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Chapter 1 

INTRODUCTION 

Bovine Anaplasmosis 

Bovine anaplasmosis, also known as gall sickness, is a tick-transmitted disease of cattle 

caused by the rickettsia Anaplasma maf!inale (Rickettsiales: Anaplasmatacea). A. maf!inale was 

first described by Sir Arnold Theiler in 1910 in erythrocytes of African cattle suffering acute 

anemia (Theiler, 1910). Theiler named the small punctiform organism on the basis of staining 

characteristics. The term "anaplasma" indicates an apparent lack of cytoplasm in what was 

thought to be a protozoan, and the term "marginale" indicates the peripheral location of the 

marginal body within erythrocytes. 

Anaplasmosis is the most prevalent hemoparasitic disease of cattle and is enzootic to 

nearly half of the world's livestock (National Research Council, 1982). A. maf!inale is endemic 

in many tropical and subtropical regions of the world, and is found on all six continents 

(Kreier et al., 1992). Since A. ma,y,inale was identified in South Africa (Theiler, 1910), its 

presence has been confirmed in North America, South and Central America (Guglielmone, 

1995), the Middle East (El-Metenawy, 2000), Asia Qorgensen et al., 1992), Australia (l(.udamba 

et al., 1982), and southern Europe (Baumgartner et al., 1992). Annual losses due to 

anaplasmosis in the United States alone have been estimated to be over $300 million a year 

(McCallon, 1973; National Research Council, 1982). 

A. ma,y,inale has been reported in 40 of the 50 United States (Fig. 1), but is more prevalent in 

the Gulf Coast, lower plains and western states (Siegmund, 1979). A. ma,y,inale isolates have 

been classified based on differences in tick transmissibility, molecular size of surface proteins 
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and DNA restriction fragments, reactivity to monoclonal antibodies and geographic origin 

(Table 1). 

Anaplasmosis is caused by the infection of bovine erythrocytes by A. ma7,inale, which 

results in high rickettsemia levels that reach 109 infected erythrocytes per ml. Infected 

erythrocytes are then removed by the bovine reticuloendothelial system. Animals that survive 

infection remain persistently infected with low levels of parasitemia (<107 infected erythrocytes 

per ml), and are resistant to clinical disease if they are challenged with the homologous isolate 

(Dikmans, 1950; reviewed by Palmer et al., 1999). 

Figure 1. Distribution of Anaplasma marginale in the United States. 
Pink denote areas where A. mar;ginale is endemic. Blue spots over white background indicate states 
where A. mar;ginale has been reported and yellow no occurrence. 
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TABLE l. Examples of North American isolates of Anaplasma marginale. 

Number of Tick 
Isolate (Year Isolated) Reference 

MSP1a Repeats Transmission 

Florida (1955) 8 No Ristic & Carson, 1977 

Southern Idaho (1983) 6 Yes McGuire et al., 1984 

Okeechobee, FL (1999) 5 No de la Fuente et al., 2001 b 

Mississippi · 5 Yes Hidalgo et al., 1989 

Illinois 5 No Wickwire et al., 1987 

Washington-Okanogan (1981) 4 Yes Barbet et al., 1982 

Northern Texas (1977) 4 NR McGuire et al., 1984 

Missouri 4 NR McGuire et al., 1991 

South Dakota (1999) 4 NR Palmer et al., 2001 

Oklal1oma (1997) 3 Yes Blouin et al., 2000 

St. Maries, ID (1994) 3 Yes Eriks et al., 1994 

California 3 No de la Fuente et al., 2001c 

Rasmussen, OR (1999) 3 Yes Palmer et al., 2001 

Virginia (1972) 2 Yes Kuttler & Winward, 1984 

Washington-Clarkston (1982) NR NR McGuire et al., 1984 

The incubation period of anaplasmosis is typically 21 days, but may range from 4 to 65 

days. The acute phase of the disease is characterized by severe anemia, fever (40-41°C), icterus 

Gaundice), weight loss, weakness, abortion, lower milk production and, occasionally, death 

(Kuttler, 1984). In acute cases the fever may rise to 42°C (107°F) and is followed by moderate 

to severe anemia. The susceptibility to anaplasmosis varies with age. Calves generally do not 

develop clinical symptoms, while the mortality rate in older cattle (2-3 years or older) can be 

20-50%. 

Classification 

Anaplasma spp. were originally regarded as protozoan parasites, but were later shown 

to be gram-negative bacteria (Amerault et al., 1973). Anaplasma spp. have been classified in 

superkingdom Bacteria, phylum Proteobacteria, class Alphaproteobacteria, order Rickettsiales, 
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family Anaplasmataceae, genus Anaplasma (Skerman et al., 1980; Dumler et al., 2001). 

A. mazy,inale (Ibeiler, 1910) is the type species of the genus Anaplasma. Other names historically 

given to Anaplasma mazy,inale include A. afl!,entium, A. rossicum, A. theileri, A. Ofl!,entium Lignieres 

1914, A. rossicum Y akimoff and Bela wine 1927, A. theileri Neitz 19 5 7 and Paranaplasma caudatum 

(Ristic, 1977). Recently, the family Anaplasmataceae was reorganized based on the genetic 

analyses of 16S rRNA genes (Fig. 2), groESL and surface protein genes (Dumler et al., 2001). 

According to this most recent classification, the genus Anaplasma now includes not only 

A. centrale, A. mafl!,inale and A. ovis, but also A. bovis, A. platys, and the A. phagorytophifum group 

that encompasses the microorganisms formerly known as Ehrlichia phagorytophila (HGE agent) 

and E. equi (reviewed by Kocan et al., 2003a). 

~ Anaplasma phagocytophilum 

1 % divergence -
..__ Anaplasma platys 

Anaplasma marginale 

- Ehrlichia canis -lE Ehrli<hia """'""''' 
Ehrlichia muris 

Ehrlichia ewingii 

Ehrlichia ruminantium 

Wolbachia pipientis 

Neorickettsia risticii 

I Neorickettsia sennetsu 

I 
Neorickettsia he/thoecamin 

.. 
R1cketts1a ricketts11 

Figure 2. Phylogram tree of family Anaplasmataceae based on 16S rRNA similarity. 
Boxes indicate the clades formed by Anaplasma spp., Ehrlichia spp. and Neorickettsia spp. (Dumler et 
al., 2001) 

4 



Anaplasmosis is included in the Llst B of the Office International des Epizooties, 

among other transmissible diseases that are considered to be of socio-economic and/ or public 

health importance and that impact the international trade of cattle ryl orld Organization for 

Animal Health, 2000). 

Diagnosis and control of anaplasmosis 

Diagnosis of anaplasmosis can be done by demonstrating the presence of either 

Anaplasma organisms or Anaplasma-specifi.c antibodies in samples of infected animals. 

However, definitive diagnosis can only be achieved by detecting the organism. 

Detection of A. mat;?,ina!e inclusion bodies has commonly been based on microscopic 

examination of stained erythrocyte smears. A. mat;?,ina!e inclusion bodies are small, round, 

basophilic bodies located near the margin of the erythrocytes that range from 0.3 to 1.0 µm in 

diameter. Microscopic examination can only detect levels of approximately >106 infected 

erythrocytes per ml, but rickettsemia levels are often lower, particularly in carrier cattle, in 

which infection levels range from 1025 to 107 infected erythrocytes per ml (Kieser et al., 1990). 

A more sensitive approach is based on direct fluorescent antibody staining CT ohnston et al., 

1980), but non-specific staining and cross-reactive antibodies have hindered the use· of this 

technique. Subinoculation of A. mat;?,inale-infected erythrocytes into susceptible, 

splenectomized calves remains the "gold standard" for detection of persistently infected cattle, 

but this procedure is expensive and impractical for routine testing (Luther et al., 1980). 

Serological tests have been the most commonly used method for the detection of 

A. mat;?,ina!e-infected cattle in the field ry/ilson et al., 1978). Complement fixation (CF) and 

card agglutination assays have been used since the 1960's and were accepted by the World 

Organization for Animal Health until recently as the basis for the identification of cattle 
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infected with A. mafl,inale prior to interstate or international movement of animals (World 

Organization for Animal Health, 2000). The sensitivity of the CF is low and therefore this test 

is not adequate for regulatory and surveillance programs (Bradway et al., 2001). An indirect 

fluorescence antibody test has also been used (de Kroon et al., 1990), but its use has been 

restricted by the limited number of tests that can be performed and the specificity of the assay. 

ELISA assays have been developed for the detection of A. mafl,inale infection. 

Trueblood et al. (1991) developed an antigen capture ELISA with monoclonal antibodies 

against conserved epitopes of A. mafl,inale major surface protein (MSP) la. This assay detected 

A. marginale prior to the onset of clinical signs (Trueblood et al., 1991). A competitive ELISA 

for detection of A. marginale-specific antibodies based on erythrocyte or tick cell culture­

derived A. mafl,inale has also been developed (Knowles et al., 1996; Saliki et al., 1998). This 

assay, using a monoclonal antibody against the A. mafl,inale MSPS, proved to be more sensitive 

than the CF test. Similar assays using erythrocyte-derived A. mafl,inale and recombinant 

Anaplasma antigens have been reported (Nielsen et al., 1996). All these ELISA tests are 

reportedly more specific and sensitive than the traditionally used CF and card agglutination 

assays (Molloy et al., 1999). A competitive ELISA assay is being approved for use in the 

United States and Canada. 

Nucleic acid-based techniques, more sensitive and specific, have been developed 

recently (Eriks et al., 1989; Goff et al., 1988; Stich et al., 1993; Ge et al., 1997). These tests, 

based on the use of nucleic acid probes or the polymerase chain reaction (PCR), have been 

used to detect A. mafl,inafe infection in tick cells and erythrocytes. Detection of parasitemia 

levels as low as 0.00025% (percent of infected erythrocytes) using a radioactive DNA probe 

has been described (Eriks et al., 1989). A. mafl,inale in infected ticks has also been identified 
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using a cloned DNA probe (Goff et al., 1988). PCR-based methods detect rickettsemia levels 

of 0.0001 %, and the recent use of a nested-PCR has increased the specificity and sensitivity of 

the assay to 0.000001 % (Torioni De Echaide et al., 1998). The complexity of these techniques 

limits their use only for research, but nucleic acid-based techniques hold promise for use in 

future diagnostic and epidemiological studies. 

Control of anaplasmosis can be achieved primarily by antibiotic therapy, vaccination or 

maintenance of an Anaplasma-free herd (Peregrine, 1994; as reviewed by Kocan et al., 2000; 

2003a). Although protection of animals from exposure to vectors can also help control 

anaplasmosis (I<.ocan et al., 2000), only a decrease in incidence of the disease has been 

achieved using this approach. 

Vaccination for control of anaplasmosis dates back to the early 1910's (Theiler, 1912a), 

soon after A. marginale was first described (Theiler, 1910). Two main types of vaccines have 

been commonly used for preventing clinical anaplasmosis in the last decades (reviewed by 

Kocan et al., 2003a). Premunization occurs when a live vaccine based on A. centrale or on 

attenuated A. marginale is used to infect cattle (Vizcaino et al., 1978; Palmer, 1989; Pipano, 

1995). Killed vaccines involve vaccination of cattle with inactivated A. marginale derived from 

infected bovine erythrocytes or infected cultured tick cells (Brock et al., 1965; reviewed by 

Kocan et al., 2000). 

Live vaccines of A. centrale are widely used to protect cattle against A. marginale 

infection in Israel and Africa (Pipano, 1995; as reviewed by Kocan et al., 2003a). The A. centrale 

vaccine produces low parasitemia and provides partial protection against challenge with 

virulent A. marginale (Anziani et al., 1987). A. centrale-based vaccines have been ineffective in 

some areas and do not provide adequate protection against some A. marginale isolates (Turton 
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et al., 1998). Blood-derived vaccines are not entirely safe because they can be contaminated 

with other blood-home pathogens. Live vaccines are also expensive to produce and require 

strict conditions for storage and transportation (World Organization for Animal Health, 2000). 

Live vaccines have not been approved for use in North America because of the risk of 

infecting cattle with other hemoparasites. 

Vaccination with killed vaccines stimulates an immune response that is adequate to 

protect against anemia and illness, and is the most efficient and economical method for control 

of anaplasmosis in the United States (as reviewed by Palmer, 1989 and Kocan et al., 2000; 

2003a). Killed vaccines marketed previously in the United States used A. marginale antigen that 

was partially purified from infected bovine erythrocytes. Killed vaccines protected cattle 

against homologous challenge (same isolate used for vaccine preparation), but were only 

partially successful in preventing clinical anaplasmosis in geographic regions where the 

endemic A. marginale was different from the vaccine isolate (Brock et al., 1965; Hart et al., 

1990; Montenegro-James et al., 1991). In addition, these killed vaccines were expensive, 

difficult to standardize and were at risk of being contaminated with bovine cells and pathogens 

that commonly infect cattle. 

Current strategies for the development of anaplasmosis vaccines are directed toward a 

subunit vaccine using surface-exposed epitopes that induce protective immunity (reviwed by 

Palmer et al., 1999 and Kocan et al., 2003). Some of these proteins are conserved among 

A. mar;ginale isolates (McGuire et al., 1984; Palmer et al., 1986a; Visser et al., 1992; Oberle et al., 

1993), and in both the intraerythrocytic and tick stages of A. marginale (Palmer et al., 1985; 

Barbet et al., 1999). Immunization of cattle with these surface proteins induced partial 
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protective immunity against homologous and heterologous A. marginafe challenge (Palmer et 

al., 1986b, 1988, 1989). 

