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The immunodominant surface protein, MSP3, is structurally and antigenically polymorphic among strains
of Anaplasma marginale. In this study we show that a polymorphic multigene family is at least partially
responsible for the variation seen in MSP3. The A. marginale msp3 gene msp3-12 was cloned and expressed in
Escherichia coli. With msp3-12 as a probe, multiple, partially homologous gene copies were identified in the
genomes of three A. marginale strains. These copies were widely distributed throughout the chromosome.
Sequence analysis of three unique msp3 genes, msp3-12, msp3-11, and msp3-19, revealed both conserved and
variant regions within the open reading frames. Importantly, msp3 contains amino acid blocks related to
another polymorphic multigene family product, MSP2. These data, in conjunction with data presented in
previous studies, suggest that multigene families are used to vary important antigenic surface proteins of A.
marginale. These findings may provide a basis for studying antigenic variation of the organism in persistently
infected carrier cattle.

Anaplasma marginale is a rickettsial hemoparasite which in-
vades the erythrocytes of cattle, causing severe anemia, weight
loss, abortion, and even death. The disease that it causes,
anaplasmosis, has a global distribution and results in major
worldwide economic losses in cattle (10, 14). In acute stages of
the disease, the rickettsial levels exceed 109 infected erythro-
cytes per ml and can easily be detected by microscopic exam-
ination of blood smears. However, animals that survive the
infection remain carriers and maintain a low level of rickett-
semia which cannot be detected microscopically (21, 25).
These carrier cattle serve as a perpetual source of infection for
susceptible cattle (22, 25). Ticks become infected by feeding on
carriers, the organism multiples in the vector, and vector trans-
mission is easily and effectively accomplished (8).
Cyclic rickettsemia has been detected and quantitated in

carrier cattle by nucleic acid probe hybridization (7, 12). The
level of rickettsemia varied markedly at bimonthly intervals
from ,103 to .105 infected erythrocytes per ml of blood (7).
The number of infected erythrocytes gradually increased over
a 10- to 14-day period and then precipitously decreased (12).
The length and consistency of the cycles suggest that recur-
rence is due to continual antigenic variation by the organism
followed by development of primary immune responses by the
host.
Major surface protein 3 (MSP3) is an immunodominant,

86-kDa antigen of A. marginale (15, 20). However, multiple,
related 86-kDa polypeptides were identified within a given
strain of A. marginale. Some of these polypeptides share com-
mon epitopes as identified by anti-MSP3 monoclonal antibod-
ies (MAbs) and rabbit-anti-MSP3 immune sera (1). However,
size and charge polymorphism and antigenic variation of MSP3
among strains were also identified. In this paper, we report the
cloning and expression of msp3 from the Florida (FL) strain of
A. marginale. Southern blot analysis of genomic DNA identi-

fied multiple related copies ofmsp3 distributed throughout the
genomes of three different strains. Sequence analysis of three
unique msp3 genes revealed defined regions of heterogeneity
within related copies for the FL strain. Significant amino acid
sequence homology was also identified between MSP3 and a
second major surface protein of A. marginale, MSP2. Limited
amino acid sequence homology was identified between the
gene product of msp3-12 and the M protein of Streptococcus
pyogenes. These findings support the hypothesis that the or-
ganism extensively uses multigene families to antigenically vary
important, immunodominant surface antigens.

MATERIALS AND METHODS

A. marginale organisms. Three strains of A. marginale were used in this study
and are designated by their original location of isolation (16): FL, Virginia (VA),
and south Idaho (SI). Strains were stored in liquid nitrogen as cryopreserved
stabilates (13) before being used to infect splenectomized calves. Thawed stabi-
late (20 ml) from each isolate was injected intramuscularly into 6-month-old,
male Holstein calves. The calves were monitored daily for percent rickettsemia
by microscopic examination of blood smears and packed cell volume. Infected,
whole blood was collected in EDTA from calves during periods of peak rickett-
semia (FL, 70%; VA, 36%; and SI, 42%) and centrifuged at 10,000 3 g for 15
min, and the serum and buffy coat were removed. Packed erythrocytes were
washed three times in phosphate-buffered saline (0.14 M NaCl, 2.68 mM KCl,
8.26 mM K2HPO4, pH 7.4), resuspended to a packed cell volume of 50%, and
stored at 2708C.
Antibodies. A panel of four anti-MSP3 MAbs was used: AMG75C2,

