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The family Anaplasmataceae, which includes the genera Anaplasma and 

Ehrlichia, contains small, gram-negative, obligate intracellular bacteria that 

cause important tick-transmitted diseases of humans and animals.  All typically 

require a sufficient number of long-lasting circulating organisms in the host to 

ensure infection of ticks.  A common and important mechanism to achieve this 

is antigenic variation of the proteins recognized by the immune system.  This 

powerful mechanism for generating phenotypic diversity, the focus of this 

dissertation, is not only an efficient strategy for adapting to rapidly responding 

immune system defenses, but it also allows for adaptation to a broad range of 

different environments, hosts and host tissues.   

Bovine anaplasmosis is a disease of cattle and other ruminants caused 

by Anaplasma marginale and is of major economic importance to livestock 
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production throughout many areas of the world.  A. marginale establishes a 

persistent infection characterized by sequential cycles of rickettsemia in which 

new antigenic variants emerge.  The two immunodominant outer membrane 

proteins, major surface protein (MSP)2 and MSP3, are both structurally and 

antigenically polymorphic.  This study, using a combination of expression and 

genomic analysis, explores the mechanisms by which this polymorphism is 

generated in MSP3.  The results indicate that MSP3 is expressed from a single 

locus and that variation in the expressed msp3 gene is generated by 

recombination utilizing msp3 pseudogenes.  Each of the msp3 pseudogenes 

encodes a unique central variable region (CVR) flanked by conserved 5’ and 3’ 

regions.  Changes in the CVR of the expressed msp3, concomitant with 

invariance of the pseudogenes, indicate that expression-site variation is 

generated using gene conversion.  This mechanism of msp3 gene conversion is 

similar to that reported for msp2 variation but each gene family utilizes distinct 

sets of pseudogenes.  Genomic analysis of the two gene families reveals that 

they originated from a common ancestor.  Despite having diverged 

substantially, both families have maintained similar structural features, an 

identical C-terminal end in the expressed copies and a close linkage within the 

genome.  The overall organization of the two gene families is also closely linked 

to a set of recombinase gene homologs and a number of short and long 

repeats, suggesting a role in recombination.  Further examination of these 

structures and gene products will allow us to better understand the mechanisms 

involved in antigenic variation and to design novel control measures. 
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CHAPTER 1 
INTRODUCTION 

Justification 

Anaplasmosis is an arthropod-borne disease of cattle and other 

ruminants caused by an intraerythrocytic rickettsia of the genus Anaplasma.  

The pathogen is known to occur in Africa, Asia, Australia, southern Europe, 

South America and the former Soviet Union and is believed to be endemic in 

major areas of the United States.  The losses attributable to bovine 

anaplasmosis, caused by Anaplasma marginale, have been estimated from $ 5-

11 million in California alone (Goodger, Carpenter, and Riemann, 1979) to over 

$ 300 million in the continental United States (Palmer, 1989).  While ticks have 

been described as vectors of human diseases for over a hundred years, they 

only reached notoriety in 1982 with the emergence of Borrelia burgdorferi as the 

etiologic agent of Lyme disease (Burgdorfer et al., 1982).  Since then, members 

of the family Anaplasmataceae (Ehrlichieae), previously thought to be only 

animal pathogens, have joined the increasingly long list of human pathogens 

transmitted by ticks.  Biologically, members of the genus Anaplasma (A. 

marginale, A. (Ehrlichia) platys, A. (Ehrlichia) bovis and A. phagocytophilum) 

are closely related.  In their respective mammalian hosts these pathogens are 

most often detected in cells derived from bone marrow precursors, and ticks 

ensure transmission between hosts.  A. marginale is maintained in a host 

population by infected tick vectors (Ge et al., 1996) and persistent subclinical 
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infection of ruminants, including wild animals such as deer (Woldehiwet, 1983; 

Kuttler, 1984), and similar persistent infections with A. phagocytophilum, a 

human pathogen, have become established in ruminants (Woldehiwet, 1983; 

Siebinga and Jongejan, 2000).   

Species within the Anaplasma genus are characterized by several 

immunodominant outer membrane proteins.  These antigens share significant 

homologies at the amino acid and nucleotide level and appear to be encoded 

by paralogous and orthologous genes.  A 36 kDa antigen called major surface 

protein 2 (MSP2) (Palmer and McGuire, 1984; Palmer et al., 1994a), a 86 kDa 

antigen MSP3 (Palmer and McGuire, 1984;Palmer et al., 1986b;Alleman et al., 

1997), and a 31 kDa MSP4 (Oberle and Barbet, 1993;Oberle, Palmer, and 

Barbet, 1993) were described in A. marginale as well as a 42-45 kDa antigen 

called p44 in A. phagocytophilum (Dumler et al., 1995;Zhi et al., 1998;Zhi, 

Ohashi, and Rikihisa, 1999).  This complex of outer membrane proteins is also 

encoded in E. chaffeensis, E. canis, E. (Cowdria) ruminantium and, potentially, 

in other Ehrlichia species (Reddy et al., 1998).  They further share a common 

feature, with the exception of MSP4, in that they are all encoded by polymorphic 

multigene families suspected to contribute to immune evasion and persistence 

in reservoir hosts (Alleman et al., 1997; Reddy et al., 1998; French et al., 1998; 

Reddy and Streck, 1999; Barbet et al., 2000; Barbet et al., 2001a). 

The ability to develop persistent infections may be caused by antigenic 

variation of outer membrane proteins.  Indeed, MSP2 and MSP3 are both 

polymorphic and migrate as a series of spots on 2-dimensional gel 
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electrophoresis, MSP2 at ~36,000 kDa and MSP3 at ~80,000 – 90,000 (Palmer 

and McGuire, 1984; Alleman and Barbet, 1996).  Unlike MSP2, there is no 

information on the mechanisms of MSP3 expression or the possible role of this 

multigene family in generation of diversity.   

Research Objectives 

The overall goal of this dissertation was to determine the involvement of 

MSP3 in antigenic variation and to gain a better understanding of the underlying 

processes.  My hypothesis is that MSP3 diversity, like MSP2, is generated from 

a single genomic expression site in which polymorphism is generated through 

gene conversion.  This mechanism is conserved in both the genera Anaplasma 

and Ehrlichia.   

Understanding the mechanisms generating diversity in A. marginale will 

create a better understanding of the pathogenicity of all Anaplasmataceae and 

will allow us to develop effective control strategies.   

The specific aims to achieve this were the following : 

1) To develop methods to clone A. marginale in tick cell cultures. 

2) To define the structure of expressed msp3 transcripts and the MSP3 
expression site(s). 

3) To evaluate the mechanism by which genetic variation is generated 
during infection in cattle. 

4) To analyze the genomic structures of the msp2 and msp3 gene 
families and evaluate their roles in creating diversity from a small genome. 

5) To analyze the expression of msp2 homologs in the family 
Anaplasmataceae. 
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CHAPTER 2 
LITERATURE REVIEW 

Anaplasma marginale 

The organism Anaplasma marginale, identified by Theiler in South Africa 

in 1909, was first described as "marginal points" in bovine erythrocytes (Theiler, 

1910).  The scientific name is based on its staining characteristics and location 

within the host cell, with "Anaplasma" referring to the lack of stained cytoplasm 

and "marginale" denoting the peripheral location of the organism in the host 

erythrocyte.  Anaplasma marginale has been reclassified numerous times since 

its first description.  It is now classified as a gram-negative proteobacterium, α-

subdivision class, in the order of the Rickettsiales and family of the 

Anaplasmataceae (Dumler et al., 2001).  The family includes the genera 

Anaplasma, Ehrlichia, Neorickettsia and Wolbachia, and encompasses a group 

of obligate intracellular bacteria that reside in eukaryotic cells.  All members 

reside, unlike the rickettsial organisms, within a cytoplasmic vacuole inside host 

cells that include erythrocytes, reticuloendothelial cells, bone marrow-derived 

phagocytic cells, endothelial cells and cells of helminth and arthropod 

reproductive tissues (Dumler et al., 2001).  Biologically, members of the genus 

Anaplasma (A. marginale, A. (Ehrlichia) platys, A. (Ehrlichia) bovis and A. 

phagocytophilum) are closely related.  In their respective mammalian hosts 

these pathogens are most often detected in cells derived from bone marrow 

precursors, and ticks ensure transmission between hosts.  For A. marginale, the 
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only site of development that has been described within cattle is the erythrocyte 

(Kocan, 1992).  However, recent in vitro studies indicate that development of 

the pathogen might additionally involve endothelial cells.  Munderloh and co-

workers (2002) have been able to continuously propagate A. marginale and A. 

phagocytophilum in bovine and primate vascular endothelial cell lines, 

respectively.  If confirmed in vivo, then the life cycle of Anaplasma would more 

closely parallel the development of E. ruminantium, another cattle pathogen, for 

which initial development in macrophages or neutrophils has been described, 

but typical development occurs in endothelial cells of blood vessels (Prozesky 

and Du Plessis, 1987; Logan et al., 1987).  Anaplasma marginale enters 

erythrocytes by endocytosis after which it divides by binary fission (Friedhoff 

and Ristic, 1966; Simpson, Kling, and Love, 1967).  A similar active mode of 

entry has been described for E. ruminantium, entering endothelial cells through 

a process resembling phagocytosis (Prozesky and Du Plessis, 1987)  The 

membrane vacuole in which A. marginale resides is derived from the 

erythrocyte membrane and contains 4-8 pathogens (Kocan et al., 1978; 

Francis, Kinden, and Buening, 1979).  Anaplasma marginale, apparently in 

contrast to the exit from endothelial cells by E. ruminantium, leaves the host 

cells again without disrupting the erythrocyte (Francis, Kinden, and Buening, 

1979; Prozesky and Du Plessis, 1987).  Nevertheless clinical disease is 

associated with anemia, caused at least in part by removal of erythrocytes from 

the circulation (Kuttler, 1984).  Bovine anaplasmosis remains a major disease 

endemic in many regions of the United States of America, as well as worldwide, 
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and is an impediment to meat, milk, and fiber production in tropical and 

subtropical areas (McCallon, 1973).  Dramatic weight loss, abortion, and death 

often occur during the acute phase (Alderink and Dietrich, 1981).  Animals 

surviving this acute phase develop lifelong persistent infections and serve as 

reservoirs for mechanical and biological transmission of A. marginale to new 

susceptible hosts (McGuire et al., 1991; Eriks, Stiller, and Palmer, 1993).  This 

persistent infection is characterized by sequential, often microscopically 

undetectable cycles of rickettsemia that rise to levels of 107 bacteria / ml of 

blood followed by a rapid decline to <103 bacteria / ml of blood (French et al., 

1998) when bacteremia is controlled by a specific immune response (Kieser, 

Eriks, and Palmer, 1990; French, Brown, and Palmer, 1999). 

Under natural conditions A. marginale is transmitted to susceptible 

animals both mechanically and biologically from carrier cattle and a range of 

wild ruminants (Kocan, 1995).  In the United States important wildlife reservoirs 

are black-tailed deer (Odocoileus hemionus columbianus) and mule deer 

(Odocoileus hemionus hemionus).  White-tailed deer (Odocoileus virginianus) in 

the eastern United States are susceptible to A. marginale, but they are not 

thought to be a major reservoir of infection (Kuttler, 1979).  Some 20 species of 

ticks were shown to be capable of biologically transmitting anaplasmosis.  

Dermacentor andersoni, D. occidentalis and D. variabilis have been identified 

as the main tick vectors in the United States (Dikman, 1950; Anthony and Roby, 

1966; Ewing, 1981; Kocan et al., 1981; Stiller et al., 1989).  Ticks become 

infected when feeding on infected hosts after which extensive and complex 
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multiplication occurs in several tick tissues (Kocan, Hair, and Ewing, 1980; 

Kocan et al., 1983; 1988; 1990a; 1990b; 1993; Ge et al., 1996).  Ticks can also 

acquire infection after feeding on persistently infected cattle with low bacteremia 

although the percentage of infected ticks is directly related to the bacteremia 

during feeding.  Conversely, once ticks acquire infection, the biological 

replication of the organism within the ticks makes up for initial differences in the 

infecting dose (Eriks, Stiller, and Palmer, 1993).  In A. marginale, like in A. ovis 

and E. ruminantium, the developmental sequence involves multiplication in the 

gut epithelium of the tick, followed by its presence in the gut muscle and 

hemolymph, and finally development in the salivary glands (Kocan and 

Bezuidenhout, 1987; Kocan, Bezuidenhout, and Hart, 1987; Kocan et al., 1987; 

Kocan, 1992; Kocan et al., 1992b; Kocan and Stiller, 1992; Ge et al., 1996).  At 

each site of infection in ticks, A. marginale develops within membrane-bound 

vacuoles. The first form of A. marginale seen within these vacuoles is the 

reticulated (vegetative) form that divides by binary fission, forming large 

colonies that may contain hundreds of organisms.  The reticulated form then 

changes into the dense form, which is the infective form and can survive 

outside of cells.  Cattle become infected with A. marginale when the dense form 

is transmitted during tick feeding via the salivary glands (Kocan, Hair, and 

Ewing, 1980; Ge et al., 1996; Blouin and Kocan, 1998).  Transmission to 

susceptible hosts can occur transstadially and intrastadially, and transovarial 

transmission has been described but does not appear efficient (Anthony and 

Roby, 1966; Bram and Roby, 1970; Kocan et al., 1981; Stich et al., 1989; 
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Kocan, 1995).  Intrastadial transmission by male ticks occurs and is believed to 

be an important epidemiological factor.  Male ticks remain infected for over 6 

months and can serve as a reservoir transmitting the pathogen during 

sequential feeding on multiple susceptible animals (Kocan et al., 1992a; Eriks, 

Stiller, and Palmer, 1993).  A similarly important role has been described for 

male Amblyomma hebraeum ticks in the epidemiology of E. ruminantium 

(Andrew and Norval, 1989).   

Mechanical transmission of A. marginale can occur via any blood-

contaminated fomites, including contaminated needles, dehorning saws, nose 

tongs, tattooing instruments, ear-tagging devices, and castration instruments 

(Reeves, III and Swift, 1977).  Additionally, in utero transmission during acute 

infection has been described (Norton, Parker and Forbes-Faulkner, 1983; 

Zaugg and Kuttler, 1984; Zaugg, 1985).  The efficiency of in utero transmission 

varies greatly, but transmission rates can be as high as 15.6% (Zaugg and 

Kuttler, 1984; Potgieter and Van Rensburg, 1987).  The role of  transplacental 

transmission of anaplasmosis, therefore, may contribute to the epidemiology of 

this disease in some  regions.  Mechanical transmission by arthropods is 

important and has been demonstrated or is suspected in horse flies (Tabanus 

spp.), stable flies (Stomoxys calcitrans), deer flies (Chrysops spp.), horn flies 

(Haematobia irritans) and mosquitoes (Culicidae) (Ristic, 1968).  There is no 

evidence of infection or a developmental cycle in these vectors.  Horse flies 

seem especially important in the epidemiology of the disease, presumably 

because of their rasping bite that can transfer blood together with their frequent 
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change of hosts when disturbed.  The period post-infection in which horse flies 

can transmit the pathogen is as long as 2 hours, and as little as 10 bites are 

needed for reliable transmission of the pathogen (Hawkins, Love, and Hidalgo, 

1982).  In the southeastern United States the primary natural mode of 

transmission is thought to be mechanically through blood-sucking tabanids 

despite the presence of competent tick vectors (Kuttler, 1979; Morley and 

Hugh-Jones, 1989a;Morley and Hugh-Jones, 1989c).  This coincides with 

observations of A. marginale isolates that are not transmissible by known vector 

ticks (Smith et al., 1986; Wickwire et al., 1987; de la Fuente et al., 2001c).  A 

possible explanation for this phenomenon can be found in the absence of 

adhesion of A. marginale to tick cells in vitro, as observed for the Florida isolate.  

This is mediated, at least in part, by the adhesion surface protein MSP1a, 

shown to be different between tick-transmissible and tick non-transmissible 

isolates (de la Fuente et al., 2001a).  This agrees with in vivo observations that 

the Florida isolate does not infect D. andersoni (Friedhoff and Ristic, 1966) and 

that tick-transmissibility is not related to the presence of a tail-like appendage 

(Smith et al., 1986).   

Anaplasma marginale isolates further exhibit morphological differences 

(Kreier and Ristic, 1972), variability within their surface proteins (Barbet et al., 

1983; Oberle et al., 1988), differences in restriction endonuclease patterns 

(Krueger and Buening, 1988; Alleman et al., 1993) and other genetic markers 

(Ferreira et al., 2001), and antigenic differences as illustrated by complement-

fixing antibody titers (Kuttler and Winward, 1984), polyclonal bovine antiserum 
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(Goff and Winward, 1985) and monoclonal antibodies (McGuire et al., 1984; 

Kano et al., 2002; Goncalves Ruiz et al., 2002).  Importantly these antigenic 

differences translate into a lack of cross-protection among many isolates 

(Kuttler, Zaugg, and Johnson, 1984; Tebele and Palmer, 1991; Palmer et al., 

1994b).   

Immunity to Anaplasma spp. 

A protective immune response to A. marginale can be elicited using 

either live pathogens, killed organisms or purified outer membrane proteins, and 

it appears to involve both antibody and cell-mediated immune responses 

(Buening, 1976; Carson, Sells, and Ristic, 1976; Francis, Buening, and 

Amerault, 1980; Tebele, McGuire, and Palmer, 1991; Gale et al., 1996a).  The 

immunity acquired is long-lasting.  Carrier animals are immune to subsequent 

re-infection for several years, and this immunity is retained for at least 8 months 

even after the elimination of the pathogen by chemotherapy (Roby et al., 1974; 

Gale et al., 1996a; Richey et al., 1977).  Although our knowledge of protective 

immunity to A. marginale is fragmented and based on few animals and 

experiments, significant advances are being made in understanding the 

underlying responses.  While reviewing those advances it is useful to look at 

what is known on bovine immune responses against intracellular pathogens 

and the responses against related pathogens in different animal species. 

Intracellular Pathogens and Bovine Immunity 

Anaplasmataceae are obligate intracellular pathogens and current 

concepts on immunity suggest the requirement of a Th1 type response to 
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control these types of infections (reviewed by Ismail et al., 2002).  Antigen 

presenting cells (APC) of the innate immune system are extremely important in 

the induction and polarization of the adaptive immune response besides their 

roles in early defenses.  Of the different types of APCs-B cells, macrophages 

and dendritic cells (DC)-only DCs can stimulate naïve CD4 T cells since only 

they have the necessary co-stimulatory factors (Janeway, Jr., 2001a).  After 

DCs discriminate between infectious non-self and non-infectious self through a 

series of Toll like and other receptors, NFκB is activated (Ismail et al., 2002).  

This leads to transcription of many genes involved in host defenses.  Naïve T 

helper cells are subsequently activated through antigen presentation and the 

co-stimulatory molecules CD80 and CD86 (Janeway, Jr., 2001b).  How these 

CD4 Th cells evolve towards producing either a Th1 or a Th2 cytokine profile in 

vivo is complex and not well understood.  It is influenced by (1) the cytokine 

environment during antigen priming, (2) cytokine mediated regulation, (3) 

antigen dose and affinity for the TCR, and (4) the timing and level of co-

stimulatory signals between APC and T cells (Brown, Rice-Ficht, and Estes, 

1998; Taylor-Robinson and Phillips, 1998). 

In mice the activation of the Th1 pathway in CD4 cells activated by DC 

results in the synthesis of cytokines that both activate and coordinate the 

responses to intracellular pathogens.  IFN-γ activates macrophages which 

permits them to efficiently kill engulfed pathogens, the principal effector action 

of Th1 cells.  IL-2 induces T cell proliferation and enhances the release of other 

cytokines.  IL-3 and GM-CSF stimulate the production of new macrophages by 
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acting on hematopoietic stem cells in the bone marrow (Janeway and Travers, 

1997).  On the other hand macrophages also act as effector cells by releasing 

IL-12.  IL-12 in turn activates NK cells, which through the production of γ-IFN 

are responsible not only for Th1 differentiation of Th cells, but also for IFN-γ 

responses by both T cells and macrophages during intracellular infection (Xing, 

2000).  The second arm of cell-mediated immunity is cytotoxic T cells or CD8 

cells.  Once inside a cell, pathogens are no longer accessible to antibodies or 

macrophages, and can be eliminated only by the destruction or modification of 

the infected cells.  This role is played by CD8 cells.  These cells can be 

activated by DCs directly or by any APC in the presence of CD4 helper cells.  

Once activated CD8 cytotoxic cells kill target cells that display antigenic 

peptides of cytosolic pathogens bound to MHC class I molecules at the cell 

surface (Wang et al., 2001). 

The Th1-Th2 model provides a useful scaffold for understanding the 

observed polarized immune responses in mice.  However, it is not only an over 

simplification of a much more complex immunoregulatory network, additionally 

significant differences in other animal species exist.  Data suggest that in 

ruminants the pathways of regulation may include additional subpopulations of 

αβ and γδ T lymphocytes (Davis and Hamilton, 1998).  Studies with bovine Th 

cell clones reveal a cytokine-mediated regulation that differs from that observed 

in mice.  Using cloned cells, Brown et al. (1998) demonstrated that the majority 

of antigen-specific Th cells are not polarized and co-express IL-4 (Th2-like) and 

IFN-γ (Th1-like).  Nonetheless, polarized type-1 or type-2 responses were 
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observed in infections when the relative levels of cytokines are compared 

(Brown, Rice-Ficht, and Estes, 1998).  These results parallel those obtained 

using real-time PCR to measure bovine IFN-γ and IL-4 gene expression by a 

population of antigen stimulated peripheral blood mononuclear cells (Mena et 

al., 2002).  Overall it appears that the Th1-Th2 paradigm can be applied to 

ruminants when the cytokines involved are analyzed quantitatively. 

Immune Responses Against A. marginale 

Anaplasma marginale is distinctive as far as intracellular pathogens go, 

in that it infects erythrocytes.  Erythrocytes, lacking a nucleus, are incapable of 

making proteins de novo and hence are unable to present foreign molecules in 

the context of MHC I molecules needed for the destruction of infected cells by 

CD8 cytotoxic cells.  It is, therefore, not surprising that CD8 cells do not seem to 

play a major role in immunity against A. marginale or at least have received little 

consideration.  Despite the development of A. marginale inside erythrocytes, 

cell-mediated immune responses and cytokine profiles have been correlated 

with immunity in vaccinated and naturally infected cattle (Buening, 1973; 

Buening, 1976; Brown et al., 1998a).   

Although relatively little is known of the pathways inducing protective 

immunity against A. marginale, results are consistent with a major role for a 

type-1 response (Gale et al., 1996a; Brown et al., 1998a).  The central element 

of this model is the IFN-γ producing CD4 Th lymphocyte and the activated 

macrophage (Palmer et al., 1999).  IL-12 may enhance the type-1 cytokine 

response since it was shown to significantly enhance IFN-γ production by lymph 
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node mononuclear and CD4 cells from immunized calves following recall 

stimulation with A. marginale (Tuo et al., 2000).  Supernatants from lymphocyte 

and monocyte cultures isolated from infected calves during in vivo control of 

acute anaplasmosis reduced the proportion of erythrocytes containing viable A. 

marginale in vitro, indicating an antibody-independent mechanism of control 

during acute anaplasmosis with possible direct or indirect roles for IFN-γ in the 

elimination of A. marginale (Wyatt et al., 1996).  IFN-γ has been shown to inhibit 

growth of E. ruminantium in vitro (Totte et al., 1993; Totte et al., 1994; Mahan, 

Smith, and Byrom, 1994; Barbet et al., 1994; Mahan et al., 1996; Totte et al., 

1996).  Additionally, possibly in synergy with IL-2, IFN-γ regulates B-cell 

synthesis of the opsonizing IgG2 subclass (Estes, Closser, and Allen, 1994) 

and activates the macrophages (Stich et al., 1998).  These macrophages are 

important in the ultimate removal of the opsonised pathogens from the 

circulation.  Studies demonstrating that immune serum and complement in the 

presence of mouse peritoneal macrophages inhibit the infectivity of E. 

ruminantium, but not in the absence of macrophages, point out the importance 

of the activated macrophage in the control of these infections (Du Plessis, 

Berche, and Van Gas, 1991).  Macrophages of toll-like receptor 4-deficient mice 

show a depressed nitric oxide and IL-6 secretion when infected with E. 

chaffeensis.  This reduced macrophage response results in persistent infections 

for up to 30 days, while wild-type mice readily clear the pathogen (Ganta et al., 

2002).  Although infecting a different cell type and animal species, cytokine 

studies on the closely related A. phagocytophilum do support the requirement 
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for a type-1 response, and IFN-γ-related mechanisms have been established in 

the clearance of the early phases of infection in mice (Akkoyunlu and Fikrig, 

2000; Martin, Bunnell, and Dumler, 2000; Martin, Caspersen, and Dumler, 

2001; Borjesson et al., 2002).  Splenocytes from infected mice produced more 

IFN-γ and less IL-4 than controls, suggesting at least a partially Th1-skewed 

immune response (Akkoyunlu and Fikrig, 2000).  IFN-γ-independent 

mechanisms have nevertheless been suggested to play a role at later time 

points (Akkoyunlu and Fikrig, 2000) and might reflect the temporal changes in 

cytokines profiles observed in other hemoparasites.  In mice infected with A. 

phagocytophilum high IL-10 levels, a Th2 cytokine in mice but not in humans, 

have been observed throughout infection (Martin, Bunnell, and Dumler, 2000) 

and an IL-8 up-regulation was observed in infected cells.  This IL-8 up-

regulation seems to play a role more in attracting new neutrophils enhancing 

the infection, rather than controlling it (Akkoyunlu et al., 2001).   

Th1-mediated responses have been implicated in protection against 

other pathogens infecting erythrocytes; however, initial Th1-responses often 

evolve towards a Th2 profile during persistent infection.  Recovery of mice from 

acute blood-stage infection with malaria is Th1-response mediated, while 

clearance of the chronic low-grade infection is Th2 regulated and antibody 

dependent (Taylor-Robinson and Phillips, 1998).  A similar evolution of 

responses is seen during infection of CBA mice with the purely erythrocytic 

parasite Babesia microti.  Th1 responses (IL-2 and IFN-γ) are predominately 

activated during the acute phase, whereas Th2 responses (IL-4 and IL-10) 
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again dominated the recovery phase (Chen et al., 2000).  It is uncertain if a 

similar dynamic cytokine profile occurs with A. marginale infections, but some 

data are consistent with a change in immune response, Th1 to Th2, over time 

(Buening, 1973; Buening, 1976; Wyatt et al., 1996).  In contrast to responses 

during natural acute infection, persistently infected animals no longer display 

increased complement-fixing antibodies or response to intradermal antigen 

testing despite the persistence of infection (Buening, 1973; Hallab, Jacobs, and 

Black, 2000).  Conversely a type-1 response has consistently been 

demonstrated in most experiments conducted by Brown and colleagues, yet 

these experiments were not done with natural infections but in calves protected 

against challenge after immunization with either disrupted outer membranes in 

saponin (Brown et al., 1998a;Brown et al., 1998b), naked DNA using msp1α 

(Arulkanthan et al., 1999), or native purified MSP2 in alum with or without IL-12 

(Tuo et al., 2000).  It has been shown that the immune response in natural 

infection and outer membrane vaccination is different even though both can 

partially protect the cattle (Buening, 1973; Carson, Sells, and Ristic, 1977a). 