A new killed vaccine based on A. ma7Jnale grown in a culture cell line is also being 

developed (I<.ocan et al., 2000, 2001). This vaccine may overcome the problems associated 

with the use of blood-derived vaccines and should be a safer and less expensive vaccine, easily 

standardized and free of contaminating bovine cells and pathogens. Other new strategies for 

the control of anaplasmosis are targeted at both A. ma7Jnafe and the tick vector (Kocan, 1994; 

Kocan et al., 1996a,b). Host immunoglobulins have been shown to cross the tick midgut and 

reach the hemolymph without proteolytic cleavage (Vaz Junior Ida et al., 1996; Jasinskas et al., 

2000). These antibodies, directed either to· A. ma7Jnale or to tick molecules involved in 

pathogen transmission, could block the biological transmission of A. ma7Jnale (Blouin et al., 

2003a; de la Fuente et al., 2003a,b), and decrease the incidence of anaplasmosis in endemic 

areas. Anti-tick vaccines have also been suggested to reduce the incidence of some tick-borne 

hemoparasites in vaccinated cattle (de la Fuente et al., 1998). 

Transmission 

A. mar;ginale develops persistent infections in mammalian and tick hosts, both of which 

serve as reservoirs for infection of susceptible hosts. A. mar;ginale is pathogenic for both Bos 

indicus and B. taurus cattle (Wilson et al., 1980) and has been shown, at least experimentally, to 

infect other ruminant species (Table 2). Some of the wildlife ruminant species shown in Table 

2 become infected but do not develop clinical disease, although they may play a role as 

reservoirs of infection for susceptible cattle at enzootic sites. For instance, unusually high 

prevalence rates (69%) of A. ma7Jnale infection have been detected in white-tailed deer 

populations in Mexico (Martinez et al., 1999), although the role of white-tailed deer in the 
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epizootiology of anaplasmosis has been questioned by others (K.eel et al., 1995). Non-ruminant 

mammals have been suggested to serve as A. matlJnale hosts (Akinboade et al., 1981), but this 

observation has not been confirmed by others; 

Cattle that recover from acute infection remain persistently infected and serve as 

reservoir of infection for mechanical and biological transmission (Ewing, 1981). A. matlJnale 

can be transmitted mechanically when infected blood is transferred to susceptible animals by 

biting insects, needles or veterinary instruments such as those used for dehorning, castration 

and attachment of eartags. Although A. ma"l,inale does not establish infection in insect vectors 

(Roberts & Love, 1977), some biting flies, such as a number of species of Tabanus (horseflies) 

and Psorophora (mosquitoes), carry infected blood in the mouthparts and transmit the rickettsia 

to susceptible cattle (Potgieter et al., 1981). The role of mechanical transmission of A. ma"l,inale 

is not well documented and may have been historically underrated. Although it appears to vary 

from region to region, biting insects are probably the primary means of transmission of 

Anaplasma in certain regions, such as Florida, where A. ma"l,inale isolates appear to be non­

infective for ticks (Ewing, 1981; as reviewed by Kocan et al., 2003a). 

Biological transmission of A. ma"l,inale is effected primarily by feeding ixodid ticks. A 

wide range of tick species become infected by A. ma"l,inale and have been identified as vectors 

(fable 3; Ewing, 1981; Kocan et al., 2003b), although some A. ma"l,inale isolates have proved 

not to be transmissible by certain tick species (fable 1). 
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TABLE 2. Natural and experimental ruminant hosts of Anaplasma mar;gina/e infection. 

Reservoir Host Common Name Location Evidence Reference 

Bison bison American bison us serology, Zaugg & ·Kuttler, 1985 

experimental Taylor et al., 1997 

infection 

Odocoi/eus hemionus hemionus mule deer us serology, Renshaw et al., 1977 

experimental 

infection 

Odocoileus vir:?fnianus white-tailed deer US, serology, Smith etal., 1982 

Mexico experimental 

infection 

Odocoi/eus hemionus columbianus black-tailed deer us serology Chomel et al., 1994 

Cervus elaphus Rocky Mountain elk us experimental Zaugg et al., 1996 

infection 

Cervus canadensis elk us serology, Renshaw et al., 1979 

experimental 

infection 

Taurotragus oryx eland Kenya, molecular Ngeranwa et al., 1998 

Africa 

Antilocapra americana pronghorn antelopes us serology Stauber et al., 1980 

Syncerus cqffer African buffalo Africa serology, Schreuder et al., 1977; 

experimental Reddy et al., 1988 

infection 

Buba/us bubalis water buffalo Africa cytology, Carmichael & Hobday, 

1975 

Cephamopf?ys refulatus red-flanked duiker Africa cytology Dipeolu & Akinboade, 

1984 

Ovis canadensis bighorn sheep subinoculation Kuttler, 1984 

serology 
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Intrastadial transmission of A. mafl!,inale has been shown to be effected by male ticks 

(Kocan et al., 1992a,b ). Numerous studies have demonstrated that male Dermacentor ticks may 

play an important role in the biological transmission of A. marx,inale because they become 

persistently infected and can transmit A. mafl!,inale repeatedly when they transfer among cattle 

(Kocan et al., 1992a,b; Eriks et al., 1993). Therefore, Dermacentor males serve as both reservoirs 

and vectors of A. marginale (Kocan et al., 1992a,b). Interstadial transmission occurs when 

nymph or adult ticks infected in a previous stage transmit the rickettsia (I<.ocan et al., 1992a,b). 

Transovarial transmission has been suggested to occur in some ixodid ticks (Howell et al., 

1941b), but this finding has not been confirmed by others (Stich et al., 1989). Anaplasma 

infection can be transmitted from an infected cow to her unborn calf (transplacental 

transmission) (Potgieter & van Rensburg, 1987). Transplacental transmission may not 

contribute greatly to the epizootiology of anaplasmosis. 

Tick vectors 

Ticks are biological vectors of A. marginale, and at least 14 tick species are capable of 

transmitting infection under natural or experimental conditions (fable 3). However, 

experimental demonstration of vector competence does not necessarily imply a role in 

A. marginale transmission in the field. Some of these tick species serve as reservotts of 

A. marginale and different stages can transmit A. marginale to cattle (Stiller & Coan, 1995). 

Different tick species serve as vectors of A. marginale infection in different regions of 

the world. Dermacentor ticks are the most common vector in the United States. The cattle tick, 

Boophilus microplus, is the major vector of anaplasmosis in Australia and in Central and South 

America (Nari, 1995), while other Boophilus spp. are important vectors in Africa. 
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TABLE 3. Studies in which Anaplasma transmission has been attempted with Ixodid and Argasid ticks.• 

Tick 
Tick species Author(s) Year 

Transmission 

IXODIDS 

Amb/yomma americanum Rees 1934 

A americanum Sandborn & Moe 1934 

A americanum Piercy & Schmidt 1941 

Amb/yomma cqjennense Rees 1934 

A cqjennense Sanborn&Moe 1934 

Amb/yomma maculatum Rees 1934 

A. maculatum Piercy 1938 

A. maculatum Piercy & Schmidt 1941 

Boophilus decoloratus Theiler 1912b + 

Boophilus micrvplus Quevedo 1916 + 
B. micrvplus . Rosenbuch & Gonzalez 1927 + 
B. micrvplus Brum pt 1931 + 
B. annulatus Rees 1934 +/-

Boophilus calcaratus Sergent et al. 1945 +/-
Dermacentor albipictus Boynton et al. 1936 + 
D. albipictus Stiller et al. 1981 + 
D. albipictus Sanborn and Moe 1934 

D. albipictus Ewing et al. 1997 + 
Dermacentor andersoni Rees 1933 + 
D. andersoni (larvae-nymph) Rees 1934 + 
D. andersoni(nymph-adult) Rees 1962 + 
D. andersoni Boynton et al. 1936 + 
D. andersoni Sanborn etal. 1938 + 
D. andersoni (transovaria~ Howell et al. 1941b + 
D. andersoni Rees&Avery 1939 

D. andersoni Rozeboom et al. 1940 +/-
D. andersoni (delayed feeding) Anthony & Roby 1962 + 
D. andersoni Kocan etal. 1981 + 
D. andersoni (transovarian) Anthony & Roby 1962 

Dermacentor nitens Sanborn&Moe 1934 

D. nitens Rees&Avery 1939 
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Dermacentor occidentalis Boyton et al. 1936 + 
D. occidenta.lis Howarth & Roby 1972 + 
D. occidentalis (transstadial) Howarth & Hokama 1973 + 

D. occidentalis (transovarian) Howarth & Hokama 1973 

Dermacentor parumapertus Sanbom&Moe 1934 

Dermacentor variabilis Rees 1932 + 
D. variabi/is (transstadial) Rees 1934 + 
D. variabilis (transovarian) Rees 1934 

D. variabilis Sanders 1933 + 

D. variabilis Sanbom&Moe 1934 

D. variabi/is (transovarian) Rees&Avery 1939 

D. variabi/is (carrier animals) Schmidt & Piercy 1937 

D. variabi/is Piercy 1938 

D. variabi/is (transstadial) Anthony & Roby 1962 + 
D. variabi/is (transovarian) Anthony & Roby 1962 

D. variabilis (transovarian) Stich et al. 1989 

D. variabilis Stich et al. 1989 + 
D. variabilis Kocan et al. 1981 + 
D. venustus Sanbom&Moe 1934 

Haemaprysalis lepriris-palustris Sanbom&Moe 1934 

Ifya/omma /usitanicum Sergent et al. 1945 

Hyalomma mauritanicum Sergent et al. 1945 

Ixodes pacijicus Howarth & Hokama 1973 

Ixodes ricinus Zeller & Helm 1923 + 
I. ricinus Helm 1924 + 
I. ricinus Sanbom&Moe 1934 

I. ricinus Piercy 1938 

Ixodes scapularis Rees 1934 +/-
I. scapularis Sanbom&Moe 1934 

Ixodes sculptus Rees 1934 

I. sculptus Sanbom&Moe 1934 

Rhipicepha/us bursa Bnunpt 1931 + 
R bursa Sergent et al. 1945 +/-
Rhipicepha/us sanguineus Rees 1930 + 
R sanguineus Rees 1934 +/-
R sanguineus Sanbom&Moe 1934 
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R sanguineus (transovarian) Rees&Avery 1939 

Rhipicephalus simus (transovarian) Theiler 1912b + 

R simus Potgieter et al. 1983 + 

ARGASIDS 

A~as persicus Howell et al., 1941a 

Ornithodoros coriaceus Howell et al. 1943 +/-

Ornithodoros megttini Howarth & Hokama 1973 

0. megnini Sanbom&Moe 1934 

Ornithodoros turicata Howell et al. 1943 

0. turicata Sanbom&Moe 1934 

• Reprinted from Kocan et al., 2003b. 

Developmental cycle of A. marginale in catde and ticks 

A. marginale is an obligate intracellular parasite that multiplies within membrane-bound 

inclusions in the cytoplasm of the host cells. In cattle, the only known site of development of 

A. marg,inale is within erythrocytes (Ristic & Watrach, 1963). However, within ticks A. marginale 

undergoes a complex developmental cycle that involves several tissues and is coordinated with 

the tick feeding cycle (Fig. 3; Kocan, 1986; Kocan et al., 1992a,b). Infected erythrocytes taken 

into ticks with the bloodmeal provide the source of A. marg,inale infection for tick gut cells. 

After development of A. marginale in tick gut cells, many other tick tissues become infected, 

including the salivary glands, from where the rickettsiae are transmitted to vertebrates during 

feeding (K.ocan, 1986; Kocan et al., 1992a,b; Ge et al., 1996). At each site of infection in ticks, 

A. marginale develops within membrane-bound vacuoles or colonies (Fig. 4). The first form of 

A. marginale seen within the colony 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 (Fig. 4), which is the infective form and can survive outside 
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of cells. Cattle become infected with A. margjnale when the dense form is transmitted during 

tick feeding via the salivary glands. 

Upon A. ma1J!,inale infection in cattle, the number of infected erythrocytes increases 

logarithmically and removal of these infected cells by phagocytosis results in development of 

anemia and icterus without hemoglobinemia and hemoglobinuria. Cattle that recover from 

acute infection remain persistently infected and are protected from clinical disease, serving as 

reservoirs for mechanical and biological transmission (Dikmans, 1950; Ewing, 1981). 

-­·-·· .-
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Figure 3. Life cycle of Anaplasma marginale in the bovine and tick hosts . 
.Adapted from Poster inside Parasitology Today, Vol. 15 (169) . 
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Within the erythrocytes, membrane-bound inclusion bodies contain from 4-8 

rickettsiae. The percentage of infected erythrocytes vanes with the stage and severity of the 

disease, but maxunum parasitemias ill excess of 70% may occur during acute infection. 

Multiple infections of individual erythrocytes are common during periods of high rickettsemia. 

Figure 4. D evelopmental cycle of Anaplasma margina/e in tick cells. 
A. margina/e adheres to the membrane of the tick cell (1) and a depression forms in the cell membrane (2). The 
rickettsia is internalized (3), and remains within a vacuole. A . margina/e then divides by binary fission and forms 
a colony of reticulated forms (4), which later become dense forms (5). T he rickettsial colony fuses with the host 
cell membrane and infective dense forms of A. marginale are released from the cells (6). Free rickettsiae are then 
able to infect o ther host cells and restart the cycle of development (Blouin & Kocan, 1998). 
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Tick Cell Culture System for A. marginale 

Recently, A. marJ!inale was propagated ill continuous culture in a cell line, IDE8, 

derived from embryos of lxodes scapularis ticks (1'vlunderloh et al., 1996). The IDE8-A. marg/nale 

culture system has been shown to be a valuable model for the study of pathogen-tick cell 

interactions (Barbet et al., 1999; de la Fuente 2001a,b; 2002a; Blouin et al., 2003a,b). 

The developmental cycle of A. ma,g,inale in culture cells is similar to the cycle in 

naturally infected tick cells (Fig. 4) (Blouin & Kocan, 1998). Development of A. ma,g,inale in 

the cultured tick cells was documented using light and electron microscopy (Blouin & Kocan, 

1998). Host cell invasion is initiated by the adhesion of the dense form of A. mazyjnale to the 

host cell membrane (Fig. 4). The adhesion between the rickettsiae and tick cell membrane 

increases along a continuous section forming a depression in the host cell membrane (Fig. 4). 

