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Goats which have recovered from acute Anaplasma ovis infection remain seropositive, although infected eryth-
rocytes cannot be detected by microscopic examination. Persistence of A. ovis 17 to 21 months following exper-
imental infection was demonstrated by PCR detection of the msp-5 gene. Quantitative analysis of persistent rick-
ettsemia over time showed that all levels were below the limit of microscopic detection and ranged from a low
of 10? organisms/ml to peaks of 10° organisms/ml. Two patterns of persistent rickettsemia were observed: the
first was characterized by cyclic fluctuations at 6- to 9-week intervals, similar to the pattern described for 4. mar-
ginale-infected cattle, while in the second pattern, repetitive cycles did not occur and the rickettsemia levels were
relatively constant. The msp-2 and msp-3 multigene families, which provide the genetic capacity for outer mem-
brane protein antigenic variation during persistent 4. marginale rickettsemia, were identified in the A. ovis ge-
nome by Southern blot analysis, and expression of an MSP-2 homologue was confirmed by using immunoblots.

Natural transmission of pathogens of ehrlichial genogroups
I and II requires infected, host-seeking ixodid ticks (14-17, 26,
34). Maintaining a sufficiently high tick infection rate for trans-
mission is dependent on either continual presence of an in-
fected animal reservoir or maintenance of infection within the
tick population. The lack of transovarial transmission of ehr-
lichial pathogens indicates the importance of the infected host
in providing a continual reservoir for tick infection (17, 28). In
cattle infected with Anaplasma marginale, a member of ehrli-
chial genogroup II (5, 32, 34), low-level infection persists for
the life of the animal and is characterized by repetitive, fluc-
tuating cycles of rickettsemia (8, 9). A. marginale levels in these
cycles progress from a low of 10 organisms per ml of blood to
a peak of 10° to 107 organisms per ml and then precipitously
decline (10, 13). Importantly, the levels of persistent A. mar-
ginale rickettsemia affect the infection rate of ixodid ticks feed-
ing on these carrier animals (9). Consequently, changes in the
rickettsial levels at the peak or trough of the cycles or changes
in the frequency of cycles may dramatically alter the vector
infection rate and, consequently, transmission.

Is low-level persistent infection a common feature of patho-
gens in the genus Anaplasma? Infection of goats with Ana-
plasma ovis results in acute rickettsemia (=10° organisms per
ml) and anemia (4, 27), but repeated microscopic examination
of Giemsa-stained blood smears from 73 to 192 days post-
experimental infection did not reveal any infected cells (20).
However, these goats remained seropositive in the absence of
additional exposure. This maintenance of high antibody titers
in experimentally infected goats and the detection of seropos-
itive goats in the field that give negative results upon micro-
scopic examination of blood are consistent with persistence of
A. ovis in immunocompetent hosts (20), as has been described
for A. marginale (7, 8, 13). To detect persistent A. ovis infection
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and quantitate rickettsemia levels, we used a quantitative com-
petitive PCR based on the genus-conserved msp-5 gene (10,
33). Four Saanen goats that had been infected with the Idaho
strain 17 months (68 weeks) previously (20) and then housed in
a tick-free facility were examined for A. ovis persistence. No
A. ovis-infected erythrocytes had been detected, by microscop-
ic examination of Giemsa-stained smears, in any of the goats
for over 14 months (data not shown). Blood was collected in
EDTA, and DNA was isolated from 100 pl of whole blood by
using a Puregene (Gentra) DNA extraction kit. The quantita-
tive competitive PCR was performed as previously described
(10). Briefly, a constant amount of DNA extracted from the
blood was amplified in the presence of 10-fold dilutions of an
msp-5 mimic. The primers amplify a 457-bp msp-5 genomic
fragment and a 202-bp misp-5 mimic fragment (10). PCR prod-
ucts were evaluated densitometrically following electrophore-
sis on a 2% agarose gel. The initial molar amount of target
msp-5 DNA, N,,, was extrapolated from a logarithmic plot of
A, A, versus N, where A4, is the amount of amplified target, 4,
is the amount of amplified mimic, and N, is the initial molar
amount of the added mimic. N,, is equal to N, added to the
reaction mixture when an equimolar ratio of the two products
is produced (i.e., where log,, 4,/4, = log,, 1/1 = 0). Since the
msp-5 gene is present as a single genomic copy, each molecule
of msp-5 represents a single organism (33). Consequently, the
number of organisms per milliliter of blood can be calculated
from the initial msp-5 molar concentration. Variation in the
assay, including the efficiency of DNA extraction, is <10%°
amol/pl, as previously determined by using five separate ali-
quots of the same blood sample, each separately extracted and
amplified on different days (10).