AMG76B1, 43/19, and 43/23. The reactivity of one of these (AMG75C2) has
been described elsewhere (15). The other MAbs were produced from cloned
hybridomas by immunization of mice with affinity-purified MSP3 (FL strain) as
previously described (15). The reactivity of these MAbs was identified by binding
to 86-kDa antigens in immunoblot assays using proteins from an FL strain
separated by single-dimension and two-dimensional gel electrophoresis as pre-
viously described (data not shown) (1). A MAb specific for the variable surface
glycoprotein of Trypanosoma brucei (TRYP1E1) was used as a negative control
in immunoblot experiments.
msp3 cloning. Genomic DNA was isolated from an FL strain of A. marginale

by phenol-chloroform extraction and ethanol precipitation as previously de-
scribed (4, 5). The library was composed of mechanically sheared genomic DNA
which was ligated with EcoRI adaptors and inserted into lambda ZAP bacterio-
phages (Stratagene, La Jolla, Calif.). Escherichia coli XL-1 Blue cells (Strat-
agene) were transformed with recombinant lambda ZAP, and ampicillin-resis-
tant colonies were screened for MSP3 expression with a pool of anti-MSP3MAbs
(43/19 and 43/23) as previously described (4). Positive colonies were identified,
and inserts were subcloned into pBluescript SK(2) plasmids (Stratagene). E. coli
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XL-1 Blue cells were transformed with recombinant pBluescript, and ampicillin-
resistant colonies were screened with MAbs for MSP3 expression. Three recom-
binant colonies were identified, and clones were designated msp3-11, msp3-12,
and msp3-19.
Immunoblotting of recombinant MSP3. E. coli cells (Epicurian Coli XL1-

Blue) (Stratagene) were transformed with pBluescript containing each of the
three msp3 genes. Transformed cells were plated on Luria agar containing 50 mg
of ampicillin per ml and selected by blue-versus-white screening. E. coli cells
were transformed with nonrecombinant pBluescript for use as a negative control.
Selected colonies were grown overnight in Luria broth containing 50 mg of
ampicillin per ml. Transformed E. coli cells were suspended in phosphate-buff-
ered saline; lysed in one-half their volume of a 33 sample buffer containing 0.1
M Tris (pH 6.8), 5% (wt/vol) sodium dodecyl sulfate (SDS), 50% glycerol, 7.5%
b-mercaptoethanol, and 0.00125% bromophenol blue; and heat denatured at
1008C for 3 min. E. coli lysates or similarly prepared FL A. marginale lysates were

separated by SDS-polyacrylamide gel electrophoresis and transferred to nitro-
cellulose as previously described (1). Membranes were reacted with 5 mg of
anti-MSP3 MAb AMG75C2 or the negative control MAb TRYP1E1. Antigen-
antibody reactions were visualized by enhanced chemiluminescence as previously
described (1).
msp3 sequencing. Plasmid DNA was extracted from single clones of msp3-12,

msp3-11, and msp3-19 and used for double-stranded sequencing using sequen-
tially derived primers initiating dideoxynucleotide chain termination reactions.
DNA sequence analysis using the Genetics Computer Group package from the
University of Wisconsin, version 7.3, was performed on a Vax11/785 computer.
Amino acid sequence analysis was performed using the PSIGNAL program of
the PC/GENE software package, version 6.6, from the University of Geneva,
Geneva, Switzerland. This analysis was based on a method described by Von
Heinje (24). A BLAST search for homologous sequences was performed and
analyzed by previously reported methods (3).