A. mazyjnale is subsequently enclosed by the host cell membrane and internalized within a 

vacuole (Fig. 4). A. mazyjnale transforms into the reticulated (vegetative) form that divides by 

binary fission. Repeated division results in the formation of colonies that contain hundreds of 

rickettsiae (Fig. 4). The reticulated forms of A. ma,g,inale subsequently transform into the 

infective or dense forms. Colony membranes then fuse with the host cell plasmalemma, 

followed by rupture of the inembrane complex (Fig. 4). A flap opened in the fused cell 

membranes allows for the release of the dense forms from the parasitophorous vacuole 

without loss of host cell cytoplasm. The released rickettsiae then initiate a new series of 

infections resulting in host cells containing 5 or more colonies per cell (Blouin & Kocan, 

1998). Tick cell death occurs after most of the cells become infected, resulting in detachment 

of tick cell monolayers and cytopathic effect. The mechanism of A. marginale exit involves the 

fusion of the colony and host cell membranes, and appears to be controlled by the host cell 
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and the pathogen (Blouin & Kocan, 1998). The adherence of rickettsiae to the tick cell 

membrane prior to infection has suggested the presence of adhesion molecules on the surface 

of A. marginale that are recognized by tick cell receptors. One of these A. marginale surface 

molecules have been recently identified (de la Fuente et al., 2001a). 

A. marginale propagated in culture has been shown to be infective for both cattle and 

ticks (Munderloh et al., 1996; Blouin et al., 2000). In addition, cell culture derived-A. marginale 

antigen conferred partial protection to immunized cattle in preliminary studies (I<.ocan et al., 

2001; de la Fuente et al., 2002b). Immunity generated in cattle by A. marginale antigens purified 

from infected culture tick cells was found to be similar to the protection elicited by 

erythrocyte-derived A. marginale antigens (Kocan et al., 2001). 

Cell culture-derived A. marginale has also been compared with erythrocyte-derived 

A. marginale in immunized and control cattle that were challenge-exposed with infected 

D. variabilis ticks (de la Fuente et al., 2002b). These challenge conditions more closely resemble 

those occurring in nature where male ticks act as reservoirs and effect biological transmission 

of A. marginale. Under these experimental conditions, the cell culture-derived A. marginale 

antigen provided partial protection in cattle in a manner similar to erythrocyte-derived antigens 

(de la Fuente et al., 2002b). 

Bovine Immune Response to A. marginale Infection 

The clearance of A. marginale infection by the bovine immune system is mediated by 

the concomitant development of a high titer humoral immune response and a CD4+ T-cell-

mediated response (Palmer & McElwain, 1995; Palmer et al., 1999). The possible role of 

antibodies directed against A. marginale surface molecules was demonstrated by Palmer & 

McGuire (1984), who were able to neutralize A. marginale infection of susceptible, 
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splenectomized calves by using antiserum against initial bodies. Later reports challenged the 

antibody mediated model for protective immunity (Gale et al., 1992), and proved that 

antibodies alone are not sufficient for protection. More recent studies confirmed involvement 

of antibodies in three main mechanisms of protection against A. mar;ginale infections (Cantor et 

al., 1993; reviewed by Palmer et al., 1999), and demonstrated that the level of antibodies 

against A. mar;ginale major surface proteins, in contrast to the overall antibody levels, correlates 

with protection (Tebele et al., 1991). One mechanism involves the direct action of antibodies 

and complement, which results in killing of the rickettsia and neutralization of its ability to 

attach to and invade host cells (Palmer et al., 1999; Blouin et al., 2003a). A second mechanism 

requires the antibody~dependent cellular cytotoxicity by major histocompatibility complex 

non-restricted lymphocytes (Brown et al., 2001, 2002). The third mechanism involves 

antibodies conferring specificity to macrophage phagocytosis for opsonization. These 

mechanisms are involved in the protective immune response against A. ma11,inale infections, 

and are stimulated by vaccination with live or killed organisms, initial body membranes, 

purified native or recombinant outer membrane proteins, or DNA encoding for A. ma11,inale 

surface proteins (Palmer et al., 1989; Montenegro-James et al., 1991; Tebele et al., 1991; 

Arulkanthan et al., 1999; Kocan et al., 2001; de la Fuente et al., 2002b). 

Recent studies demonstrated that cattle immunized with erythrocyte or cell culture­

derived A. ma11,inale developed a differential antibody response to A. mar;ginale major surface 

proteins 1 a and 1 b (K.ocan et al., 2001; de la Fuente et al., 2002b ). Cattle immunized with tick 

cell-derived antigens elicited a preferential response against MSP1 b while cattle immunized 

with erythrocyte-derived antigens developed a preferential response against MSP1a (I<:.ocan et 

al., 2001; de la Fuente et al., 2002b). The molecular basis for this difference will be explored in 
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this proposed research and may be due to differences in the expression or conformation of 

MSP1a and MSP1b proteins in the tick and erythrocytic stages of A . marginale. 

Molecular Biology of A. marginale 

Genome size and composition 

A. marginale has a circular genome of 1,197,701 hp, as determined from its genome 

sequence (http://www.vetmed.wsu.edu/research vmp/anagenome/). The G+C content of 

the A. marg,inale genome had been estimated at 33-50% (Ellender & Dimopoullos, 1967; 

Senitzer et al., 1972; Ambrosio & Potgieter, 1987), but was later determined to be 56 mol% 

using spectral analysis, a more accurate approach (Alleman et al., 1993). 

The genome of A. marginale appears to have undergone reductive evolution (Palmer, 

2002), a process in which initial mutation events accumulate, resulting in loss of function and 

eventual gene deletion (Andersson & Kurland, 1998). Reductive evolution, the result of gene 

degradation (Andersson & Andersson, 1999), is a common and ongoing process in obligate 

intracellular pathogens, which have retained only the functions necessary for survival and 

propagation within the host cells (Palmer, 2002). As a result, A. marginale has one of the 

smallest genomes and is considered a small genome pathogen (Fig. 5) ( organisms that have a 

genome :Sl.5 Mb, or 1/3 of the size of the E. coli genome). In the process of genomic 

reduction, A. marginale became an obligate intracellular parasite for bovine erythrocytes and 

tick cells, due to the loss of gene functions not necessary for survival within the predictable 

intracellular environment. 

The primary deletion events during gene degradation are associated with the deletion 

of redundant, overlapping and duplicated genes, as illustrated by the unique gene arrangement 

of the rRNA genes in rickettsial organisms (Andersson et al., 1995, 1999; Massung et al., 2002). 
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A. marginale retained only one of the seven rRNA copies usually found in bacteria (Rurangirwa 

et al., 2002). 

Remarkably, small genome pathogens dedicate a large part of their genome for 

encoding surface molecules that are essential for infecting host cells. A. marginale, for example, 

has retained numerous copies of genes and pseudogenes encoding for membrane molecules 

(Brayton et al., 2001). These surface molecules are under selective pressure and are required by 

the pathogen for survival, either because of their function or because they are necessary in 

order to overcome the host's mechanisms of defense. Selected major surface proteins of 

A. marginale have been characterized, and some, such as MSP1a and MSP1b, are involved in 

the interaction of the rickettsia with the host cells, while others, such as MSP2 and MSP3, 

appear to be necessary for development of persistent infection within the host by generating 

antigenic variation required for overcoming the immune response (Brayton et al., 2001, 2002). 

As of November 24, 2003, 144 microbial genomes have been sequenced, 127 of which 

correspond to bacterial genomes, including rickettsial organisms and other tick-home 

pathogens such as the Lyme borrelia, Bomlia burgdorferi, FJckettsia prowazekii and Rickettsia conorii 

(http://www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html). The first genome of 

an organism of the genus Anaplasma to be completely sequenced was the genome of 

A. phagorytophilum, which was completed and is being annotated by the Ehrlichia Research 

Laboratory, Ohio State University, in collaboration with The Institute for Genome Research 

(TIGR) (http://riki-lb1.vet.ohio-state.edu/ehrlichia/index.php). The genome of the St. Maries 

isolate of A. marginale has also been completed and is subject to final editing 

(http: //www.vetmed.wsu.edu/research vmp/anagenome). 
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Figure 5. Prokaryotic genomes. 
Anaplasma mar;g,inale (red bar) contains one of the smallest genomes among bacterial organisms. 
Organisms with a genome :S:1/3 the size of the E.coli genome (blue bar), such as the organisms within 
the box, lower left comer, are considered small genome pathogens. 
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Anaplasma marginale major surface proteins 

Six major surface proteins have been identified on A. margina!e derived from bovine 

erythrocytes and were found to be conserved on tick- and cell culture-derived organisms 

(Barbet et al., 1999). Three of these MSPs, namely MSP1a, MSP4 and MSPS, are encoded by 

single genes and do not vary antigenically during the multiplication of the bacterium (Barbet et 

al., 1987; Allred et al., 1990; Visser et al., 1992; Oberle et al., 1993), while the other three, 

MSP1 b, MSP2 and MSP3, are from multi.gene families and may vary antigenically, most 

notably in persistently infected cattle (Barbet & Allred, 1991; Palmer et al., 1994; Alleman et al., 

1997; Kocan et al., 2000; Barbet et al., 2001). 

MSP1b, a 100 kDa protein, is encoded by two genes, msp1 fit and msp1 fi2 (Barbet et al., 

1987; Barbet & Allred, 1991; Camacho-Nuez et al., 2000; Viseshakul et al., 2000; Bowie et al., 

2002) and has been suggested to be an adhesin for bovine erythrocytes but not for tick cells 

(McGarey & Allred, 1994; McGarey et al., 1994; de la Fuente et al., 2001b). Because MSP1a is 

the focus of this research, this protein will be described in a separate section. 

MSP2 is a membrane protein of approximately 36 kDa encoded by a polymorphic 

multi.gene family (Palmer et al., 1994). MSP2 is present in different A. margina!e stages (Palmer 

et al., 1985), including the tick and intraerythrocytic stages (Barbet et al., 1999), although new 

antigenic variants are generated in both vertebrate and tick hosts during the life cycle of the 

pathogen (Barbet et al., 2001; de la Fuente & Kocan, 2001). MSP2 is also conserved between 

A. mat;gina!e and A. centra!e (Shkap et al., 1991), and msp2 orthologs have been found in other 

rickettsial organisms (Palmer et al., 1994). 

MSP3 is an immunodominant 86 kDa membrane polypeptide. It is also encoded by a 

polymorphic multi.gene family, and contains regions with amino acid sequence homology to 
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MSP2 (Alleman et al., 1997). MSP3 is also suspected to be involved in antigenic variation that 

contributes to the development of persistent infections. 

The 31 kDa MSP4 protein does not vary in molecular size among isolates (Visser et al., 

1992). The msp4- gene is highly conserved among A. mar;g,inale isolates and has been used to 

infer phylogenetic and biogeographic relationship among isolates (de la Fuente et al., 2002c). 

The function of MSP4 is unknown. 

MSPS is a 19 kDa protein conserved among all A. mar;g,inale isolates (Visser et al., 

1992), and in tick and erythrocytic stages of A. marginale (Knowles et al., 1996). MSPS is also 

conserved among several Anaplasma species, namely A. marginale, A. centrale and A. oms (Visser 

et al., 1992). MSPS has been shown to form intramolecular and intermolecular disulfide­

bonded multimers (Vidotto et al., 1994). The biological function of MSPS is presently not 

known. 

Major surface protein la of A. marginale 

The MSP1 complex is a heterodimer composed of MSP1a and MSP1b, two 

structurally unrelated polypeptides (Vidotto et al., 1994). msp1 ahas been found to be a stable 

genetic marker for identification of A. marginale strains in individual animals during acute and 

chronic phases of infection and before, during and after tick transmission (Palmer et al., 2001; 

Bowie et al., 2002). MSP1a contains a neutralization sensitive epitope (Palmer et al., 1987), and 

was shown to be involved in adhesion of A. marginale to bovine erythrocytes and tick cells in 

experiments using recombinant E. coli expressing MSP1 a, microtiter hemagglutination, 

adhesion recovery assays and microscopy (l\1cGarey & Allred, 1994; McGarey et al., 1994; de 

la Fuente et al. 2001a,b). MSP1a size polymorphism exists among A. marginale isolates because 
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of a different number of tandemly repeated 28-29 amino acid peptides in the N-terminal of the 

protein (Allred et al., 1990). 

MSP1a is recognized by the bovine immune response after A. mar;ginale infection 

(Barbet et al., 1987) and is involved in immunity to A. mar;ginale infection in cattle (Fahner et 

al., 1987, 1989; Brown et al., 2001). Immunization of cattle with affinity-purified native MSP1 

complex induced partial protective immunity in cattle (Fahner et al., 1989). Furthermore, 

MSP1a has been shown to affect Dermacentorspp. infection and transmission of A. mar;ginale (de 

la Fuente et al., 2001a). 

Discrepancy between the observed and the deduced molecular mass of A. marginale 

MS Pl a 

The molecular weight of A. mar;ginale MSP1a varies among isolates with the number of 

tandemly repeated peptides (Allred et al., 1990; de la Fuente et al., 2001d). However, the 

observed molecular mass of MSP1a estimated from its electrophoretic mobility is greater than 

predicted from the primary sequence of the MSP1a proteins from all the A. mar;ginale isolates 

studied so far (Table 4; Oberle et al., 1988). This apparent contradiction has been attributed to 

the primary sequence of the protein and to the presence of repeated sequences that could 

affect the electrophoretic migration of MSP1 a (Bar bet et al., 1987; Palmer et al., 1987; Oberle 

et al., 1988). The presence of post-translational modifications in MSP1a has been suggested 

(Brown et al., 2001), particularly after other ehrlichial proteins were shown to be post­

translationally modified (McBride et al., 2000), although it has been disregarded by others 

(Barbet et al., 1987; Fahner et al., 1987). 

26 



TABLE 4. Observed and predicted molecular mass of MSP1 a protein from different A. marJ!inale isolates. 