The PCR detected msp-5 in all blood samples from goats
90G14 (15 samples obtained over 11 weeks), 91G34 (16 weekly
samples), 90G08 (17 weekly samples), and 90G21 (15 samples
during a 17-week period) but consistently gave negative results
when blood from a seronegative, uninfected goat was tested as
a negative control. These data confirmed that infected goats
remained persistently rickettsemic at organism levels below the
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FIG. 1. Quantitative detection of A. ovis rickettsemia by competitive PCR in four goats infected 17 months previously. The month and day for each sample are

indicated on the x axis.

limits of microscopic detection for a minimum of 21 months.
The highest levels of persistent rickettsemia detected, 4.9 X
10° organisms/ml on 18 August 1995 in goat 90G08 and 3.4 X
10° organisms/ml on 14 September 1995 in goat 90G21, were
below the 107 organisms/ml that can be reliably detected mi-
croscopically (Fig. 1). The lowest detected level was 4 X 107
A. ovis organisms/ml in goat 91G34, while minimal rickett-
semias in the other three goats during the study period were in
the range of 10* to 10° organisms/ml (Fig. 1). This logarithmic
range of A. ovis rickettsemia during persistent infection is
similar to the previously described levels of A. marginale in
infected cattle, which fluctuate from lows of 10* organisms/ml
to peaks of =10° organisms/ml (10, 13). Goats 91G34 and
90G21 had repetitive rickettsemic cycles, defined by a =2 log,,
increase and subsequent decrease in the number of A. ovis
organisms per milliliter, that occurred at 6- to 8-week intervals
(Fig. 1). These cyclic fluctuations of =10% A. ovis organisms/ml
are similar to those described for A. marginale, although the
latter infection is typified by fluctuations of =10* organisms/ml
(9, 10, 13). However, in contrast to the pattern for all infected
cattle that have been examined, where cycles of A. marginale
rickettsemia occur repetitively at 6- to 9-week intervals (8-10,
13), well-defined repeated cycles were not detected in goats
90G08 and 90G14, which showed only minor peaks of rickett-
semia followed or preceded by relatively constant rickettsial
levels (Fig. 1).

Persistent infections in the mammalian reservoir hosts have
been reported for other ehrlichial genogroup I and II patho-

gens, including Ehrlichia canis (11), Cowdria ruminantium (3),
the agent of human granulocytic ehrlichiosis (HGE) (12, 30),
and Ehrlichia chaffeensis (6, 15). The duration of low-level
rickettsemia has not been defined for most ehrlichial patho-
gens, but the detection of A. marginale in 100% of cattle ex-
amined 7 years after infection demonstrates that ehrlichial
pathogens can persist for prolonged periods in immunocom-
petent hosts (8, 13). Thus, persistent infection of the reservoir
host appears to be a common feature for ehrlichial genogroup
I and II pathogens and would provide the ready source of
infection for competent tick vectors during their seasonal
emergence.