FIG. 1. Nucleotide sequence and translation of msp3-12 (pBluescript-cloned copy). The entire nucleotide sequence and the translation of the open reading frame
of pBluescript msp3-12 are illustrated. The area homologous to the msp2 gene is underlined. Asterisks above nucleotides 809 to 814 indicate the StuI cleavage site.
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Digoxigenin labeling of pBluescript msp3-12. A digoxigenin-labeled probe of
pBluescript msp3-12 was prepared by digestion of 5 mg of pBluescript msp3-12
with EcoRI and StuI (Boehringer Mannheim Corp., Indianapolis, Ind.). EcoRI
digestion removed the insert from the plasmid, and digestion with StuI removed
815 bases from the 59 end of the insert. This eliminated the noncoding region of
the clone along with the first 182 bases of the 59 end of the open reading frame
(see Fig. 1). The 1.5-kbp insert of the msp3-12 gene was gel purified and then
extracted from agarose by ion-exchange chromatography using a QIAquick gel
extraction kit (Qiagen Inc., Chatsworth, Calif.). A probe was made by random
prime labeling 200 ng of msp3-12 DNA with digoxigenin by using the Genius
System Nonradioactive DNA Labeling Kit (Boehringer Mannheim).
Representation of msp3-12 in the A. marginale genome. To verify that the

cloned pBluescript msp3-12 was an accurate representation of genomic msp3,
multiple restriction sites of pBluescript msp3-12 and genomic A. marginale DNA
(FL) were compared by using restriction enzymes which cut within the msp3
gene. Restriction enzymes NcoI (Boehringer Mannheim), BspM (New England
Biolabs, Beverly, Mass.), and EaeI (New England BioLabs) were chosen to
produce defined fragments from different areas in the msp3 gene (see Fig. 3,
top). Digestions of genomic A. marginale DNA (1.0 mg) and pBluescriptmsp3-12
(0.1 mg) were performed according to the manufacturer’s specifications. Digests
were Southern blotted under prehybridization and hybridization conditions of
658C in 63 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 53
Denhardt’s solution (13 Denhardt’s solution is 0.02% [wt/vol] Ficoll, 0.02%
[wt/vol] polyvinylpyrrolidone, and 0.02% [wt/vol] bovine serum albumin), 0.5%
(wt/vol) SDS, and 200 mg of sheared herring sperm DNA per ml as previously
described (17). Membrane washes (three times for 30 min each) were performed
under highly stringent conditions at 658C in 0.53 SSC–0.1% SDS. Bound probe
was detected by enhanced chemiluminescence using alkaline phosphatase-con-
jugated antidigoxigenin antibody according to the manufacturer’s recommenda-
tions (Genius System Luminescent Detection Kit; Boehringer Mannheim). The
membranes were exposed to Hyperfilm-MP (Amersham International, plc,
Buckinghamshire, England) to visualize bound antibodies. The molecular sizes
of comigrating cloned and genomic fragments were determined by comparison to
lambda DNA-HindIII fragments (GIBCO BRL, Gaithersburg, Md.) and 1-kbp
DNA ladder (GIBCO BRL) molecular size standards.
Identification of multiple msp3 gene copies. A. marginale genomic DNA from

either the FL, VA, or SI isolate was extracted as described above, and aliquots
of 1 mg of DNA were digested with HincII (New England Biolabs), SacI (Boehr-
inger Mannheim), NdeI (Boehringer Mannheim), or SphI (Boehringer Mann-
heim). These restriction endonucleases do not cut within the known sequence of

the msp3-12 gene. Calf thymus DNA was digested identically as a control.
Nonrecombinant pBluescript and pBluescript msp3-12 DNAs (0.1 mg) were
digested with EcoRI and used as negative and positive controls, respectively, for
probe hybridization. Digested fragments were separated by gel electrophoresis in
a 1% agarose gel containing 0.1 mg of ethidium bromide and photographed.
Southern blotting was performed under prehybridization and hybridization con-
ditions as described above, and blots were probed with digoxigenin-labeled
pBluescript msp3-12. Bound probe was detected by enhanced chemilumines-
cence.
Distribution of msp3 gene copies in the A. marginale chromosome. The loca-

tions of multiple msp3 copies in the chromosome were determined by Southern
blotting large A. marginale genomic fragments separated by clamped homoge-
neous electric field (CHEF) electrophoresis. A. marginale strains used in CHEF
electrophoresis studies were prepared from infected erythrocytes, embedded in
agarose plugs, and digested with NotI (Boehringer Mannheim) and SfiI (New
England Biolabs) as previously described (2, 6). Uncut Mycobacterium bovis
chromosomal DNA (Promega Corp., Madison, Wis.) was digested identically to
serve as a control for restriction endonuclease activity.
CHEF gel electrophoresis was done on the CHEF DRII system (Bio-Rad