Isolate No. Repeats Observed MWa Predicted MWh 

Virginia 

Washington 

North Texas 

South Idaho 

Florida 

2 

4 

4 

6 

8 

70 

86 

89 

95 

105 

61 

63 

63 

63 

66 

• Molecular mass estimated from the electrophoretic mobility by Oberle et al., 1988. 

b Molecular mass predicted from the amino acid sequence. 

Functional characterization of A. marginale MSPla 

A. mar;ginale MSP1a has been shown to mediate adhesion, infection and transmission 

of the organism, as well as to contribute to protective immunity in cattle (McGarey & Allred, 

1994; McGarey et al., 1994; de la Fuente et al., 2001b). Using a direct hemagglutination assay, 

McGarey & Allred (1994) demonstrated that the interaction of A. mar;ginale with bovine 

erythrocytes is inhibited by anti-MSP1a antibodies. The ability of recombinant E.coli 

expressing MSP1a on its surface to hemagglutinate erythrocytes was later reported (McGarey 

et al., 1994), and confirmed by de la Fuente et al., (2001b). Recombinant MSP1a was also 

shown to mediate adhesion to native and culture tick cells and transmission by Dermacentor spp. 

ticks (de la Fuente et al., 2001b). However, MSP1a from a non tick-transmissible isolate did 

not adhere to tick cells (de la Fuente et al., 2001a). Since the only region of MSP1a that varies 

among isolates is the N-terminal region containing the tandem repeats, different MSP1a 

mutants including and lacking the tandem repeats were assayed for their ability to adhere to 

bovine erythrocytes and tick cells (de la Fuente et al., 2003a). The repeated peptides of MSP1a 

proved to be necessary and sufficient to mediate adhesion of MSP1a to host cells (de la Fuente 

et al., 2003a). Studies using synthetic peptides and tick cell extract showed that MSP1a repeat 
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peptides containing acidic amino acids (aspartic or glutamic acid) at position 20 are able to 

bind to tick cells, while peptides with a glycine as the 20th amino acid are not adhesive ( de la 

Fuente et al., 2003a). 

Analysis of tandemly repeated MSP1a peptides of several geographic isolates of 

A. mar;ginale revealed a complex relationship between the msp1 a genotype and the tick­

transmissible phenotype of the isolate and suggested that the sequence and conformation of 

the repeated peptides influences the adhesive properties (de la Fuente et al., 2003a). 

Gene Regulation in Tick-Borne Bacteria 

Bacterial genomes are commonly small and generally devoid of unnecessary 

information, which is particularly important in obligate intracellular bacteria that have 

undergone reductive evolution and loss of duplicated and redundant genes (Andersson & 

Kurland, 1998). Intracellular bacteria take advantage of the predictable and stable environment 

within the host cell. However, these bacteria have to exit the host cell and invade uninfected 

host cells, and eventually exit the host organism to be transmitted to another susceptible host. 

This process of invasion and spreading often requires the exposure of the pathogen to hostile 

and variable conditions to which the bacterium must have adapted in order to survive. 

Therefore, pathogens have evolved mechanisms in order to respond to environmental changes 

and escape the host's antimicrobial response. 

Since the bacterial cell membrane is the interface between the pathogen and its 

environment, a significant fraction of the bacterial genome is devoted to surface molecules and 

the generation of antigenic variation that ensures the persistence and adaptability of the 

pathogen. The expression of many of these surface molecules is highly regulated in most 

bacteria, which are able to respond to numerous factors including temperature (K.onkel & 
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Tilly, 2000), pH (Foster, 1999), osmolarity (Sleator & Hill, 2002), ion levels (Litwin & 

Calderwood, 1993), growth phase (Phillips & Strauch, 2002), population density (Miller & 

Bassler, 2001 ), and presence of host cells (Obonyo et al., 1999). 

Tick-borne pathogens are not the exception since they have to alternate between the 

tick and vertebrate hosts. A major difference between both hosts is the temperature, a factor 

that is known to regulate the expression of surface molecules in a number of pathogens 

(I<:onkel & Tilly, 2000). Regulation of the expression of Lyme borrelia spirochete outer surface 

proteins is probably the best studied gene regulation mechanism among tick-borne pathogens 

(Indest et al., 2000). For example, during tick feeding, B. burgdoiferi downregulates the 

expression of OspA and upregulates OspC (Obonyo et al., 1999). The switch in OspA and 

OspC expression is regulated by the temperature and the contact with the tick host cells 

(Obonyo et al., 1999). The expression of OspA was higher in spirochetes cultivated at 31 °C, 

while OspC expression was enhanced in B. burgdoiferi grown at 37°C (Obonyo et al., 1999). 

OspC production was also increased when the spirochete was co-cultivated with cultured tick 

cells or tick hemolymph (Obonyo et al., 1999; Johns et al., 2000). Similar results have been 

obtained in B. burgdoiferi-infected ticks. OspA is expressed in unfed ticks, but its expression is 

downregulated upon tick feeding (Schwan & Piesman, 2000). The temporal analysis of the 

expression of OspA and OspC suggested that OspC is involved in transmission from tick to 

mammal but not from mammal to tick (Schwan & Piesman, 2000), while OspA has an 

important function in the vector (Pal et al., 2000). Understanding the temporal profile of 

expression of surface proteins will facilitate the identification of the function of these proteins. 

The regulation of the expression of surface molecules in other tick-borne bacteria suggests that 

some of these proteins determine the capacity for survival and adaptation of the pathogen. 
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Immunodominant membrane proteins in several ehrlichial organisms are differentially 

expressed. For instance, the E. canis P30 proteins, which are encoded by a polymorphic 

multigene family, are differentially expressed in infected dogs and R sanguineus ticks (Unver et 

al., 2001 ). Of the 14 paralogs analyzed by Unver and colleagues, 11 were transcribed at higher 

levels in infected dogs. The expression of only one of the p30 paralogs was detected in 

R sanguineus ticks. The same paralog was expressed in nymphs, adult males and adult females, 

suggesting that either this paralog is predominantly expressed in the tick stages of E. canis, or 

that the expression of the other paralogs is downregulated in ticks. Experiments using E. canis 

cultivated in a dog monocyte cell line indicate that temperature is at least one of the factors 

that regulate the expression of the p30 paralogs (Unver et al., 2001). 

E. canzs P30 proteins are highly cross-reactive with 28-kDa antigens (OMP-1s) of 

E. cheffeeensis (Rikihisa et al., 1994). The OMP-1s are encoded by at least 22 paralogs of a single 

polymorphic multigene family (Ohashi et al., 2001). Most of the p28 paralogs are active genes 

(Long et al., 2002), but are differentially transcribed in infected dogs and A. amen"canum ticks 

(Unver et al., 2002). Sixteen of the p28 paralogs are transcribed in infected dog monocytes, but 

only one is expressed in nymph and adult A. americanum ticks (Unver et al., 2002). 

A 120-kDa E. cheffeensis antigen (P120) has been shown to be differentially expressed in 

different stages of the development of the pathogen (Popov et al., 2000). Expression of P120 

was detected in dense forms of E. cheffeensis, while P120 was not detected in the cell wall of the 

reticulated forms. This observation is consistent with the putative role of P120 in E. cheffeensis 

adhesion and invasion (Popov et al., 2000). 

The major antigenic protein 1 (MAP1) of E. ruminantium is closely related to the P28 

and P30 proteins of E. chaffeeensis and E. canis, respectively. MAP1 proteins are encoded by the 
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map! multigene family. One out of the three msp1 paralogs is expressed in both infected bovine 

endothelial cells and A. variegatum ticks (Bekker et al., 2002). The mapl-1 gene transcript was 

detected in infected ticks but not in infected bovine cells, while expression of the mapl-2 

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

A. phagorytophi!um is another ehrlichial organism closely related to A. mar;gina!e. This 

pathogen expresses P44s, a family of immunodominant 44-kDa proteins encoded by a 

multigene family (IJdo et al., 1998; Murphy et al., 1998). Among the 20 different p44 paralogs 

detected in infected mammals, ticks and cell cultures, the p44-18 transcript was preferentially 

expressed in mice and horses, but not in ticks (Zhi et al., 2002). Other transcripts were 

detected in infected ticks but were not detected in mammals. Notably, some p44 transcripts are 

present in ticks during transmission feeding but not in non-feeding ticks (IJdo et al., 2002). 

In A. mar;gina!e, MSP2s are encoded by a multigene family orthologous to 

E. ruminantium map!, E. canis p28, E. cheffeensis p30, and A. phagorytophi!um p44 (Palmer et al., 

1994). It has been suggested that, similar to its orthologs, only some msp2 transcripts are 

expressed in A. mar;gina!e-infected ticks (Rurangirwa et al., 1999). Moreover, it has been stated 

that the restriction of msp2 transcript variants occurs in the midgut as an early event during 

acquisition feeding (Lohr et al., 2002). However, only one msp2 expression site has been 

identified, and it encodes for a polycistronic mRNA (Barbet et al., 2000). Other studies have 

shown that more msp2 variants are expressed within infected ticks (de la Fuente & Kocan, 

2001), and that not all A. mar;gina!e strains undergo restriction to tick-specific msp2 variants 

(Barbet et al., 2001). In any case, the expression of transcript variants in Anap!asma spp. do not 

seem to be transcriptionally regulated since no significant changes in transcript or protein 

amounts has been observed (Lohr et al., 2002), in contrast to the transcriptional regulation of 
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the expression of msp2 orthologs in Ehrlichia spp. The generation of new MSP2 antigenic 

variants appears to be mediated by the recombination of pseudogenes into the msp2 expression 

site (Brayton et al., 2002). Sequential recombination of small segments in the hypervariable 

region of msp2 results in a combinatorial number of antigenic variants generated by gene 

conversion (Brayton et al., 2002). Variability of MSP3 has also been found to be mediated by 

the generation of new antigenic variants by gene conversion (Brayton et al., 2001). Although 

other surface proteins have been shown to be conserved between tick- and erythrocyte-derived 

A. ma!J!,ina!e (Palmer et al., 1985; Barbet et al., 1999), these studies were based on a qualitative 

approach intended to identify rather than quantify the surface proteins. It has been suggested 

that differential expression of certain outer membrane proteins accounts for the different 

biological properties of the pathogen in different life stages of A. ma!J!,ina!e (Lohr et al., 2002). 

Protein Glycosylation in Pathogenic Bacteria 

Protein glycosylation was thought to be restricted to eukaryotic organisms for a long 

time, but numerous examples of glycosylation in prokaryotes have been found in the last 

decades. Surface layer (S-layer) proteins were the first bacterial proteins to be shown to be 

glycosylated (Mescher et al., 1974). In recent years, non-S-layer glycoproteins have also been 

found in a growing number of bacterial species, and the belief that protein glycosylation only 

occurs in eukaryotes has been disproved. Most of the proteins glycosylated in pathogenic 

bacteria are surface proteins, many of which are involved in the process of adhesion to and 

invasion of the host organism (Table 5). 
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TABLE 5. Protein glycosylation in gram-negative pathogenic bacteria. 

Organism Protein Linkage Function Reference 

Anaplasma phagocytophilum 100 kDa N/R unknown de la Fuente et al., 2003c 

130kDa N/R unknown de la Fuente et al., 2003c 

Borrelia bu,;g,dorferi OspA -Asn unknown Sambri et al., 1992 

OspB -Asn unknown Sambri et al., 1993 

FlaA ( flagellin) N/R motility Ge et al., 1998 

Campylobacter jejuni Peb3 -Asn unknown Young et al., 2002 

CgpA -Asn unknown Linton et al., 2002 

Flagellin -Ser/Tur motility 1bibault et al., 2001 

Campylobacter coli Flagellin -Ser/Thr motility Doig et al., 1996 

Chlamydia trachomatis 40kDaMOMP -Asn adhesion Swanson & Kuo, 1991 

Mycobactenum tuberculosis 45/47 kDa (Apa) -Tur immunomodulation Dobos et al., 1996 

19kDa -Tur unknown Herrmann et al., 1996 

Ehrlichia chaffeensis P120 -Ser/Thr unknown McBride et al., 2000 

Ehr!ichia canis P140 -Ser/Tur unknown McBride et al., 2000 

Neisseria gonorrhoea Pilin -Ser adhesion Marceau et al., 1998 

Neisseria meningitidis Pilin -Ser adhesion Marceau et al., 1998 

Escherichia coli TibA -Ser/Tur 111vas10n Lindenthal & Elsinghorst, 1999 

AIDA-I -Ser/Tur adhesion Benz & Schmidt, 2001 

Protein glycosylation 1s involved in the functional properties of many of these 

glycoproteins. For instance, M. tuberculosis Apa glycoproteins (45/47 kDa antigen) elicit 

different kinds of immune response depending on the extent of glycosylation (Hom et al., 

1999). The carbohydrate moieties in several bacterial adhesion molecules have been shown to 

affect the adhesion to host cells (Marceau & Nassif, 1999; Szymanski et al., 2002). 

Glycosylation of the host cell receptor for the bacterial adhesin has also been shown to be 

involved in bacterial adhesion to host cells (Yago et al., 2003). Glycosylation can also regulate 

the sensitivity of glycoproteins to proteolysis. The 19-kDa antigen of M. tuberculosis,· for 

example, is more sensitive to proteolytic cleavage when it is not glycosylated (Herrmann et al., 
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1996). The solubility of the glycoprotein can also be affected by the extent of glycosylation 

(l\1arceau & Nassif, 1999). In addition, glycosylation can also contribute to antigenic variation 

(l\1arceau & Nassif, 1999). The number of functionally important bacterial glycoproteins has 

increased in recent years, as has the roles, implications and importance of glycosylation of 

surface molecules in pathogenic bacteria. 