How ehrlichial pathogens persist in an immunocompetent
host is unknown. A. marginale cyclic rickettsemia is associated
with emergence of antigenic variants of an immunoprotective
outer membrane protein, MSP-2 (23, 29). MSP-2 is encoded by
a polymorphic multigene family, resulting in expression of
structurally and antigenically distinct surface proteins during
cycles of persistent A. marginale rickettsemia (7, 10, 22). Inter-
estingly, MSP-2 homologues have been identified in the ehrli-
chial genogroup I pathogens, E. chaffeensis (21), E. canis (25),
and C. ruminantium (31), and in the genogroup II agent of
HGE (35). The presence in A. ovis of an immunodominant
antigen of approximately 40 kDa, similar in size to A. marginale
MSP-2, suggested the presence of a homologue (1, 19). To
determine if 4. ovis expressed MSP-2, lysates of the Idaho
strain of A. ovis were analyzed by polyacrylamide gel electro-
phoresis and immunoblotting, performed as previously de-
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FIG. 2. Expression of MSP-2 by A. ovis. Lysates of A. ovis (lanes 6 to 10) were
electrophoretically separated by using sodium dodecyl sulfate-containing poly-
acrylamide gels, transferred to nitrocellulose, and probed for MSP-2 expression.
A. marginale lysates (lanes 1 to 5) were treated identically as positive antigen
controls. MSP-2 expression was detected by using a 1:1,000 dilution of rabbit
anti-MSP-2 antiserum (lanes 2 and 9) and 2 pg of MAb ANAF19E2/ml (lanes 5
and 6). Normal rabbit serum (lanes 1 and 10) and a MAD directed against
T. brucei VSG (lanes 4 and 7) were used as negative antibody controls. MAb
ANAF16Cl1, directed against a genus-conserved MSP-5 epitope, was used as a pos-
itive-control antibody (lanes 3 and 8). The molecular size markers are indicated
on the left, and the positions of MSP-2 and MSP-5 are indicated on the right.

scribed (20). 4. ovis MSP-2 was detected by using monospe-
cific rabbit antibody against conserved regions of A. marginale
MSP-2 (22) (Fig. 2, lane 9) and, following a longer exposure,
by using anti-MSP-2 monoclonal antibody (MAb) ANAF19E2
(22, 23) (Fig. 2, lane 6). The approximate molecular size of A. ovis
MSP-2 is similar to that of A. marginale (Fig. 2, lanes 2 and 5)
and to that of the 44-kDa MSP-2 homologue recently identi-
fied in the closely related HGE agent (35). MAb ANAF16C1,
which reacts with a genus-conserved MSP-5 epitope (18, 33),
was the positive antibody control (Fig. 2, lanes 8 [4. ovis| and
3[A. marginale]). Tryp1E1, which reactswith a Trypanosoma bru-
cei variable surface glycoprotein, and normal rabbit serum
were used as negative antibody controls and were unreactive
with both A. ovis and A. marginale (Fig. 2).