These somewhat conflicting results are likely the consequence of the 

different methodologies used, but they probably also indicate that the immune 

response to A. marginale in cattle will be reflected by cytokine kinetics rather 

than the absolute presence or absence of a given cytokine.  Possibly, a shift in 

the type of response during the course of a natural infection may additionally be 

at play. 
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A. marginale and Antibodies 

Immune serum against A. marginale generated in rabbits is able to 

neutralize infectivity for cattle when added to the pathogens before infection 

(Palmer and McGuire, 1984).  Protection against A. marginale infection has 

been shown to correlate with antibody titers to membrane polypeptides (Tebele, 

McGuire, and Palmer, 1991).  This adaptive immunity has been shown to 

involve high titers of opsonizing IgG2 antibody (Brown et al., 1998a).  Other 

data also suggest a possible role for IgG1 in the control of bovine anaplasmosis 

(Arulkanthan et al., 1999; Valdez et al., 2002).  Both bovine IgG1 and IgG2 

have been demonstrated to fix complement and could mediate phagocytosis 

(McGuire, Musoke, and Kurtti, 1979).  In contrast, transfer of high levels of A. 

marginale antibody alone to naïve calves alters neither the course nor the 

outcome of infection (Gale et al., 1992).  Moreover, even in the absence of high 

IgG1 and / or IgG2 A. marginale antibody titers, calves are able to adequately 

control acute anaplasmosis (Valdez et al., 2002).  Calves borne to immune 

mothers are not protected by colostral antibody, and immune carrier animals 

relapse severely when splenectomized despite the continued presence of high 

levels of circulating antibodies (Gale et al., 1996a).  Other researchers found 

that colostral antibodies and / or other maternal factors lengthen the prepatent 

period and delay anemia (Zaugg and Kuttler, 1984).  Equivalent results were 

seen in cattle and mice with E. ruminantium where specific antibody responses 

were detected following recovery from infection, but serum transfer experiments 

implied that these were, on their own, of little importance in protection (Du 
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Plessis, 1970).  Different results were obtained for E. chaffeensis, where 

passive transfer of either immune serum or antibodies provided long-term 

protection to susceptible SCID mice.  This was true when administration 

occurred at the time of inoculation and even well after intracellular infection was 

established (Winslow et al., 2000).   

Since different antigens and immunization routes were used in the 

various experiments, it is likely that the observed inconsistencies were due to 

differences in the experimental procedures as well as differences in the genetic 

make-up of the experimental animals or animal models.  Nevertheless, several 

studies on other intracellular pathogens have provided evidence that antibodies 

can protect against intracellular bacteria, fungi, and protozoa (Casadevall, 

1998).  The mechanisms of humoral immunity during intracellular infection 

might involve affecting the growth of some intracellular pathogens within the 

host cell, preventing the intercellular transfer and / or subsequent invasion of 

cells.  Alternatively, the uptake of opsonized pathogens might induce an 

oxidative burst in phagocytes and promote phagosome lysosome fusion (Li et 

al., 2002).  It is likely that one or more of these mechanisms are involved in the 

control of A. marginale infections in the bovine host. 

Immunogens of A. marginale 

The characterization of A. marginale immunogens was first reported in 

1984 with the comparison of proteins derived from two different isolates, 

revealing pathogen proteins with molecular weights ranging from ~14 to ~200 

kDa (Barbet et al., 1983).  This was followed by the characterization of the 
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major surface proteins (MSP), by radioiodination and detection by rabbit 

antisera against initial bodies, as products of 105, 86, 61, 36, and 31 kDa 

(McGuire et al., 1984).  These MSPs were found to be present in cattle, ticks 

and, eventually, the cultured forms of the pathogen (Palmer et al., 1985; Barbet 

et al., 1999).  Monoclonal antibodies revealed that the MSPs from different 

isolates Israel, Kenya, Zimbabwe and the United States were antigenically 

different, but conserved epitopes were found on MSP1 (105 kDa), MSP2 (36 

kDa), MSP3 (86 kDa), MSP4 (31 kDa) and MSP5 (19kDa) (Palmer et al., 

1988a; Tebele, McGuire, and Palmer, 1991; Tebele and Palmer, 1991; Visser 

et al., 1992).  Native purified MSP1, MSP2 and membrane fractions containing 

all MSPs have been shown to induce some protective immunity against 

challenge, as measured by a significant delay in onset of rickettsemia and 

reduction in clinical symptoms such as anemia (Palmer et al., 1986a; 1988b; 

1989; 1994b; Tebele and Palmer, 1991; Tebele, McGuire, and Palmer, 1991).  

Sera from animals immunized with the outer membrane fractions and protected 

against clinical disease recognized the MSPs (Tebele, McGuire, and Palmer, 

1991) and PBMC responded to MSP1, MSP2 and MSP3 several months after 

the last immunization (Brown et al., 1998a).  Eight out of 12 T-cell clones 

derived from membrane-immunized and protected animals recognized MSP2, 

MSP3, or both prior to challenge (Brown et al., 1998b).  While it is not surprising 

that the majority of the immune responses in these membrane-vaccinated 

animals was directed against the MSPs, data from carrier animals do support 

the MSPs as the major immunogens, although other different antigens are also 
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recognized (Palmer et al., 1986b; McGuire et al., 1991).  Fifteen 

immunodominant polypeptides were recognized by bovine sera in a 

Venezuelan isolate of A. marginale, including the MSP previously 

characterized, but also some new antigens (Leal et al., 2000).  Investigations on 

the major antigens of related pathogens seem to confirm that the majority of the 

immune response is directed against outer membrane proteins.  In an extensive 

analysis of E. ruminantium recombinant antigens recognized by antibody and 

peripheral blood mononuclear cells from immune ruminants, many new 

antigens were described, but these are still predicted to often encode outer 

membrane proteins (Barbet et al., 2001a).  In E. chaffeensis, 40 percent of 

antibodies recovered from three independent hybridoma fusions recognized 

outer membranes.  Antibodies that recognized proteins other than MSPs were 

also recovered, but for the most part were low affinity IgM of undetermined 

specificity (Li et al., 2002).  Therefore, major surface protein recognition by both 

antibodies and lymphocytes plays a major role in host defense during these 

intracellular bacterial infections.  Several antigenic glycoproteins have been 

described in A. marginale, but it is still unclear what the impact of this discovery 

will be on understanding of the protective immune responses (Moens and 

Vanderleyden, 1997; Leal et al., 2000).   

Pathogenesis of Anaplasmosis 

The losses attributable to bovine anaplasmosis in the United States have 

been estimated from $ 5-11 million in California (Goodger, Carpenter, and 

Riemann, 1979) to over $ 300 million in the continental United States (Palmer, 
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1989).  Losses are caused by death, abortion, weight loss and increased 

veterinary and management costs (Alderink and Dietrich, 1981).  In most 

regions of the world where anaplasmosis is endemic, it is difficult to determine 

the losses, mainly due to lack of records, inability to quantify production losses 

and concurrent infection with other hemoparasitic and tick-borne diseases.  The 

clinical signs, mainly caused by the anemia due to phagocytosis and removal of 

erythrocyte, include depression, weakness, fever, dehydration and jaundice.  

Lactating cows have a decrease in milk production (Morley and Hugh-Jones, 

1989b) and abortion is a common feature in advanced cases of pregnancy 

(Palmer, 1989).  Infected bulls show a lack of libido and abnormal sperm 

morphology, occasionally accompanied by transitory testicular degeneration 

during acute infection (Swift and Thomas, 1983). 

Anemia and fever are the main clinical features of anaplasmosis.  The 

haemolytic nature of the anemia is indicated by a significant increase in 

unconjugated bilirubin during the acute phase (Ajayi, Wilson, and Campbell, 

1978).  Since it has been shown that A. marginale leaves erythrocytes without 

concomitant lysis of the host cell and hemoglobinuria (Erp and Fahrney, 1975), 

the immune system is suspected to play a role in the lysis of erythrocytes and 

the pathogenesis of anaplasmosis.  Soler–Rodriguez et al. (1990) found a 

significant reduction in bovine serum complement activity during the acute 

phase of infection and an increase in the sensitivity of the erythrocytes to 

bovine complement lysis in vitro.  Also, erythrocyte destruction is delayed in 

splenectomized calves upon challenge (Buening, 1973).  Using erythrocyte 
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fragility and direct antiglobulin tests (Coombs test), Swenson and Jacobs (1986) 

were able to document regenerative immunohemolytic anemia in cows with 

anaplasmosis. 

The role of the immune response in the pathogenesis of Ehrlichial 

diseases is conflicting.  On the one hand, the immune response is obviously 

involved in the elimination of pathogens, and these pathogens have developed 

mechanisms to suppress this response.  On the other hand, there is clear 

evidence that the immune response is for a large part responsible for the 

pathologies involved.  Clinical features of rickettsial diseases only moderately 

correspond to damage of the main target cells.  The majority of Ehrlichia 

species selectively inhabit unique intracellular niches, yet clinical signs are 

remarkably similar across both Ehrlichia and host species (Madigan et al., 

1995).  The spectrum of clinical illness is also disproportionate to the number 

and anatomic distribution of organisms detected in blood or tissues in humans 

and in animal models (Martin, Bunnell, and Dumler, 2000).  The relative lack of 

host tissue injury in the absence of significant inflammatory responses during 

infection of SCID mice clearly suggests an immunopathologic component to the 

disease (Bunnell et al., 1999).  This has been shown for A. phagocytophilum 

infections which induce an IFN-γ peak in mice prior to maximal pathologic 

change when ehrlichial organisms are still absent from tissues (Martin, Bunnell, 

and Dumler, 2000), while another cytokine, IL-10, moderates the pathology 

(Martin, Caspersen, and Dumler, 2001).   
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Immunosuppression, on the other hand, is also a common feature in 

many rickettsial diseases and can contribute equally to the pathogenesis.  In E. 

chaffeensis infections observations of opportunistic infections in severe and 

fatal human cases suggest suppression or dysregulation of the immune 

response (Walker and Dumler, 1996).  Immunosuppression by A. 

phagocytophilum has been well documented.  Infections lead to decreased 

neutrophil adherence, decreased bacterial killing and proliferation by peripheral 

blood leucocytes of sheep, and decreased production of antibodies 

(Woldehiwet, 1987a; Woldehiwet, 1987b).  All of these can contribute to the 

pathogenesis of the disease through the increase and aggravation of 

concurrent infections.  The mechanisms by which ehrlichial organisms impair 

the host responses are not fully understood, but data demonstrate respiratory 

burst inhibition by A. phagocytophilum in vitro in a mouse model and in human 

patients (Walker and Dumler, 1996; Banerjee et al., 2000; Wang et al., 2002).  

Regardless of all the evidence on their involvement in the pathology, the 

immunological reactions against rickettsial agents are considered mostly 

protective (Bunnell et al., 1999).  As so often in immune responses it is likely 

that  the right immune response will be a delicate balance between protection 

and pathology. 

Control of Anaplasmosis 

The eradication of anaplasmosis is not possible in most countries 

because of the wide range of arthropods which are capable of harboring and 
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transmitting the disease, the long period of infectivity of carrier animals and the 

presence of carriers in the wild animal population (Blood, 1983).   

Control of ticks and the blood-sucking insects which transmit A. 

marginale is difficult to achieve with cattle in open ranches and farms.  Dipping 

or spraying with insecticides or repellents is expensive, the development of 

acaricide resistance likely and the disturbance of the endemic stability for 

Anaplasma and other tick-borne diseases are serious drawbacks (Kuttler, 

1979).   

Several chemotherapeutics have been developed and used, but only 

tetracycline compounds and imidocarb are currently in use (Kuttler, 1979; 

McHardy et al., 1980; Kocan, Blouin and Barbet, 2000).  Tetracycline and 

chlortetracycline have been used at different doses and intervals, but the 

advent of long-acting oxytetracycline preparations have made treatment more 

effective.  Imidocarb at 3 mg/kg body weight is an effective treatment for clinical 

cases and has the advantage of not interfering with the development of 

immunity to A. marginale (de Vos et al., 1987).  Chemoprophylaxis using 

chlortetracycline in feed supplements and mineral blocks was found to be of 

little or no benefit in controlling infection, but no significant production losses are 

observed in surviving animals (Thompson et al., 1978; Kuttler, 1986).  

Under natural conditions animals acquire protection against clinical 

anaplasmosis dependent on primary infection and recovery, but without 

clearance of the pathogen.  Based on this phenomenon, several vaccines have 

been developed, all of which have advantages and drawbacks.  These vaccines 
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are either based on live pathogens of the related species A. centrale, or on live, 

attenuated or inactivated A. marginale pathogens, or on recombinant antigens 

of A. marginale.   

Vaccines containing the less-pathogenic, live A. centrale are currently 

used in South Africa, South America, Israel and Australia for control of bovine 

anaplasmosis.   A. centrale and A. marginale  share immunodominant antibody 

and CD4+ T cell epitopes that may play a role in the protection induced by A. 

centrale (Shkap et al., 1991; Shkap et al., 2002).  The pathogens are derived 

from infected splenectomized calves and upon infection they provide partial, 

variable protection against A. marginale.  Protection against challenge is 

adequate in most cases to prevent disease and use of the vaccine appears to 

be justified (Bock and de Vos, 2001).  Protection against antigenically diverse, 

highly virulent stocks of A. marginale in some countries (e.g., Uruguay and 

Zimbabwe) is, at times, clearly inadequate and better vaccines are required in 

situations where the challenge is severe (Brizuela et al., 1998; Turton et al., 

1998).   

On the American mainland, attempts have been made to develop 

inactivated or live vaccines based on A. marginale.  In search of a live vaccine 

based on A. marginale, three different methods were developed involving the 

use of a virulent isolate together with treatment, a mild isolate, with or without 

treatment, and an isolate attenuated by passage through non-bovine animals 

(Carson, Sells, and Ristic, 1977a; Vizcaino et al., 1980).  All three live vaccines 

afford protection against clinical disease, but even with the sheep-passaged 
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attenuated live vaccine reversion to virulence remained a problem (Jorgensen 

et al., 1993).  Killed vaccines developed in the United States were marketed 

until 1999 when they were withdrawn due to company restructuring.   While 

there is no risk of reversion to virulence and the risk of contamination with 

undesirable infectious agents is low with inactivated vaccines their efficacy is 

more variable.  Further disadvantages of killed vaccines include the need for 

yearly boosters and the higher cost of purification of A. marginale from 

erythrocytes.  Bovine blood-derived vaccines have been linked to neonatal 

isoerythrolysis in calves induced by imperfect removal of the erythrocyte 

antigens (Carson and Buening, 1979).  A bovine-derived, “purified” and  

inactivated vaccine in adjuvant is still in use today in the United States, although 

only approved for use as an experimental vaccine by the USDA (University 

Products, L.L.C., Baton Rouge, LA). 

Recently, a continuous culture system was developed for A. marginale in 

an embryonic cell line of the tick Ixodes scapularis (Munderloh et al., 1996).  

The MSPs characterized on A. marginale in bovine erythrocytes were found to 

be conserved on the cell culture-derived pathogens (Barbet et al., 1999) and 

tested as an immunogen for cattle.  Cattle immunized with the cell culture-

derived A. marginale were protected against anaplasmosis after challenge-

exposure to infected blood or by feeding infected ticks (Kocan et al., 2001; de la 

Fuente et al., 2002).  The protection was, however, partial and the disease is 

not prevented in all animals.  The main effect of the vaccine is similar to the 
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effect observed with erythrocyte-derived A. marginale, resulting predominantly 

in a less pronounced anemia. 

Native or recombinant polypeptides have been proposed and tested as 

an alternative to these vaccines (Palmer, 1989; Palmer and McElwain, 1995).  

Limited vaccine trials have also been conducted using recombinant vaccinia 

virus expressing an A. marginale antigen (McGuire et al., 1994) or with naked 

DNA (Arulkanthan et al., 1999).  These recombinant approaches have thus far 

failed to induce good protection against challenge.   

Cultures of A. marginale 

A major obstacle in anaplasmosis research has been the lack of an in 

vitro culture system, and all research has relied on the use of infected cattle or 

ticks as a source of A. marginale.  Several attempts to grow the pathogen in 

mammalian host cells have failed.  Cultures in erythrocytes, cells derived from 

bovine lymph nodes or bovine turbinate cells have resulted only in short-term 

infections (Hidalgo, 1975; Kessler and Ristic, 1979; Mazzola and Kuttler, 1980; 

Blouin, Kocan, and Ewing, 1992; Blouin et al., 1993; Waghela et al., 1997; Leal 

et al., 2000).  In each system, the organism showed an initial period of growth 

followed by a gradual decrease in the percentage of parasitized cells.  Several 

attempts were made by growing A. marginale in arthropod cells, including 

mosquito and tick cell lines (Mazzola, Amerault, and Roby, 1976; Samish, 

Pipano, and Hana, 1988; Hidalgo et al., 1989).  Oddly enough it was only when 

embryonic tick cells from Ixodes scapularis, not a known vector of A. marginale, 

were used that continuous propagation was achieved (Munderloh et al., 1996).  
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Importantly, the infected cell cultures can be frozen, stored and then recovered 

by inoculating uninfected cultures.  Colonies of A. marginale in this IDE8 cell-

line are morphologically similar to those found in naturally infected tick cells 

(Blouin and Kocan, 1998).  The cell cultures have remained infective for cattle, 

they cause clinical anaplasmosis, and D. andersoni ticks can acquire and 

transmit the organisms from these culture-infected animals (Blouin et al., 1999).  

All major antigens characterized in erythrocytes are present on culture stages 

and appear structurally conserved during continuous culture (Barbet et al., 

1999).  These characteristics are reflected in the cultures showing good 

promise as a source of antigens in the development of vaccines for 

anaplasmosis (Barbet et al., 1999; Kocan et al., 2001) and basic research.  The 

A. marginale tick cell culture system was adapted for short term growth in 24-

well and 96-well plate formats for use in the development of various assays, 

including a competitive ELISA (Saliki et al., 1998), A. marginale tick infectivity 

studies (de la Fuente et al., 2001a, 2001b), infectivity exclusion studies, tick cell 

adhesins identification, drug screening tests (Blouin et al., 2002), and cloning of 

the pathogen. 

Antigenic Variation of Anaplasmataceae 

Higher eukaryotic multicellular organisms act as microenvironments for 

numerous microorganisms.  The successful reproduction of a microbial species 

within such environments requires competition for nutrients and evasion of host 

defenses.  Additionally, from a microbial standpoint, higher organisms constitute 

noncontiguous “island” habitats, requiring between-host transmission strategies 
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to ensure long-term survival of the species.  Microbes have evolved powerful 

mechanisms for generating phenotypic diversity as an efficient strategy for 

adapting to rapidly responding immune system defenses and the broad range 

of polymorphisms characteristic of different host tissues.  These mechanisms of 

variation may be of particular relevance in the successful spread of an infection 

through a host population.  While many of these genetic mechanisms of 

phenotypic variation appear to be involved in evasion of host immunity, they are 

also found in organisms on which the impact of immune defenses is unknown 

or absent, such as the intestinal parasite Giardia (Nash et al., 2001; Singer et 

al., 2001) and free-living organisms (Kusch and Schmidt, 2001).   

Although classical gene regulation can produce phenotypic change, the 

mechanisms of antigenic variation offer an enormous range of diversity while 

using only a relatively small fraction of the genome.  The loci with the potential 

to generate extensive variation are confined to a minority of nucleotide 

sequences within a genome.  This localization has apparently evolved to 

produce a repertoire of variant molecules that modulate such properties as 

antigenicity, motility, chemotaxis, attachment to host cells, acquisition of 

nutrients and sensitivity to antibiotics, while avoiding the deleterious effects that 

high mutation rates would impose on other conserved housekeeping functions, 

(e.g., cell cycle control, metabolism, signaling and synthesis) (Deitsch, Moxon, 

and Wellems, 1997).  The molecular switching and variability provided by these 

genes in protozoal, bacterial and fungal pathogens are important in determining 
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whether a particular pathogen is cleared from the host, persists to cause a 

relatively benign infection, or produces severe or even fatal disease.   

Many pathogenic bacteria exist in nature as multiple antigenic types or 

serotypes, variant strains of the same pathogenic species.  Although this has 

advantages at the population level, it is not considered real antigenic variation, 

but rather diversity.  A second more dynamic mechanism of antigenic variation 

is seen in retroviruses.  The rate of mutation occurrence in retroviruses is 

extremely high because of the lack of proof-reading function of the reverse 

transcriptase.  Many changes may be deleterious to the virus, but stable amino-

acid substitutions may arise.  Additionally, segmented virus genomes make the 

interchange of genes from different viruses possible.  This re-assortment can 

occur when two different viruses are present in the same cell, and new strains 

with a shift in genetic compositions can be formed.  True antigenic variation, 

however, arises in a single clone or genotype in a single host (Barbour and 

Restrepo, 2000).  In most cases, this change is reversible (i.e., the information 

for producing the original antigen is archived in the cell and can be used in the 

future).  True antigenic variation is often found in vector-borne pathogens.  

Since they have to “wait” for a vector to be transmitted to a new host, they need 

to survive in the host for a long time at sufficient levels to be picked up, 

constantly avoiding the immune system. 

Four general mechanisms for antigenic variation have been described : 

modification of transcript levels, gene conversion, DNA rearrangement, and 

multiple point mutations (Restrepo and Barbour, 1994; Deitsch, Moxon, and 



 

 

31 

Wellems, 1997).  The first and the second mechanism are probably the most 

widespread for replacing expression of one gene with another.  Both allow a 

pathogen to retain a complete repertoire of variable antigen genes.  In gene 

conversion, the gene is displaced from the expression site and “replaced” by a 

copy of the gene from a more stable location in the genome.  Gene conversion 

systems are present in many different pathogens, such as Mycoplasma VlhA 

variation (Noormohammadi et al., 2000), trypanosome VSG variation (Borst et 

al., 1997) and the malaria var system (Newbold et al., 1997). The most detailed 

molecular models have been developed for the mating-type system of 

Saccharomyces cerevisiae (Haber, 1998).  The best-studied bacterial systems 

are the Neisseria pilus antigenic variation (Seifert, 1996) and the Borrelia -

variable membrane protein (VMP) and VMP-like system (Vls) antigenic variation 

(Restrepo and Barbour, 1994; Zhang et al., 1997).  Neisseria gonorrhoeae has 

evolved several systems for varying the antigenicity of different surface 

antigens.  A phase variation of surface structure expression alters the antigenic 

characteristics of the cell surface.  It involves ~10 full-length opa genes that all 

can be expressed or turned off using a number of 5-mer repeats to cause frame 

shifts at the beginning of the reading frame.  Antigenic variation of the major 

subunit of the surface pilus occurs by unidirectional, homologous recombination 

between a truncated gene in a silent locus and the full-length expressed copy 

(Seifert, 1996).  In Borrelia hermsii several vmp (variable membrane proteins) 

use the same locus for expression.  Gene conversion happens between a linear 

plasmid containing a collection of silent vmp genes and another linear plasmid 
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with an active vmp gene downstream from a promoter.  The gene conversion 

may be partial, yielding a chimeric vmp gene.  Since the genes are often found 

in tandem, additional variation can be generated through a DNA rearrangement 

in which the first member of the tandem pair is deleted, placing the formerly 

distal vmp in the next to the promoter (reviewed in Barbour and Restrepo, 

2000).  

Gene conversion often involves genes on separate chromosomes or 

plasmids in the cell (Deitsch, Moxon, and Wellems, 1997).  Anaplasmataceae 

are unique in that they have developed elaborate mechanisms for antigenic 

variation within the size restrictions of their one small chromosome (1-1.6 Mb) 

(Alleman et al., 1993; de Villiers et al., 2000) and in the absence of extra 

chromosomal plasmids, as found in Borrelia species (Wang, van, and Dankert, 

2001).  Additionally, this involves not one but several families of related genes 

to generate variation.  Within each genus the organisms are antigenically highly 

cross-reactive and share several homologous surface antigens.  The genus 

Ehrlichia has a 23 to 34 kDa major surface antigen complex, Anaplasma spp. 

have a 36 to 44 kDa major antigen in common, and Neorickettsia share a 51 to 

55 kDa complex.  These surface antigens undergo antigenic variation in an 

effort for the organism to evade the immune system, apparently often using 

similar mechanisms within one genogroup.   
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Antigenic Variation in the Genus Ehrlichia 

MAP1, OMP1, P28, P30 

Ehrlichia spp. possess several immunodominant proteins ranging from 

20 to 120 kDa (Rossouw et al., 1990; Brouqui et al., 1992; Yu, McBride, and 

Walker, 1999).  A group of antigens of lower molecular weight are among the 

most immunodominant proteins and have been labeled p28 (OMP1), p28 

homologue, p30, and MAP1 in E. chaffeensis, E. ewingii, E. canis and E. 

ruminantium, respectively (Rossouw et al., 1990; Nyindo, Kakoma, and 

Hansen, 1991; Rikihisa, Ewing, and Fox, 1994; Gusa et al., 2001).  These 

antigens share common epitopes and they are each encoded by homologous 

multigene gene families.  The genes and their products have homology to the 

MSP2 multigene family identified in the genus Anaplasma (Bakken et al., 1994; 

Chen et al., 1996; Ohashi et al., 1998a; Ohashi et al., 1998b; Sulsona, Mahan, 

and Barbet, 1999). 

Despite the similarity of the individual genes, the overall genomic 

structure of the gene families encoding the outer membrane proteins in 

Anaplasma and Ehrlichia is very different.  Msp2 genes, both complete and 

truncated, are dispersed throughout the genome (Palmer et al., 1994a; Brayton 

et al., 2001), whereas all the map1-like genes are located in one or two loci.  