Recently, the genes encoding for antigenic high molecular weight membrane proteins 

from several ehrlichial organisms were cloned and completely sequenced (Yu et al., 1997; 

Storey et al., 1998). Some of these proteins, namely P120 (120-kDa protein from E. cheffeensis), 

P140 (140-kDa protein from E. cams), and Pl 00 and P130 (100- and 130-kDa proteins from 

A. phagorytophilum), exhibited molecular masses higher than predicted from their primary 

sequences (Yu et al., 1997; Storey et al., 1998). The pt 20 and p140 genes encode for proteins of 

predicted molecular masses of 61 and 73 kDa, respectively, two ti.mes smaller than the 

observed molecular masses (Yu et al., 1997). These proteins contain a number of tandem 

repeat units with conserved Ser/Thr-rich motifs. The anomalous SDS-PAGE electrophoretic 

mobility and differences between the expected and observed molecular masses were initially 

attributed to the presence of repeated regions in these proteins (Yu et al., 1997). However, 

post-translational modifications of the native and recombinant P120 and P140 proteins have 

been shown to account for this apparent contradiction (l\1cBride et al., 2000). Using periodate 

oxidation, McBride and colleagues detected carbohydrates on the recombinant P120 and P140 

proteins. Although the glycosidase and lectin-binding analysis produced negative results (no 

enzymatic deglycosylation or lectin binding) due to the absence of the specific motifs 

recognized by these molecules, the monosaccharide compositional analysis using gas 

chromatography indicated that the recombinant P120 and P140 proteins expressed in E. coli 
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contain three carbohydrate residues, i.e., glucose, galactose and xylose. The glycosylation of 

these proteins is unusual since they do not contain the core sugars N-acetylglucosamine and 

N-acetylgalactosamine usually found in N- and 0-linked sugar moieties from eukaryotic origin 

(McBride et al., 2000). 
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RESEARCH PROBLEM 

The research proposed herein focuses on the characterization of the anti.genie 

determinants, expression and glycosylati.on of the A. mar;ginale MSP1a. MSP1a has been shown 

to be an important surface protein because it is an adhesin for both bovine erythrocytes and 

ti.ck cells. MSP1 a also contains a neutralization-sensitive epitope and is involved in immune 

protection against A. mar;ginale infection. Preliminary data· that led to this research was the 

discovery that the anti.body response of cattle immunized with A. marg,inale derived from 

bovine erythrocytes or ti.ck cell culture differed. Cattle immunized with erythrocyte derived 

anti.gen had a preferential anti.body response to MSP1a, while cattle immunized with ti.ck cell 

culture-derived anti.gen developed a preferential anti.body response to MSP1b. We also 

confirmed that the observed molecular weight of MSP1a was greater than the predicted 

molecular weight which led to the hypothesis that this difference may be due to the 

glycosylati.on of this protein. Both the regulation of the expression and the post-translational 

modifications of surface proteins may influence the ability of intracellular rickettsia to adhere 

to and infect both vertebrate and ricks cells during the parasite life cycle. In this research, we 

hypothesize that the regulation of the expression of MSP1 a by A. marginale differs in bovine 

erythrocytes and ti.ck cells and this differential expression influences the anti.body response of 

cattle immunized with erythrocyte or ti.ck cell-derived A. mar;ginale. In addition, we hypothesize 

that immunized cattle develop an anti.body response against B-cell epitopes of MSP1 a and that 

this anti.body response is involved in protection against A. marginale infection. We further 
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hypothesize that MSP1a is glycosylated and that the glycosylation may influence the adhesive 

properties of the protein. 

The specific objectives of the research proposed herein are: 

1. To characterize the expression of MSP1a on A. mat;gina!e derived from bovine 

erythrocytes and tick cells; and 

2. To characterize the antibody response against MSP1a in cattle immunized with 

recombinant MSP1 a protein or A. margina!e derived from bovine erythrocytes and tick 

cells; 

3. To determine whether the A. margina!e MSP1a is glycosylated and, if so, whether 

glycosylation influences the adhesive properties of the protein. 
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Chapter 2 

DIFFERENTIAL EXPRESSION OF THE msp1a GENE OF ANAPIASMA 
MARGINALE OCCURS IN BOVINE ERYTHROCYTES AND TICK CELLS 

Garcia-Garcia JC, de la Fuente J, Blouin EF, Johnson TJ, Halbur T, Onet VC, 
Saliki JT, Kocan KM. Veterinary Microbiology, In press. 

Abstract 

Major surface proteins (MSP) 1a and 1b of the tick-borne pathogen Anap!asma 

margina!e (Rickettsiales: Anaplasmataceae) are conserved on A. margina!e derived from bovine 

erythrocytes and tick cells. MSP1a and MSP1b form the MSP1 complex and are adhesins 

involved in infection of host cells. While both MSP1a and MSP1b are adhesins for bovine 

erythrocytes, only MSP1a is an adhesin for cultured and native tick cells. These studies were 

initiated because antibody responses to MSP1a and MSP1b differed in cattle immunized with 

killed A. margina!e derived from bovine erythrocytes or cultured tick cells. A strong antibody 

response to MSP1a was observed in cattle immunized with erythrocyte-derived A. margina!e, 

whereas cattle immunized with tick cell culture-derived A. margina!e produced antibodies 

preferentially to MSP1 b. The molecular basis of this differential antibody response was then 

studied using Western blot, confocal microscopy and reverse transcriptase (RT)-PCR. Whereas 

expression of MSP1 b by A. margina!e derived from both bovine and tick host cells was similar 

at the protein and RNA levels, expression of MSP1a by A. margina!e in these cells differed. Low 

levels of MSP1a were observed in cultured tick cells and tick salivary glands, but high 

expression of MSP1a occurred on A. margina!e derived from bovine erythrocytes. The analysis 

of the expression of the msp1a gene by RT-PCR suggests that the differential expression of 
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MSP1 a is regulated at the transcriptional level and may influence the infectivity of A. marginale 

for host cells. Variation in the expression of MSP1 a may also contribute to phenotypic and 

antigenic changes in the pathogen. 
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Introduction 

The expression of surface proteins by rickettsial pathogens has been shown to vary 

with environmental conditions or the type of host cells. Selected surface proteins have been 

found to be involved in host cell invasion and in the generation of antigenic variants that 

contribute to the establishment of persistent infection (lJnver et al., 2001; 2002; Bekker et al., 

2002; IJdo et al., 2002; Lohr et al., 2002b). 

Anaplasma mat;ginale (Rickettsiales: Anaplasmataceae), the tick-borne pathogen that 

causes bovine anaplasmosis, replicates in bovine erythrocytes and tick cells. Major surface 

proteins (J'viSP) 1 a and 1 b of A. mar;ginale, conserved upon growth on both bovine erythrocytes 

and tick cells (Palmer et al., 1985; Barbet et al., 1999; Blouin et al., 2000), have been shown to be 

involved in host cell infection (J'vicGarey and Allred, 1994; McGarey et al., 1994; de la Fuente et 

al., 2001a). Both MSP1a and MSP1b are adhesins for bovine erythrocytes, while only MSP1a is 

an adhesin for cultured and native tick cells (Palmer and McGuire, 1984; McGarey et al., 1994; 

de la Fuente et al., 2001a). Therefore, expression of these proteins may differ during the 

parasite life cycle as the pathogen adapts to bovine and tick environments. Recently, 

differential expression of A. mar;ginale proteins associated with the msp2 operon was reported. 

The regulation of expression appears to be post-transcriptional (Lohr et al., 2002a), whereas the 

expression of specific A. mar;ginale MSP2 variants was shown to be due to genetic 

recombination events (Brayton et al,. 2002). Differential regulation of the expression of 

A. mar;ginale surface molecules encoded by a single copy gene such as msp 1 a has not been 

reported. 
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These studies were initiated because antibody responses to MSP1a and MSP1b 

differed in cattle immunized with killed A. marginale derived from bovine erythrocytes or 

cultured tick cells. Cattle immunized with erythrocyte-derived A. marginale elicited an antibody 

response primarily against MSP1a, but cattle immunized with tick cell culture-derived antigen 

produced antibodies preferentially to MSP1b (K .. ocan et al., 2001; de la Fuente et al., 2002a). 

The molecular basis of the differential immune response of cattle to A. marginale derived from 

bovine and tick cells was characterized by use of Wes tern blot, confocal microscopy and 

reverse transcriptase (RT)-PCR. Definition of the expression pattern of major surface proteins 

involved in adhesion of host cells is important for understanding the mechanism of infection 

of A. marginale for bovine and tick cells and may influence development of more effective 

vaccine strategies for control of bovine anaplasmosis. 
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Experimental procedures 

Anaplasma marginale isolates. 

Oklahoma and Virginia isolates of A. marginale were used for these studies. These 

isolates have been shown to be transmissible by Dermacentor andersoni and D. vmiabilis, and have 

been propagated in tick cell culture by our laboratory (Munderloh et al., 1996; Blouin et al., 

2000; de la Fuente et al., 2001 b; 2002b ). 

Infection of cattle with A. marginale and preparation of antigen from bovine 

erythrocytes. 

Three splenectomized calves (3-4-month-old mixed breed) were experimentally 

infected with the Oklahoma or Virginia isolates of A. marginale. Calf PA479 was infected with 

blood stabilate (Oklahoma isolate) from PA407 (Blouin et al., 2000) with a percent of 

parasitized erythrocytes (PPE) of 10% and calf PA408 was inoculated with Oklahoma isolate 

infected cultured tick cells (Blouin et al., 2000). The Virginia isolate A. marginale was transmitted 

to calf PA433 by D. variabilis males that were acquisition-fed on PA432 (de la Fuente et al., 

2002b). The calves were maintained by the OSU Laboratory Animal Resources according to 

the Institutional Care and Use of Animal Committee guidelines. Infection was monitored by 

examination of stained blood smears and determination of the packed cell volume (PCV). 

Blood was collected from the calves at the peak parasitemia as follows: (i) calf PA479, 

PCV=18%, PPE=82%; (ii) calf PA408, PCV=12%, PPE=34%; and (iii) calf PA433, 

PCV=28.5%, PPE=12.2%. Blood samples were collected from calves PA479 and PA408 and 

total RNA was extracted for RT-PCR analysis of gene expression. Infected blood was 

collected for protein expression studies and preparation of antigen for cattle immunization 

studies, and the erythrocytes were washed three times in PBS, each time removing the buffy 
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coat, and stored at -70°C. Oklahoma isolate erythrocyte antigen from PA479 was thawed, 

quantified by use of an MSPS antigen detection ELISA (Saliki et al., 1998), inactivated with ~­

propiolactone (BPL), and doses of approximately 2 X 1010 A. marginale were prepared. 

Propagation of A. marginale in tick cell culture and antigen preparation. 

A. marginale was propagated in the tick cell line IDES (ATCC CRL 11973), derived 

from Ixodes scapularis embryos, as described previously (Munderloh et al., 1996; Blouin et al., 

2000). Briefly, tick cells were maintained at 31°C in L-15 B medium, pH 7.2, supplemented 

with 5% heat inactivated fetal bovine serum (Sigma, USA), 10% tryptose phosphate broth 

(Difeo, USA) and 0.1 % lipoprotein concentrate (ICN, USA), and the culture medium was 

replaced weekly. 

Monolayers of IDES cells were inoculated with the Oklahoma or Virginia isolate of A. 

marginale and monitored by stained smears and with phase contrast microscopy. Terminal cell 

cultures, in which approximately 100% of the cells were infected, were harvested by 

centrifugation. Samples of cultured tick cells were analyzed by RT-PCR, immunoblotting and 

confocal microscopy as described below. Cultured cells infected with Oklahoma isolate of 

A. marginale to be used for the cattle immunization studies were resuspended in PBS and 

stored at -70°C until used for antigen preparation. The antigen was quantified by use of an 

MSPS-specific antigen detection ELISA (Saliki et al., 1998). Antigen doses were prepared that 

contained approximately 2 X 1010 A. marginale and were then inactivated with BPL. 

Infection of ticks and collection of salivary glands. 

Dermacentor variabilis and D. andersoni were obtained from the Oklahoma State 

University, Centralized Tick Rearing Facility. Larvae and nymphs were fed on rabbits and 
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sheep, respectively, and were then allowed to molt to the subsequent stage. Adult males were 

held in a humidity chamber (90-95% RH) at 25°C with a 14-hr photoperiod until used for 

these studies. Uninfected males were allowed fo acquire infection (acquisition feeding) with the 

Oklahoma isolate by feeding for seven days on the infected calf PA479 during ascending 

parasitemia, after which the ticks were removed and held in humidity chamber at room 

temperature for seven days. The ticks were then allowed to transmission feed on a sheep for 

seven days to allow for infection of the salivary glands, after which they were removed, the 

salivary glands dissected and used for analysis of the expression of the A. marg,inale MSPs. 

Salivary glands from 10-20 ticks were pooled in 500 µl of RNALater (Ambion, USA) and 

processed as described below. Another group of infected salivary glands was collected and 

embedded in paraffin for confocal microscopy studies. Groups of uninfected ticks were 

allowed to feed in a manner similar to the infected ticks and the salivary glands were dissected 

and used as uninfected controls for the confocal microscopy studies. 

Expression of recombinant MSPJa, MSPJb and MSPS, purification and antigen 

preparation. 

The genes msp1 ~ msp1 {]1 and msp5 of the Oklahoma isolate of A. ma'fJ!inale, encoding 

for MSP1a, MSP1b1 and MSP5, respectively, were cloned and expressed in E.coli as reported 

previously (de la Fuente et al, 2001a). Expression of the recombinant proteins was confirmed 

by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli, 1970). 

The recombinant proteins expressed in E.coli were purified by FLAG-affinity 

chromatography (Sigma, USA) following the manufacturer's instructions. Doses of tick cell 
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culture-derived A. marginale were supplemented with 100 µg of purified recombinant MSP1a 

protein and used to vaccinate cattle. 

Cattle immunization studies and serum collection. 

Twenty, intact one-year-old Angus cattle, found to be seronegative for A. marginale by 

use of an A. marginale competitive ELISA (Saliki et aL, 1998), were randomly assigned into four 

groups of 5 animals each (Table 1). Animals were immunized by subcutaneous injection at 

weeks 1, 5 and 8 with a 5 ml dose containing test antigen in an oil based adjuvant (XTEND 

SP®, Novartis Animal Vaccines Inc., USA). Serum was collected from each animal at weeks 1, 

5, 8, 10 and 12, and sera were stored at -70°C until assayed by ELISA and Western blotting. 