Laboratories, Richmond, Calif.). Plugs of digested DNA were electrophoresed in
1% agarose gels in 0.53 Tris-borate-EDTA buffer at 148C. Electrophoretic
conditions were set at 180 V with a 10-s switch rate and a 16-h run time. Delta
39 lambda ladders (Promega Corp.) and lambda DNA-HindIII fragments
(GIBCO BRL) were used as size standards. The gels were stained for 30 min in
0.5 mg of ethidium bromide per ml and photographed. Southern blotting and
hybridization of the separated bands were performed as described above except
that the gel was depurinated in 0.25 M HCl for 15 min prior to washing and
transferred to nylon membranes. Prehybridization, hybridization with digoxige-
nin-labeled pBluescript msp3-12, and detection by chemiluminescence were per-
formed as described above.
Nucleotide sequence accession numbers. The nucleotide sequences of the

msp3 genes have been assigned the following GenBank accession numbers:
msp3-12, U60778; msp3-19, U60779; and msp3-11, U60780.

RESULTS

The msp3-12 gene was identified by screening a genomic
library of an FL strain of A. marginale DNA with a pool of
anti-MSP3 MAbs. The nucleotide and deduced amino acid
sequences of the pBluescript msp3-12 insert are shown in Fig.
1. This gene contained the coding region for the N terminus of
MSP3 with the open reading frame extending for 1,704 bp. In
addition, msp3 contained 633 bp upstream of the open reading
frame. Amino acid sequence analysis of the open reading
frame predicted a signal peptide at the N terminus with a
cleavage site between amino acids 33 and 34. A potential
transmembrane helix was identified just before the cleavage
site extending from amino acids 12 to 33.
To verify the relatedness of recombinant MSP3 to the native

molecules, lysates from E. coli cells transformed with pBlue-
script containing msp3-12 or with nonrecombinant plasmid
were separated by SDS-polyacrylamide gel electrophoresis.
Proteins were transferred to nitrocellulose and reacted with
anti-MSP3 MAb (AMG75C2). Initial bodies from an FL strain
of A. marginale were used as a positive control for MAb
AMG75C2. MAb AMG75C2 reacted only with native MSP3
and recombinant polypeptides expressed by clone msp3-12
(Fig. 2). The largest recombinant MSP3 polypeptide had a
molecular size of approximately 65.0 kDa, which corresponds
to the calculated size of the protein expressed by the open
reading frame of msp3-12. Isotype control MAb TRYP1E1
showed no reactivity to msp3-12. No reactivity was observed
between MAb AMG75C2 or MAb TRYP1E1 and nonrecom-
binant pBluescript.
To verify that the cloned pBluescript msp3-12 faithfully rep-

resented a genomic copy, genomic DNA from an FL isolate of
A. marginale and pBluescriptmsp3-12DNA were digested with
restriction enzymes to yield predicted fragments of specified
lengths. The enzymes used, the restriction sites in pBluescript
msp3-12, and the predicted sizes of the fragments are illus-
trated (Fig. 3, top). Digested DNA fragments were Southern
blotted to nylon filters and probed with digoxigenin-labeled