Recent studies have found increasing numbers of map1-like genes arranged in 

tandem, apparently all in the same locus, in E. chaffeensis, E. ewingii, E. canis 

and E. ruminatium.  Yu et al. (2000a) describe a locus containing 21 p28-genes 

in E. chaffeensis, and Ohashi et al. (2001) describe a slightly different cluster in 
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another strain containing 22 paralogs.  A similar region including 22 paralogs 

plus an additional region with 3 paralogs was found in E. canis (Ohashi, 

Rikihisa, and Unver, 2001).  Interestingly, and different from msp2, all genes 

appear complete and are characterized by four conserved regions separated by 

three hypervariable regions.  Most of the genes are arranged in tandem in one 

direction, except for one (E. canis) or two ORFs (E. chaffeensis) at the end of 

the locus that are on the opposite strand.  In the first half of the locus, 14 

paralogs are linked by short intergenic spaces ranging from 8 bp to 27 bp and 

the eight remaining paralogs in the 3'-end half are connected by longer 

intergenic spaces ranging from 213 to 632 bp.   

Two different mechanisms to generate diversity have been proposed for 

this family of genes.  One involves a mechanism of “somatic” mutation, the 

other transcriptional regulation.  Nucleotide identity differences of up to 14.5% 

in the same map1-like gene in different strains of the same species are 

common (Reddy and Streck, 1999; Long et al., 2002).  This system, if active in 

all ~21 genes of the locus could potentially generate substantial diversity within 

a population.  Frequent point mutations in expressed vmp genes can generate 

significant antigenic diversification in Borrelia hermsii (Restrepo and Barbour, 

1994).  However, while several different map1-like gene variants can be found 

in one geographical location, near identical variants can be found at a different 

location, suggesting a relative stability of the variants (Long et al., 2002).   

Since most genes appear to be full length, differential expression of 

genes from their own promoter is likely a second and major mechanism for 
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variation.  Transcriptional analysis of the different map1-like genes reveals 

differential expression.  This expression is sometimes dependent on 

temperature or host cell environment, but importantly little influence is noted 

from the immune system during infection in the mammalian host.  In E. canis 

most genes appear to be transcribed in cultures, but three paralogs are 

undetectable during canine infection, suggesting that transcriptional regulation 

is different during infection (McBride, Yu, and Walker, 2000; Ohashi, Rikihisa, 

and Unver, 2001).  Downregulation of the expression of all except one p30 

paralog in ticks, as well as in DH82 cells grown at 25°C, suggests that 

temperature may also be a factor regulating the mRNA expression (Unver et al., 

2001).  The paralogs with short intergenic spaces seem to be transcribed on a 

polycistronic message (i.e., together on one mRNA), the remaining genes 

monocistronically (i.e., on separate mRNAs) (Ohashi, Rikihisa, and Unver, 

2001).  In contrast, in E. chaffeensis all transcripts appear monocistronic by RT-

PCR (Long et al., 2002).  Also, only 16 out of 22 paralogs are transcribed in 

culture and 16, not all the same, during infection in dogs (Long et al., 2002; 

Unver et al., 2002).  Reddy et al. (1998) argue that only one gene is 

transcriptionally active, but they did not examine all paralogs (Reddy et al., 

1998).  Transcription in A. americanum ticks involves a single gene, both before 

and after transmission feeding, as occurs with E. canis in R. sanguineus, 

involving the ortholog at the same location in the locus (Unver et al., 2002).  

Finally, in isolates of E. ruminantium grown in bovine endothelial cells in two 

different tick cell lines and in A. variegatum ticks, only one map1 gene, out of 
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three examined, was always transcribed.  Expression of another gene, map1-2, 

was not detected under any condition (Bekker et al., 2002).  Temperature, 

isolate and passage differences were observed for a third gene, map1-1.  In the 

wild-type Senegal stock, expression of the gene was detected in ticks but not in 

bovine endothelial cells at either 30 or 37°C.  Map1-1 was, however, found in 

different passages of the in vitro-attenuated Senegal isolate grown in bovine 

endothelial cells, as well as in the Gardel isolate grown in two tick cell lines.  

When transcribed, this map1-1 gene, was present on a polycistronic message 

together with map1 (Bekker et al., 2002). 

It is essential to point out that, for both E. canis and E. chaffeensis 

infections of dogs, no change in transcription was found during the course of 

the infection (Unver et al., 2001; Unver et al., 2002).  Unlike in A. marginale 

msp2, no clear peak of bacteremia or radical changes in the compositions of 

expressed p30 paralogs was observed in E. canis in dogs during a 56-day 

infection period, with the same paralogs remained transcriptionally active.  

Since antibodies that developed did not appear to clear E. canis which 

expressed a particular set of p30 paralogs and since E. canis expressing new 

p30 paralogs did not emerge after the development of the antibodies, p30 gene 

expression by E. canis in dogs does not appear to be related to evasion of the 

humoral immune response (Unver et al., 2001). 

120-kDa immunodominant protein 

The 120-kDa protein is one of the immunodominant proteins of E. 

chaffeensis and E. canis.  DNA sequence analysis in E. chaffeensis identified 
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an open-reading frame with five near identical 240-bp tandem repeat units, 

comprising 60% of the entire gene (Yu, Crocquet-Valdes, and Walker, 1997).  

In E. canis tandem repeat units were also observed.  However, neither the 

repeat number nor the amino acid sequences in the repeats are identical in the 

two Ehrlichia species (Yu et al., 2000b).  These differences account for 

antigenic variability between these two species, not antigenic variation.  

However, Popov and co-workers (2000) detected the 120 kDa protein by 

immunoelectron microscopy in the outer membrane of the cell wall of dense-

core forms, but not in the cell wall of reticulated forms.  This provides evidence 

for stage-specific protein expression, as observed for many bacteria, including 

Borrelia burgdorferi (Schwan et al., 1995), and is a form of antigenic variation 

that might be important in the development of vaccines against the pathogen.   

Antigenic Variation in the Genus Anaplasma 

MSP1b 

MSP1 is a dimer of two structurally unrelated polypeptides, MSP1a and 

MSP1b (Barbet et al., 1987; Vidotto et al., 1994).  The complex contains an 

infection neutralization-sensitive epitope conserved between A. marginale 

isolates in the United States, Israel, and Africa (Palmer et al., 1987).  Data 

suggest that the MSP1a and MSP1b polypeptides have functions as adhesins 

to tick cells and erythrocytes (McGarey et al., 1994; de la Fuente et al., 2001b).  

MSP1a is encoded by a single copy gene (Allred et al., 1990) and marked size 

polymorphisms among different isolates of A. marginale are due to variations in 

the numbers of tandemly repeated sequences (Allred et al., 1990).  These 
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repeats are stable over time and in different host environments (Palmer, 

Rurangirwa, and McElwain, 2001; Bowie et al., 2002).  However, like MSP2 and 

MSP3, MSP1b is encoded by a polymorphic multigene family (Barbet and 

Allred, 1991) and thus has the potential to undergo antigenic variation.  The 

exact structure of the gene family is still under debate.  Using primers derived 

from the 5' and 3' ends of the previously published Florida strain msp1ß 

sequence.  Camacho-Nuez et al. (2000) identified three new complete msp1ß 

genes in the Florida strain.  Each of these polymorphic genes encoded a 

structurally unique MSP1b, apparently resulting from a unique mosaic of five 

variable regions.  However, using an identical approach, only two unique 

msp1ß copies were identified in the Havana (Cuba) strain.  Subsequent RT-

PCR using short but gene-specific sequences indicated that at least two of the 

three genes were transcribed.  In a separate study Viseshakul et al. (2000) 

screened a phage Lambda library, of the Florida isolate, with an msp1ß probe 

and found that the msp1ß family consists of five partially homologous copies, of 

which only two are complete and expressed in A. marginale.  All five copies 

were found on a 156 kb fragment, but no closely linked structure as in the 

map1-gene family was present.  The discrepancies between the numbers of 

unique full-length genes present could result from rapid recombination of the 

genes in A. marginale.  Alternatively “novel” genes might be produced by 

artificial mosaic formation during PCR, as demonstrated by Bowie et al. (2002).  

The formations of mosaic structures during PCR amplification is a known 

shortcoming of the technique (Sinkora, Sun, and Butler, 2000), especially in 
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homologous multigene families.  Screening of a library does not have this 

shortcoming but might not yield all the genomic copies.   

Recombination between members of the msp1β gene family was 

examined by comparison of the genes in pathogen populations derived from 

acutely and persistently infected cattle, from ticks that acquired infection with 

the pathogen and, finally, after transmission to a new animal during the acute 

phase (Bowie et al., 2002).  Few amino acid substitutions were observed in the 

different A. marginale populations in either msp1β-1 or msp1β-2.  The 

substitutions observed might represent a recombination event between the full-

length and the closely related truncated msp1β genes.  However, it is 

impossible to exclude the selection of a divergent subpopulation present in the 

initial inoculum or small amplification and sequencing errors (Bowie et al., 

2002).  Limited recombination of related msp1β genes and / or regulation at the 

expression level of the full-length genes thus might play a role in generating 

diversity in this gene and protein family. 

MSP2 

MSP2 is the only antigen of A. marginale or any species of the family 

Anaplasmataceae for which antigenic variation has been demonstrated.  

Closely related orthologs have been demonstrated in A. phagocytophila, A. ovis 

and A. centrale at the protein and nucleic acid level (Shkap et al., 1991; Dumler 

et al., 1995; Palmer et al., 1998; Zhi et al., 1998; Murphy et al., 1998; Ijdo et al., 

1998; Shkap et al., 2002).  In A. marginale, A. ovis and A. phagocytophilum, 

multiple msp2 gene-related copies are present, widely distributed throughout 
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the chromosome (Palmer et al., 1994a; Palmer et al., 1998; Zhi, Ohashi, and 

Rikihisa, 1999).  The presence and the expression of polymorphic msp2 genes 

in A. marginale, A. ovis and A. phagocytophilum was subsequently confirmed 

(Eid et al., 1996; Zhi et al., 1998; Shkap et al., 2002).  Expressed msp2 genes 

are characterized by a large central region of amino acid polymorphism, 

including additions, deletions, and substitutions flanked by highly conserved N- 

and C- terminal regions (fig. 6).  The N- and C-terminal thirds of MSP2 are not 

identical between A. centrale and A. marginale, yet they are highly conserved 

among MSP2 variants within each species (Shkap et al., 2002).  In A. marginale 

and A. centrale several variant msp2 types are present in each rickettsemia 

cycle (French et al., 1998; Shkap et al., 2002).  Importantly, in A. marginale, the 

variable region contains exposed surface epitopes that induce antibody 

subsequent, but not prior, to that rickettsemia cycle and, therefore, represents 

true antigenic variation caused by repeated emergence of MSP2 variants in the 

bovine host followed by immune control (French, Brown, and Palmer, 1999).  A 

unique operon, containing four open reading frames, is the only site in the 

genome for significant expression of full-length msp2 transcripts in A. marginale 

and A. ovis (Barbet et al., 2000; Shkap et al., 2002).  Two of the upstream ORF 

products, OpAG-2 and OpAG-3 (operon associated gene), also localize to the 

bacterial surface; while opag-1 does not appear to be translated (Lohr et al., 

2002).  MSP2 transcripts from this expression site are polymorphic in 

bloodstream populations of A. marginale  (Barbet et al., 2000; Barbet et al., 

2001b).  At least four different variants of the central hypervariable region are 
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found in each rickettsemia cycle of a persistent infection (Eid et al., 1996; 

French et al., 1998).  The remaining msp2 copies are truncated pseudogenes, 

most of which contain a central hypervariable region flanked by shorter portions 

of the 5’ and 3’ conserved regions (Brayton et al., 2001).  These pseudogenes 

serve as a source of variants for the expression operon, through a mechanism 

of segmental gene conversion (Barbet et al., 2000; Brayton et al., 2002).  More 

distantly related msp2 copies are also present in the genome but their function 

remains unclear (Meeus and Barbet, 2001).  In A. phagocytophilum a similar 

mechanism with one polymorphic expression site for msp2, or p44, exists, 

although only one upstream ORF is present upstream from the msp2 gene 

(Barbet et al., unpublished 2002).  It remains unclear if this expression site is 

the only one within the genome, although ribonuclease protection assays and 

5’RACE results are consistent with it being at least the major expression site 

(Barbet et al., unpublished 2002).  Using variant-specific probes in a genomic 

Southern blot and monoclonal antibodies specific for expressed copies Zhi et al. 

(1999) argue for the presence of several different active expression sites with a 

potentially different mechanism for generating diversity in A. phagocytophilum 

by transcriptional regulation.  However, a single but polymorphic expression site 

in a population can account as well, if not better, for the results obtained.   

While progress is being made in understanding the mechanism involved 

in generating polymorphic MSP2 expression and variation, little is known 

concerning the influences that drive these events.  Is the observed gene 

conversion in A. marginale merely a random continuous event with variants 
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arising simply by selection or do certain stimuli induce this switching?  Diversity 

in the expression site has been observed in all environments in which the 

pathogen thrives, but the immuno-competent bovine host appears to be the 

environment in which most new variants arise (Barbet et al., 2001b).  Recent 

studies have demonstrated a rapid and simultaneous replacement of dominant 

msp2 and msp3 variants during bovine infection (Brayton et al., unpublished 

2002).  Increased diversity over time has been observed in long-term infection 

of ticks for some A. marginale isolates (Rurangirwa, Stiller, and Palmer, 2000; 

de la Fuente and Kocan, 2001), although a restriction of variants in ticks has 

been described for another isolate (Rurangirwa et al., 1999).  A similar situation 

exists in A. phagocytophilum where a polymorphic expression site is described 

in all populations examined.  However, different culture environments (i.e., HL-

60 human monocytes or ISE6 tick cells) are consistently characterized by 

specific different dominant variants of msp2 (Barbet et al., unpublished 2002).  

It is unclear whether these different environments favor the selection of a 

subpopulation, a selection occurs of newly randomly created variants, or if the 

environments trigger a specific recombination event.  Nevertheless, this 

observation is important since it highlights that antigenic variation might not play 

a role only in immune evasion but also in adaptation to the environment (e.g., 

different receptors or nutrients).  Together the data are consistent with a slow 

but continuously generated diversity, rapidly selected for by the immune system 

or different environmental pressures.   
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The simultaneous occurrence of variation in msp2 and msp3 in A. 

marginale could be the result of either independent recombination mechanisms 

at similar rates for the two genes or a coordinating mechanism for both genes.  

The latter is likely since msp2 and msp3 pseudogenes are often found in a 

“pseudogene complex”, in a tail-to-tail orientation flanked by a long conserved 

repeat at the 5’ and / or 3’ end (see chapter 3).  This structure might play a 

critical role in the mechanism generating the observed diversity.   

MSP3 

MSP3 is structurally and antigenically polymorphic among strains of A. 

marginale (Alleman and Barbet, 1996; Kano et al., 2002).  Multiple, partially 

homologous gene copies have been identified and they appear widely 

distributed throughout the chromosome.  Sequence analysis of three unique 

msp3 genes revealed both conserved and variant regions within the open 

reading frames.  Interestingly, the msp3 ORF contained amino acid blocks 

related to MSP2 at the 5’ end and two available 3’ flanking regions contained 

msp2-related sequences (Alleman et al., 1997).  This structure was confirmed 

by data from the ongoing A. marginale genome sequencing project (Brayton et 

al., 2001).  The presence of msp2-related sequence in the msp3 genes 

suggests that the msp3 genes could be involved in varying both MSP3 and 

MSP2.  The concerted appearance and the similar flanking sequences could 

indicate that the regulation of variation could be linked or at least involve similar 

mechanisms.  msp3 has been described in A. ovis , but no clear indications of 

its presence in A. centrale or A. phagocytophilum have been published.  
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Alleman and Barbet (1996) used Western blots with A. marginale antigens and 

sera from animals infected with either A. ovis, A. centrale, E. risticii, E. equi or 

E. ewingii to demonstrate that each of these cross-reacted with the MSP3 

antigen, as well as with some smaller products.  However, the cross-reactivity in 

all those species is more likely due to the close relationship of MSP3 with 

MSP2, for which the MAP1-like homolog in the genus Ehrlichia has been 

demonstrated.  Database searches against the unfinished genome sequences 

of E. ruminantium and E. chaffeensis do not yield any significant hits when 

searched with msp3-specific sequences.  A Southern blot of A. 

phagocytophilum genomic DNA with oligonucleotide probes derived from msp3 

conserved regions did not produce any hybridizing bands (Meeus, unpublished 

2002).  However, Western blot results and Southern blot hybridization 

established the presence of MSP3 in A. ovis and revealed that it was also 

encoded by a multi-gene family (Alleman and Barbet, 1996; Palmer et al., 

1998).  For A. centrale, long used as a live vaccine strain to protect against 

anaplasmosis (Bock and de Vos, 2001), no clear evidence of the presence of 

MSP3 has been published.  Western blots reveal a highly immunogenic group 

of proteins ranging from 80-120 kDa in size, but since A. centrale immune 

serum does not cross-react with A. marginale MSP3 it is unclear what these 

proteins are or what their role in antigenic variation might be (Bowles et al., 

2000; Molloy et al., 2001). 
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CHAPTER 3 
TICK CELL CULTURES AND CLONING 

Introduction 

A common and significant feature of A. marginale and closely related 

pathogens is their ability to evade the immune system and persist in their host.  

The carrier state is of great importance in the maintenance of the life cycle by 

alternate tick/host challenge and may be necessary for the maintenance of 

immunity.  Possible mechanisms of persistence include antigenic variation of 

the proteins recognized by the immune system, immuno-suppression by the 

parasite and, survival of stages in host locations with low levels of immune 

defense such as the brain.  Antigenic variation, especially, is a problem for the 

development of vaccines against the disease.  There is at present considerable 

proof for antigenic diversity and variation in A. marginale.  Several investigators 

have demonstrated extensive polymorphisms in major surface proteins between 

A. marginale isolates from different geographical regions, within isolates from 

the same geographical region and within the same isolates at different times 

post infection (Oberle et al., 1988; Palmer et al., 1994a; Eid et al., 1996; French 

et al., 1998; French, Brown, and Palmer, 1999).  

It is unclear how the data have been complicated by evolutionarily 

divergent subpopulations existing in the original isolate.  All research has 

employed naturally derived isolates that have been passaged for varying times 
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in ticks and cattle.  Analysis of these populations provides clear evidence for 

substantial MSP2 diversity at the population level in both environments (Barbet 

et al., 2001b).  In order to assess the capacity of A. marginale to vary 

antigenically one must characterize the progeny of a single organism.  That is, 

isolate a clone of A. marginale and characterize antigenic variation in 

subsequent infection cycles.   

A major impediment in cloning the pathogen was the lack of an efficient 

in vitro culture system for A. marginale.  Recently, A. marginale was 

successfully propagated in a tick cell line derived from the black-legged tick, 

Ixodes scapularis, using infected bovine blood as the inoculum (Munderloh et 

al., 1996).  Erythrocytic stages invaded the tick cells and multiplied in 

membrane-lined vacuoles to form colonies typical of those observed in naturally 

infected ticks as demonstrated by light and electron microscopy (Blouin and 

Kocan, 1998).  Antigens present in A. marginale from tick cell culture were 

recognized by bovine immune serum against the blood stages of A. marginale 

and the cell-culture-derived organism retained its infectivity for cattle (Barbet et 

al., 1999).  The cultures therefore not only provide a suitable source of 

pathogens for basic research and vaccine development, but also provide a 

prime environment to clone the organism.  In this chapter I describe different 

methods developed that can be used to obtain a clonal line of A. marginale by 

serial dilution and micromanipulation and a strategy to demonstrate the clonality 

of the obtained population.   
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Experimental Procedures 

Propagation of A. marginale in IDE8 Cells. 

The IDE8 (ATCC CRL 11973) uninfected tick cells were maintained at 

31ºC in L-15B medium, pH 7.2, supplemented with 5% heat inactivated fetal 

bovine serum (FBS; Sigma), 10% tryptose phosphate broth (Difco) and 0.1% 

bovine lipoprotein concentrate (ICN) (Munderloh and Kurtti, 1989; Munderloh et 

al., 1994; Munderloh et al., 1996).  Cultures were grown in 25-cm2 plastic flasks 

(Nunc) with 5 ml of medium, and the medium replaced weekly.  The cells were 

subcultured at 1:5 to 1:20 depending on the need for confluent monolayers.  

The cells become tightly adherent to the culture substrate and multiply with a 

population doubling time of 3 to 5 days to a density of about 5 x 106 cells/ml.   

Tick cell cultures infected with the Oklahoma strain of A. marginale were 

maintained in L15B medium supplemented with 5% fetal bovine serum, 0.01% 

bovine lipoprotein concentrate, 10% tryptose phosphate broth and maintained 

at 34ºC with a pH of 7.4 using NaHCO3 and MOPS buffer as described 

(Munderloh et al., 1996; Blouin et al., 2000).  Culture medium was replaced 

weekly until desired infection levels were reached.  Infected cultures were 

monitored by phase contrast microscopy and Giemsa-stained cytospin samples 

of culture medium containing detached cells and/or cells washed from the flask.  

When clumps of cells began to detach from infected monolayers, the flasks 

were subcultured or material collected for analysis. 
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Motility of Initial Bodies Inside Tick Cell Vacuoles 

A characteristic motility of A. marginale initial bodies inside tick cell 

vacuoles, potentially a virulence factor and method to assess viability of the 

pathogens, was examined.  When the colonies in infected tick cell cultures were 

sufficiently developed to be easily detected, the flasks were thoroughly 

examined to determine the presence of motility inside vacuoles using an 

inverse research microscope with up to 1,000-fold magnification.  When motility 

was detected, the cells were washed from the flasks and 100 µl of the total 25 

ml added to 6-well tissue culture plates (Nunc).  Five wells contained 1 ml of 

medium with bacterial energy pathways inhibitors, one well contained medium 

without glucose, one well medium with oxytetracycline at a concentration of 5 

µg/ml and one well contained normal medium as a negative control.  Potassium 

cyanide (KCN) was used at a concentration of 0.01 M, sodium arsenate 

(NaAsO2) and sodium fluoride (NaF) at 0.0001 M, and dinitrophenol (C6H4O5N2) 

and dicyclohexylcarbodiimide (C13H22N2) at 0.001 M.  These concentrations 

have been shown to inhibit bacterial motility within seconds after addition to the 

medium (Daniels, Longland, and Gilbart, 1980).  Motility of the initial bodies in 

the vacuoles was followed continuously for three hours starting immediately 

after addition of the cells to the wells.  The cells in medium lacking glucose or 

containing tetracycline were again observed after 12 and 24 hours. 
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PCR Amplification and Restriction Fragment Length Polymorphism 
Analysis of the msp2 Expression Site. 

The genomic expression site for msp2 was amplified using the SuperTaq 

system (Ambion) in semi-nested PCR’s.  Oligonucleotide primers AB750 and 

AB752 were used in the first round, and AB688 and AB752 in the second round 

of amplification.  All primers localize to flanking regions of the msp2 expressed 

gene and have been described previously (Barbet et al., 2000).  DNA template 

from A. marginale infected cultured tick cells was extracted with NucleoSpin 

nucleic acid purification kits (Clontech).  Single cell PCR was conducted 

similarly but a single tick cell containing one colony of A. marginale selected by 

micromanipulation was used directly as a source of DNA template.  The total 

volume of the cell and medium added was estimated at 5 µl.  Secondary PCR 

used 1/100 diluted products of the first round of amplification as template.  

Control reactions were conducted similarly, but without DNA template.  The 

PCR conditions used were an initial denaturation cycle of 5 min. at 93ºC, 

followed by 35 cycles of 30 sec. at 93ºC, 1 min. at 55ºC, 3 min. at 72ºC and 

final extension of 25 min. at 72ºC.  PCR amplified products were analyzed by 

gel electrophoresis and cloned into the pCR-XL-Topo vector (Invitrogen).  

Clones were grown under kanamycin selection in a 96-well system and 

plasmids isolated, digested with EcoRI, to cut out the insert, and HinfI, to 

analyze the diversity of the inserts using electrophoresis in 1.5% agarose gels.  
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Primers  

The following primers and oligonucleotide probes were used : AB688 

(GGACTGCTTGCCTTCACGCTGTT), AB750 

(GGATTTTGTGGTCGGGTTTGTAT); AB752 (CACCGGTTGATGAAGTTTGC),  

Micromanipulation  

The micromanipulation workstation consists of an inverse research 

microscope with up to 1,000-fold magnification (phase contrast), an MMR110 

micromanipulator 110 as well as a 0.1 ml gas-tight glass syringe with a Luer-

taper incorporated in a SR10-100L Mycrolyte Microinjector System.  A Luer-

taper hypodermic needle is mounted on the taper of the syringe, the syringe is 

connected by hard polythene tubing to a micropipette, which in turn is fitted to 

the micromanipulator.  Monolayers of infected tick cell cultures were split during 

their geometric growth phase using a syringe and needle.  This results in small 

clumps of cells, but also individual cells.  In suspension the cells become 

rounded and do not form attachments to adjacent cells.  Individual cells were 

isolated by diluting them in medium until they contain approximately one 

infected tick cell per field at 200x magnification on a microscope coverslip.  

Single cells were inspected individually from different angles to ensure they 

contained only one vacuole and picked with the micromanipulator, transferred 

to a clean coverslip and a drop of medium added.  The cells were picked again 

using a new micropipet and transferred to uninfected tick cell cultures for 

cloning or PCR tubes for amplification.  The PCR tubes were stored at -20ºC 

until used in PCR. 
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Serial Dilution 

When the tick cell monolayers showed an infection of 70 to 100%, the 

supernatants of four 25 ml flasks were collected and centrifuged at 500 x g for 

10 min. to pellet cell debris.  The supernatants obtained, containing free 

organisms, were serially diluted twofold in culture medium.  One ml of each 

dilution was inoculated into each of 4 flasks of 25 ml coated with monolayers of 

IDE8 cells.  The principle of the method is to infect IDE8 monolayers at a high 

multiplicity of infection with free organisms without clumps of infected cells and 

cells containing several colonies.  When the colonies were sufficiently 

developed to be easily detected, the flasks were thoroughly examined to 

determine the percentage of infected cells and verified for the presence of 

mainly one colony per infected cell.  Cultures with 80 to 100% of the cells 

infected by A. marginale were used for cloning.  Supernatants of the cultures 

were diluted serially in medium and added to uninfected tick cell cultures in 96-

well microtiter plates.  Additionally the infected cells were washed from the flask 

and counted to calculate the number of infected cells per milliliter.  These cells 

were seeded at a dilution of 0.3 infected cells per well (final volume, 100 µl / 

well) in 96-well microplates containing IDE8 cells.   

Results 

Motility Study: A. marginale in IDE8 Cell Lines 

No difference was observed in initial body motility inside vacuoles 

between infected cells kept in wells containing medium with energy pathway 

inhibitors or normal medium over a three hour observation period.  Medium 
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lacking glucose and medium containing oxytetracycline equally failed to halt the 

motility, even after 24 hours. 