Serologic evaluation of immunized cattle. 

The levels of antibodies against MSP5, a surface protein that is conserved in the tick 

and erythrocytic stages of A. marginale and that was used for normalizing the amount of A. 

marginale antigen in the vaccine preparations, were measured using a competitive ELISA (Saliki 

et aL, 1998). Antibody levels to A. marginale MSP1a and MSP1b were detected by ELISA 

developed for these studies. Briefly, purified recombinant MSP1 a and MSP1 b were used to 

coat ELISA plates for 3 hours at 37°C, after which the plates were washed with TBST (0.05% 

Tween-20 in TBS) and blocked with 2% skim milk overnight at 4°C. Sera were serially diluted 

1:2 from a 1:100 initial dilution. The plates were incubated with the diluted sera for 2 hours at 

37°C, washed three times with TBST and then incubated with goat anti-bovine IgG-HRP 

conjugate (KPL, USA) diluted 1:2000 in TBS. Plates were washed again and were then 

developed with TMB (Sigma, USA) for 15 minutes and finally stopped with 25 µl of 2N 

H2S04• The OD4sonm was determined in an ELISA reader. Antibody titers were expressed as 
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the maximum dilution of the serum that yielded an OD value at least twice as high as the 

negative control serum. Geometric mean titers were calculated for each experimental group. 

The antibody levels against MSP1 a and MSP1 b in each immunization group were compared 

using a paired Student's t-test. 

Immunoblotting. 

The antibody responses against MSP1a and MSP1b were analyzed by Western blot. 

Fifty µg of purified recombinant MSP1 a and MSP1 b proteins were solubilized in sample 

loading buffer (2% SDS, 1 % ~-mercaptoethanol, 10% glycerol, 0.5% bromophenol blue, 

0.0625 M Tris, pH 6.8) and denatured for 3 min at 100°C. The protein samples were loaded in 

an 8% SDS-PAGE gel (Laemmli, 1970), using a preparative comb. The proteins on the gel 

were transferred to a nitrocellulose membrane for 60 min in a semi-dry transfer apparatus · 

(Hoefer Scientific, USA). The membrane was blocked with 5% skim milk for 1 hr a:t room 

temperature. Sera from immunized animals were diluted 1 :200 in TBS. Serum from a 

seronegative animal was included as a negative control. All sera were incubated with the . 

membrane for 1 hr at room temperature using a Mini-Protean II Multi-screen (BioRad, USA). 

The membrane was washed 3 times with TBST and incubated for 1 hr at room temperature 

with goat anti-bovine IgG alkaline phosphatase conjugate (KPL, USA) diluted 1:10,000. The 

membrane was washed again and color was developed using Sigma Fast BCIP /NBT alkaline 

phosphatase substrate (Sigma, USA). Finally, the membrane was examined for serum 

recognition of the MSP1 a and MSP1 b protein bands. 

Expression of major surface proteins by A. marginale derived from infected cultured 

tick cells or bovine erythrocytes collected from calves PA479 and PA433 was also analyzed by 
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Western blot. The rickettsial protein concentration was adjusted for MSP5 that is encoded by a 

single copy gene highly conserved among A. matginale isolates (Visser et al., 1992; Knowles et 

al., 1996) in A. marginale derived from bovine erythrocytes, cultured tick cells and tick salivary 

glands (Barbet et al., 1999). The protein samples were dissolved in sample buffer, separated by 

SDS-PAGE and transferred to a nitrocellulose membrane as described above. The membrane 

was then probed with a 10 µg/ml solution of anti-MSP1a monoclonal antibody (MAb 

ANA15D2, VMRD, USA), anti-MSP5 monoclonal antibody (MAb ANAF16C1, VMRD, 

USA) or MSP1 b monospecific rabbit antiserum diluted 1 :200. The membrane was washed and 

incubated with goat anti-mouse or anti-rabbit IgG alkaline phosphatase conjugate (KPL, USA) 

diluted 1:10,000. The membrane was washed again and color was developed using Sigma Fast 

BCIP /NBT alkaline phosphatase substrate (Sigma, USA). The relative amounts ofMSP1a and 

MSP1 b present in the A. marginale samples derived from both host cells were determined by 

densitometry and compared after normalizing for rickettsial protein content using MSP5. 

Confocal microscopy. 

Paraffin cross-sections of infected and uninfected salivary glands were used to study 

the expression of A. mar:r,inale MSPs in the different host cells. Salivary glands dissected from 

ticks fed on calf PA479 and from uninfected ticks were fixed with 4% paraformaldehyde in 0.2 

M sodium cacodylate buffer, dehydrated in a graded series of ethanol and embedded in 

paraffin. Sections (4 µm) were cut and mounted on glass slides. The paraffin was removed 

from the sections with xylene and the sections were hydrated by successive 2 min washes with 

ethanol 100, 95, 80, 75 and 50%. Salivary gland sections were blocked for 1 hr with 1:100 

mouse preimmune serum in TBS. The slides were then incubated for 6 hrs with anti-MSP1a 

and anti-MSP5 monoclonal antibodies labeled with Alexa Fluor 546 and Alexa Fluor 633 
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(l\.folecular Probes, USA), respectively. The slides were washed twice with TBS and mounted 

in ProLong Anti.fade reagent (Molecular Probes, USA). The sections were examined 

simultaneously for colonies of A. marg,inale labeled with both fluorochromes using a Leica SP2 

laser scanning confocal microscope (Leica, USA). Sections of salivary glands from uninfected 

ticks were used as a control. 

RNA extraction and RT-PCR. 

Total RNA was extracted from A. mm;ginale-infected bovine erythrocytes, cultured tick 

cells and salivary glands. One ml blood containing 1-3 X 109 infected bovine erythrocytes 

obtained from calves PA 4 79 and PA 408, approximately 1010 rickettsia from infected tick ID E8 

cells and pools of tick salivary glands from 10-20 transmission-fed D. andersoni and D. variabilis 

were used for these studies. RNA was extracted from the infected cells using TRizol reagent 

(Invitrogen, USA) according to the manufacturer's instructions. The final RNA pellet was 

resuspended in DNase I buffer (Gibco BRL; 20 mM Tris-HCI, 2 mM MgClz, 50 mM K.Cl, pH 

8.4) and treated with 6 U ofRNAse-free DNAse I (Gibco BRL, USA) per 6 µg RNA in a 60 µl 

reaction volume at room temperature for 15 min. After adding 6 µ1 of 25 mM EDTA the 

reaction was incubated at 65°C for 10 min. DNase I was removed from the RNA samples 

using the RN easy mini kit for RNA stabilization and isolation (Qiagen, USA) according to the 

manufacturer's instructions. Half of the total RNA eluted from the column with diethyl 

pyrocarbonate-treated distilled deionized sterile water was heated at 70°C for 10 min and 

reverse transcribed in a 20 µl reaction mixture 1.5 mM MgS04, 1X avian myeloblastosis virus 

(AMV) RT/Thmnusjlavus (ffl) reaction buffer (Promega, USA), 10 mM random hexamer, 0.5 

mM each deoxynucleoside triphosphate (dNTP), 30 U RNAse inhibitor (Promega, USA), 5 U 

AMV RT (Promega, USA) at 48°C for 45 min. PCR was performed separately for each gene in 
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a 50 µl reaction mixture including 1 µ1 of the cDNA product, 10 pmol of each primer (Table 

2), 1.5 rnM MgS04, 0.2 rnM dNTP, tx AMV RT/Tfl reaction buffer, 5 u Tfl DNA 

polymerase, employing the Access RT-PCR system (Promega, USA). PCR conditions and 

primers used for the amplification of each cDNA are listed in Table 2. Control reactions were 

performed with the· other half of the total RNA eluted from the column using the same 

procedures but without . RT to rule out DNA contamination in the RNA preparations. 

Reactions without cDNA were also included to control contaminations of the PCR reaction. 

Positive control reactions for the PCR were performed with DNA from bovine erythrocytes 

infected with the Oklahoma isolate of A. ma1l}nale. To normalize rickettsial RNA in the 

samples, a PCR was performed with primers specific for A. marginale 16S rRNA and msp4, 

which have been used previously to quantify levels of A. marginale infection ( de la Fuente et aL, 

2001b). 
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Results 

Immunization of catde and immune response to A. marginale MSPla, MSPlb and 

MSP5. 

To study the anti-MSP antibody response of cattle immunized with erythrocyte- or tick 

cell culture-derived A. marginale, the levels of antibodies agamst MSPS, MSP1a and MSP1 b 

were detennined by ELISA. Antibody titers to MSPS, the protein used to normalize the 

amount of A. marginale antigen in the vaccine preparations, were similar in cattle immunized 

with erythrocyte- or tick cell culture-derived A. marginale (Fig. 1A). The level of MSPS-specific 

antibodies peaked approximately two weeks after the last immunization. Sera from control 

cattle that received adjuvant alone were negative for antibodies to MSPS (Fig. 1A). The 

antibody response agamst MSP1a and MSP1b differed in cattle immunized with erythrocyte 

and tick cell culture-derived A. maryjnale antigen (Fig. 1B). Cattle immunized with A. marginale 

derived from bovine erythrocytes had a preferential response to MSP1a, whereas cattle 

immunized with tick cell culture A. marginale developed antibodies primarily to MSP1 b. Cattle 

immunized with tick cell culture-derived A. marginale supplemented with recombinant MSP1a 

developed an antibody response against both MSP1a and MSP1b, with a response agamst 

MSP1a similar to the response obtained in the group immunized with erythrocyte-derived 

antigen (Fig. 1B). 

Analysis of expression of MSPs in infected erythrocytes, cultured tick cells and 

salivary glands. 

The Oklahoma isolate A. marginale derived froin bovine erythrocytes and tick cells was 

analyzed by Western blot specific for MSPS, MSP1a and MSP1b (Fig. 2). The amounts of 

rickettsial proteins were normalized using MSPS because this protein is encoded by a single 

copy gene and is conserved among different isolates and life stages of A. marginale. The 
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amount of MSP1 b detected in the infected erythrocytes was similar to the amount of MSP1 b 

detected in A. marginale derived from tick cells (Fig. 2, lanes 5 and 6), but detection of MSP1a 

was notably lower in A. marginale harvested from infected tick cells (Fig. 2, lanes 3 and 4). After 

quantification of the Western blot signals by densitometry scan of membranes, the 

erythrocyte-to-tick cell culture A. marginale protein ratio was equal to 69 and 2 for MSP1a and 

MSP1b, respectively. Multiple bands for MSP1a that result from proteolysis or internal 

translation start sites were detected in the Western blot for both erythrocyte (Fig. 2, lane 3) and 

cultured tick cell-derived antigens when higher protein amounts were loaded onto the gel (data 

not shown). A similar pattern of expression was observed using a second A. marginale isolate 

from Virginia (data not shown). The staining of cross-sections of A. marginale-infected salivary 

glands with MSP1a or MSPS monoclonal antibodies labeled separately with different 

Alexafluor fluorescent dyes confirmed the low expression of MSP1 a on A. marginale in tick 

salivary glands (Fig. 3). Although MSPS expression could be readily detected on A. marginale 

within colonies in tick salivary gland cells (Fig. 3B), expression of MSP1a could not be detected 

in the same infected cells (Fig. 3A). MSPS was not detected in uninfected salivary gland 

sections (Fig. 3C) processed at the same time to serve as negative controls. 

Transcription of mspl0t in infected erythrocytes and cultured tick cells. 

The transcriptional levels of msp 1 a, msp 1 /J, msp4- and msp5 in erythrocytes ( calves PA 408 

and PA479) and cultured tick cells infected with A. marginale (Oklahoma isolate) were 

compared using RT-PCR. Similar amounts of 16S rRNA and msp4- transcripts were detected in 

the RNA samples of infected erythrocytes and tick cells (Fig. 4, lanes 4, 6), indicating that the 

number of A. marginale organisms analyzed were similar in both samples. Transcripts for msp5, 

msp1 {]1 and msp1 fJ were also detected in both RNA samples (Fig. 4, lanes 2, 3, 5). However, the 
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amount of msp1 a transcripts in infected tick cells was notably lower than that detected in 

infected erythrocytes (Fig. 4, lane 1A, B). Amplification products were not detected in the 

negative controls, in which RT was not added to the RT-PCR reactions (Fig. 4, lanes 7, 8), 

confirming the absence of DNA contamination. The transcriptional analysis of msp1 a 

expression with the RNA extracted from the infected erythrocytes of calves PA408 and PA479 

produced similar results. 

Expression of A. marginale msploe in infected tick salivary glands. 

A. marginale infection levels detected in the RNA samples from D. variabilis and D. 

andersoni salivary glands were similar, as indicated by the amount of 16S tRNA and msp4-

transcripts (Fig. 5, lanes 5, 6). All the control reactions without RT were negative, 

demonstrating that contamination with A. marginale DNA did not occur in the RNA samples 

(data not shown). A. marginale msp1a gene expression in the salivary glands of D. variabilis or D. 

andersoni infected male adult ticks was not detectable (Fig. 5, lanes 1, 2). However, msp1{J 

transcripts were detected in both tick species (Fig. 5, lanes 3, 4). 
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Discussion 

Infection of A. matJ!jnale for host cells is mediated by adhesion of surface proteins to 

the host cell membrane (McGarey and Allred, 1994; McGarey et al, 1994; de la Fuente et al, 

2001a), followed by endocytosis and internalization of the rickettsia within a parasitophorous 

vacuole into host cell cytoplasm (Blouin and Kocan, 1998). The MSP1 complex, formed by 

the MSP1a and MSP1 b proteins, has been shown to be involved in the interactions between 

A. mat;ginale and bovine erythrocytes and tick cells (McGarey and Allred, 1994; McGarey et al, 

1994; de la Fuente et al, 2001a; 2003). These proteins were found to be conserved on the 

erythrocytic and tick stages of A. mat!,inale (Palmer et al, 1985; Barbet et al, 1999; Blouin et al, 

2000). 