The msp-2 gene family is composed of multiple polymorphic
copies widely dispersed within the A. marginale chromosome
(7, 22). In contrast, the msp-2 homologue in C. ruminantium,
map-1, is a single-copy gene which is polymorphic only be-
tween strains (24, 31). To determine whether A. ovis con-
tained a single copy or multiple msp-2 genes, genomic DNA
was extracted from the Idaho strain and digested with either
Xbal or Ncol. Neither of these enzymes cut within any of the
msp-2 genes identified in A. marginale (7, 10, 22). The electro-
phoretically separated and blotted fragments were hybridized
with a digoxigenin-labeled msp-2 probe under stringent condi-
tions as previously described (22). The probe was generated by
PCR amplification of plasmid pCKR11.2 msp-2 by using a
forward primer representing nucleotides 375 to 395 and a re-
verse primer representing nucleotides 710 to 729 (numbering
based on pCKR11.2 [22]). Several restriction fragments de-
rived from either Xbal or Ncol digestion hybridized with the
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msp-2-specific probe (Fig. 3). These multiple fragments are not
attributable to partial digestion of genomic DNA, as the iden-
tical digests hybridized with only a single msp-5 fragment as
predicted for this single gene copy (Fig. 3). The fact that mul-
tiple A. ovis restriction fragments hybridized with the region of
msp-2 containing the open reading frame suggests that a mech-
anism for encoding MSP-2 antigenic variants, via expression of
variant gene copies or recombination among partial gene cop-
ies, may exist. Determination of whether these fragments in-
clude multiple complete genes and the extent of polymorphism
will require sequencing of genomic and expressed copies. How-
ever, the presence of a large repertoire of complete A. margi-
nale msp-2 genes which express polymorphic full-length MSP-2
during persistent rickettsemia (7, 10) provides a precedent for
the importance of the multiple msp-2 sequences in A. ovis.
A. marginale contains a second multigene family, in addition
to msp-2, that also encodes polymorphic outer membrane pro-
teins. This gene family, designated msp-3, is estimated to com-
prise as much as 3% of the 1,250-kb A. marginale genome (2).
To date, homologues of msp-3 have not been reported for any
other ehrlichial pathogens, including 4. ovis. The presence of
msp-3 in A. ovis was determined by Sphl, Hincll, Ndel, or Sacl
digestion of genomic DNA followed by Southern blotting.
None of these four enzymes cleaves within the defined A. mar-
ginale msp-3 genes (2), and only Ndel cuts within the single-
copy msp-5 (2, 33). The blots were hybridized under stringent
conditions by using a digoxigenin-labeled misp-3 probe gener-
ated by PCR amplification of plasmid msp3-12 with a forward
primer derived from nucleotides 1309 to 1329 and a reverse
primer derived from nucleotides 2313 to 2333 (numbering
based on msp3-12 [2]). Multiple genomic fragments derived
from each restriction enzyme digest hybridized with the msp-
3-specific probe (Fig. 4). In contrast, the msp-5 probe bound
only a single fragment in the Sphl, Hincll, and Sacl digests
and, as predicted by the single Ndel recognition site in msp-5,
two fragments in the Ndel digest (Fig. 4). Similar to the results
for msp-2, the hybridization of msp-3 with multiple 4. ovis ge-

A ox o» A ox x a
3 3 ) ) 3 3 ) ]
I $i1ii
g F = 7 T F = =
12kb__ '
4
L
-
'.
5.4kb__ =
1.6kb___ e k.
1.0kb___
-
=
0.5kb___
=
msp-2 probe msp-5 probe

FIG. 3. Presence of multiple msp-2 copies in the A. ovis genome. A. ovis or
A. marginale genomic DNA was digested with the restriction enzymes indicated
above each lane and, following Southern blotting, hybridized with either msp-2 or
msp-5. The molecular size markers are indicated on the left.
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FIG. 4. Presence of multiple msp-3 copies in the 4. ovis genome. A. ovis or
A. marginale genomic DNA was digested with the restriction enzymes indicated
above each lane and, following Southern blotting, hybridized with either msp-3 or
msp-5. The molecular size markers are indicated on the left.

nomic fragments indicates that this multigene family, initially
defined in A. marginale, is present among distinct species with-
in the genus.

Long-term persistent infection with A. ovis, similar to the
situation with A. marginale, is postulated to be required for
efficient natural transmission via ixodid ticks. Together the
msp-2 and msp-3 gene families compose greater than 4% of the
A. marginale genome and provide the genetic capacity for pro-
longed antigenic variation in the outer membrane proteins
targeted by the immune response (2, 22, 29). The emergence of
new A. marginale MSP-2 variants during each rickettsemic cy-
cle suggests that the msp-2 multigene family is causally in-
volved in persistence (10). Whether these multigene families
have a similar role in persistent 4. ovis infection, which differs
from infection with 4. marginale by the occurrence of long pe-
riods of relatively constant rickettsemia levels as well as cyclic
fluctuations, is unknown.
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