Cloning of A. marginale 

A method to identify infected cells without staining and micromanipulate 

single tick cells infected with a single colony of A. marginale was developed 

(fig.1 & 2).  Individual colonies of A. marginale are visible inside tick cells as a 

highly characteristic motile granular structure using either phase contrast or 

Nomarski optics.  DNA staining with SYTO13 (Molecular Probes), which can be 

used on live cells, confirmed that the granules are mainly composed of DNA, as 

expected in a prokaryote (fig.1).  This is the first description of visualization of A. 

marginale and its vacuoles in live cultured tick cells. 

 
A B CAA BB CC

 
Figure 1 Visualization of A. marginale colonies within infected tick cells. 
The different panels represent the same cluster of A. marginale infected IDE8 
tick cells at 1000x.  The structures are similar to those described using thick 
sections with Mallory's stain under light microscopy or using ultrathin sections 
under a transmission electron microscope. (Blouin et al., 2000) 
A. Nomarski optics reveal the typical granular structure of the large colonies of 
A. marginale.  The boundaries of the vacuoles are easily distinguished. 
B. The vital cell DNA stain SYTO13 confirms that the granular structures 
contain DNA, as expected for prokaryotes. 
C. The same structures as seen in B can be visualized in infected cells using 
phase contrast. 
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Individual cells containing single vacuoles were picked and transferred 

multiple times using a micromanipulator.  Twenty two attempts were made to 

clone A. marginale by micromanipulation and only on one occasion was some 

propagation of the organism observed.  This infected cell line was, however, 

lost due to contamination with a multiple antibiotic resistant bacterial strain.  

None of the attempts to clone A. marginale by serial dilution either using the 

supernatant containing initial bodies or infected cells were successful. 
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Figure 2 Visualization of individual A. marginale colonies within tick cells. 
Non-stained IDE8 tick cells infected with 3 or 1 colony of A. marginale as seen 
under Nomarski optics at 1000x.   
A. A partially ruptured IDE8 cell reveals protruding intact membrane lined 
vacuoles (V) filled with rickettsial organisms.  Anaplasma initial bodies are seen 
as a granular structure, but under the microscope a distinct and characteristic 
motility can be observed.  In intact and ruptured cells the membranes lining the 
different colonies can be clearly seen (arrows).   
B. In this panel the parasitic vacuole (V) fills almost the entire IDE8 cell, 
marginalizing the cytoplasm (C) and the nucleus (N).  Similar structures can be 
visualized using phase contrast.  Using a micromanipulator it is possible to 
rotate the infected cells and make sure, looking from different angles, that only 
one colony is present. 
 
Single Cell PCR and the Reduction of Complexity 

PCR of the msp2 expression site was successfully carried out using 

whole infected tick culture DNA or a single infected cell as a template.  The 
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single cell RFLP analysis did not reveal a consistent reduction in complexity 

when compared with the whole population which contained at least 7 variants in 

17 plasmid clones analyzed.  One single cell had only two RFLP variants and 

the major pattern was found in 13 out of 14 plasmid clones (Cell 4, fig. 3).  One 

single cell contained only one RFLP pattern in 23 different amplicons tested 

(Cell 5, fig.3). 

 

 
Figure 3 Variability in msp2E of A. marginale in a population of infected IDE8 
cells or in single cells. 
Variability in msp2E (msp2 gene in expression site) was compared between a 
cell culture population of A. marginale (Total) and the population of pathogens 
found in a single cell containing a single membrane lined colony (Cell).  
Variability was determined by PCR amplification of msp2E, using whole cultures 
or single cells as a source of template, and RFLP analysis of cloned amplicons 
on agarose gels.  The first lane in each panel is a 100bp DNA standard, the 
adjacent lanes represent the four most dominant RFLP patterns in each 
population of pathogens, with percentages given below and the number of 
amplicons used (n) above the panels.   
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Discussion 

Genetic heterogeneity of natural isolates of A. marginale and phenotypic 

dominance of subpopulations contribute to the difficulty of analyzing antigenic 

variation.  In order to assess the capacity and mechanisms of A. marginale to 

vary antigenically, one must characterize the progeny of a single organism.  

That is, isolate a clone of A. marginale and characterize antigenic variation in 

subsequent infection cycles.  For many bacteria, growing on plates of solid 

medium, cloning is fairly straight forward using the classical plating process 

invented by Robert Koch.  For many intracellular protozoa and bacteria, 

growing in a tissue culture system, the solutions are less straight forward.  Two 

different approaches have been described.  The first involves dilution to a 

precalculated probability of obtaining a single infected cell.  A second method 

consists of microscopic examination of diluted suspensions containing infected 

cells and selecting those with only one cell (Oduola et al., 1988). 

Although cloning by micromanipulation requires expensive equipment 

and the development of special techniques it avoids some of the potential 

pitfalls inherent to limiting dilution techniques.  A major obstacle in cloning A. 

marginale by micromanipulation is the small 0.5-2.5 µm size of the bacteria 

(Blouin et al., 2000), making it impossible to visualize the individual organism 

under a light microscope.  Our data demonstrated, however, that it is possible 

to characterize cells containing one or multiple membrane lined colonies of 

initial bodies in live cells without staining.  Since each vacuole is thought to 

originate from a single A. marginale initial body, cells containing only one colony 
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can be considered clonal and used for cloning by micromanipulation (Perez et 

al., 1997).  Micromanipulations of these single vacuole containing cells was 

carried out repeatedly, allowing one to “wash” the cells in fresh medium, before 

transferring them to new uninfected tick cell cultures.  Nevertheless none of the 

cloning efforts were successful in yielding propagated continuous cultures.  

Success rates of cloning Plasmodium falciparum by micromanipulation have 

been shown to be as low as 15% (Beale, Thaithong, and Siripool, 1991).  It is 

likely that the process for A. marginale is equally inefficient.  The selection and 

manipulation of the infected tick cells, which often takes more then one hour, 

could further affect the viability of the pathogens.  Alternatively the viability of 

pathogens from these extremely large vacuoles might be inherently poor.  The 

selection of these large colonies allowed for a better identification of single 

colonies within cells, but they might be the phenotypic expression of a defective 

pathogen population.   

During the development of the micromanipulation cloning procedure it 

was observed that A. marginale pathogens were visible inside their vacuole as 

a granular structure and these granules displayed a characteristic motility.  

Previously motility of A. marginale had been described (Ferris, 1972; Kreier and 

Ristic, 1972) and active motility is an important virulence factor in several 

pathogens (Heinzen et al., 1999).  Active motility could possibly also be used to 

assess the viability of the pathogens during cloning.  Most motile bacteria move 

by the use of flagella, threadlike locomotor appendages protruding form the cell 

wall (Namba and Vonderviszt, 1997).  But no such structures have been 
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described for any Anaplasmataceae.  Other forms of motility are less well 

defined but often also involve energy dependent bacterial motors.  These 

motors have been shown to be inhibited within seconds by several energy 

metabolism blocking chemicals (Daniels, Longland, and Gilbart, 1980).  None of 

the products tested here or the removal of glucose from the medium resulted in 

reduced motility, even after several hours of observation, suggesting another 

mechanism.  A mechanism to generate motility through continual polar 

polymerization of an actin tail can be found in Listeria monocytogenes, Shigella 

flexneri and Rickettsia rickettsii (Heinzen et al., 1999; Rutenberg and Grant, 

2001).  A tail-like inclusion appendage, composed of multiple actin filaments, 

has been described in some isolates of A. marginale (Kocan et al., 1978; Stich 

et al., 1997).  Actin based motility depends on continuous recruitment and 

polymerization of protein.  Since oxytetracycline, which kills the pathogen inside 

vacuoles at the tested dose (Blouin et al., 2002), was unable to block the 

motility even after 24 hours it was concluded that the observed movement 

within the vacuoles was likely Brownian motion. 

PCR and RFLP analysis of the msp2 operon confirms earlier 

observations that this site is polymorphic in an in vitro A. marginale population 

(Barbet et al., 2001b).  Micromanipulation and single cell PCR analysis failed to 

produce consistent reduction in this complexity.  It is possible that rapid 

recombination generates the observed complexity within one vacuole.  This 

would appear to disagree with observations at the protein and DNA level 

indicating that MSP2 and other surface proteins are consistently expressed 
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over time in culture (Barbet et al., 1999; Barbet et al., 2001b).  This 

contradiction could, however, indicate that while rapid recombination occurs 

within one cell the overall environment of the cultures exerts a strong selective 

pressure leading to a uniform and stable population.  It has indeed been shown 

for A. phagocytophilum that different culture environments can exert strong 

selective pressure on the expression of the msp2 ortholog p44, creating a 

nearly uniform population of pathogens (Barbet et al., unpublished).  These 

selective pressures could be at the base of our current inability to propagated 

clones selected by micromanipulation.  Since single cell PCR suggests that 

single vacuoles can contain variants different from the predominant population, 

but theses variants might not be fit for proliferation in the culture environment. 
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CHAPTER 4 
MSP3 EXPRESSION AND GENETIC VARIATION1 

Introduction 

The Family Anaplasmataceae includes tick-borne pathogens of the 

genera Anaplasma and Ehrlichia (Dumler et al., 2001).  Anaplasma 

phagocytophilum and Ehrlichia chaffeensis cause the recently emergent human 

diseases, human granulocytic ehrlichiosis (HGE) and human monocytic 

ehrlichiosis (HME), respectively, and A. marginale is the cause of a highly 

prevalent infection of cattle, anaplasmosis.  Common to all of the tick-borne 

pathogens in these genera is the requirement for persistent infection of a 

mammalian reservoir host to provide a sufficient number of circulating 

organisms to allow ticks to acquire the infection (Dumler et al., 2001).  

Pathogen persistence within an immunocompetent host requires immune 

evasion and studies on A. marginale within persistently infected cattle have 

demonstrated antigenic variation of outer membrane proteins (French, Brown, 

and Palmer, 1999).  Our interest is in understanding how A. marginale and 

other pathogens in the Family Anaplasmataceae generate antigenic variation of 

their surface antigens. 

                                            

1 Patrick F.M. Meeus, Kelly A. Brayton, Guy H. Palmer and Anthony F. Barbet (2003); 
Conservation of a gene conversion mechanism in two distantly related paralogues of 
Anaplasma marginale.  Molecular Microbiology 47. 



 

 

60 

The A. marginale outer membrane contains two highly immunodominant 

proteins, designated major surface protein (MSP) 2 and MSP3.  Eight out of 12 

CD4+ T lymphocyte clones derived from animals immunized with purified outer 

membranes of A. marginale recognized MSP2, MSP3, or both (Brown et al., 

1998), and sera from outer membrane-immunized or infected calves have the 

highest titers to MSP2 and MSP3 (Palmer et al., 1986; McGuire et al., 1991).  

Notably, expressed MSP2 and MSP3 are polymorphic, both structurally as 

assessed by using two-dimensional gel electrophoresis and antigenically 

(Alleman and Barbet, 1996; Blouin et al., 2000; Kano et al., 2002).  Results 

obtained by Alleman et al. (Alleman et al., 1997) and analysis of data obtained 

from the A. marginale genome project reveal that MSP2 and MSP3 likely 

originated from a common ancestor (Meeus and Barbet, 2001), but the 

encoding genes have since diverged substantially.  The average identity at the 

amino acid level between MSP2 and MSP3 pseudogenes is 38%, within MSP3 

pseudogenes 68% and within MSP2 pseudogenes 78%.  MSP2, which has 

closely related orthologs in A. phagocytophilum, A. centrale, and A. ovis, is a 

~40 kDa protein with variants defined by a central hypervariable region flanked 

by highly conserved N- and C-termini (Eid et al., 1996; Ijdo et al., 1998; Palmer 

et al., 1998; Murphy et al., 1998; Zhi et al., 1998; Shkap et al., 2002).  The 

hypervariable region spans ~100 amino acids and bears surface exposed 

epitopes that are unique to the emergent variant and are not recognized by 

antibody prior to emergence (French et al., 1998; French, Brown, and Palmer, 

1999).  Thus, MSP2 represents true antigenic variation with sequential 
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emergence of unique MSP2 variants in the bovine host followed by immune 

control.  MSP3 on the other hand is an 80-90 kDa protein with individual 

variants shown to differ by up to 15 kDa in molecular size, in charge, and by 

reactivity with specific antibodies (Alleman and Barbet, 1996; Alleman et al., 

1997; Blouin et al., 2000; Kano et al., 2002).  Despite this difference at the 

protein level msp3 genes have maintained a general structure similar to msp2 

genes with a variable region flanked by highly conserved sequence, although 

the length and the composition of the sequences are different. 

How does A. marginale generate the thousands of surface protein 

variants needed for long-term persistence?  Gene conversion of a single, 

operon-linked, full-length msp2 using one of 9-10 truncated msp2 pseudogenes 

generates a new expressed variant containing the hypervariable region of the 

recombined pseudogene (Barbet et al., 2000; Brayton et al., 2002).  

Furthermore, short segments derived from the variable regions of the 

pseudogenes recombine, also through gene conversion, into the expression 

site msp2 to create novel hypervariable region mosaics (Brayton et al., 2002).  

These combinatorial mechanisms can generate the >10,000 MSP2 variants 

needed for persistence.  While there must be a mechanism to generate MSP3 

variants, how this is accomplished is a significant gap in understanding A. 

marginale persistence.  Interestingly, there are several observations that 

support a common mechanism for generating variation in both msp2 and msp3, 

despite the sizeable differences at the protein level.  First, the genome contains 

multiple msp3 coding sequences with hypervariable regions flanked by highly 
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conserved segments (Alleman et al., 1997; Brayton et al., 2001), the same 

general structure observed for msp2.  These msp3 copies identified to date are 

putative pseudogenes since they are truncated to varying degrees at their 5΄ 

and 3΄ ends, and are unlikely to encode an MSP3 product of ~86 kDa (Brayton 

et al., 2001).  Second, the msp3 conserved regions contain sequences 

homologous to msp2 (Alleman et al., 1997, Meeus and Barbet, 2001).  Third, 

the msp2 and msp3 pseudogenes are often found in close proximity to each 

other and a similar ~600 bp region flanks many copies of both pseudogene 

families (Brayton et al., 2001; Meeus and Barbet, 2001).  In this chapter, we 

report the identification of a single MSP3 expression site and demonstrate the 

recombination of pseudogenes into the full-length expressed msp3 gene during 

A. marginale infection using a mechanism similar to msp2.  These two 

paralogous families have thus diverged substantially, but nevertheless retained 

similar mechanisms to generate variation, each using a specific subset of 

paralogous genes as a source of variants. 

Experimental Procedures 

RNA Isolation, RT-PCR and 5΄ RACE 

A splenectomised calf (2153) was infected intramuscularly (IM) with a 

stabilate (B442) of the Florida strain of A. marginale.  Total RNA was isolated 

from whole blood on Day 24 post infection (PI) during acute rickettsemia (42% 

infected RBC’s) by extraction with 6 M urea-3M LiCl (Van der Ploeg et al., 

1982).  Isolated RNA was digested with DNaseI (DNA-free; Ambion) before use 

in reverse transcription (RT)-PCR’s and 5΄ RACE.  
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For RT-PCR msp3 mRNA transcripts were reverse transcribed into 

cDNA using the RETROscript kit (Ambion) according to the manufacturer’s 

protocol and primer AB928 which anneals to the conserved 3΄ region of msp3.  

Primary PCRs used oligonucleotide primers AB754 and AB929, annealing in 

the 5΄ and 3΄ conserved regions, respectively, 2.5 U of SuperTaq polymerase 

(Ambion) and other reagents obtained from Ambion.  Secondary PCR used 

nested primers in the conserved regions, AB927 and AB925, and 1/100 diluted 

products of the first round of amplification.  Control reactions were conducted 

similarly, but without reverse transcriptase in the initial RT reaction.  The PCR 

conditions used were initial denaturation cycle of 2 min. at 93ºC, followed by 35 

cycles of 30 sec. at 93ºC, 30 sec. at 55.5 (1ºPCR) or 52ºC (2ºPCR), 2 min. at 

72ºC and final extension of 10 min. at 72ºC.   

For 5΄ RACE reactions mRNA was reverse transcribed into cDNA as 

above but using a primer in the 5΄ conserved region, AB755.  After first strand 

cDNA synthesis, the original mRNA template was removed by treatment with an 

RNase Mix and the cDNA purified using a GLASSMAX Spin Cartridge 

according to the manufacturers recommendation (Life Technologies).  A 

homopolymeric tail was then added to the 3΄ end of the cDNA using TdT and 

dCTP.  An aliquot of the reaction was directly amplified by PCR using SuperTaq 

(Ambion), a nested gene-specific primer (AB878) and a deoxyinosine and 

guanine containing anchor primer (Life Technologies).  An additional round of 

PCR using the AUAP (Abridged Universal Amplification Primer, Life 

Technologies), in conjunction with a progressively nested primer (AB877) and a 
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size-selected product from the first round of amplification, was required to 

obtain an adequate amount of cDNA to permit cloning.   

Products of RT-PCR and 5΄ RACE were analyzed by agarose gel 

electrophoresis and Southern blotting using msp3-specific DNA probes.  PCR 

products were cloned into the pCR-XL-TOPO vector (Invitrogen) and plasmid 

DNA was isolated, digested with EcoRI and analyzed by agarose gel 

electrophoresis and Southern blotting.  Plasmids with msp3 inserts were 

subsequently digested with EcoRI, to cut out the insert, and RsaI, to analyze 

the diversity of the inserts per size group.  Selected plasmids were sequenced 

to verify the structure of the amplified cDNA.  

Southern Blotting of A. marginale Genomic DNA 

Fluoresceinated oligonucleotide probes specific to the msp3 expression 

site (AB973) and the 5΄ and 3΄ conserved regions (AB934, AB892) were used in 

Southern blotting of digested A. marginale genomic DNA (Florida strain).  A. 

marginale genomic DNA was isolated from highly rickettsemic bovine blood 

(calf 115) by lysis with sodium dodecyl sulfate (SDS) and lysozyme, treatment 

with proteinase K and RNase, phenol-chloroform extraction, and ethanol 

precipitation.  DNA was digested using EcoRI, FspI, KpnI and SphI (Gibco 

BRL), separated on a 0.5% agarose gel, and subsequently transferred to a 

nylon membrane.  The blot was hybridized at 42ºC in 6X SSC, 10mM Na3PO4 

pH 6.8, 1mM EDTA, 10X Denhardt's solution, 100ug/ml salmon sperm DNA, 

0.5% SDS overnight and 5΄ fluorescein end-labeled oligonucleotides.  The 

membrane was washed twice for 5 min. at room temperature in 1X SSC/1% 
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SDS, then with an additional four washes of 10 min. at 30ºC in 1X SSC/1% 

SDS, and followed by another two 5 min. washes in 0.1X SSC/1% SDS and by 

two 5 min. washes in Tris buffered saline.  The probes were detected by 

chemiluminescence (Illuminator chemiluminescent detection system; 

Stratagene). 

Library Construction and Screening 

Splenectomised calf 198 was infected with a Florida strain stabilate 

(2588) and DNA from the acute population was isolated, as above, on Day 18 

PI when rickettsemia had reached 55%.  Day 15 blood of calf 198 had a 

rickettsemia of 8.3% and was used to infect a non-splenectomised calf, 196.  

This calf was allowed to develop acute anaplasmosis and recover in a large 

animal isolation facility.  On day 107 PI animal 196 was splenectomised and 

developed relapse anaplasmosis.  DNA from this persistent population of A. 

marginale was collected on Day 126 PI. 

Genomic A. marginale DNA libraries of acute (198) and persistent (196) 

populations were constructed in the cosmid vector SuperCos 1 (Stratagene).  

Libraries were prepared by digesting DNA with Sau3AI to an average size of 

35kbp and cloning into the BamHI site of SuperCos 1.  Individual clones were 

picked into 96-well microtiter plates.  Cosmid DNA was prepared, dot-blotted 

and fixed to nylon membranes, and hybridized with the expression site and the 

3΄ conserved region probes as described for the Southern blots.  Three cosmids 

positive for both probes, one for the acute and two for the persistent population, 

were sequenced directly using primer walking.  Sequencing of Cosmid 1C, 
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acute population, was supplemented with PCR amplification and sequencing for 

a segment of the msp3 variable region. 

An A. marginale St. Maries strain Bacterial Artificial Chromosome (BAC) 

library was constructed as previously described (Brayton et al., 2001).  Briefly, 

isolated A. marginale cells were embedded in agarose blocks, and lysed using 

proteinase K and SDS.  A. marginale genomic DNA was partially digested with 

HindIII, size selected on pulse field gels, ligated into vector pBELOBAC11 and 

electroporated into E. coli strain DH10B.  1,536 BAC clones were arrayed into 

384 well plates with an average insert size of 110Kb.  BAC 16D3 was selected 

for sequence analysis after probing with a digoxigenin labeled (Roche) AB973.   

PCR Amplification and Restriction Fragment Length Polymorphism 
Analysis of Size Selected msp3 Loci 

Genomic DNA, obtained as described above, was digested with EcoRI 

and run in two adjacent lanes on a 0.3% agarose gel as for the Southern blot 

analysis.  One lane was used in a Southern blot protocol as above, but with 

only a two hour hybridization.  The other gel half was kept at 4ºC.  Southern blot 

exposures were aligned with the agarose gel and DNA fragments 

corresponding with msp3 hybridization bands were excised the same day.  An 

agarose gel segment below the smallest hybrization product was excised to be 

used as a negative control.  DNA was extracted using Freeze and Squeeze 

extraction (fragments F1-F5) (Biorad) or S.N.A.P. purification (Invitrogen) 

(fragments F6-F7).  Each DNA sample was used as a template in a PCR 

reaction with primers AB815 and AB984, located in the 5΄ and 3΄ conserved 

regions of msp3 respectively.  Primer-dimer products were removed from the 
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PCR reaction using the QIAquick PCR Purification Kit (Qiagen) and amplicons 

cloned using the TOPO TA Cloning Kit for Sequencing or the TOPO XL PCR 

Cloning kit (acute and persistent populations respectively).  For each amplified 

locus as many colonies as possible were picked with a maximum of 96 for the 

loci outside the expression site and up to 186 for the expression site locus.  

Clones were grown up under kanamycin selection in a 96-well system and 

plasmids isolated, digested with EcoRI, to cut out the insert, and RsaI, to 

analyze the diversity of the inserts using 1.8% agarose gels.  

Primers and Probes  

The following primers and oligonucleotide probes were used : AB754 

tggggagatggtaggagttga; AB755 tctaaccacttaagttctccaagt; AB815 

gtggggagatggtagg; AB877 taattcttctggtctgctcagttc ; AB878 

gctttgctagttcatgttgtag; AB925 tttaaataatcagtccaaccc; AB927 

tacaagaactgagcagaccagaag; AB928 cgttcatcagcatccaag; AB929 

gcccattttctaatcttctcag; AB984 ttgcagcattagctctcacttac; AB973 

Fcagcttgcacactggagctataggacaagttaca (F = Fluorescein); AB934 

Ftggggagatggtaggagttgatgaaggactagtta; AB892 

Ftgttgtagaaggggttaggaaaagggttaggg. 

Western Blot Analysis 

Specific antiserum against the amino acid domain predicted to be 

common to MSP2 and MSP3 was generated in Balb/C mice by immunization 

with the synthetic peptide CSDYTGTAGKNKDT.  The amino terminal cysteine 

was included for conjugation and 2 mg of peptide were cross-linked to 
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maleimide activated keyhole limpet hemocyanin (KLH) using the Imject 

Maleimide Activated Immunogen Conjugation Kit (Pierce) according to the 

manufacturer’s recommendations.  Balb/C mice were immunized by 

subcutaneous inoculation of 100 µg antigen emulsified with complete Freund’s 

adjuvant.  The mice were boosted using three immunizations of 100 µg antigen 

in incomplete Freund’s adjuvant.  The positive control antibodies for MSP2 and 

MSP3 expression were, respectively, monoclonal antibodies ANAF19E2 and 

43/23 (Palmer et al., 1994; Alleman et al., 1997).  The negative control 

antibodies were normal mouse serum and anti-Trypanosoma brucei monoclonal 

antibody Tryp1E1.  A. marginale (Florida strain) was isolated from infected 

erythrocytes as previously described (Palmer and McGuire, 1984) using 

proteinase inhibition buffer (50 mM Tris [pH 8.0], 5 mM EDTA, 5 mM 

iodoacetamide, 0.1 mM N-α-p-tosyl-L-lysine chloromethyl ketone, and 1 mM 

phenylmethylsulfonyl fluoride).  Electrophoresis was carried out on precast 

SDS-containing 4-20% polyacrylamide gels (Biorad) for 30 min. at 200 V.  

Following transfer to nitrocellulose, expression was detected with the antibodies 

described above using the Western-Star Chemiluminescence Immunoblot 

Detection System (Tropix) according to manufacturer’s instructions.  Sera were 

tested at a final dilution of 1:200 and monoclonal antibodies at a final 

concentration of 2 µg/ml.   

Sequencing 

Sequencing was performed at the University of Florida DNA Sequencing 

Core Laboratory using ABI Prism dye terminator cycle sequencing protocols 
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developed by Applied Biosystems (Perkin-Elmer Corp.).  The fluorescently 

labeled extension products were analyzed on a model 373 Stretch DNA 

Sequencer (Applied Biosystems).  Nucleotide sequences were analyzed using 

the GCG programs (Genetics Computer Group, University of Wisconsin) 

available through the Biological Computing core facilities of the Interdisciplinary 

Center for Biotechnology Research at the University of Florida.  For BAC 

sequencing, random shotgun libraries were constructed from partially digested 

BAC 16D3 DNA.  The randomly generated fragments were size selected, 

cloned into pCRScript (Stratagene) and electroporated into E. coli strain XL-

1Blue.  Insert DNA was sequenced using BigDye terminator chemistry on an 

ABI 377XL-96 instrument (Applied Biosystems).  Data were assembled and 

analyzed using Sequencher (Genecodes) and PHRED & PHRAP software 

(University of Washington).  When required, gene walking or direct BAC 

sequencing was performed to ensure a minimum of 2X coverage with an overall 

average of 3X coverage.   