FIG. 2. Expression of MSP3 polypeptides by clone msp3-12 detected with
MAbs. Reactivity of an anti-MSP3 MAb (AMG75C2) and a negative isotype
control (Trp1E1) with expressed proteins from clone msp3-12 is shown. Nonre-
combinant pBluescript plasmid (pBlue) is used as a negative control. A. margi-
nale FL is used as a positive control.
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msp3-12. All enzymes produced pBluescript msp3-12 frag-
ments of the predicted size which comigrated with a fragment
in the genomic DNA (Fig. 3, bottom). Comigration of large
fragments was seen in digests extending from the 59-terminal
region to the 39-terminal region of the gene. Fragments of
clone which do not comigrate with genomic DNA result from
clone fragments which also contain variable portions of the
vector.
To determine if one or more copies ofmsp3 were present, A.

marginale genomic DNA from either FL, SI, or VA isolates
was digested with restriction enzymes, Southern blotted to
nylon membranes, and probed with digoxigenin-labeled msp3-

12. Enzymes SphI, NdeI, SacI, and HincII were chosen because
they do not cut within the sequence of the msp3-12 gene. This
should produce a single band if only one genomic copy ofmsp3
is present. SacI cuts once within the open reading frame of
msp3-19 (at nucleotide 498), potentially producing two observ-
able bands for a single-copy gene. Multiple bands were ob-
served on Southern blot hybridizations, indicating the presence
of multiple, partially homologous msp3 copies (Fig. 4). The
exact number of copies cannot be determined since restriction
site polymorphism may exist in other msp3 copies, resulting in
more than one band from a single copy. Similar intensities of
many of the bands within a single isolate may indicate that

FIG. 3. Restriction map (top) and genomic representation (bottom) of clone msp3-12. (Top) Restriction enzyme sites and the resulting fragments used to map
msp3-12 to the genome. The nucleotide cleavage site for each restriction enzyme is illustrated diagrammatically and by nucleotide number. Sizes of resulting fragments
in base pairs are also provided. (Bottom) Southern blot of genomic DNA from the FL strain of A. marginale or pBluescript msp3-12 (CL), digested with restriction
enzyme EaeI, BspM, or NcoI and probed with digoxigenin-labeled msp3-12.
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extensive homology exists between some of the copies. Restric-
tion fragment length polymorphism (RFLP) was seen when
comparing enzyme digests of each of the three isolates of A.
marginale.
To determine the distribution of msp3 in the genome, intact,

A. marginale genomic DNA from three isolates (FL, SI, and
VA) was digested into large fragments with restriction en-
zymes SfiI and NotI and separated by CHEF electrophoresis.
The gel was stained and photographed (data not shown).
These fragments are nonoverlapping and have been previously
shown to represent the entire 1,250-kbp A. marginale genome
(2). The SfiI and NotI fragments were identical to those pre-
viously reported (2), with SfiI digestion of the FL isolate pro-
ducing 12 bands ranging in size from 14 to 170 kbp. This same
gel was then Southern blotted to nylon filters and probed with
digoxigenin-labeled msp3-12 (Fig. 5). The probe hybridized to
multiple fragments of NotI and SfiI digests of all three isolates.
Most of the gene copies in the FL isolate were contained
within two large SfiI fragments with previously reported band
sizes of 137.5 and 170 kbp (2). However, the results did indi-
cate that the msp3 gene was widely distributed throughout the
genome in all three isolates tested. Gene copies were present
on six of the FL and VA SfiI-digested fragments and five of the
fragments from the SI isolate (Fig. 5). NotI digestions yielded
eight bands in the FL isolate which hybridized to the msp3-12
probe, seven bands in the VA isolate, and five bands in the SI
isolate (Fig. 5). RFLP was also observed between isolates on
CHEF gels.
Two additional, unique msp3 clones were identified by

screening the FL strain genomic DNA library with the pool of
anti-MSP3 MAbs. Clones msp3-11 and msp3-19 lacked the 59
end of the open reading frame, but each contains the termi-
nation codon for the C terminus and 1,473 and 2,480 bp,
respectively, downstream of the 39 end of the open reading
frame. The schematic representation of the three genes in Fig.