In this study, we demonstrated that cattle immunized with A. mat!,inale derived from 

bovine erythrocytes or tick cell culture develop a differential immune response to MSP1a and 

MSP1 b, and these results were similar to two previous vaccination trials in which different 

breeds of cattle and immunization routes were used (I<.ocan et al, 2001; de la Fuente et al, 

2002a). Cattle immunized with A. mat!,inale harvested from bovine erythrocytes developed a 

preferential response to MSP1a, while cattle immunized with tick cell culture-derived 

A. mat!,inale responded mainly against MSP1 b. Moreover, in the present study cattle 

immunized with recombinant MSP1a in combination with tick cell culture-derived A. mat!,inale 

developed high titers to MSP1a. Furthermore, the antibody response to MSP1a in cattle 

immunized with erythrocyte-derived A. mat!,inale or infected tick cell culture-derived antigens 

plus recombinant MSP1 a correlated with higher levels of packed cell volume after challenge 

with A. mat!,inale infected blood (unpublished results). In previous studies, antibodies against 

MSP1a were shown to reduce infection of tick cells and erythrocytes by A. mat!,inale (Palmer 
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and McGuire, 1984; Blouin et al, 2003; de la Fuente et al, 2003b). These studies suggest that 

the antibody response against MSP1 a may be important in development of protective 

immunity and reduction of tick infections. 

To study the expression of MSP1a and MSP1b in infected tick cells and bovine 

erythrocytes, we compared the relative amounts · of MSP1 a and MSP1 b expressed by A. 

mary,inale derived from erythrocytes, cultured tick cells and salivary glands infected with the 

Oklahoma isolate of A mary,inale. Although semi-quantitative assays, the amounts of MSP1 b 

were similar in A. mary,inale grown in both host cells, but the amount of MSP1a was greater in 

A. mary,inale harvested from infected erythrocytes. These results were confirmed using a 

different geographic isolate of A. mary,inale from Virginia, which varies in molecular weight and 

MSP1a properties (de la Fuente et al, 2001b; 2001c). The up-regulation of the expression of 

MSP1 a in bovine erythrocytes could account for the preferential antibody response against 

MSP1a in cattle immunized with erythrocyte-derived antigen. The differences in the antibody 

response to MSP1 b between erythrocyte and cultured tick cell-immunized cattle could be 

explained by the immunodominance of MSP1a, resulting in lower antibody titers against 

MSP1 b when MSP1 a was present in higher amounts in the erythrocyte-derived antigen. 

Nevertheless, other factors including antigen conformation could contribute to the differences 

in the antibody response. 

The regulation of the expression of bacterial surface proteins often occurs at the 

transcriptional level (Huang et al, 1999), although instances of post-transcriptional regulation 

of the expression of membrane proteins have also been reported (Lohr et al, 2002a). We 

compared the levels of transcripts for msp genes in order to determine whether the amount of 
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msp 1 a transcripts is different in A. mat,ginale-infected erythrocytes and tick cells. Although msp5, 

msp4, and msp1{J1 were detected at similar levels in both host cells, the amount of msp1a 

transcripts was much lower in . infected cultured tick cells and tick salivary glands than in 

infected erythrocytes, most likely as a result of differences in the rate of transcription of msp1 a 

(transcriptional regulation) or in the half-life of its transcripts. Increased levels of msp 1 a 

transcripts were detected in bovine erythrocytes from cattle infected with erythrocyte ( calf 

PA479) or tick cell culture-derived (calf PA408) A. mat,ginale, whereas low levels of msp1a 

transcript were detected in cultured I. scapularis cells and salivary glands from D. variabilis and 

D. andersoni, both vectors of A. mat,ginale in the U.S. These results suggest that the regulation of 

the levels of msp1a transcript is influenced by the host cell environment. Temperature 

regulation of outer membrane protein expression has been described in other pathogenic 

bacteria (K.onkel and Tilly, 2000), including the tick-home pathogens A. mat,ginale (Rurangirwa 

et aL, 1999; Lohr et aL, 2002a; 2002b), A. phagorytophilum (IJdo et aL, 2002), E. canis, E. cheffeensis 

and E. ruminantium (Unver etaL, 2001; 2002; Bekker et aL, 2002), and Bom:lia but,gdoiferi (Schwan 

and Piesman, 2000; Indest et aL, 2000). 

The mechanism by which infectivity of A. maryjnale increases during tick transmission 

feeding is unknown (Kocan, 1986, Lohr et aL, 2002b). Although the pattern of expression of 

A. mat,ginale MSPs in different tick tissues has not been studied, differences in the level of 

expression of specific adhesion molecules may affect the infectivity of the rickettsia for bovine 

erythrocytes. Since MSP1 a is an adhesin for tick cells and bovine erythrocytes ( de la Fuente et 

aL, 2001a), its differential expression may influence the infectivity of A. mat,ginale for these host 

cells. Our results suggest that the differential expression of MSP1 a results in changes in the 
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stoichiometry of the MSP1 complex formed with MSP1 b. These changes may affect the 

adhesive properties of the MSP1 complex, which are known to be different from the 

properties of the MSP1a and MSP1b proteins alone (N[cGarey etal., 1994). The up-regulation 

of the expression of MSP1 a in the intraerythrocytic stages may also result in the production of 

MSP1a molecules that do not complex with MSP1b. This increased expression of MSP1a, the 

adhesin for tick cells, may be a mechanism by which infectivity of A. marginale for ticks is 

increased in the bovine host, thereby enhancing the opportunity for biological transmission of 

the pathogen. 

The differential regulation of the expression of mspl a may contribute to changes in the 

infectivity of A. marginale for bovine erythrocytes and tick cells by regulating the stoichiometry 

of the MSP1 complex. We do not know when changes in expression of msp 1 a occur in tick 

cells and bovine erythrocytes but its regulation may be coordinated with the life cycle of the 

rickettsia. Differential expression of surface proteins may also be involved in the generation of 

phenotypic and antigenic diversity, and in diverting the bovine immune response from the 

functionally important proteins in the different host cells. Understanding the factors involved 

in the regulation of the expression of these surface molecules will contribute to the 

development of more effective strategies for the control of anaplasmosis and its transmission. 
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TABLE 1. Immunogens used for cattle immunization. 

Group 

1 

2 

3 

4 

Immunogen• 

Oklahoma isolate of A. ma1J!,inalc propagated in tick cell 

culture 

Oklahoma isolate of A. ma1J!,inalc harvested from 

. infected erythrocytes 

Oklahoma isolate of A. ma1J!,inalc propagated in tick cell 

culture plus pure recombinant MSPla 

Adjuvant alone 

No.Animals 

5 

5 

5 

5 

• Animals were immunized subcutaneously at weeks 1, 4 and 7. Doses contained approximately 

2 x 1010 A. maTJ!,inalc organisms. One hundred µg recombinant MSP1 a protein were added to 

the immunogen for group 3. 
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TABLE 2. Sequence of oligonucleotide primers and PCR conditions for the amplification of 

A. marginale cDNAs. 

Amplified Oligonucleotide 

cDNA Name: Sequence (5' - 3') 

msp1 a MSP1aA TG: ATGTTAGCGGAGTATGTGTCCCCCCAG 

MSP1a3: GCTTTACGCCGCCGCCTGCGCC 

msp1fl MSP1b125: GCCATCTCGGCCGTATTCCAGCGC 

MSP1b123: GATGGTCTTAATGGTTTCAGTCCC 

msp1fl1 MSP1b125: GCCATCTCGGCCGTATTCCAGCGC 

MSP1 b13: GGTGATGACGAGCTGAAGCTGTTCATG 

msp4 MSP45: 

GGGAGCTCCTATGAATTACAGAGAATTGTTTAC 

MSP43: CCGGATCCTTAGCTGAACAGGAATCTTGC 

msp5 F55: CCGCTCGAGATGAGAATTTTCAAGATTGTGTC 

F53: AGATCTAGAATTAAGCATGTGACCGC 

16S rRNA AM16S5: AGAGTTTGATCCTGGCTCAG 

AM16S3: TACCTTGTTACGACTTCACC 

Amplification 

conditions a 

94°C, 30 sec 

68°C, 2.5 min 

94°C, 30 sec 

68°C, 2.5 min 

94°C, 30 sec 

68°C, 2.5 min 

94°C, 30 sec 

60°C, 30 sec 

68°C, 1 min 

94°C, 30 sec 

56°C,.30 sec 

68°C, 2 min 

94°C, 30 sec 

56°C, 30 sec 

68°C, 2 min 

• PCR reactions were incubated at 94°C for 30 sec before the 35 cycles of amplification and 

were terminated at 4°C. Control reactions without RT or cDNA were also performed. 
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Figure 1. Antibody response against A. mat;ginale MSPs in immunized and control cattle. 

Four groups of five animals each were immunized with erythrocyte-derived A. marginale (X, 

eda), cell culture-derived A. marginale with (o, a+ccda) or without (0, ccda) recombinant 

MSP1a, or adjuvant alone (A, control).at 1, 4 and 7 weeks of the experiment. (A) Antibody 

levels against MSPS were measured by competitive ELISA and are expressed as the 

geometric mean± S.D. of the percent inhibition of each group. (B) The antibody response 

against MSP1 a and MSP1 b at week 9 of the experiment was measured by ELISA. Bars 

represent the geometric mean titer (mean ± S.D.) of the five animals of each group. 

Asterisks denote statistically significant differences between the mean antibody levels against 

MSP1a and MSP1b for each immunization group, using a paired Student's t-test with the 

Bonferroni correction for multiple pairwise comparisons and overall cx=0.05. 
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Figure 2. Western blot analysis of the expression of MSP5, MSP1a and MSP1b 

in A. marginale infected bovine erythrocytes Oanes 1, 3, 5) and culture tick cells Oanes 2, 4, 6). 

Proteins on the nitrocellulose membrane were probed with MAb ANAF16C1 (anti-MSP5, 

lanes 1, 2), MAb ANA15D2 (anti-MSP1a, lanes 3, 4), or anti-MSP1b monospecific rabbit 

antiserum Oanes 5, 6). The amount of MSP1a (arrowheads) was higher in infected bovine 

erythrocytes Oane 3) than in tick cells Oane 4). 
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Figure 3. Confocal microscopy of (A, B) a cross-section of A. marginale infected D. variabilis 

salivary glands and (C) a cross-section of uninfected D. variabilis salivary glands. 

Samples were probed with (A) MAb ANA15D2 (anti-MSP1a) or (B, C) MAb ANAF16C1 

(anti-MSPS), labeled with Alexa Fluor 546 and Alexa Fluor 633, respectively. Arrows indicate 

expression of MSPS in tick salivary gland colonies of A. marginale. Cross-sections in panels A 

and B correspond to the same cross-section of infected salivary glands that was 

simultaneously incubated with labeled anti-MSP1a and anti-MSPS MAbs and examined for 

the presence of both labels. 
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Figure 4. RT-PCR analysis of the expression of A. marginale msp genes in culture tick cells 

and bovine erythrocytes. 

Total RNA was extracted from samples of (A) erythrocytes from calf PA479 or (B) culture 

tick cells infected with the Oklahoma isolate of A. marginale. The RNA samples were 

normalized for rickettsial RNA content using 16S tRNA and msp4. The cDNAs msp1a Oane 

1), msp1f3 Oane 2), msp1f31 Oane 3), msp4 Oane 4), msp5 Oane 5) and 16S tRNA Oane 6) were 

amplified using the oligonucleotides and amplification conditions described in Table 2. 

Negative control reactions without RT Oane 7) and without DNA Oane 8) were also 

performed. Higher levels of msp 1 a transcripts were detected in bovine erythrocytes Oane 1A) 

than in infected culture tick cells Oane 1B). 
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Figure 5. RT-PCR analysis of the expression of A. mmginale msp genes in tick salivary glands. 

Total RNA was extracted from pools of 10-20 salivary glands of D. variabilis (lanes 1, 3, 5) 

and D. andersoni (lanes 2, 4, 6) ticks fed on calf PA479 infected with the Oklahoma isolate of 

A. mar;g,inale. The cDNAs msp1a (lanes 1, 2), msp1{J1 (lanes 3, 4), and msp4 and 16S tRNA 

(lanes 5, 6) were amplified using the oligonucleotides and amplification conditions described 

in Table 2. A control reaction without RT (lane 7) was also performed. No expression of 

msp 1 a was detected in the salivary glands of these ticks (lanes 1, 2). Arrows on the side of the 

gel indicate the molecular weight of the marker (MW) and amplification products. 
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Chapter 3 

MAPPING OF B-CELL EPITOPES IN THEN-TERMINAL REPEATED PEPTIDES 
OF THE MAJOR SURFACE PROTEIN 1A OF ANAPIASMA MARGINALE AND 

CHARACTERIZATION OF THE HUMORAL IMMUNE RESPONSE 
OF CA TILE IMMUNIZED WITH RECOMBINANT AND 

WHOLE ORGANISM ANTIGENS. 

Garcia-Garcia JC, de la Fuente J, Kocan KM, Blouin EF~ Halbur T, Onet VC, SalikiJT. 
Veterinary Immunology and Immunopathology, In press. 