Databases 

URL addresses for unfinished genome sequences used were as follows : 

Ehrlichia (Cowdria) ruminantium : 

http://www.sanger.ac.uk/Projects/C_ruminantium/ ; Wolbachia sp. : 

http://tigrblast.tigr.org/ufmg/ ; Ehrlichia chaffeensis : : http://riki-lb1.vet.ohio-

state.edu/Ehrlichia/ and Anaplasma marginale : 

http:www.vetmed.wsu.edu/research_vmp/anagenome. 
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Results 

Detection of Variant msp3 Transcripts During Acute Infection 

Transcripts expressed in vivo during acute A. marginale infection were 

detected by RT-PCR using primers derived from the 5΄ and 3΄ sequences 

conserved among msp3 pseudogenes (fig. 4 & 5).  Size differences among the 

resulting amplicons (~1350bp, ~1050bp and ~850bp) were consistent with 

variation in molecular size previously observed among expressed MSP3 

proteins (McGuire et al., 1991; Alleman and Barbet, 1996).  Subsequent cloning 

and analysis by RFLP revealed additional polymorphism within amplicons of the 

same size (fig. 7B, and results not shown).  Examination of the cDNA 

sequences confirmed that the transcripts encoded msp3 with a central variable 

region (CVR) flanked by highly conserved 5΄ and 3΄ segments.  These results 

establish that multiple msp3 transcripts are expressed in a population of A. 

marginale during acute infection. 

Identification of the msp3 Expression Site  

The chromosomal msp3 expression site was identified using 5΄ RACE 

(rapid amplification of cDNA ends) combined with genomic sequencing and 

verified by detection of expressed protein.  To obtain information extending 

upstream of the CVR, RACE was used with primers located in the 5΄ conserved 

region (fig. 4).  The largest amplicons obtained were cloned and four inserts 

sequenced.  The 3΄ end of the transcripts was nearly identical to the previously 

described msp3-12 gene and flanking region obtained by screening an A. 

marginale expression library with a monoclonal antibody against MSP3 
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(Alleman et al., 1997).  The transcripts contained the MSP3 N-terminal coding 

region and also two additional open reading frames (ORF) 5΄ of the ATG 

initiation codon for msp3 (fig. 4).   

 
Figure 4 A polymorphic msp3 expression site.   
Sequence information from three cosmids (Florida) and one BAC (St. Maries), 
represented diagrammatically, revealed a similar but polymorphic msp3 
expression site.  In the msp3E block green represents conserved regions found 
in all available copies, red are regions with homology to msp2, solid for near 
identity and dotted for less homology.  Light blue is remaining ORF and the 
large grey block is the central variable region of msp3E.  The relative positions 
of RT-PCR and 5΄ RACE products generated from msp3 mRNA and cosmids 
from genomic DNA from the Florida strain of A. marginale, are indicated.  It also 
shows the location of probes AB973, AB934 and AB892, used in the genomic 
Southern blot analysis of the Florida strain (fig. 5).  The gray ellipses mark 
additional regions of sequence variability in the 5΄ flanking region, at the 
beginning and end of ORF X.  ORF Y and ORF X are represented as two dark 
blue arrows and are direct repeats in tandem found flanking many msp2 and 
msp3 copies.  Black arrows are other significantly long ORF’s. 
 

Using the sequence from the 5΄ RACE analysis, specific oligonucleotides 

were designed to probe the genome.  Southern blot analysis of A. marginale 

genomic DNA (Florida strain) using probes against the 5΄ and 3΄ conserved 

regions revealed an estimated 8 loci containing msp3 copies (fig. 5).  In 

contrast, a single fragment was detected with the expression site probe AB973, 

derived from unique sequence at the 5΄ end of the msp3 polycistronic mRNA 

transcript.  This fragment also hybridized, as expected, with the probes against 

the 5΄ and 3΄ conserved regions confirming that this expressed msp3 (msp3E) 

represents a genuine genomic structure.  In addition, three cosmid clones 
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generated from different time-points (one acute and two persistent) during A. 

marginale Florida strain infection and a 118kb BAC clone, 16D3, derived from 

an acute infection with the St. Maries strain hybridized with the expression site 

probe AB973.  Sequencing of these genomic clones revealed a similar 

expression site with a full-length msp3E gene copy.  Consistent with the RT-

PCR data showing transcription of msp3 genes that differed in the CVR, the 

expression site msp3E in each of the genomic clones contained a unique CVR 

(fig. 7).  Interestingly, the 413 bp at the 3΄ terminal coding region of all the 

examined msp3E genes was >99% identical to the 3΄ end of the expressed 

msp2.  Antibody against a peptide in this C-terminal shared domain bound both 

MSP2 and MSP3 in A. marginale from an acute Florida strain infection (fig. 6), 

demonstrating that this domain was expressed in the MSP2 and MSP3 

proteins.  The binding to two MSP3 proteins of different size (fig. 6B) is 

consistent with the CVR polymorphism identified by the transcriptional analysis 

and the genomic sequences. 

Structure of msp3 Pseudogenes and msp3 Variation   

The expression site msp3 genes, encoding full-length MSP3 proteins, 

were compared with the msp3 pseudogenes in other chromosomal loci using A. 

marginale DNA obtained from either acute or persistent infection.  The CVR 

from 7 different genomic loci of the Florida strain was obtained by PCR 

amplification and cloning of EcoRI fragments (fig. 5) using primers derived from 

5΄ and 3΄ conserved regions.  The 11kb EcoRI fragment (fig. 5) represents the 

full-length msp3E gene in the expression site and the remaining six loci contain 
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msp3 pseudogenes defined by the conserved 5΄ and 3΄ regions flanking a 

unique CVR.  An additional pseudogene only hybridized with the 3΄ conserved 

region probe and was not cloned.  Clones from PCR amplification of the 20.5kb 

EcoRI fragment displayed two distinct RFLP patterns, msp3-F2A and msp3-

F2B, indicating the presence of two msp3 copies, consistent with the intensity of 

this band on the Southern blots (fig. 5).   
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Figure 5 Presence of multiple copies of msp3, but a single hybridizing band 
from the msp3 expression site in genomic A. marginale DNA.   
Southern blots were done on restriction enzyme digests of A. marginale DNA 
(Florida strain) using four different enzymes: (1) EcoRI , (2) FspI, (3) KpnI and 
(4) SphI.  Blot A was hybridized with a probe identifying the msp3 expression 
site (AB973), blot B and C with oligonucleotides specific for the 5΄ and 3΄ 
conserved region (AB934, AB892), respectively (see fig. 4 for location of 
probes). Approximately eight msp3 copies can be distinguished if bands of 
significant higher intensity are assumed to contain two copies. 
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Figure 6 Schematic representation of the msp3 family of genes and its 
relationship to msp2.  
A. Diagram of an expressed (E) and pseudogene (P) msp2 and msp3 copy.  
Both msp2 and msp3 feature a central variable region (gray) flanked by 5΄ and 
3΄ conserved regions, with additional full length features found in the expression 
site.  Color legends are as for fig. 4-.  A bp reference is given at the bottom.  A * 
indicates the position of the peptide used to generate anti-MSP2/3 serum used 
in panel B. 
B. Western Blot of A. marginale showing the conserved C-terminal end of 
MSP2 and MSP3 antigens.  The antigen is Florida A. marginale and the 
antibodies are as indicated.  The anti-MSP2 MAb is ANAF19E2 and the anti-
MSP3 MAb is 43/23.  The mouse anti-MSP2/3 antibody is polyclonal serum 
(dilution 1:200) against the C-terminal shared peptide.  NMS is normal mouse 
serum, also at 1:200.  The extra lane is a 5 fold increase of protein loaded to 
show that both MSP3 polypeptides recognized by the MAb are also recognized 
by the serum.  The size difference is consistent with the size differences 
observed between the different msp3 copies at the nucleotide level. 
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Each of the six pseudogene loci, including msp3-F2A and msp3-F2B, 

contained a unique CVR sequence, with identity ranging from 68-79%.  

However, there was no change in the pseudogene sequences when compared 

between the acute and persistent A. marginale populations, indicating that the 

pseudogenes are invariant over time (fig. 7).  In contrast, the expression site 

msp3E differed and increased in variability between the acute and persistent 

populations.  The CVR sequences found in msp3E were identical to, or were a 

combination of, segments from the msp3 pseudogenes.  A region of near 

sequence identity, ranging from 18 to 146 bp in length, was observed at the 

cross-over points between any two sequence segments found in the expression 

site.  This observed heterogeneity in msp3E derived by PCR amplification from 

the EcoRI fragments agrees with information obtained by direct sequencing of 

the expression site cosmid clones derived from the same acute and persistent 

A. marginale populations.  The cosmid clone obtained from acute infection 

(msp3E-cosAc1C, fig. 7A) had a CVR identical to the most common CVR found 

by PCR of the same A. marginale population.  The two cosmid clones obtained 

from persistent A. marginale infection (msp3E-cosPers9D and msp3E-

cosPers2E, fig. 7A) revealed, like the PCR amplicons, a mosaic CVR 

apparently derived from several msp3 pseudogenes (fig. 7A).  The 3΄ end of the 

expression site CVR in cosmid msp3E-cosPers2E was only partially related to 

pseudogene msp3-F4 (fig. 7A).  However, a msp3 pseudogene (msp3-SM4) 

found in the St. Maries strain was identical to the msp3E-cosPers2E CVR 3΄ 

end and could represent a msp3 pseudogene not identified in the Florida strain.  
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Analysis of cloned RT-PCR products from msp3 mRNA similarly revealed 

identity with the CVR derived from one or more of the msp3 pseudogenes (fig. 

7B).   

Comparison of msp3 Loci Between A. marginale Strains   

The sequence of five msp3 pseudogene loci and the msp3E expression 

site locus were identified in the St. Maries strain of A. marginale as part of a 

genome sequencing project (Brayton et al., 2001; Brayton et al., 2002).  As in 

the Florida strain, the CVR in the St. Maries strain expression site msp3 

(msp3E-SM16d3, fig. 4 and 7C) appeared to represent a mosaic derived from 

several of the msp3 pseudogenes.  The CVR sequences of the five St. Maries 

strain msp3 pseudogenes (msp3-SM1 to msp3-SM5, fig. 7C) were compared 

with those of the Florida strain (msp3-F1 to msp3-F6, fig. 7A).  With the 

exception of msp3-SM1, which was identical to msp3-F6, the St. Maries strain 

msp3 pseudogenes were different than those of the Florida strain (fig. 8A).  

However, an amino acid similarity plot comparing all CVR regions revealed a 

domain that is relatively more conserved flanked on both sides by smaller 

conserved regions (fig. 8B).  These more conserved segments were maintained 

in the expression site msp3 and may represent sequences important for 

biological function or, alternatively, they may represent sites of recombination. 
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Figure 7 The generation of diversity in msp3 expression is achieved by insertion 
of different complete gene copies or segments into an expression site. 
A. Diagrammatic representation of the different genomic msp3 loci identified by 
PCR amplification of size selected fragments (F1-F6, see fig. 5) or from 
genomic libraries (msp3E-cos) in populations from acute and persistent bovine 
infections with the Florida strain of A. marginale.  msp3 pseudogenes were 
invariable between the two populations and are presented once.  The msp3E 
locus was polymorphic and changed between acute and persistent infections, 
and is represented for each population with the percentages of clones with a 
given RFLP-pattern indicated.  Similar colors indicate identical sequences. 
B. Diagram of RT-PCR products generated from msp3 mRNA isolated from an 
unrelated population of A. marginale (Florida strain) during acute infection of a 
bovine host.  RT-PCR-E is identical to genomic copy msp3-F2B flanked by  
conserved regions, but a significant segment of the variable region is deleted.  
The deleted fragment is delineated by two (3A) and one diamond (3B). 
C. Diagram of the CVR of 5 genomic msp3 pseudogenes and an expression 
site copy (msp3E) in the St. Maries strain (SM).  The shading in the msp3E 
reflects the sequence in the pseudogene copies.  msp3-SM1 is identical to 
msp3-F6 and was given the same color code.  The dark grey box in msp3E 
represents a region only distantly similar to the available msp3 CVR’s. 
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Figure 7 (continued). 
 
Putative Genes Associated with the msp3 Expression Site  

Sequencing of the Florida strain cosmid clones and the St. Maries strain 

BAC clone containing the msp3 expression site revealed several associated 

ORF’s.  The two upstream ORF’s, X and Y, are predicted to encode proteins of 

approximately 90 and 130 amino acids, respectively.  ORF’s X and Y are similar 

to each other and form a tandem repeat in the expression site separated by 75 

bp in the Florida strain and 72 bp in the St. Maries strain.  Both ORF X and 

ORF Y were shown to be present within the msp3 expression site transcript by 

5΄ RACE and thus have the potential to be expressed.  Interestingly, the 5΄ end 

of ORF X encodes an amino acid sequence similar to the predicted signal 

peptide of MSP3 and, like msp3E, ORF X is polymorphic in this locus among 

the Florida 5΄ RACE products, cosmids and the St. Maries BAC.  The first 

variable region is immediately past the predicted signal peptide and the second 

is at the 3΄ end of the ORF (fig. 4).  These regions are characterized by the 

deletion, insertion, and replacements of several codons that do not change the 

predicted reading frame.  Neither ORF X nor Y had significant homology to 



 

 

79 

known genes or proteins.  A putative promoter (-35 and -10 underlined) was 

found upstream of the start of the transcript (capitalized), as defined by three 

out of four 5΄ RACE products: tttacaaaattttagcaactctgtgctgtaatgctgccAgc.  This 

promoter was also predicted using the Neural Network Promoter Prediction 

Tool (http://www.fruitfly.org/seq_tools/promoter.html) with a score of 0.97, but 

with the double-underlined cytosine as a predicted transcription start point.  

Downstream from the msp3 expression locus, two large ORF’s (1100 bp and 

872 bp) were identified (fig. 4) that encoded putative homologs of membrane 

proteins HflC and HflK described in Rickettsia conorii (TBLASTX E value e-138) 

and Rickettsia prowazekii (TBLASTX E value e-126), as well as in other 

bacteria. 
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Figure 8 Comparison of the msp3 variable regions from two geographically 
distinct isolates of A. marginale (Florida and St. Maries). 
A. Dendrogram showing the clustering relationship between all available msp3 
pseudogene copies of the Florida and St. Maries isolates of A. marginale.  
Distance along the horizontal axis is proportional to the difference between 
sequences.  Distance along the vertical axis has no significance.  The 
dendrogram shows that certain msp3 pseudogene copies have been conserved 
between the two geographical isolates, while other copies only have more 
distant homology to copies in the other isolate or are more closely related to a 
copy in the same isolate.   
B. A similarity score plot of an amino acid alignment of all available variable 
regions of msp3 pseudogene copies from the Florida (6) and St. Maries (5) 
isolates of A. marginale.  The plot used the translated pseudogene sequences 
depicted in fig. 7 and reveals the conserved 5΄ and 3΄ regions flanking the CVR 
as well as more conserved domains within the variable region.  
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Discussion 

A. marginale expresses antigenically and structurally distinct MSP3 

proteins during infection of cattle, the mammalian reservoir host (Alleman and 

Barbet, 1996; Alleman et al., 1997), and in tick cell culture (Blouin et al., 2000).  

The data presented in this study identify recombination of msp3 pseudogenes 

into a single expression site as a mechanism to generate MSP3 variants.  Only 

the expression site msp3 encodes the complete MSP3 protein, including the C-

terminus common to both MSP2 and MSP3.  Most notably, examination of the 

expression site msp3E at different time points in infection with the A. marginale 

Florida strain and between the Florida and St. Maries strains clearly 

demonstrated variation in the CVR.  The variation in the expressed msp3 was 

characterized by size differences as great as 543 bp and CVR sequence 

identity as low as 68%.  This variation is consistent with the up to 15 kDa size 

difference observed in expressed MSP3 proteins (Alleman and Barbet, 1996; 

Barbet et al., 1999; Blouin et al., 2000; Kano et al., 2002).  An increase in 

variability of the expression site msp3 was observed between the acute and the 

persistent populations of Florida strain A. marginale as the predominant msp3E 

(87% of the analyzed clones) in acute infection (msp3E-AcB, fig. 7A) was 

replaced by a heterogeneous mixture of variants in the persistent population 

with no individual variant representing more than 24% of the analyzed clones. 

The remaining msp3 loci are pseudogenes, each with a unique CVR and 

most often flanked by conserved regions.  None of the pseudogenes, with 

known flanking sequences, encode the N-terminal end and only one (msp3-
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SM2) encodes the C-terminal end (Brayton et al., 2001; Brayton et al., 2002).  

Southern blot and PCR analysis indicate the presence of 6-7 msp3 

pseudogenes in the Florida strain genome.  This is consistent with data from 

sequencing the St. Maries strain that has identified six pseudogenes in the 86% 

of the genome completed to date.  For five of the St. Maries strain msp3 

pseudogenes both 5΄ and 3΄ flanking regions are known (fig. 7C), there is only 

partial sequence of the sixth pseudogene, which is not shown.  In contrast to 

the variation in the expression site msp3E, examination of the msp3 

pseudogenes from different populations of the same strain revealed no 

changes.  These observations support a mechanism of gene conversion 

whereby invariant msp3 pseudogenes recombine into the single expression site 

to create a unique, expressed msp3E.  Recombination appears to involve either 

the entire CVR, as illustrated by pseudogene msp3-F4 recombining into the 

expression site clone msp3E-cosAc1C (fig. 7A), or segments within the CVR to 

create unique mosaics in the expression site msp3 (e.g., msp3E-AcC, fig. 7A).  

Comparison of the msp3 pseudogenes with the sequence of the expression site 

msp3E’s support both mechanisms and both have been demonstrated in msp2 

variation (Brayton et al., 2001; Brayton et al., 2002).  The recombination 

appears to be mediated by the regions flanking the CVR and conserved among 

all gene copies and, for recombination of segments, through shorter stretches 

of homology within the variable regions. 

The presence of a single msp3 expression site accompanied by multiple 

truncated pseudogenes dispersed throughout the chromosome appears 
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common among all examined A. marginale strains.  Southern blot analysis of 

the South Idaho and Oklahoma strains also indicated the presence of 5-8 msp3 

genes per genome (data not shown).  However, alignment of the msp3 

pseudogene sequences of the Florida and St. Maries strains indicates that, with 

the exception of the identical msp3-F6 and msp3-SM1 pseudogenes, the 

pseudogenes differ between strains (fig. 8A).  This indicates that msp3 

pseudogenes do undergo genetic changes, although most likely at a low 

frequency.  A similar divergence in pseudogenes encoding surface antigens 

was observed between two strains of Neisseria gonorrhoeae (Hamrick et al., 

2001).  While general features, such as the presence of conserved domains 

and the organization of the pil loci, were similar, none of the sequences were 

identical between the two N. gonorrhoeae strains throughout the entire length of 

a pseudogene copy.  In A. marginale, alignment of MSP3 CVR amino acid 

sequences encoded by the different pseudogenes reveals short stretches of 

semi-conserved regions (fig. 8B).  Although not absolutely conserved, there 

may be structural constraints related to MSP3 function that limit the degree of 

variation in these CVR domains. 

As previously noted (Palmer et al., 1994; Alleman et al., 1997; Brayton et 

al., 2001; Meeus and Barbet, 2001), both immunodominant A. marginale 

surface proteins, MSP2 and MSP3, are encoded by multi-gene families with 

shared structural features.  The present study further defines the similarity in 

msp2 and msp3 genetic structure and indicates that variation in both is 

generated by gene conversion.  Although the presence of a single expression 
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site and multiple truncated pseudogenes dispersed throughout the genome is 

common to msp2 and msp3, each uses distinct sets of pseudogenes.  The 

shared C-terminal region in MSP2 and MSP3 is due to the presence of this 

coding region in each expression site rather than recombination between the 

two gene families and there is no evidence to date that msp2 pseudogenes 

recombine into the msp3 expression site or vice-versa (fig. 6).  Together this 

makes these paralogous gene families truly unique.  After an original 

duplication event the genes diverged substantially, creating antigenically 

different proteins of 40 and 80 kDa.  At least one, possibly both, gene families 

underwent additional duplication events creating the two gene families.  Each 

gene family, however, retained a similar mechanism to create diversity and a 

highly conserved C-terminal end in the expression site.  Within a population of 

organisms, whether in culture, erythrocytes or in tick vectors, MSP2 and MSP3 

are always co-expressed (Barbet et al., 1999).  In situ surface protein 

crosslinking experiments indicate that MSP2 and MSP3 are nearest neighbors 

in the pathogen’s outer membrane and are thus co-expressed in individual 

pathogens (Vidotto et al., 1994).  Yet both proteins seem to undergo 

simultaneous variation during the course of a bovine infection.  The same 

populations used here to demonstrate msp3 variation have revealed a similar 

degree of msp2 variation during the course of an infection (Brayton et al., 

2002).  Whether there is any regulatory linkage between msp2 and msp3 

recombination remains to be determined, but this is not unlikely.  The msp2 and 

msp3 pseudogenes are often found in close proximity to each other, in a tail to 
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tail orientation (Brayton et al., 2001).  In addition, many of the msp2 and msp3 

copies, including the expression site msp3, are flanked by a similar tandem 

repeat composed of ORF’s X and Y (fig. 6A).  This tandem repeat could play a 

role in recombination or, alternatively, ORF’s X and Y could be part of yet 

another polymorphic multigene family expressed on the same transcript as 

msp3.  Interestingly, TBLASTN searches against the unfinished Ehrlichia 

(Cowdria) ruminantium, Wolbachia endosymbiont of Drosophila melanogaster, 

and Ehrlichia chaffeensis genome databases revealed several ORF’s 

homologous to ORF X in all species (E values : 1.2e-27–4.7e-23; 2.2e-12–1.1e-

12; 4e-33–6e-28 respectively), suggesting its conservation and importance 

within this family of pathogens.  Uncovering how these multigene families, such 

as msp2 and msp3, are regulated and allow the surface antigenic variation 

required for immune evasion will be a key step in understanding persistence in 

the mammalian reservoir host.  
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CHAPTER 5 
ANALYSIS OF THE GENOMIC STRUCTURE OF THE MSP3 AND RELATED 

GENE FAMILIES 

Introduction 

Organisms infecting mammals enjoy abundant nutrients in a temperature 

controlled, buffered environment.  This luxury comes at a price: continuous 

assault from a formidable immune system.  Many pathogens use one or more 

elaborate strategies to evade these defenses.  Antigenic variation is often found 

in vector-borne pathogens (Barbour and Restrepo, 2000).  In protozoa, variation 

may be achieved by switching expression between one of many different 

complete genes encoding a variable antigen.  Bacteria must make more 

efficient use of their small genomes if they are to have an extensive repertoire 

of variants. 

Some organisms that cause disease in animals and humans have been 

receiving much attention lately.  These pathogens of the family 

Anaplasmataceae include Anaplasma marginale, the causative agent of 

anaplasmosis in cattle, Ehrlichia (Cowdria) ruminantium, which causes 

heartwater disease of ruminants, and E. canis and A. platys causing infections 

of dogs.  Also included are emerging tick-borne infectious diseases of humans 

caused by E. chaffeensis (human monocytic ehrlichiosis) and A. 

phagocytophilum (human and animal granulocytic ehrlichiosis) (Dumler et al., 

2001).  Despite their small, circular genomes of 1.2 to 1.6 Mb these organisms 



 

 

87 

nevertheless have the ability to persist for long time periods in their mammalian 

hosts by expression of different surface antigens.  The increasing availability of 

sequence from Anaplasma and Ehrlichia genome sequencing projects has 

provided us with leads as to how this can be achieved from these small 

genomes.   

Following infection of naive cattle with A. marginale, an acute infection 

develops characterized by an increase in number of erythrocytes containing 

pathogens and typically, a severe anemia.  If the animal survives, the anemia 

resolves, clinical symptoms disappear and infected erythrocytes become 

difficult to detect.  However, more sensitive indicators of infection, such as PCR, 

continue to detect A. marginale and show that the number of organisms cycles, 

with a periodicity of 4-8 weeks (Palmer, Brown, and Rurangirwa, 2000).  The 

reasons for the persistent infection are becoming clear following investigations 

into the structural diversity of MSP2 and MSP3.  MSP2 and MSP3 are 

polymorphic proteins with a molecular weight of about 40,000 Da (MSP2) and 

80-90,000 (MSP3).  Two families of genes, each comprising >1% of the 

rickettsial genome, encode these proteins (Palmer et al., 1994a; Alleman et al., 

1997).  It was observed earlier that the msp2 and msp3 gene families are 

related, with one partial genomic copy of msp3 containing an msp2 gene 

segment (Alleman et al., 1997).  Also, T-helper cell clones recognizing A. 

marginale often respond to both MSP2 and MSP3, showing shared T cell 

epitopes (Brown et al., 1998b).  The publication of 44.5 kbp genomic 

information by Brayton et al. not only confirmed this relationship, as a similar 
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msp2 segment was found in two additional msp3 pseudogenes, but also shows 

that the structure of the two gene families is similar and their genomic 

organization closely linked (Brayton et al., 2001).  Finally, characterization of 

the MSP3 expression site revealed that the entire MSP2 C-terminal end was 

conserved in the expressed msp3E copy.  Both systems seem to employ a 

similar mechanism to create genetic diversity despite the substantial differences 

at the nucleotide and amino acid level between these two major antigens.  

While we begin to understand the genetics of these processes little is known 

about how the processes are mediated.  The availability of several hundred kb 

of sequence information from the ongoing A. marginale genome sequencing 

project provided the opportunity for further investigation into the mechanisms 

involved and the development of testable hypotheses. 

Experimental Procedure 

Data 

Three complete BAC sequences, G11, E6 and A10, were obtained from 

the A. marginale genome sequencing project webpage : 

http://www.vetmed.wsu.edu/research_vmp/anagenome.  BAC 16D3 contains 

the msp3E expression site locus for the St. Maries strain and >8000 bp 

surrounding msp3E was available for analysis as discussed in the previous 

chapter.  Different sequences from the Florida strain msp3E locus were 

obtained, again as described previously, from four different 5’RACE RT-PCR 

clones and three different genomic cosmid clones. 
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Analysis 

Repeats within the BAC’s were characterized using the REPuter 

program (http://bibiserv.techfak.uni-bielefeld.de/cgi-

bin/reputer_submit?mode=STARTUP) (Kurtz et al., 2001), MACAW (Multiple 

Alignment Construction & Analysis Workbench) (Schuler, Altschul, and Lipman, 

1991) and BLAST searches on a local A. marginale server (http://bu337-

b.vetmed.wsu.edu/blast/blast1.shtml).  Further analysis was done using 

PILEUP, PRETTY, BESTFIT, GAP, DISTANCES, REPEAT and STEMLOOP 

programs on the Wisconsin GCG package Version 10.3 (Accelrys Inc, San 

Diego, CA) available through the Biological Computing Facility of the 

Interdisciplinary Center for Biotechnology Research at the University of Florida.  

Promoter prediction was done using the Neural Network Promoter Prediction 

program (http://www.fruitfly.org/seq_tools/promoter.html). 

Gene Homologs 

To find gene homologs involved in DNA repair and recombination 

annotated sequences from the Rickettsia conorii and R. prowazekii genomes 

were used (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome).  