6 shows three unique genes with extensive areas of homology.
This confirms that multiple copies of partially homologous
msp3 genes are present in the genome.
Homologous areas were identified throughout the three

msp3 genes (Fig. 6). Areas common to all three genes were at
bases 1191 to 1472 and bases 1818 to 2008 of the msp3-12
clone. An area at the 39 end of msp3-12 between bases 2090
and 2280 was also found inmsp3-11 but was absent inmsp3-19.
The last 200 bp at the 39 end of the open reading frame of
genes msp3-11 and msp3-19 were homologous.
The msp2 gene encodes a 36-kDa surface protein and is

known to be expressed by a polymorphic, multigene family
(19). Areas of homology between the 59 end of the msp2 gene
and msp3-12 are indicated in Fig. 6. The areas of amino acid
sequence homology between msp3-12 and msp2 (amino acids
55 through 176) showed 65.6% similarity and 54.9% identity
(Fig. 7). There was a homologous area of more than 500 bp
between msp3-11 and msp2 (Fig. 6). However, this area was
outside of the open reading frame of msp3-11, in a different
reading frame and a different direction. A similar but much
smaller area was seen downstream of the open reading frame
of the msp3-19 gene (Fig. 6).

DISCUSSION

Cattle which survive acute infection with A. marginale con-
tinue to be persistently infected and maintain a cyclic rickett-
semia which fluctuates at bimonthly intervals (7, 12). Antigenic
variation has been proposed as a likely mechanism by which
this rickettsial organism evades the host immune system (12).
Previous studies, using immunoblots of A. marginale proteins
separated by two-dimensional gel electrophoresis, identified
multiple, antigenically distinct 86-kDa polypeptides present in
the FL strain (1). These polypeptides were determined to be
related members of the MSP3 family by reactivity with anti-

FIG. 4. Presence of multiple copies of msp3 in genomic A. marginale DNA. Genomic DNAs from VA, SI, and FL strains of A. marginale were digested with the
restriction enzymes indicated above the lanes and Southern blotted. EcoRI-digested pBluescript msp3-12 (12) was used as a positive control for probe hybridization.
EcoRI-digested, empty pBluescript (pB) and undigested bovine calf thymus DNA (CT) were used as negative controls. The blots were hybridized with digoxigenin-
labeled pBluescript msp3-12.
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MSP3 MAb (AMG75C2) and anti-MSP3 immune rabbit sera.
In addition, antigenic polymorphism was identified in the
MSP3 polypeptides between different A. marginale strains (1).
In this study, we used themsp3 clone pBluescriptmsp3-12 to

identify multiple related gene copies throughout the A. margi-
nale genome. Differences in size between the native (86-kDa)
and the recombinant (65-kDa) molecules are expected since
the cloned insert ofmsp3-12 lacks the 39 end of the native gene.
However, we show that pBluescript msp3-12 is an accurate
representation of a genomic msp3 copy by (i) expression of a
recombinant protein which is bound by anti-MSP3 MAb and
(ii) demonstration of comigrating bands of predetermined
sizes in cloned and genomic DNA when cut with restriction
enzymes NcoI, BspM, and EaeI. Digestion of msp3-12 and
genomic (FL) A. marginale DNA with these enzymes produces
fragments which comigrate in agarose gels and hybridize with
the digoxigenin-labeled msp3-12 probe. These enzymes cut
various places within msp3-12 clone, ranging from nucleotides
12 to 2076. This range covers almost the entire 2,337-nucleo-
tide sequence of the cloned gene. Anti-MSP3 MAb AMG75C2
binds protein expressed by msp3-12 as well as one of the
86-kDa antigens (pI 5.6) seen on two-dimensional gel electro-
phoresis of A. marginale organisms (1). This indicates that
recombinant MSP3-12 shares common epitopes with the MSP3
antigens identified by two-dimensional immunoblots.
Hybridization studies using digoxigenin-labeled msp3-12

identified multiple copies of partially homologous msp3 genes
in the genomes of FL, SI, and VA strains of A. marginale.
Genomic DNA was digested with restriction enzymes selected
to cut outside of the msp3-12 sequence. Hybridization of the
probe with a single fragment would be seen if MSP3 was
encoded by a single-copy gene. Multiple fragments homolo-
gous to the msp3-12 sequence are identified. Although a mul-
tigene family is the most likely explanation for these results, it
is also possible that within an individual strain there are non-
clonal populations of organisms with polymorphic msp3 genes.
This is unlikely, however, considering that restriction endonu-
clease digestion of large fragments on CHEF electrophoresis
consistently produces fragments of defined sizes for each
strain, all of which result in a total genome size of 1,250 kbp.
The exact number of copies cannot be determined because

