closely monitored, even after apparent ini-
tial clearance of organisms following therapy.

In summary, these data show that a single genomic expres-
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sion site is capable of expressing multiple msp2(p44) mRNAs
with diverse CVRs. All populations of A. phagocytophilum
examined were polymorphic with respect to the CVR, although
there were few changes in regions flanking msp2(p44) in this
genomic locus. The observed diversity of sequence variants was
influenced both by the host cell culture environment and by the
duration of infection in humans. The overall similarities be-
tween these data in A. phagocytophilum and A. marginale sug-
gest that similar mechanisms for generating outer membrane
protein diversity and establishing persistent infections are
available to the two organisms.
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