Additional orthologs discussed here originated from Escherichia coli obtained 

from the NCBI protein database 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Protein). 
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Results 

Genomic Structure of msp2 and msp3 Gene-Families 

Database mining of finished and unfinished BAC sequences of the A. 

marginale genome project reveals several BAC’s containing sequence with 

significant homology to known msp2 and msp3 genes.  The database contains 

12 continuous sequences, totaling 909,765 bases out of an estimated ~1.2 Mb 

in the genome or > 75%.  The actual sequence of BAC’s G11, E6, A10 and a 

section of 16D3 were available for further analysis.  BAC’s G11 and E6 contain 

many of the msp2 and msp3 genes.  The msp2 and msp3 expression sites are 

found on E6 and 16D3 respectively.  BAC A10 does not contain any sequence 

with close relationship to the msp2-msp3 gene families.   

Both G11 and E6 contain multiple msp2 and msp3 related genes; some 

of these genes are found in a pseudogene complex with msp2 and msp3 in a 

tail to tail orientation, while other genes are found independently from the other 

gene family (fig. 11 & 12).  A sequence similar to the 5’ flanking region and the 

N-terminal coding region of the expressed msp3 gene is found downstream 

from the msp2E operon on the opposite strand.  In addition to the classical 

msp2 pseudogenes, characterized by unique CVR flanked by specific 

conserved regions, several clusters of msp2-like sequences (msp2lk) can be 

found distributed over both BAC’s.  These sequences have a more distant 

relationship to msp2E and its associated pseudogenes.  Most msp2lk ORF’s 

have, however, a structure similar to the msp2 gene family, with a CVR flanked 

by conserved regions.  These conserved regions, although often conserved 
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within a cluster of msp2lk genes, are different from those found in msp2.  Many 

of the msp2lk regions have long ORF’s with C-terminal regions similar to 

msp2E and msp3E, they have putative start sites and no frame shifts.  Other 

ORF’s, e.g. msp2lk-5 and msp2lk-8, have homology to msp2, but are not 

characterized by the same structural features and some have frame shifts 

within their reading frames (fig. 9).   

 

 
 
Figure 9 msp2 and related ORF’s.   
This amino acid MACAW alignment represents the relationship of msp2E with 
its pseudogenes and several related msp2lk ORF’s found in the A. marginale 
genome.  Shaded blocks indicate sequence similarity of the different ORF’s with 
msp2E.  Darker colors indicate a more frequent occurrence.  msp2 
pseudogenes, msp2-sm1 through -sm5, are clearly characterized by truncated 
ORF’s with highly conserved 5’ and 3’ regions flanking a CVR.  msp2lk ORF’s 
have conserved a large part but not all of the 5’ conserved region and none of 
the 3’ conserved region.  On the other hand most msp2lk ORF’s appear full-
length and have retained homology to the MSP2 N- and C-terminal ends.  
Finally msp2lk5 and msp2lk-8 are more distantly related ORF’s with only short 
stretches of homology to MSP2. 
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While closely linked msp2-msp3 pseudogenes are persistently encoded 

on opposite strands there is no obvious overall bias as to which strand either of 

the gene families encodes (fig. 10).  In BAC E6 the two msp2 pseudogenes are 

found on the opposite strand compared to the expressed copy and the msp3 

pseudogene is on the same strand as msp2E.  This trend is, however, not 

continued in BAC G11.  Two msp2 and one msp3 pseudogenes are on one 

strand, while one msp2 and three msp3 are found on the other.  MSP4, another 

MSP2 paralog, is also encoded on the latter.  Database analysis reveals that 

the MSP2 and MSP3 expression sites are separated by 64,829 bp (from stop to 

start codon) and the ORF’s are oriented in the same direction. 

Several genes that could play a role in DNA repair and recombination of 

msp2 and msp3 are also present on BAC G11 and E6.  RecA, RecF, RecJ and 

RecG orthologs are found on G11 and E6.  No homologs to the genes of the 

RecBCD pathway were found, however, in the A. marginale database.  G11 

also contains a XerC/D related gene, an integrase / recombinase associated 

with site specific recombination.   

 
Figure 10 Orientation of MSP expression sites and pseudogenes.   
The relative orientation of the MSP expression sites and msp3 pseudogenes.  
msp3 is represented in green, the expression site by a full arrow and the 
pseudogenes by a triangle indicating their respective orientations.  Also 
represented are flanking recombinase homologs (light blue) known to be 
involved in DNA repair and recombination. 
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Each pseudogene or pseudogene complex is flanked by a similar 

conserved region, ORFX, at the 5’ or 3’ end.  The reading frame of this ORF is 

always on the opposite strand, N-terminal to N-terminal, as the pseudogene to 

which it is closest.  The msp3 expression site is an exception to this since 

ORFX forms direct tandem structure with the msp3E gene.  Often, but not 

always, ORFX is repeated in tandem to form the ORFX-Y flanking complex, 

also found in the expression site. 

 

 
Figure 11 BAC G11 repeats and recombinase genes. 
BAC G11 contains multiple msp2 (red) and msp3 (green) related genes, as well 
as homologs to recombinase genes (purple).  ORFX-Y is represented by a blue 
arrow.  A bp size references is given under the sequence. 
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Figure 12 BAC E6 repeats and recombinase genes. 
BAC E6 contains the msp2 operon (light blue operon associated genes (opag) 
and red arrows), multiple msp2 and msp3 pseudogenes and recombinase 
related ORF’s (purple).  Also present is a duplication of the 5’ end and flanking 
sequence of msp3E (dotted green).  ORFX-Y is represented by a blue arrow.   
 
msp2-msp3 Pseudogene Structure 

A total of five msp3 pseudogenes, five msp2 pseudogenes and at least 

10 msp2lk ORF’s were discovered on BAC’s G11 and E6.  Alignment of all 

msp3 pseudogenes reveals a similar structure with a CVR flanked by 

conserved regions unique for msp3.  Four pseudogenes have a ~170 bp 5’ 

region in their ORF that is near identical (97% identity) to sequence found in 

msp2E and msp2 pseudogenes.  One pseudogene, msp3P-SM5 does not have 

this region.  Additionally, the msp3E sequences on BAC 16D3 and those 

identified in the Florida strain have a similar but more divergent 5’ shared region 

with msp2 with only 67% identity.  The average identity at the amino acid level 

between MSP2 and MSP3 pseudogenes is 38%, within MSP3 pseudogenes 

68% and within MSP2 pseudogenes 78%.  There is, however, a wide range of 
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amino acid identities, mainly based on the presence or absence of msp2 related 

sequence at the 5’ and / or 3’ end.  In the absence of the obviously msp2 

related regions, as for msp3-SM5, the percentage identity with msp2 

pseudogenes is as low as 22%.  In msp3-SM2, which has an ORF containing 

the entire C-terminal end of the expressed msp2 and msp3 genes, the identity 

with msp2 pseudogenes is as high as 60%.  Other msp3 pseudogenes –SM1, -

SM2 and -SM4, also share a homologous sequence with msp2 at the 3’ end of 

their ORF’s.  This sequence, encoding the amino acids VAGA(F), characterizes 

the transit of the CVR to the 3’ conserved region in msp2.  Within the msp3 

pseudogenes the CVR can be as much as 624 bp different in size, while only 

minimal changes are noted in the msp2 pseudogenes.   

Within the msp2 and msp3 pseudogenes it is apparent that certain genes 

are more closely related to each other than to other genes, both in the ORF and 

in the flanking sequence.  msp3-SM4 and msp3-SM5 are the closest related 

msp3 pseudogenes with an overall nucleotide identity of >89%, and a nearly 

identical 3’ CVR.  Their 3’ flanking sequence has however maintained a >99% 

identity over 1311 bp, which includes the flanking msp2 pseudogene.  The 

region upstream from these related msp3 pseudogenes does not have any 

significant homology.  An inverse situation is seen in two other closely related 

msp3 pseudogenes, i.e. msp3-SM1 and msp3-SM2.  While the genes again 

share a very similar 3’ CVR (90% identity at nucleotide level), the 3’ flanking 

region is different, but the 5’ flanking region is near identical for over 815 bp.  

Also msp3-SM2 and -SM3 do not share sequence immediately upstream of 
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their ORF, but they do have homologous sequence more upstream in their 

flanking regions.  Finally, all msp3 pseudogene CVR’s are characterized by a 

more conserved region in the center (fig. 13).   

Recombination Hot Spots and Chi-like Sequences 

Several recombination hot spots are present in the msp3 expression 

locus.  Not only are different CVR present in the expressed msp3E copy, 

additional sites in the 5’ flanking region undergo recombination.  Two regions, 

one immediately past the predicted signal peptide in ORFX and one at the end 

of ORFX, are characterized by substitution, deletions and insertions when 

clones obtained from DNA and RNA are compared.  While recombination within 

the Florida strain is substantial, the difference with the St Maries locus is 

characterized by a ~190 bp insertion between ORFX and msp3E.  Sequence 

alignment of these different expression sites reveals a Chi-like sequence close 

to this 3’ recombination hot spot (fig. 14).  Analysis and database searching 

reveals that this short sequence is also repeated numerous times in regions 

flanking the msp2 and msp3 pseudogenes.  In contrast the Chi-like sequence is 

not found in BAC A10, which does not have any msp2-msp3 pseudogenes.  

Alignment of all regions containing this Chi-like sequence shows that it is part of 

a larger 15 nucleotide repeat, agagagcTGTGGTGG, with the small cap 

nucleotides not always present.  The statistical chance that the conserved 

decamer occurs is ~1/106 bp.  An alternative version containing a thymidine at 

position 12 occurs (underlined).  These Chi-like sequences often are found 

where stretches of similar or homologous sequences diverge (fig. 14). 
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A

 
 
B 
           1                                                   50 
msp3p-sm1  SMLTALEGSI GYSIGGARVE VEVGYERFVI KGGKKSNEDT ASVFLLGKEL  
msp3p-sm2  SMLTALEGSI GYSIGGARVE VEVGYERFVI KGGKKSNEDT ASVFLLGKEL  
msp3p-sm3              YRSGRARVE VGIGHERFVI KGG....DDT A..FLLGREL  
msp3p-sm4         GSI GYRIGGARVE VGIGHERFVI KGG....DDA A..FLLGREL  
msp3p-sm5   
 
           51                                                 100 
msp3p-sm1  AYDTARGQLL SSALGRMSMG DVRRLKKEVV GSIGRGTASP VRAMFSRKIS  
msp3p-sm2  AYDTARGQLL SSALGRMSMG DVRRLKKEVV GSIGRGTASP VRAMFSRKIS  
msp3p-sm3  ALDTARGQLL SSALGRMSMG DVHRLKKEVV GSIGRGTASP VRAMFSRKIS  
msp3p-sm4  ALDTARGQLL SSALGRMSMG DVHRLKKEVV GSIGRGTASP VRAMFSRKIS  
msp3p-sm5                                    SIGRGTASP VRAMFSRKIS  
 
           101                                                150 
msp3p-sm1  DGDTLLAGEM VGVDEGLVIQ ELSRPEELEK LQHELAKQVS KLAELGELKW  
msp3p-sm2  DGDTLLAGEM VGVDEGLVIQ ELSRPEELEK LQHELAKQVS KLAELGELKW  
msp3p-sm3  DGDTLLAGEM VGVDEGLVIQ ELSRPEELEK LQHELAKQVS KLAELGELKW  
msp3p-sm4  DGDTLLAGEM VGVDEGLVIQ ELSRPEELEK LQHELAKQVS KLAELGELKW  
msp3p-sm5  DGDTLLAGEM VGVDEGLVIQ ELSRPEELEK LQHELAKQVS KLAELGELKW  
 
Figure 13 msp3 pseudogenes share many features in their coding and flanking 
regions.   
A. A diagrammatic representation of the St Maries strain msp3 pseudogenes 
reveals that msp3 pseudogenes are characterized by highly conserved blocks 
of sequence (dark green boxes) flanking a CVR (grey block), which has a more 
conserved region (dotted green box) in the middle.  Additional but more variable 
shared features include a flanking ORFX repeat (blue arrows), regions of msp2 
homology at the 5’ and / or 3’ end (red boxes) and flanking msp2 pseudogenes 
(red and grey boxes) or msp2lk ORF’s (red dotted arrows).  Blue boxes are 
remaining ORF’s.  Other regions of homology are represented by color dotted 
diamonds.  A gap was introduced in the CVR of msp3-SM1 and msp3-SM4 to 
illustrate the homology of their 3’ CVR with pseudogenes msp3-SM2 and msp3-
SM5 respectively, as highlighted by similar x- and t-hashed CVR segments.  
The msp3-SM5 5’ flanking region contains a sequence near identical to the 5’ 
coding and flanking region of msp3E in opposite orientation (blue, red and 
green box).  B. The amino acid alignment of the ORF’s of msp3 pseudogenes 
reveals the extent of the homology in the conserved regions at the edges and in 
the middle of the CVR.  Red shaded areas have homology to MSP2, dark green 
are the conserved flanking regions and light green is the conserved region in 
the center of the CVR. 
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           151                                                200 
msp3p-sm1  LEQLETLETE ELEQGLE... .......... .......GAL KALGVEASV.  
msp3p-sm2  LEQLETLETE ELGEVLEEKE TKKIAEVKE. .....AKGQL EEMKIQAVVT  
msp3p-sm3  LEQLETLQTE ELQRVKD... ..RIGEMVV. .....VKEKL KALAGRGEDP  
msp3p-sm4  LEQLETLETE EL........ .......... ...QRVKDRI G.........  
msp3p-sm5  LEELEKLETE ELEQGLEGAL KALGVEASVQ ELVQRFKKEI ADGKTPEEIK  
 
           201                                                250 
msp3p-sm1  .......... .......... .......... .......... ..........  
msp3p-sm2  TVGYNRLGLT EVEWKKLGLA EK.TEKIKEK KLETEELKKW ERVKLDVGGS  
msp3p-sm3  AGLKKAIEEA NADELKKGLQ EV.VKTLEEK KSELQELKEI KEIK......  
msp3p-sm4  .....EIEAK KLEEVEAARK ...IEDIE.. .......KLK VEGKEVELAK  
msp3p-sm5  LEWIKEIEAK KLEEVKKAKK EAFILGIEQR LGESETLKDK LKGGKLEELK  
 
           251                                                300 
msp3p-sm1  .......... ...QELVQRF KK..EI..AD GKTPEEIK.. ..........  
msp3p-sm2  GWKLEELRG. DKLKEAIKKL GE..ELKKVD ASTGPETKEK LRNLKSRLEE  
msp3p-sm3  .DKLEELAAI RRLKGEIEKI NEPGELEALE AKKLEEVKAE FK........  
msp3p-sm4  ..KLKELGDK AGVLGGIKAV RKLREELKGQ VD....LKSK LEELAAIRG.  
msp3p-sm5  GGSLKEVLNK LGTWIGGK.. EEWKEGFKGQ VDMLKNLKSK LEELAAIRGL  
           301                                                350 
msp3p-sm1  LEWIK..... .......... .EIEAKKLEE V......... ..........  
msp3p-sm2  LEMIKGLKEE IEKIDAPGDL EQLEAKKLEE VQEQAEKKLA ELELADKGGA  
msp3p-sm3  ...VKGSELE TH.LEREWLL DELEAKTLKE IKQEWEKKLE GLK..DKLAA  
msp3p-sm4  ......LKGE IDKLSEPGDL EQLEAKKLEE VEAAKKEVV. ......TKVG  
msp3p-sm5  KGGVERLKGE LDKLSEPGDL EQLEAKKLEE VEAAKKEVAD KIEKVKEKVG  
 
           351                                                400 
msp3p-sm1  ...KA.KV.. .......... KGSE..L... AEHLDKTWLL RR........  
msp3p-sm2  LGTKG.EIRE V.RQLKELAD KGGA..LGIM AEKLKKQESL KG........  
msp3p-sm3  IRGVG.KLQE L.VQ.KEREI KG.K..LDAV .HKLETTEKL KD........  
msp3p-sm4  FNELGLKEAE ....WKKL.. .GSTEKLKRV .QEVAEKRKL GELKD.....  
msp3p-sm5  DTGLGKKVEE LGEKFKRLTE QDSAELVQRV REELRESEAL EKVKNLGLEG  
 
           401                                                450 
msp3p-sm1  ......IGRV GQELAAIREL KALGLEEQLR TLAEVKEVKA LAEKQKIEGL  
msp3p-sm2  ......LGGT VEELAAIREL KALGLEEQLR TLAEVKEVKA LAEKQKIEGL  
msp3p-sm3  ......LKKK LEELAAIREL KALGLEEQLK TLAEIKEVKG LAEKQKAGGL  
msp3p-sm4  .....KLKSK LEELAAIREL RALGLEERLR ELAEVKEVRA LAEKRK..EL  
msp3p-sm5  IRVVVKLKSK LEELAAIREL RALGLEERLR ELAEVKEVRA LAEKRK..EL  
 
           451                                                500 
msp3p-sm1  EIQEGLQLTE RMRGLDRRLV RLAAQKLEE. .......... IQELTQ..R.  
msp3p-sm2  EIQEGLQLTE RMEGLERRLV WLEERKLEE. .......... IKGLKQLET.  
msp3p-sm3  EIQEGLQLTE KIKALNVGIV .......... .......... .GGLGRLEA.  
msp3p-sm4  DVQGGLQLTE RIRALGGQLD RLEARRLAES TEGNLEEVWI LGNLGQLDEL  
msp3p-sm5  DVQGGLQLTE RIRALGGQLD RLEARRLAES TEGNLEEVWI LGNLGQLDEL  
 
           501                                                550 
msp3p-sm1  ...QRIRKET NPQSIRKAAS MLEEISVLRE LRQLDELIPE .EQLRT....  
msp3p-sm2  ...QKVRRES NPQSIRKAAG MLEEIKVLRK LGQLDELIPE .EQLRT....  
msp3p-sm3  ...KRL.GEA DGRLVEK... .......LER LGRLDELVPG ....KT....  
msp3p-sm4  ATGKKLRESE ATRATLKQLK EIKLVDLERK LEPWGELKKE IEKIKNAQEL  
msp3p-sm5  ATGKKLRESE ATRATLKQLK EIKLVDLERK LETMGELKKE IEKIKNAQEL  
 
           551                                                600 
msp3p-sm1  .......LAE VKDTIAQLEA .....QKLTE VLK.IFKVEE TS......IG  
msp3p-sm2  .......LAE VKDTIAQLEA .....QKLTE VLK.IFKVEE TS......IG  
msp3p-sm3  .......LGE MKATLKRLRE .....LAEKD KLE.KFKGKN TADLVTKGVG  
msp3p-sm4  EKLEQEKIKE VEAALKKVKS GERVGSSLKE ELKGQLEAGK LKEAKITKLK  
msp3p-sm5  EKLEQEKIKE VEAALKKVKS GERVGSSLKE ELKGQLEAGK LKEAKITKLK  
 
           601                                                650 
msp3p-sm1  ALVKKLQKR. ..LEGS..EG KKELEKHWLL KRSGREKDEL A.....KIKA  
msp3p-sm2  ALVKKLQKR. ..LEGS..EG KKELEKHWLL KRSGREKDEL A.....KIKA  
msp3p-sm3  WLVGFVESA. ..VIGQ..EK LGDVLKGEEL ..VNLEK.KL A.....KIKA  
msp3p-sm4  ELVKELEKPG TVSQGELKEG KENLKSKLEE LVAIRELKEL GFKDWLRLRT  
msp3p-sm5  ELVKELEKPG TVSQGELKEG KENLKSKLEE LAAIRELKEL GLKDWLRLRT  
 
Figure 13 (continued). 
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           651                                                700 
msp3p-sm1  LEELTEIAEK RGVATVMKAA LTNAMEITKN RGWTDYLNSL DVSERANAAR  
msp3p-sm2  LEELTEIAEK RGVATTLKAA LASAMEIAKN RGWTDYLNSL DVSERANAAR  
msp3p-sm3  LEELTEIAEK RGVATVMRAA LTSAMEMAKN RGWTDYLNSL DVSERANAAR  
msp3p-sm4  LEELTEIAEK RGVATVMKAA LASAMEIAKN RGWTDYLNSL DVSERANAAK  
msp3p-sm5  LEELTEIAEK RGVATVMKAA LTNAMEITKN RGWTDYLNSL DVSERANAAK  
 
           701                                                750 
msp3p-sm1  ELIAAEKIRK WARDINNLDA DERAMVAGAL TPSTTV*  
msp3p-sm2  ELIAAEKIRK WARDINNLDA DERAMVAGAF ARAVEGAEVI EVRAIGSTSV  
msp3p-sm3  ELIAAEKIRK WARDINSLDA DERAM*  
msp3p-sm4  ELIAAEKIRK WARDINNLDA DERAMVAGAL TLFLTPSTTV *  
msp3p-sm5  ELIAAEKIRK WA*GLLITWM LMNGQW*  
 
           751                                                800 
msp3p-sm1   
msp3p-sm2  MLNACYDLLT DGIGVVPYAC AGIGGNFVSV VDGHINPKFA YRVKAGLSYA  
msp3p-sm3   
msp3p-sm4   
msp3p-sm5   
 
           801                                                850 
msp3p-sm1   
msp3p-sm2  LTPEISAFAG AFYHKVLGDG DYDELPLSHI SDYTGTAGKN KDTGIASFNF  
msp3p-sm3   
msp3p-sm4   
msp3p-sm5   
 
           851         864 
msp3p-sm1   
msp3p-sm2  AYFGGELGVR FAF* 
msp3p-sm3   
msp3p-sm4   
msp3p-sm5   
 

Figure 13 (continued). 



 

 

100 

A 

 
B 
msp3P-SM1  ttggtaccac ctacaaaccc aagtcccaac ttctggcacc tcctgccctt  
msp3P-SM2  tacccctggc acctcagccc aacttggcac gaCCACCACA GCTCTCTgca  
 
msp3P-SM1  ggcactcaac ccaactcatt acccagaccg CCACCACAGC TCTCTgcacc  
msp3P-SM2  ccatcactac ccagcaccgg gcttgaccgc tgtatgctgt gaacagtcaa  
 
msp3P-SM1  atcactaccc agcagcacct aatcttctat cggttacttt gggcagtgcc  
msp3P-SM2  acttactggc atcacctatg ccttcaccac taagtccggc ctccttgccc  
 
msp3P-SM1  tttatgactg gcacagtcaa acttaccagc attctccatg ccttcaccac  
msp3P-SM2  agtatgactg gcacagtcaa acttatcggc atccttcaca ccttcaccac  
                                        1165 bp (99% identity) -> 

 
C 
           <- 176 bp (97 % identity) 
msp3P-SM2  ctataaactc ctggcatccc agtctaactt ggtaccacac agcatctccc  
msp3P-SM3  ctataaactc ctggcatccc agcccaacct gCCACCACAG CTCTCTgcac  
 
msp3P-SM2  aacctctggt acctcctcct gcccttggca ctctcccaa 
msp3P-SM3  cggtatcacc gacataacat aaccgccagc acctcatct 
 
Figure 14 Recombination hot-spots surrounding msp3 genes.   
A. Diagram of regions of homology and divergence surrounding the St Maries 
msp3 pseudogenes.  The boxes and letters designate the position of the 
sequences in panels B,C and D.  Green arrows represent msp3, red msp2, blue 
ORFX and black the Chi-like sequence.  Dotted diamonds represent region of 
homology outside the pseudogenes and ORFX repeats.   
B. Homology (shaded boxes) in the 5’ coding and 5’ flanking region of msp3 
pseudogenes msp3-SM1 and –SM2 diverges towards the end of the ORFX-Y 
repeat.  A Chi-like sequence (underlined and bold) can be found just upstream.  
C. A similar Chi-like sequence is present down stream from a region of 
homology in the msp3-SM2 and msp3-SM3 5’ flanking region.   
D. Similar features are observed in the 3’ flanking region of msp3-SM4 and –
SM5.   
E. Interestingly this is also a feature found in the msp3E expression locus.  
ORFX, the second part of the ORFX-Y repeat, is characterized by 
recombination at the 5’ (not shown) and 3’ end.  Again, homology diverges 
towards the end of the open reading frame of ORFX and a Chi-like sequence is 
present in all expression site sequences obtained from the Florida and St 
Maries isolate despite the variation in that region. 
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D 
           <- 2312 bp (98% identity) 
msp3P-SM4  ttacagctat attctttggt gctggtaagg cttctactca tgctactcat  
msp3P-SM5  ttacagctat attctttggt gctggtaagc ttatggctaa atttgctgct  
 
msp3P-SM4  actggcaagg atggtattgg cagcaaccct tacggttgct gcgtgttgta  
msp3P-SM5  gggttgagtg gtgacggtat ggataaggcc gagaactttg actgtgccac  
 
msp3P-SM4  gggccagaag gttttggtgg cgcggatgtg ctgtgtttgg tcgcgcggtg  
msp3P-SM5  agtgcgtaat aagagtacca agtaggtgat ggtgcaggGA GCTGTGGTGG  
 
msp3P-SM4  agtggcttgc gacaagtctg tgcaaaattc ctttgtatac ggcgagtatt  
msp3P-SM5  tgccaggagt ttggagatat gggcttgggt tattgtcggg tggtaccaag  
 
msp3P-SM4  gttatatgct tgactctcgc ttttcgtggc cagggttttg agaggagttg  
msp3P-SM5  agcttcgaat ggtgcAGAGA GCTGTGGTGG cattgtagta agttgggctg  
 
E                  _________________________ORFX_________________________ 
                    1                                                   50 
msp3E-F5r9          TTTGCTGCTG GGTTGAGTGG TGAGGGTGTG AAGGA...TG CCGGTAGCTT 
msp3E-F5r16         TTTGCTGCTG GGTTGAGTGG TGAGGGTGTG AAGGA...TG CCGGTAGCTT 
msp3E-F5r15         TTTGCTGCCG GGTTGAGTGG TGAGGGTGTG AAGGA...TG CCGGTAGCTT 
msp3E-F5r14         TTTGCTGCTG GGTTGAGTGG TGAGGGTGTG AAGGA...TG CCGGTAGCTT 
msp3E-FcosAc1C      TTTGCTGCTG GGTTGAGTGG TGAGGGTGTG AAGGA...TG CCGGTAGCTT 
msp3E-FcosPers9D    TTTGCTGCTG GGTTGAGTGG TGAAGGCATG GAGAA...TG CTGGTAAGTT 
msp3E-FcosPers2E    TTTGCTGCCG GACTTAATGG TGAAGGCATA GGTGA...TG CCAGTAAGTT 
msp3E-SM16d3        TTTGCTGCTG GATTGGGCGA TGTGGGAGGA GGAACGGATG CCAGTAAGTT 
                    _______________________________________________ _ _ _ 
                    51                                                 100 
msp3E-F5r9          TGACTGTTCC AGTTATAAAG G......... .......... .......... 
msp3E-F5r16         TGACTGTTCC AGTTATAAAG G......... .......... .......... 
msp3E-F5r15         TGACTGTTCC AGTTATAAAG G......... .......... .......... 
msp3E-F5r14         TGACTGTTCC AGTTATAAAG G......... .......... .......... 
msp3E-FcosAc1C      TGACTGTTCC AGTTATAAAG G......... .......... .......... 
msp3E-FcosPers9D    TGACTGTGCA AGTTATAAGG GTA....... .......... .......... 
msp3E-FcosPers2E    TGACTGTGCC AGTCATAAAG GTAGCAGTGG TGCTGCTGGG TAGTGATGGT 
msp3E-SM16d3        TGACTGTGCC AGTCATAAAG GTAGCAGTGG TGCTGCTGGG TAGTGATGGT 
 
                    101                                                150 
msp3E-F5r9          .......... .......... .......... ........CA CTGCTAGGCA 
msp3E-F5r16         .......... .......... .......... ........CA CTGCTAGGCA 
msp3E-F5r15         .......... .......... .......... ........CA CTGCTAGGCA 
msp3E-F5r14         .......... .......... .......... ........CA CTGCTAGGCA 
msp3E-FcosAc1C      .......... .......... .......... ........CA CTGCTAGGCA 
msp3E-FcosPers9D    .......... .......... ...CTGCCGC TGGGAAGTAG CTTCTGGGTA 
msp3E-FcosPers2E    GCAGAGAGCT GTGTTGGCCT TGGTTAGGAG ATGCTGGTTA CCGTTGAAGT 
msp3E-SM16d3        GC........ .......... .......... .......... ...AGAGAGC 
 
                                Chi-like sequence 
                    151                                                200 
msp3E-F5r9          GTGATGGTGC AGAGAGCTGT GGTGGTCGTG CCAAGTTAGA CTG....... 
msp3E-F5r16         GTGATGGTGC AGAGAGCTGT GTTGGTCGTG CCAAGTTAGA CTG....... 
msp3E-F5r15         GTGATGGTGC AGAGAGCTGT GGTGGTCGTG CCAAGTTAGA CTG....... 
msp3E-F5r14         GTGATGGTGC AGAGAGCTGT GGTGGTCGTG CCAAGTTAGA CTG....... 
msp3E-FcosAc1C      GTGATGGTGC AGAGAGCTGT GGTGGTCGTG CCAAGTTAGA CTG....... 
msp3E-FcosPers9D    GTGATGGTGC AGAGAGCTGT GGTGGTCGTG CCAAGTTAGA CTG....... 
msp3E-FcosPers2E    GAACCGGTGC AGAGAGCTGT GGTGGTCGTG CCAAGTTAGA CTG....... 
msp3E-SM16d3        TGTGGTGGTG GCAGAGCTGT GGTGGTCGTG CCAAGTTGGG CTGAGTGCTG 
 

Figure 14 (continued). 