restriction sites may be polymorphic in other copies of msp3,
causing an exaggerated estimation of the number of gene cop-
ies. In addition, more than one gene copy may be present on
large fragments of genomic DNA. Even so, these data do
suggest a copy number of at least 10 to 15msp3 genes in the FL
and SI isolates, with slightly fewer, 7 to 10, in the VA isolate.
With the gene size of msp3 being approximately 2.5 kbp, we
estimate that msp3 occupies as much as 3.0% of the 1,250-kbp
genome of A. marginale (2).
Restriction endonuclease digestion with SfiI and separation

of fragments by CHEF electrophoresis allow the entire ge-
nome of A. marginale (FL) to be separated into 14 fragments
ranging in size from 14 to 170 kbp (2). The msp3-12 probe
hybridizes to six of these fragments, as well as multiple frag-
ments in NotI and SfiI digests of other isolates. However,
judging from the intensities of the bands, it appears that most
of the copies in the FL isolate are located on two large SfiI
fragments of approximately 137 and 170 kbp. The smaller band
has been shown to contain a doublet of comigrating fragments
(2). Therefore, these two hybridizing bands could represent as
much as 25 to 37% of the genome size. Because this is such a
large area of the genome, conclusions regarding the proximity
of the genes are difficult to reach. The NotI digest of the FL
isolate and the NotI and SfiI digests of the other isolates indi-
cate a more even distribution of copy numbers throughout the
genome. This suggests that msp3 copies are widely distributed
throughout the A. marginale genome, similar to the pattern
seen with the msp2 multigene family (19). This would indicate
that any coordinated regulation of msp3 copies would involve
trans regulation. These copies are likely not the result of simple
duplication of a single msp3 gene, since the copies are not
present in tandem along a single stretch of DNA. This assump-
tion is supported by the heterogeneity in the partial gene se-
quences available for three of the msp3 genes.
The exact function of MSP3 is unknown; however, the prev-

alence of its gene in the small genome of A. marginale suggests
a need to antigenically vary this very immunogenic protein in
response to stress from the host immune system. The A. mar-
ginale genome is also estimated to contain a minimum of 7 to
10 copies of msp2 (19). This gene family encodes an immuno-
protective, 36-kDa antigen, and multiple MSP2 polypeptides
have been demonstrated by two-dimensional gel electrophore-
sis using immunoblots of the FL strain (1). Interestingly, we
have demonstrated segments of amino acid sequence homol-
ogy between MSP3 and MSP2, indicating that genetic recom-
bination may occur between these two large, multigene fami-
lies.
Antigenic polymorphism of MSP3 within the FL strain is

evident in the various 86-kDa polypeptides present on two-
dimensional gel electrophoresis (1). In addition, in this study
we have shown genetic polymorphism between three msp3

FIG. 5. msp3 copies are widely distributed in the A. marginale chromosome.
Genomic DNAs from SI, VA, and FL strains of A. marginale were digested with
the restriction enzymes indicated above the lanes and separated by CHEF gel
electrophoresis. The fragments were then Southern blotted and probed with
digoxigenin-labeled pBluescript msp3-12.
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gene copies isolated from the FL strain, each of which encodes
different amino acid sequences. Antigenic polymorphism be-
tween different strains was previously shown by reacting im-
mune sera from animals infected with different strains of A.

marginale with MSP3 polypeptides on two-dimensional immu-
noblots (1). In this study, genetic polymorphism between dif-
ferent strains is shown by variations in the length and number
of restriction fragments which contain the msp3 genes in each
isolate. These results are consistent with previous experiments
identifying RFLP between geographic isolates in ethidium bro-
mide-stained gels (2).
Antigenic variation may play a role in the cyclic rickettsemia

and persistent infection recognized in carrier cattle infected
with A. marginale (12). The length and consistency of the cycles
suggest that recurrence is due to continual antigenic variation
by the organism and development of a primary immune re-
sponse by the host. Interestingly, when other A. marginale
sequences (MSP2 and MSP4) are excluded, database searches
show greatest homology of the msp3-12 gene product with the
M protein (M12) of S. pyogenes (regions containing from 19 to
46% identity with M protein serotype 12). Blocks of M12 with
the most significant amino acid sequence homology are located
within the constant regions in the carboxyl terminus of the
molecule. MSP3-12 also has a small area of homology with the
C-repeat region of the M12 protein. Antigenic variation is seen
between various serotypes of S. pyogenes, and there are more
than 80 serologically distinct M proteins among different
strains (9). Analyses of M proteins indicate that they are all
structurally related and are encoded by a family of genes (18).
The mechanism of antigenic variation is not completely under-
stood; however, nucleotide substitutions and small-scale inser-
tions are responsible for antigenic variation in the highly vari-
able N-terminal, nonrepeat domain of the M protein (11).
Surface expression of M protein prevent phagocytosis of bac-
teria by polymorphonuclear leukocytes, allowing the organism
to evade the host immune system.
The exact mechanism by which A. marginale uses multigene

families is not known. However, like S. pyogenes, A. marginale

FIG. 6. Sequence heterogeneity and conservation among msp3 gene copies: schematic representation of clones msp3-11, msp3-12, and msp3-19. Homologous
regions are indicated by like-shaded areas. Regions homologous to the msp2 gene are labeled MSP2-.. Nucleotide numbers are indicated on the bottom. Numbers
over the diagrams of clones msp3-11 and msp3-19 indicate corresponding nucleotides in clone msp3-12. The StuI restriction site is illustrated on the top of msp3-12.
Lines extending to the right of the 39 end of msp3-12 and to the left of the 59 ends of msp3-11 and msp3-19 indicate vector sequence.

FIG. 7. Comparison of MSP3 and MSP2 protein sequences: BestFit align-
ment of amino acid sequences of MSP3 (top) and MSP2 (bottom). Identical
amino acids are indicated by vertical lines. Conservative substitutions are indi-
cated by asterisks. Ellipses denote a gap used to achieve optimal alignment
between the sequences. Amino acid numbers are indicated at the beginning and
end of each line.
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does appear to evade the host immune system and avoid com-
plete clearance. In addition, fluctuating rickettsemia is ob-
served in cycles consistent with the appearance of antigenic
variants in response to immune pressure from the host (12).
We hypothesize that A. marginale could use mechanisms sim-
ilar to those seen in other persistent bacterial infections to vary
important antigenic surface proteins such as MSP2 and MSP3
in an effort to avoid immune clearance. Further work is needed
to determine if antigenic variation of MSP2 or MSP3 occurs
during rickettsemia cycles in persistent carriers.
It has now been shown that two major surface antigens of A.

marginale, MSP2 and MSP3, are actually each composed of a
family of related proteins (1). Using pBluescript msp3-12 as a
probe in hybridization studies, we concluded that the multiple
MSP3 antigens are the result of a complex, multigene family of
partially homologous genes, similar to the MSP2 protein. The
N-terminal amino acid sequence homology between MSP3 and
MSP2 may also indicate that genetic recombination occurs
between these two large multigene families. Surprisingly, an-
other surface protein of A. marginale, MSP4, is also homolo-
gous to MSP2 (19). We estimate that a relatively large portion
of this rickettsial agent’s small genome is occupied by these
related gene families encoding MSP2, MSP3, and MSP4. Ho-
mology between MSP2, MSP3, MSP4, and the major antigenic
protein (MAP1) of Cowdria ruminantium (19, 23) suggests that
similar mechanisms could be operative in other persistent rick-
ettsial infections. We hypothesize that A. marginale, and pos-
sibly other closely related rickettsial agents, uses recombina-
tion within and among multigene families to antigenically vary
these major surface proteins.
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