 

 

102 

                    351                                                400 
msp3E-F5r9          .......... .......... ...GGATGCC AGGGGTTTAT AGATAGTGGC 
msp3E-F5r16         .......... .......... ...GGATGCC AGGGGTTTAT AGATAGTGGC 
msp3E-F5r15         .......... .......... ...GGATGCC AGGGGTTTAT AGATAGTGGC 
msp3E-F5r14         .......... .......... ...GGATGCC AGGGGTTTAT AGATAGTGGC 
msp3E-FcosAc1C      .......... .......... ...GGATGCC AGGGGTTTAT AGATAGTGGC 
msp3E-FcosPers9D    .......... .......... ...GGATGCC AGGGGTTTAT AGATAGTGGC 
msp3E-FcosPers2E    .......... .......... ...GGATGCC AGGGGTTTAT AGATAGTGGC 
msp3E-SM16d3        AAGAGGTGCT GTGAGGATGT AGGCACCAGG TTATGTCGGT GGTACCAAGA 
 
                    401                                                450 
msp3E-F5r9          TTTGTTATGT CGGTGGTACC AAGAACTTCA AGT...GTGT TGGTGCCCAG 
msp3E-F5r16         TTTGTTATGT CGGTGGTACC AAGAACTTCA AGT...GTGT TGGTGCCCAG 
msp3E-F5r15         TTTGTTATGT CGGTGGTACC AAGAACTTCA AGT...GTGT TGGTGCCCAG 
msp3E-F5r14         TTTGTTATGT CGGTGGTACC AAGAACTTCA AGTTGATGGT GACCTGGGTA 
msp3E-FcosAc1C      TTTGTTATGT CGGTGGTACC AAGAACTTCA AGTTGATGGT GACCTGGGTA 
msp3E-FcosPers9D    TTTGTTATGT CGGTGGTACC AAGAACTTCA AGT...GTGT TGGTGCCCAG 
msp3E-FcosPers2E    TTTGTTATGT CGGTGGTACC AAGAACTTCA AGT...GTGT TGGTGCCCAG 
msp3E-SM16d3        GCTTTGACTG TGCCGGTTAT AAGGAGGCAC GAATGAGGTG TTGTGCCCAG 
 
                    451                      476 
msp3E-F5r9          TAGAGTTGGA AGTGTGAGTG ATGTTT 
msp3E-F5r16         TAGAGTTGGA AGTGTGAGTG ATGTTT 
msp3E-F5r15         TAGAGTTGGA AGTGTGAGTG ATGTTT 
msp3E-F5r14         GTAAGTTGGA AGTGTGAGTG ATGTTT 
msp3E-FcosAc1C      GTAAGTTGGA AGTGTGAGTG ATGTTT 
msp3E-FcosPers9D    TAGAGTTGGA AGTGTGAGTG ATGTTT 
msp3E-FcosPers2E    TAGAGTTGGA AGTGTGAGTG ATGTTT 
msp3E-SM16d3        TAGAGTTGGG AGTGTGAGTG ATGTTT 
 

Figure 14 (continued). 
 

Discussion 

Genomic Structure  

It is interesting not only that the structure of msp2 and msp3 genes is 

similar, but that the pseudogenes also appear in concert in the genome.  Msp2-

msp3 genes and pseudogenes do not appear totally random in the genome as 

previously suggested (Palmer et al., 1994a ; Alleman et al., 1997).  Most 

paralogs are confined to ~25% of the genome.  Earlier observations, in which 

msp2 and msp3 pseudogenes were found in a close tail to tail position, are 

confirmed with the new genes identified by the A. marginale genome 

sequencing project (Alleman et al., 1997; Alleman et al., 1997; Brayton et al., 

2001).  This suggests a possible coordinated control of expression or 
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recombination of the two gene families.  However this tail to tail structure is not 

universal since for both msp2 and msp3 gene families pseudogenes exist that 

are not flanked by a member of the other gene family.  This indicates that this 

structure is probably not a prerequisite for recombination. 

On the other hand, a conserved flanking region, ORFX, is present next to 

each pseudogene or pseudogene complex (msp2 + msp3).  Often this ORF is 

repeated in tandem to form the ~600bp ORFX-Y flanking repeat.  Sequences or 

repeats of such lengths can hardly be attributed to chance and this suggests a 

role in the recombination of both msp2 and msp3 genes (Brayton et al., 2001).  

In N. gonorrhoeae, flanking repeats, called the Sma/Cla repeat, at the 3' end of 

pilin genes have been shown to be involved in recombination (Wainwright, 

Pritchard, and Seifert, 1994).  In Borrelia hermsii three imperfectly repeated 

segments of 2 kb precede the vmp (variable membrane protein) gene promoter 

(Barbour et al., 1991).  Similarly, the ORFX-Y repeat is also found in the msp3 

expression site.  In contrast to its orientation in relation to most pseudogenes, in 

the msp3 expression site ORFX-Y is encoded on the same strand as msp3E.  

The repeat has been shown to be present on msp3E transcripts by 5’ RACE 

and thus has the potential to be expressed.  Like msp3E, ORFX is polymorphic 

in this locus among the Florida 5’ RACE products, cosmids and the St Maries 

BAC.  The first variable region is in the 5’ end of the ORF and the second at the 

3’ end of the ORF (fig. 4).  These variable regions are characterized by the 

deletion, insertion, and replacements of several codons that do not change the 

predicted reading frame.  ORFX is, however, not found in the msp2E operon 
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and this suggests that its presence in the expression site might not be essential 

for recombination.  An alternative explanation is that ORFX is yet another multi-

gene family that underwent duplication together with msp2 and msp3, and is 

expressed from the msp3E locus.  Interestingly, the ORFX in the msp3 

expression site contains a predicted signal peptide similar (18/26 identical 

amino acids) to the signal peptide of msp3E.  This could indicate that the 

protein products of msp3E and ORFX are targeted for similar cellular 

localization.  Nevertheless, its systematic presence near msp2 and msp3 genes 

is intriguing.  It will be important to discover whether the variation in the msp3 

expression site ORFX-Y repeats is templated, and whether similar variation 

occurs in or around the pseudogenes. 

Recombination often involves exchanges between segments of DNA 

molecules of nearly identical sequence.  Although repeated sequences are 

more scarce in bacterial genomes than in eukaryotic genomes, enough exist to 

produce extensive rearrangement, deletion or multiplication of genetic material 

(Rocha and Blanchard, 2002).  These recombination events may conflict with 

genome stability by causing chromosomal rearrangements.  Probably to avoid 

such events, Mycoplasma spp. strongly avoid inverse repeats in comparison to 

co-oriented repeats (Rocha and Blanchard, 2002).  One might expect that 

orientation of the msp2 and msp3 genes plays a role in facilitating 

recombination between the expression site and the pseudogenes, while 

impeding recombination between different pseudogenes and between the two 

families.  Analysis of the A. marginale genome sequence indicates that msp2E 
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and msp3E are encoded on the same strand, separated by ~64kbp.  Also 

encoded on the same strand is pseudogene msp3-SM2, which contains the 

entire conserved C-terminal end.  This orientation potentially prevents fatal 

recombination between these different loci characterized by extensive similarity.  

On the other hand, there is no apparent orientation bias in the pseudogenes of 

either families.  Additionally, no bias could be detected in the flanking ORFX-Y 

repeat.  It is fascinating to observe that the “true” genes identified in the context 

of this analysis, including msp2E, msp3E and the different rec-genes, all are 

encoded on the same strand, with the exception of msp4.  This is a trend 

reported for E. coli and many other prokaryotes  (McLean, Wolfe, and Devine, 

1998). 

Pseudogene Structure  

A total of 5 msp2 and 5 msp3 pseudogenes, out of an estimated total of 

~7 each, were available for analysis.  Both pseudogene families reveal a similar 

structure with a CVR flanked by highly conserved regions at the 5’ and 3’ end.  

From the analysis it is clear that both families originate from a common 

ancestor and are thus paralogs.  This is supported by the stretches of sequence 

homology at the 5’ and / or 3’ end.  While this is most obvious in the expressed 

copies additional evidence can be found in the pseudogenes.  Four out of five 

msp3 pseudogenes share a near identical 5’ ORF (125-176 bp) with msp2, two 

pseudogenes (msp3-SM1 & -SM4) share a short 3’ end with msp2 (encoding 

VAGAF, fig. 13) and the msp3-SM2 pseudogene has retained the entire 

conserved C-terminal coding region also found in the expression sites.  While 
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the 5’ ORF sequence in msp3 pseudogenes is near identical to msp2 sequence 

it has diverged more in the msp3E sequence.  On could therefore hypothesize 

that conservation of this sequence is important in the pseudogenes.  However 

the absence of this stretch of homology in pseudogene msp3-SM5 conflicts with 

this.   

Despite their common ancestry, notable differences are present between 

the two gene families, with specific msp3 genes featuring additional conserved 

regions flanking a much longer CVR.  Also, the total length of the CVR in the 

different msp2 pseudogenes stays within a narrow range (up to 27 bp 

difference) while the msp3 CVR length is more variable (up to 624 bp 

difference).  Moreover, the msp2 gene family has remained more homogeneous 

(73-99 % identity) than the msp3 family (55-85% identity), hinting at different 

selection pressures or biological constraints.  Msp2 and msp3 genes must have 

undergone a number of duplication events since they originated from their 

common ancestor.  Within the msp3 gene family it becomes clear that not only 

the msp3 pseudogenes were duplicated, but equally their flanking regions, 

specifically ORFX-Y.  Evidence of this can be found by comparisons of msp3-

SM1 with –SM2, and of msp3-SM4 with –SM5.  The first pair shares a more 

conserved 3’ CVR as well as a conserved 5’ flanking sequence.  The second 

pair has an almost identical 3’ CVR and 3’ flanking region, including an msp2 

pseudogene.  Interestingly, while msp3-SM4 and –SM5 have diverged 

substantially (only 85% identity at the amino acid level), the flanking msp2 

pseudogenes are entirely conserved.  This, together with the higher degree of 
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diversity in the msp3 pseudogenes overall, again indicates that both 

pseudogene families are under different selection pressures or constraints.  If 

true, this would result in msp2 genes being more conserved between different 

strains of A. marginale than msp3 genes.  Some evidence for this can be found 

in the comparison of msp3-19, a pseudogene and flanking sequence 

characterized in the Florida strain (Alleman et al., 1997), with the St. Maries 

strain pseudogene msp3-SM3.  Comparison of the two msp3 pseudogenes 

does not reveal any specific close relationship, but again the 3’ flanking region 

is highly conserved and this includes an ORFX and an msp2lk ORF.  A similar 

relationship is found between the St Maries msp3-SM1 and the Florida msp3-11 

(Alleman et al., 1997), which have both retained a similar 3’ flanking region, 

including an msp2 pseudogene (96% nucleotide identity), but the msp3 

pseudogenes have diverged (50% nucleotide identity).   

The homologies in the CVR of the two pairs of related St. Maries strain 

msp3 pseudogenes (SM1-SM2 and SM4-SM5) diverge around the same 

sequence, i.e. the central, more conserved region within the CVR.  This 

indicates that this sequence might play a role as a cross-over point in 

pseudogene and expression site recombination.  Alternatively, the 5’ end of the 

CVR might again be under different selective pressures than the 3’ end.  Both 

pairs of flanking regions diverge at the location of ORFX.  This indicates that 

recombination possibly hinges around this sequence.  This role of ORFX, as a 

recombination hot-spot, agrees with observations from the msp3 expression 

locus when this is compared within and between isolates.  Comparison of other 
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homologous regions in the St Maries BAC’s additionally reveals a short stretch 

of conserved nucleotides in close proximity (agagaGCTGTGGTGG).  This 

sequence shows similarity with the E. coli (GCTGGTGG) or Haemophilus 

influenzae (GNTGGTGG or GG/CTGGAGG) Chi-sequences, which have been 

shown to be involved in the RecBCD pathway of homologous recombination 

(Sourice et al., 1998; Kowalczykowski, 2000).  This Chi-like sequence is also 

present in all available msp3E 5’ flanking sequences.  The Chi-like sequences 

do not occur outside these regions of homology, the conserved decamer is only 

predicted to occur by chance every ~1/106, and it is often repeated 2 or 3 times 

near msp2-msp3 pseudogenes (fig. 14).   

Pseudogenes, or Only Pretending? 

Analysis of the different msp3 genes indicates that outside the 

expression locus the msp3 genes are more than likely pseudogenes, i.e. no 

MSP3 protein is made directly from these sites.  With the exception of msp3-

SM2, none of the pseudogenes have the region encoding the C-terminal end of 

MSP3 as determined by Western blot (see previous chapter).  The ORF’s are 

also too short to encode the ~80-90 kDa MSP3 protein and clear promoter 

structures are missing within reasonable distance upstream (Brayton et al., 

2001).  A final and conclusive argument can be found in msp3-SM5 which 

contains a stop codon within the CVR, confirmed multiple times (Brayton, 

personal communication 2002) and can therefore not encode a genuine MSP3 

product.   
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The situation within the msp2 and msp2-related family of genes is more 

complicated.  msp2 related ORF’s found in the genomic data fall roughly into 

three groups : truncated msp2 pseudogenes, msp2-like ORF’s (msp2lk-

number) and ORF’s with limited relationship to msp2 (msp2lk) (fig. 11 & 12).  

The msp2 pseudogenes (-SM1 through –SM5) are characterized by conserved 

regions, flanking a CVR, which are near identical to those found in the msp2E 

expression site operon (Barbet et al., 2000).  The pseudogenes are, however, 

truncated at both the 5’ and 3’ ends, and could not encode the mature ~40 kDa 

MSP2.  The msp2 pseudogenes act as sequence donors to alter the msp2E 

expression site.  The msp2lk ORF’s still share a similar structure with msp2E, 

with a variable central region flanked by conserved regions, but the latter have 

diverged substantially.  Nonetheless many msp2lk ORF’s have retained 

similarity to the expressed MSP2 N-terminal end and all of them have 

maintained a similar C-terminal end.  msp2lk ORF’s all have genuine start 

codons at the beginning of their ORF and could encode proteins of roughly the 

same size as MSP2.  Arguing in favor of at least some of these msp2lk genes 

being pseudogenes is the presence of non-sense mutations (stop codons).  

Some regions containing msp2 like sequences do not have clear ORF’s, e.g. in 

msp2-(3-19) of the Florida strain (Alleman et al., 1997; Meeus and Barbet, 

2001).  Whether msp2lk ORF’s could play a role in msp2E recombination is 

unclear since they lack the highly conserved regions flanking the CVR.  

Recombination could nevertheless be mediated through shorter stretches of 

conserved sequences within the ORF’s.  Alternatively these ORF’s could be 
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transcribed independently from the msp2E operon and form a separate cluster 

of paralogs.  Some msp2lk ORF’s form a tandem structure (e.g. msp2lk-1 

through -4) resembling the locus structure of the MAP1-like genes in E. 

chaffeensis, E. ruminantium and E. canis (Ohashi et al., 1998b; Reddy et al., 

1998; Sulsona, Mahan, and Barbet, 1999; Yu et al., 2000a;).  A final group of 

msp2 related ORF’s have only short stretches of homology to msp2E, e.g. 

msp2lk5 and msp2lk8 at the C-terminal end and in the centre respectively.  

Their function is unclear, but given their distant relationship it is not likely that 

they play a major role in msp2E recombination. 

Mechanism of Antigenic Variation 

Three types of recombination events occur in bacteria : illegitimate, site-

specific and homologous (Dybvig and Voelker, 1996).  Illegitimate 

recombination occurs between sequences with little or no sequence homology 

and does not require special sites or the activity of recombinases.  Site-specific 

recombination occurs at highly preferred sites and is catalyzed by a 

recombinase that specifically recognizes these preferred sites.  The Xer site-

specific recombination system corrects the potential damage of homologous 

recombination between circular DNA molecules by converting dimers back to 

monomers.  In E. coli this system uses two related recombinases, XerC and 

XerD, which catalyze exchanges at a family of sites presents on several 

plasmids and on the chromosome (Spiers and Sherratt, 1999).  This system 

appears to be highly conserved amongst bacteria and A. marginale sequence 

analysis reveals the presence of two homologous ORF’s in the genome.  One 
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xer is found on the same BAC G11 on which many of the msp2 and msp3 

pseudogenes are found.  This indicates a possible functional relationship, 

maybe in resolving dimers formed during gene conversion of the expression 

site operons. 

Homologous recombination occurs between virtually any sites that share 

extensive stretches of nucleotide homology and is mediated by a specific set of 

enzymes.  It thus always involves repeats, in a specific orientation to each 

other.  Repeats in general play an important role in creating diversity from a 

small genome.  There is a strong negative correlation between the genome size 

of a bacterium and the density of repeats.  This means that smaller genomes 

have relatively more repeats, apparently to off-set their reduced coding capacity 

(Rocha, Danchin, and Viari, 1999).  Homologous recombination within the msp2 

and msp3 gene families is likely.  The different members of both msp2 and 

msp3 gene families are repeated numerous times in the genome and they are 

characterized by blocks of highly conserved sequence.  These conserved 

regions could serve as anchors in changing the variable region in the expressed 

copy.  However msp2 and msp3 genes are paralogs and share a 5’ and / or 3’ 

region of sequence identity.   Specific targeting of msp3 pseudogenes to the 

MSP3 expression site therefore may result from additional blocks of conserved 

sequence unique to msp3 genes.  The potential role of these conserved regions 

becomes especially clear in pseudogenes msp3-SM2 and msp3-SM5.  msp3-

SM2 is very similar to the msp2 expressed copy, both at the 5’- and at the 3’-

end of the gene, but no recombination of this pseudogene with the msp2 
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expression site has yet been observed.  Such an event, if it occurred, would 

have been noticed given the substantial size difference between the msp2 and 

msp3 genes.  On the other extreme, pseudogene msp3-SM5 has no sequence 

homology with msp2 genes (22-23% overall identity at amino acid level) and 

therefore demonstrates that the msp3-specific conserved regions are sufficient 

to mediate recombination.  In addition to the importance of sequence similarity 

in homologous recombination, the orientation of the repeats plays a vital role.  

Sequences that are co-oriented have been shown to recombine less than those 

in opposite orientation (Rocha and Blanchard, 2002).  While there is no clear 

orientation bias in the pseudogenes of either msp2 or msp3, both expression 

site operons and msp3-SM2 are on the same strand.  This orientation pattern 

makes it less likely that these regions recombine despite their significant 

homology at the C-terminal end.  To explain the extensive diversity observed in 

msp2E and msp3E it is necessary that not only full-length pseudogenes, but 

also partial gene segments, involving shorter stretches of homology within the 

CVR, recombine into the expression site.  This has been confirmed to occur in 

msp2E and msp3E (Brayton et al., 2002).  The conserved regions flanking the 

CVR might still play an important anchoring role in these events.  Nevertheless, 

because recombination through short stretches of homology can occur, many of 

the msp2lk genes could be involved in msp2E recombination.  More research 

needs to be done to confirm or rule out this hypothesis.   

Besides repeats, homologous recombination typically involves a specific 

set of enzymes orchestrating the whole process.  Many of the enzymes have 
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first been characterization in Escherichia coli.  The major recombination 

pathway in E. coli is RecBCD, which is involved in conjugal and transductional 

recombination, DNA repair, and degradation of foreign DNA.  RecA, RecB, 

RecC, RecD and SSB (single strand binding) proteins, and a specific DNA 

sequence called Chi (GCTGGTGG), are essential to this pathway (Smith, 

2001).  The RecBCD enzyme complex is both a DNA helicase and a nuclease 

that loses its nuclease activity, but not its helicase activity, when reaching a Chi 

sequence.  These properties effectively create a single strand of DNA important 

for recombination.  The Chi-like sequence flanking many msp2 pseudogenes, 

msp3 pseudogenes and msp3E might similarly be involved in the creation of 

single strands needed for recombination.  However no such sequence is found 

near the msp2E operon.  When a single strand of DNA is created in E. coli, 

RecBCD loads the RecA protein onto this ssDNA.  RecA then pairs 

homologous DNA molecules and promotes the subsequent exchange of DNA 

strands (Skaar, Lazio, and Seifert, 2002).  An alternative pathway of 

homologous recombination, called RecF, confers UV resistance and plasmid 

recombination to E. coli.  Proteins involved include again RecA in addition to 

RecF, RecO, RecR, RecQ, and RecJ (Skaar, Lazio, and Seifert, 2002; 

Kowalczykowski, 2000).  Gene conversion, the unbalanced exchange of DNA 

sequences between gene homologues, exists as a subset of this homologous 

recombination process (Howell-Adams and Seifert, 2000).  Gene conversion 

has been proposed as the mechanism of genetic variation in the msp2E and 

msp3E operons (Barbet et al., 2000; Brayton et al., 2001; Brayton et al., 2002).  
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Neisseria gonorrhoeae pilus antigenic variation is probably the best defined 

bacterial gene conversion system and it has many structural features in 

common with msp2 and msp3 of A. marginale.  Antigenic variation of the N. 

gonorrhoeae pilus, a surface exposed organelle mainly made of pilin, occurs 

when a variant pilin pseudogene from a silent locus recombines into the 

expression locus, pilE, by gene conversion.  In Neisseria, pseudogenes are 

transferred to the expression site by recombination events at limited regions of 

homology of 9-30 bp, not unlike the observations for msp2, 76 bp (Brayton et 

al., 2002), or msp3, 14 bp.  Like in A. marginale, the pilin pseudogenes do not 

encode an entire pilin gene and are characterized by conserved regions 

flanking gene specific variable regions (Howell-Adams and Seifert, 2000).  At 

the 3' end of all pilin loci lies a conserved DNA sequence, called the Sma/Cla 

repeat, that has been shown to be essential for pilin recombination (Wainwright, 

Pritchard, and Seifert, 1994).  ORFX-Y found flanking all msp2 and msp3 

pseudogenes and msp3E could play a similar role.  In N. gonorrhoeae, a RecF-

like pathway is central to pilus gene conversion and involves RecA and RecJ 

(Skaar, Lazio, and Seifert, 2002).  The formation of ssDNA intermediates, by 

RecJ, and pairing of homologous DNA by RecA, is postulated to play a role in 

all current models describing antigenic variation at pilE (Howell-Adams and 

Seifert, 2000).  The presence of RecA, RecJ, RecF and RecG homologs in the 

same region of the A. marginale chromosome that encodes the mps2 and msp3 

expression sites and most pseudogenes is likely not coincidental.  One can thus 

envision a mechanism in which an exonuclease, like RecJ, removes the CVR of 
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msp3E up to a specific sequence, possibly the Chi-like sequence or 

alternatively ORFX-Y, to create a ssDNA.  At the same time this exonuclease 

could create a single strand at an msp3 pseudogene but conserve the genetic 

information when stopped at ORFX-Y or the Chi-like sequence, which is 

oriented in the opposite direction in pseudogenes.  This hypothesis fits in with 

the N. gonorrhoeae models predicting a mechanism for gene conversion.  All 

models assume that DNA replication first produces two chromosomes.  In the 

preferred model, an intrachromosomal recombination , triggered by ssDNA, 

between the pilE locus and a silent pilS copy on the donor chromosome 

produces an episomal circle carrying a hybrid locus.  Similar recombination 

could be achieved through a single strand msp3 pseudogene and the msp3E 

locus on the same chromosome.  In Neisseria these hybrid circles are predicted 

to then recombine with a recipient pilE on the second chromosome (Howell-

Adams and Seifert, 2000).  Finally the ensuing dimer could be resolved by the 

Xer-C and Xer-D enzymes, in A. marginale encoded close to the msp2-msp3 

genes on BAC G11.  A tantalizing but speculative suggestion by Howell-Adams 

and Seifert is that the formation of diplococcal forms in Neisseria could be the 

result of this inter-chromosomal mechanism of pilE variation with a sacrificial 

donor and a recipient chromosome (Howell-Adams and Seifert, 2000).  In A. 

marginale and related organisms this could be the mechanism behind dense 

forms transforming into reticulated forms and evolving back to smaller and 

infective dense pathogens (Kocan, Bezuidenhout, and Hart, 1987; Blouin and 

Kocan, 1998;). 
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CHAPTER 6 
5’RACE ANALYSIS OF MAJOR SURFACE PROTEIN EXPRESSION IN 

DIFFERENT SPECIES OF ANAPLASMATACEAE 

Introduction 

Antigenic variation in prokaryotic organisms often involves multigene 

families. These repeated gene sequences are used to generate diversity 

through either recombination of a single or few expression site(s) or through 

differential expression from several different expression sites.  In order to 

unravel the mechanisms involved it is essential to determine the genomic locus 

or loci from which the genes are transcribed.  While the coding regions of 

multigene families are often too similar to positively identify the genomic origin 

of a certain transcript, the flanking regions can offer distinguishing markers.  

Several methods have been devised to obtain these unknown flanking 

sequences.  Traditional methods for eukaryotic organisms include constructing 

and screening of poly-T selected cDNA libraries.  Prokaryotic mRNA, however, 

provides a number of unique challenges.  First, the 3' ends of both prokaryotic 

and eukaryotic mRNA are polyadenylated, but the poly-A tracts of prokaryotic 

mRNA are generally shorter, ranging from 15 to 60 adenylate residues and 

associated with only 2-60% of the molecules of a given mRNA species (Sarkar, 

1997).  In addition, polyadenylation in bacteria is highly indiscriminate and is 

even associated with ribosomal RNA.  Secondly, bacterial mRNA transcripts 

are highly unstable with half-lives in the order of a few minutes.  These features 
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make the detection of transcripts and especially low abundance transcripts 

challenging using cDNA libraries (Sarkar, 1997; Rauhut and Klug, 1999; Tillett, 

Burns, and Neilan, 2000).   Rapid amplification of cDNA ends, or RACE, is a 

powerful PCR-based technique which overcomes some of these problems.  

Primers add specificity to the process and the logarithmic amplification ensures 

the acquisition of even low numbers of transcripts.  In general, PCR 

amplification requires two sequence-specific primers that flank the region of 

sequence to be amplified.  5'RACE, or anchored PCR, is a technique that 

facilitates the isolation and characterization of unknown regions 5’ of a known 

cDNA sequence.  It uses a set of two or three gene specific reverse primers 

(GSP) based on sequences conserved among the different members of the 

gene families.  mRNA is reverse transcribed into cDNA using a gene-specific 

antisense oligonucleotide (GSP1).  TdT (terminal deoxynucleotidyl transferase) 

is then used to add homopolymeric tails, a run of similar nucleotides, to the 3' 

ends of all cDNA, which is than amplified by PCR.  The PCR uses a 

combination of nested gene-specific primers (GSP2 and GSP3), which anneal 

3' to GSP1; and complementary homopolymer-containing anchor primers which 

permit amplification from the homopolymeric tail.  This allows amplification of 

unknown sequences between the GSP2/3 and the 5'-end of the mRNA 

(Reviewed by Schaefer, 1995).  We have used this methodology to analyze the 

transcription of msp2-msp3 related homologs in three different species of the 

Anaplasmataceae.  The results indicate the usefulness of this technique in 
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detecting expression sites and illustrate the differences in expression patterns 

between the genera Anaplasma and Ehrlichia. 

Experimental Procedure 

Anaplasmataceae Isolates 

Two A. phagocytophilum strains (NY-18 and Webster) isolated from 

human patients were supplied by M.E. Aguero-Rosenfeld (New York Medical 

College, Valhalla, NY) and cultured in HL-60 cells with RPMI 1640 medium 

containing 2mM L-glutamine (Cellgro) supplemented with 10% fetal bovine 

serum (Cellgro) at 37°C in 5% CO2 as described previously (Walls et al., 1999).  

The cells were harvested when the infectivity reached 90-100%.  2-4 x 107 HL-

60 cells infected with A. phagocytophilum were centrifuged for 10 min. at 150xg, 

washed in phosphate buffered saline (PBS) and then resuspended to 2x107 

cells/ml in PBS followed by 7-8 volumes of RNAlater (Ambion) for storage at -

80ºC.  RNA was isolated from stored aliquots using the RNAqueous kit 

(Ambion). 

E. chaffeensis (Arkansas isolate) was kindly provided by J. E. Dawson 

and J. G. Olsen (Centers for Disease Control, Atlanta, Ga) and grown in the 

canine macrophage cell line DH82 in Eagle's minimum essential medium 

containing 10% fetal bovine serum, 26 mM sodium bicarbonate, and 2 mM L-

glutamine at 34°C.  Cells were harvested when 90-100% of them were infected, 

and ehrlichiae were purified as previously described (Chen et al., 1996).  RNA 

was isolated as above, but immediately after harvesting the pathogens without 

storage. 
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A. marginale of the Florida strain was obtained from a splenectomised 

calf (2153) infected intramuscularly with a stabilate (B442).  Total RNA was 

isolated from whole blood on Day 24 post infection during acute rickettsemia 

(42% infected RBC’s) by extraction with 6 M urea-3M LiCl (Van der Ploeg et al., 

1982).   

Rapid Amplification of cDNA Ends (RACE) 

For all samples, isolated RNA was digested with DNaseI (DNA-free; 

Ambion) before use in 5΄RACE.  mRNA transcripts were reverse transcribed 

into cDNA using the RETROscript kit (Ambion) according to the manufacturer’s 

protocol and a species specific GSP1.  After first strand cDNA synthesis, the 

original mRNA template was removed by treatment with an RNase Mix and the 

cDNA purified using a GLASSMAX Spin Cartridge according to the 

manufacturers recommendation (Life Technologies).  A homopolymeric tail was 

then added to the 3΄ end of the cDNA using TdT and dCTP.  An aliquot of the 

reaction was directly amplified by PCR using SuperTaq (Ambion), a nested 

gene-specific primer, GSP2, and a deoxyinosine-containing anchor primer (Life 

Technologies).  An additional round of PCR using the AUAP (Abridged 

Universal Amplification Primer, Life Technologies), in conjunction with a 

progressively nested primer, GSP3, was used when required to obtain an 

adequate amount of cDNA to permit cloning.   

Products of the 5΄RACE were analyzed by agarose gel electrophoresis 

and Southern blotting using gene specific probes.  PCR products were cloned 

into the pCR-XL-TOPO vector (Invitrogen) and plasmid DNA was isolated, 
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digested with EcoRI and analyzed by agarose gel electrophoresis and Southern 

blotting.  Plasmids with inserts were subsequently digested with EcoRI, to cut 

out the insert, and RsaI, to analyze the diversity of the inserts per size group.  

Selected plasmids were sequenced to verify the structure of the amplified 

cDNA.   

For A. phagocytophilum the GSPs AB943, AB970 and AB947, were 

located in the region downstream from the CVR and conserved among the 

available copies of p44.  Therefore the 5’RACE products should contain the 

CVR and the 5’ end of expressed msp2(p44) genes.  The PCR conditions were 

initial denaturation cycle of 2 min. at 93ºC, followed by 35 cycles of 30 sec. at 

93ºC, 1 min. at 55.3ºC and 5 min. at 72ºC, and final extension at 72ºC for 25 

min..  Two control reactions were conducted similarly, one without reverse 

transcriptase in the initial RT-reaction and another with no template in the PCR. 

For E. chaffeensis paralog-specific GSP’s had to be used given the 

sequence divergence among the different p28 related genes.  GSP1 used in the 

RT-reaction, AB980, is complementary to the 3’ end of the paralog p28, but has 

only 1 or 2 nucleotides difference with 3’ sequence in omp1c, -d, -e, and –f.  

Anchored PCR was carried out on two specific genes, p28 and omp1f, using 

GSP’s AB996 / AB997 and AB993 / AB994 respectively.  The PCR conditions 

were initial denaturation cycle of 2 min. at 93ºC, followed by 40 cycles of 30 

sec. at 93ºC, 1 min. at 50ºC (p28) or 56.7ºC (omp1f) and 3 min. at 72ºC, and 

final extension at 72ºC for 25 min..  Annealing in the nested reactions was done 

at 55ºC.  Control reactions were included as above. 
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5’RACE for the A. marginale msp3 gene was carried out as described in 

Chapter 4 using AB755, AB878 and AB877. 

Primers and Probes  

The following primers and oligonucleotide probes were used : AB755 

tctaaccacttaagttctccaagt; AB841 atgtttcgaggggagagtgg; AB877 

taattcttctggtctgctcagttc ; AB878 gctttgctagttcatgttgtag; AB980 

ccaagttctattccaaagt; AB993 tggcatacacttagtgttactata; AB994 

tgtgagagttgaggtactggg; AB996 tccagtattactattgcaggg; AB997 

cctgaagtgttgatccagta; AB943 aagaagatcataacaagcatt; AB970 

ccttcaatagtagtyttagctagtaaccc and AB947 taacaacatcataagctaactcc. 

Data Analysis 

Genomic information to analyze the origin of the obtained transcripts was 

available from three ongoing genome sequencing projects and published loci.  

For E. chaffeensis the entire p28 locus was obtained from the NCBI database 

(U72291) and was published previously (Ohashi et al., 1998b).  BLAST 

searches were done on http://tigrblast.tigr.org/ufmg/ for A. phagocytophilum and 

E. chaffeensis and on http://genomics.vetmed.wsu.edu/blast/blast1.shtml for A. 

marginale.  Further analysis was done using programs on the Wisconsin GCG 

package Version 10.3 (Accelrys Inc.) available through the Biological 

Computing Facility of the Interdisciplinary Center for Biotechnology Research at 

the University of Florida.   
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Results 

Amplicons, shown to be specific by Southern blot, were obtained for 

each pathogen tested.  For A. phagocytophilum six different clones from the 

NY18 strain and two from the Webster strain were sequenced.  All but one 

clone extended 5’ of the predicted msp2(p44) initiation codon.  Six of these 

clones appeared to originate from the same genomic locus.  Database 

searching suggests that this flanking sequence occurs only once in the genome 

and therefore the transcripts probably originated from this unique genomic 

expression locus.  Database searches also provided information downstream 

from the obtained transcripts and revealed a genomic locus with a full-length 

msp2(p44) gene flanked by several ORF’s (fig. 15A).  Upstream restriction-site 

PCR (Barbet et al., unpublished) and the database revealed the presence of 

several p44 related ORF’s upstream and downstream from msp2E(p44).  

Interestingly, despite the apparent common genomic origin of these six 5'RACE 

amplicons their CVR were different, suggesting that this expression locus 

undergoes genetic recombination (fig. 15B & C).  It was also interesting to 

observe that several transcripts with different CVR and from different strains 

ended at the same location in the 5’ flanking region (e.g. msp2E-Web vs. 

msp2E-5RA5 and msp2E-5RC10 vs. msp2E-5RC9).  One NY strain amplicon, 

msp2E-5RC11, had sequence similar to msp2E(p44) starting bp21 downstream 

of its first ATG initiation codon.  The N-terminal end was however different, as 

was the 5’ flanking sequence.  BLAST search results localized this flanking 

sequence to another p44 gene on contig31 of the unfinished A. 
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phagocytophilum genome.  This 16 kbp contig contains two p44 genes, one of 

which, msp2Ap-contig31 (fig. 15D), has an identical CVR and 5’ flanking region 

as those found in the 5’RACE amplicon msp2E-5RC11.   

For E. chaffeensis four clones for each primer combination, based on the 

p28 and omp1f genes respectively, were sequenced (fig. 16).  Within each 

combination the amplicons revealed a similar sequence, both in the coding 

region as well as in the 5’ flanking region.  The sequences obtained were near 

identical to those described by Ohashi et al. (Ohashi et al., 1998b).  The results 

suggested that the transcripts originated from these two earlier described 

expression loci and database searching suggests that these loci and flanking 

regions are unique within the genome.  All four transcripts from gene omp1f 

stopped at the same position in the flanking sequence.  The published data 

reveal a run of 12 G’s at this position in the genome which likely served as an 

annealing place for the anchor primer (fig. 16B).  A similar run of G’s was 

subsequently detected upstream from omp1d.  Three transcripts originating 

from gene p28 ended ~26 bp upstream from the ATG initiation codon, but no 

poly-G stretch was present at this position.  The one remaining p28 transcript 

ended within the ORF. 

The 5’RACE results for the msp3 gene family in A. marginale have been 

described in chapters 4 and 5.  Briefly, four different clones, obtained by cloning 

the largest generated amplicon, were sequenced.  The data suggested that the 

transcripts originated from a single, but polymorphic genomic locus (fig. 17).  

This was confirmed by Southern blot analysis of genomic A. marginale DNA 



 

 

124 

(chapter 4) and by database searching.  In A. marginale the CVR was not 

present in the 5’RACE products since cloning of full length gene and flanking 

regions had proven difficult.  The polymorphic character of this unique 

expression site was determined by analysis of a genomic cosmid library as 

described earlier.  In contrast to the two other species analyzed, the 5’ flanking 

regions of msp3E were characterized by several variable regions.  Similar to the 

other pathogens analyzed three out of four transcripts terminated at the same 

nucleotide.  This is not entirely surprising since the amplicons were size 

selected before cloning and multiple smaller amplicons were not analyzed.  

Nevertheless, the substitutions, deletion and insertions in the sequences 

suggest that again all amplicons originated from different transcripts and that 

transcripts of this specific length are therefore not random events.   



 

 

125 

msp2E-5RA11
msp2E-5RA5
msp2E-5RC10
msp2E-5RC9
msp2E-5RF3

msp2E-5RC11
msp2Ap-contig31

msp2E-Web

msp2E(p44)p44Esup1 tRNA-synthetase p44P ftsYp44P
A

B

C

D

msp2E-5RA11
msp2E-5RA5
msp2E-5RC10
msp2E-5RC9
msp2E-5RF3

msp2E-5RC11
msp2Ap-contig31

msp2E-Web

msp2E(p44)p44Esup1 tRNA-synthetase p44P ftsYp44P

msp2E-5RA11
msp2E-5RA5
msp2E-5RC10
msp2E-5RC9
msp2E-5RF3

msp2E-5RC11
msp2Ap-contig31

msp2E-Web

msp2E(p44)p44Esup1 tRNA-synthetase p44P ftsYp44P
A

B

C

D

 
Figure 15 Structure and variability of msp2(p44) expression in A. 
phagocytophilum. 
A. A diagrammatic representation of the msp2E(p44) expression site and 
flanking regions as determined by 5’RACE, restriction-site PCR and database 
searching.  Red arrows represent msp2 related ORF’s, including the expression 
site msp2E(p44) and two additional truncated ORF’s p44P.  Other ORF’s are 
represented in light blue and the nearest homologs as determined by BLAST 
search indicated above.  The orange arrow is an ORF homologous to a gene 
found in the msp2 operon of A. marginale.  A nucleotide scale is provided under 
the diagram. 
B. This panel represents the location and structure of the sequenced 5’RACE 
amplicons.  5’RACE products are represented by red blocks and the CVR by 
colored blocks or x-hashed black boxes.  Similar colors indicate similar CVR’s.  
The black boxes represent the poly-G tail added at the beginning of the 
transcript. 
C. A PLOTSIMILARITY graph comparing variability of this expression site in 
seven amplicons from the above expression site drawn to the same scale.  A 
similarity score of 1.0 indicates identical sequence in a sliding window of 10 
nucleotides and a decreasing score from 1.0 to 0.0 indicates increasing 
variability. 
D. This diagram represents the location of the msp2 related gene, msp2Ap-
contig31, on contig 31 of the unfinished A. phagocytophilum genome.  This 
gene is the origin of the 5’RACE amplicon msp2E-5RC11 represented below.  
Both have a similar CVR. 
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Figure 16 Structure and variability of p28 expression in E. chaffeensis. 
A. A diagrammatic representation of the p28 locus and the location of paralogs 
omp1f and p28 as described by Ohashi et al. (Ohashi et al., 1998b).  Red 
arrows represent p28 related ORF’s with their letter (for genes given the omp1 
nomenclature) or number (for p28) indicated above the arrow.  Other ORF’s are 
represented in light blue.  A nucleotide scale is provided under the diagram. 
B. This panel represents the location and structure of the sequenced 5’RACE 
amplicons.  5’RACE products are represented by red blocks.  The black boxes 
represent the poly-G tail added at the beginning of the transcript or the run of 
G’s present in the genome in front of omp1f. 
C. A PLOTSIMILARITY graph comparing variability of the transcripts originating 
from these expression sites drawn to the same scale.  A similarity score of 1.0 
indicates identical sequence in a sliding window of 10 nucleotides and a 
decreasing score from 1.0 to 0.0 indicates increasing variability. 
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Figure 17 Structure and variability of msp3 expression in A. marginale. 
A. A diagrammatic representation of msp3E and flanking regions as determined 
by 5’RACE and genomic library screening and sequencing.  The msp3E gene is 
represented by a multi-colored block with msp2 related segments in red, the 
conserved regions in green, the CVR in grey and additional ORF in light blue.  
ORF Y and ORF X are represented as dark blue arrows and other ORF’s in 
light blue or black.  A nucleotide scale is provided under the diagram. 
B. This panel represents the location and structure of the sequenced 5’RACE 
amplicons.  5’RACE products contain the msp3 N-terminal region, green blocks, 
as well as upstream ORF’s Y and X, dark blue arrows.  The black boxes 
represent the poly-G tail added at the beginning of the transcript. 
C. A PLOTSIMILARITY graph comparing variability of the obtained transcripts 
drawn to the same scale.  A similarity score of 1.0 indicates identical sequence 
in a sliding window of 10 nucleotides and a decreasing score from 1.0 to 0.0 
indicates increasing variability. 
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Discussion 

Anchored-PCR or 5’RACE is a powerful technique to obtain unknown 

upstream flanking sequence.  In our studies the technique revealed the 

expression sites for two msp2 homologs, msp3 and msp2(p44), in two different 

species of Anaplasma and confirmed the expression of msp2 paralogs in E. 

chaffeensis from different loci.  In each case the results have been confirmed by 

several other techniques including Southern blot analysis of genomic DNA, 

Western blot on native proteins, RT-PCR (results not shown and Barbet et al., 

unpublished; Unver et al., 2002; Long et al., 2002), RNA protection assays 

(Barbet et al., unpublished) and database analysis, validating the strength and 

robustness of the 5’RACE technique.   

The data obtained reveal the differences in expression and the creation 

of phenotypic variability between the two genera of Anaplasmataceae.  Within 

the genus Anaplasma at least one, A. phagocytophilum, or two, A. marginale, 

highly variable genomic expression sites for msp2 paralogs exist that are used 

for expression of multiple mRNAs with diverse CVR’s.  In contrasts, the genus 

Ehrlichia appears to transcribe the paralogs from multiple different genomic 

expression sites containing relatively stable and full-length copies.  It is 

intriguing that two such closely related genera would have evolved towards two 

very different systems within the same orthologs.  It is however likely that 

neither system is the only available mechanism in these genera.  Indeed within 

Anaplasma several full-length msp2like genes exist that are organized in similar 

tandem repeats as found in Ehrlichia.  These genes could be transcribed and 
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play a role in the creation of additional diversity through transcriptional 

regulation.  The independent transcription of the msp2 like gene msp4 in A. 

marginale and results obtained by 5’RACE on msp2(p44) genes in A. 

phagocytophilum provide some support for this hypothesis.  The msp2E-5RC11 

transcript originated from a different locus than the major characterized 

polymorphic expression site and could represent an alternative expression site.  

Identical CVR’s found in the 5’RACE product and in the genomic database from 

a different isolate suggest that this locus is relatively stable over time as seen 

for the p28 genes.  In contrast, no data are available that suggest the existence 

of gene conversion mechanisms in the Ehrlichias like those identified in 

Anaplasma.  More research will be needed to fully elucidate the involvement of 

the different orthologs and paralogs in the creation of diversity in this family of 

pathogens. 

5’RACE can uncover many insights in the expression patterns of 

multigene families.  It can, as demonstrated, reveal the origin and structure of 

the majority of transcripts and it can expose variability within an expression site 

and its flanking regions.  The 5’RACE technique was, however, originally 

developed to obtain the very 5’ end of transcripts.  This piece of information is 

often needed to characterize the promoter and fully understand the 

transcriptional regulation of a gene.  In our experiments the different transcripts 

obtained from the different genera are most often of different length, suggesting 

that the true 5’ ends were not obtained.  Did the technique thus fail in 

characterizing the true beginning of the transcripts or are there alternative 
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explanations?  Sometimes the reason for early termination is fairly obvious as in 

the presence of a poly-G stretch of nucleotides in omp1f to which the adaptor 

primer will anneal, a well recognized drawback of the technique (Schaefer, 

1995).  Other transcriptional ends are less easy to explain, but closer analysis 

reveals some clues.  Within A. phagocytophilum two sets of transcripts 

containing different CVR and sometimes originating from different strains end at 

the same nucleotide position in the flanking region.  This indicates that either 

different transcription start sites exist or, maybe more likely, that some post-

transcriptional regulation protects these mRNA ends.  Indeed, while RPA and / 

or RT-PCR analysis suggest that the transcripts obtained by 5’RACE for 

msp2E(p44) and msp3E constitute a major fractions of transcripts from that site, 

they also reveal that longer transcripts exist (results not shown, Barbet et al., 

unpublished).  While the amount of full-length mRNA available for protein 

synthesis is dependent on its transcription, the stability of different segments of 

the message also plays an important role.  Metabolic instability is a hallmark 

property of mRNAs in most if not all organisms and plays an essential role in 

facilitating rapid responses to regulatory cues (Rauhut and Klug, 1999).  Both 

stabilizing and destabilizing RNA structures exist that can influence the 

availability of the different genes on a polycistronic message.  In polycistronic 

transcripts, as found in msp2E, msp2E(p44) and msp3 (Barbet et al., 2000; 

Barbet et al., unpublished), mRNA degradation makes a significant contribution 

to differential gene expression and could reflect the different stoichiometric 

amounts needed of the different protein products (Rauhut and Klug, 1999).  The 
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ends of the transcripts found here by 5’RACE therefore likely represent RNase 

cleavage sites or stabilizing structures, rather then transcription start sites. 

In summary, the data show the usefulness of the 5’RACE technique in 

determining the expression site or sites in multigene families.  It also revealed a 

fundamental difference between the expression of the msp2 orthologs in two 

genera of the family Anaplasmataceae.  Anaplasma species generate diversity 

from a few expression sites which are kept polymorphic in a population of 

pathogens by homologous recombination using truncated pseudogenes present 

elsewhere in the genome.  The Ehrlichia species on the other hand use 

transcriptional regulation from a series of more divergent full-length genes. 
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CHAPTER 7 
DISCUSSION AND CONCLUSIONS 

Despite the importance of the Anaplasmataceae for livestock production 

and human health no satisfactory control methods are available.  The 

development of effective and safe vaccines has been hampered by our lack of 

knowledge on the interactions between immune responses and bacterial 

virulence factors.  

In this dissertation, I have uncovered some of the mechanisms involved 

in A. marginale’s ability to rapidly and continuously alter its phenotype.  MSP3 

expression, one of the major antigens recognized by the bovine host, was found 

to be polymorphic during infection in cattle.  Subsequent experiments revealed 

that these different transcripts originated from a single expression site within the 

genome.  Diversity in expressed msp3 variants was created through a 

mechanism of segmental gene conversion, using invariant pseudogenes 

present elsewhere in the genome.  Analysis of the pathogen’s genome exposed 

the presence of a large pathogenicity island dedicated to this process.  The 

locus not only contained two related multigene families, msp2 and msp3, but 

was further characterized by the presence of numerous recombinase genes 

and recombination hot spots.  Conservative estimates of the potential to create 

combinatorial diversity from six pseudogenes far outstrip the number of variants 

needed by the pathogen for life-time persistence in its bovine host or to 
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circumvent the specific immune responses induced by killed vaccines.  

Additionally, comparison of msp3 pseudogenes between two different isolates 

of A. marginale reveals extensive differences, adding yet another challenge to 

the development of widely cross-protective vaccine strategies. 

Many persistent pathogens have evolved families of closely related 

variant epitopes (Plebanski et al., 1999).  Experiments presented in this 

dissertation reveal that despite the conservation of orthologous msp3  multi-

gene families in the genera Anaplasma and Ehrlichia, each has developed 

distinct strategies to use them.  Anaplasma species use gene conversion of 

single expressed gene to the evade the immune responses.  Ehrlichia species, 

on the other hand, express multiple different full-length msp3 orthologs 

simultaneously from different expression sites.  It is, nevertheless, possible that 

this divergent mechanism still plays a role in the creation of persistent 

infections.  Closely related polymorphic epitopes can generate impaired T-cells 

when presented by the same APC during the induction phase of the immune 

response (Daniel, Grakoui, and Allen, 1998; Plebanski et al., 1999) and cause a 

transitory inhibition of memory T-cell effector functions (Plebanski et al., 1999).  

The msp3 orthologs in Ehrlichial pathogens could contribute to immuno-

modulation rather than evasion, but more research needs to be done to confirm 

this.  The differences observed between Anaplasma and Ehrlichia spp. not only 

offer us new insights into the pathogenesis of the two genera, but also provide a 

clear indication that control strategies, specifically recombinant vaccine 

technologies, will have to be tailored to each unique mechanism. 
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Given the availability of such combinatorial mechanisms for achieving 

diversity in A. marginale, are there any possibilities for development of 

vaccines?  MSP3 does, at first,  not appear to be a good candidate for inclusion 

in any vaccine strategy given its substantial antigenic diversity.  However, it is 

one of the major antigens recognized by the immune system and could be 

crucial to success.  The conservation of the entire C-terminal end between 

MSP2 and MSP3, as demonstrated in these studies, indicates that this region is 

essential to the pathogen.  The C-terminal region therefore is an excellent 

candidate to be included in recombinant vaccine strategies aimed at inducing 

memory CD4 T-cell responses.  My studies have further helped uncover the 

potential Achilles' heel of Anaplasma spp.: antigenic variation.  Since antigenic 

variation appears to be one of the major virulence factors in Anaplasma 

infections, one can envision that any strategy aimed at influencing it will have a 

tremendous impact on the ability of the immune response to control the 

pathogen.  I have identified a number of recombinase enzymes which could be 

the target of such an approach.  In future studies we need to investigate the 

effects of pharmaceuticals inhibiting these enzymes and the effects of different  

gene knock-outs.  Knock-out and transformation models in Neisseria and 

Rickettsial pathogens have shown that this approach is feasible and they might 

hold the key to success. 
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