Abstract 

Major surface protein (MSP) 1 a of the genus type species Anaplasma marginale 

(Rickettsiales: Anaplasmataceae) together with MSP1b forms the MSP1 complex. MSP1a has 

been shown to be involved in adhesion, infection and tick transmission of A. marginale, as well 

as to contribute to protective immunity in cattle. A differential antibody response to MSP1a 

and MSP1 b was observed in cattle immunized with A. marginale derived from bovine 

erythrocytes (anti-MSP1a response) or cultured tick cells (anti-MSP1b response). In this study, 

we further characterized the MSP1 a antibody response of cattle using several immunogens, 

including recombinant MSP1a (rMSP1a) protein, erythrocyte- or tick cell culture-derived A. 

marginale, or a combination of tick cell culture-derived A. maryjnale and rMSP1a. The MSP1a 

antibody response to all these immunogens was directed primarily against the N-terminal 

region of MSP1a that contains tandemly repeated peptides, whereas low antibody levels were 

detected against the C-terminal portion. Linear B-cell epitopes of MSP1a were mapped using 

synthetic peptides representing the entire sequence of the protein that were prepared by SPOT 

synthesis technology. Only two peptides in the N-terminal repeats were recognized by sera 

from immunized cattle. These peptides shared the sequence SSAGGQQQESS, which is likely 

90 



to contain the linear B-cell epitope that was recognized by the pools of bovine sera. The 

average differential of antibody titers against MSP1a minus those against MSP1b correlated 

with lower percent reductions in PCV. A preferential antibody response to MSP1 a was 

observed in cattle immunized with erythrocyte-derived, cell culture-derived plus rMSP1a or 

rMSP1a alone, and the percent reduction PCV was significantly lower in these cattle as 

compared with the other immunization groups. These results provide insight into the bovine 

antibody response against A. mat,inale and the role of MSP1 a in protection of cattle against A. 

marginale infection. 
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Introduction 

Bovine anaplasmosis is a tick-borne disease of cattle caused by the obligate 

intraerythrocytic rickettsia Anaplasma marginale (Rickettsiales: Anaplasmataceae). During the 

course of infection the number of infected erythrocytes increases geometrically and removal of 

these infected cells by phagocytosis results in severe anemia, weight loss, abortion, and often 

death (I<:uttler, 1984). Cattle that recover from acute infection remain persistently infected with 

A. marginale, are protected from homologous challenge (I<:.uttler, 1984), and serve as reservoirs 

for mechanical and biological transmission ofA. marginale (as reviewed by Dikmans, 1950 and 

Ewing, 1981). 

Five major surface proteins (MSPs) have been identified on erythrocytic and tick stages 

of A. marginale. Four of these MSPs, designated MSP1, MSP2, MSP3 and MSP4, were 

identified initially using neutralizing polyclonal antibodies (Palmer and McGuire, 1984), and 

subsequently MSPS was identified (Visser et al., 1992). All of these MSPs were shown to be 

structurally conserved in A. marginale derived from bovine erythrocytes and tick cells (Barbet et 

al., 1999). 

The MSP1 complex is composed of two covalently linked umelated polypeptides, 

MSP1 a and MSP1 b, which have been shown to be involved in adhesion of A. marginale to host 

cells. MSP1a is an adhesin for both bovine erythrocytes and tick cells, whereas MSP1b is an 

adhesin only for bovine erythrocytes (McGarey & Allred, 1994; McGarey et al., 1994, de la 

Fuente et al., 2001a). MSP1a has also been shown to be involved in infection and transmission 

of A. marginale by ticks (de la Fuente et al., 2001a; Blouin et al., 2003). The molecular size of 

MSP1a varies among isolates of A. marginale due to a different number of tandemly repeated 

peptides in the N-terminal region of MSP1a. These repeated peptides are surface-exposed, 
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contain a neutralization-sensitive epitope (Palmer et al., 1987; de la Fuente et al., 2001c), and 

were shown to be necessary and sufficient for adhesion of A. mar;ginale to host cells (de la 

Fuente et al., 2003b). 

Methods for the control of A. mar;ginale have included vector control, vaccination and 

the use of antibiotics (reviewed by Kocan et al., 2003). Vaccination induces protective 

immunity in cattle, however anaplasmosis vaccines (live, attenuated or killed whole-organism) 

using erythrocyte-derived antigen may have the disadvantages of being contaminated with 

erythrocyte stroma, bear the risk of transmitting other pathogens, and these vaccines are 

expensive to produce because they require the use of cattle as a source of infected 

erythrocytes. A. mar;ginale derived from cultured tick cell lines provides an alternate source of 

antigen that overcomes these drawbacks and the cell culture derived A. mar;ginale has recently 

been shown to induce a protective immune response in cattle (reviewed by Kocan et al., 2003). 

Other approaches tested for the immunological control of anaplasmosis are based on 

vaccination with native or recombinant A. mar;ginale surface proteins or naked DNA (Palmer et 

al., 1986; 1988; 1989; Tebele et al., 1991; McGuire et al., 1994; de la Fuente et al., 2003a; 

reviewed by Kocan et al., 2003). A differential antibody response to MSP1a and MSP1b was 

observed in cattle immunized with A. mar;ginale derived from bovine erythrocytes or cultured 

tick cells (l<:ocan et al., 2001; de la Fuente et al., 2002a; Garcia-Garcia et al., 2003). Cattle 

immunized with erythrocyte-derived A. mar;ginale developed a preferential antibody response to 

MSP1a, whereas cattle immunized with tick cell culture-derived A. mar;ginale developed a 

stronger anti-MSP1b response. This difference was found to result from the up-regulated 

expression of MSP1a by A. mar;ginale in bovine erythrocytes and low-level expression of 

MSP1a by organisms in tick cells (Garcia-Garcia et al., 2003). 
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Clearance of A. marginale infection by the bovine immune system is mediated by the 

development of both a humoral immune response against surface-exposed epitopes and a 

CD4+ T-cell-mediated response (reviewed by Palmer et al., 1999). Antibodies against 

A. marginale major surface proteins are involved in three main mechanisms of protection 

against A. marginale infection, including neutralization due to the direct action of antibodies, 

antibody-dependent cellular cytotoxicity by MHC non-restricted lymphocytes and macrophage 

phagocytosis mediated by opsonizing antibodies (reviewed by Palmer et al., 1999). Protective 

immunity against A. marginale can be stimulated by vaccination with live or killed organisms, 

initial body membranes, purified native or recombinant outer membrane proteins, or DNA 

encoding for A. marginale MSPs (Palmer et al., 1989; Montenegro-James et al., 1991; Tebele et 

al., 1991; Arulkanthan et al., 1999; Kocan et al., 2001; de la Fuente et al., 2002a). Protection 

against A. marginale infection has been shown to correlate with the level of antibodies specific 

for A. marginale MSPs (Tebele et al., 1991). 

Antibodies to MSP1a have been shown to inhibit A. marginale infection of bovine 

erythrocytes (Palmer et al., 1986) and cultured tick cells (Blouin et al., 2003) and to decrease 

infection of salivary glands of ticks fed on cattle with antibodies to MSP1a (de la Fuente et al., 

2003a). Polyclonal antibodies to MSP1a have also been shown to inhibit adhesion to bovine 

erythrocytes mediated by MSP1a (McGarey et al., 1994). MSP1a contains CD4+ T-lymphocyte 

epitopes in the conserved C-terminal region (Brown et al., 2001; 2002), but bovine B-cell 

epitopes of MSP1 a have not been described. 

Herein, we characterized the antibody response in cattle immunized with rMSP1 a, 

killed A. marginale derived from bovine erythrocytes or cultured tick cells or a combination of 

cell culture-derived A. marginale and rMSP1a. We also analyzed the correlation between 
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antibody levels and reduction of anemia, and we identified linear B-cell epitopes on the N­

terminal part of MSP1a by peptide mapping using sera from the immunized cattle. The 

implications of these findings for development of more effective vaccine strategies for control 

of anaplasmosis are discussed. 
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Materials and methods 

Anaplasma marginale isolates 

The Oklahoma isolate of A. margina!e was used for the cattle immunization studies and 

the Virginia isolate was used for challenge exposure of immunized cattle. Both of these isolates 

have been shown to be tick transmissible and have been propagated in cultured tick cells in 

our laboratory (l\1underloh et al., 1996; Blouin et al., 2000; de la Fuente et al., 2001 b; 2002b ). 

Bovine erythrocyte-derived A. marginale 

A susceptible splenectomized 3-month-old calf (PA479) was experimentally infected 

with blood stabilate of the Oklahoma isolate of A. margina!e that was collected from calf 

PA407 with a percent parasitized erythrocytes (PPE) of 10% (Blouin et al., 2000). Calf PA481 

was infected with the Virginia isolate of A. margina!e by intravenous inoculation of blood 

stabilate from PA433 (de la Fuente et al., 2002b) with a PPE of 12.2% and a packed cell 

volume (PCV) of 28.5%. The calves were maintained by the OSU Laboratory Animal 

Resources according to the Institutional Care and Use of Animals Committee guidelines. 

Infection of the calves was monitored by examination of stained blood smears. Bovine 

erythrocytes were collected from calf PA479 at a PPE of 32.2%, washed three times in PBS, 

each time removing the huffy coat, and stored at -70°C. Infected erythrocytes were thawed 

and A. margina!e antigen quantified by use of an MSPS antigen detection ELISA (Saliki et al., 

1998), inactivated with ~-propiolactone (BPL), and doses of approximately 2 x 1010 

A. margina!ewere prepared for immunization of cattle (Table 1). Blood from calf PA481 was 

collected during ascending parasitemia and used for challenge-exposure of vaccinated cattle. 
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Tick cell culture-derived A. marginale 

A. marginale was propagated in the tick cell line, IDES (ATCC CRL 11973), derived 

originally from Ixodes scapularis embryos as described previously (Munderloh et al., 1996; Blouin 

et al., 2000). Monolayers of IDES cells were inoculated with a blood stabilate of the Oklahoma 

isolate of A. marginale that was retrieved from liquid nitrogen. Approximately 10 days post'-

inoculation terminal cultures with >90% infected cells were harvested by centrifugation, 

resuspended in PBS and stored at -70°C until used for antigen preparation (fable 1). A. 

marginale antigen was quantified by use of an MSPS-specific antigen detection ELISA (Saliki et 

al., 1998) and then -inactivated with BPL. Antigen doses were prepared that contained 

approximately 2 X 1010 A. marginale. 

Recombinant MSPJ proteins, expression and purification 

The msp1 a and msp1/J1 genes of the Oklahoma isolate of A. marginale, encoding for 

MSP1a and MSP1b, respectively, were cloned by PCR, fused to the FLAG peptide and 

expressed in E. coli as reported previously (de la Fuente et al., 2001a). Recombinant E. coli cells 

expressing MSP1a and MSP1b proteins were collected and disrupted by sonication. The 

membrane fractions containing the recombinant proteins were used for preparation of 

immunogens (100 µg/dose) for cattle vaccination (fable 1) and for the purification of the 

recombinant proteins. The recombinant MSP1a and MSP1b proteins were extracted with 0.1% 

Triton X-100 in TBS and purified by FLAG-affinity chromatography (Sigma, USA) following 

the manufacturer's instructions. Affinity-purified recombinant proteins were used as ELISA 

coating antigen for the serological evaluation of vaccinated cattle. Expression and purification 

of the recombinant proteins was confirmed by SDS-PAGE (Laemmli, 1970) and 

immunoblotting. A protein complex mimicking the native MSP1 complex was obtained in 
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vitro by diluting equal amounts of rMSP1a and rMSP1b proteins m 6 M guanidine 

hydrochloride, 5 mM DTT and dialyzing against a 6 M urea solution that was slowly diluted 

with PBS. After 48 hours the sample was dialyzed against PBS for an extra 12 hours. This in 

vitro obtained MSP1 complex was used in the cattle vaccination experiment (Table 1). 

Construction, expression and purification of mspla mutants 

Two msp1 a mutants were obtained as described by de la Fuente et al. (2003b). One 

mutant (pF1AROS) contained only the sequence encoding for the hydrophilic N-terminal 

region of the MSP1a protein that contains the tandem repeats, while the second mutant 

(pAFOR1) contained only the sequence encoding for the conserved C-terminal region of 

MSP1a. These mutants were obtained by PCR using the Oklahoma isolate msp1a gene. The 

mutant proteins were then expressed in E. colz: purified as described above for rMSP1a and 

rMSP1 b and used to coat ELISA plates for evaluation of the antibody response by immunized 

cattle. 

SDS-polyacrylamide gel electrophoresis and immunoblotting 

Protein samples were loaded on 10% polyacrylamide gels that were stained with 

Coomassie Brilliant Blue or transferred to nitrocellulose membranes. Membranes were blocked 

with 5% skim milk for 60 min at room temperature. Western blot analysis was performed 

using monoclonal antibodies ANA15D2 (VMRD, USA) speci.fic for the N-terminal repeats of 

MSP1a, anti-FLAG M2 (Sigma, USA) for detection of recombinant fusion proteins or MSP1b­

monospeci.fic rabbit serum for detection of MSP1 b. After washing with IBS, the membranes 

were incubated with 1:10,000 goat anti-mouse IgG or goat anti-rabbit IgG alkaline 

phosphatase conjugate (KPL, USA).The membranes were washed again and the color was 

developed using BCIP /NBT alkaline phosphatase substrate (Sigma, USA). 
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Catde immunization and challenge-exposure 

Forty Holstein cattle, 12 to 24-month-old, were randomly distributed into eight groups 

of five animals each (Table 1). Cattle were immunized at weeks 0, 4 and 7 with a 5 ml dose of 

immunogen containing the antigen(s) in an oil-based adjuvant (Adjuvant XtendIII®, Novartis 

Animal Vaccines Inc., USA). Cattle in an additional group were immunized with saline and 

adjuvant to serve as controls. Cattle were challenge-exposed two weeks after the last 

immunization (week 9) by intravenous administration of 1.7 ml blood from calf PA481 with 

approximately 109 infected erythrocytes of the Virginia isolate of A. marginale. Blood samples in 

EDTA-treated vacutainers were collected from the immunized and control cattle twice a week 

and then daily after detection of A. marginale infected erythrocytes for determination of the 

parasitemia and PCV. Protection against A. marginale infection was expressed as the percent 

reduction PCV calculated from the lowest PCV after challenge with respect to the initial PCV. 

Production of antibodies in mice and rabbits 

Four groups of five Balb/c mice were immunized subcutaneously at weeks O and 2 

with 5 µg rMSP1a antigen, tick cell culture derived A. marginale, erythrocyte-derived A. 

marginale or cell culture-derived A. marginale supplemented with rMSP1a (fable 1). Serum 

samples were collected two weeks after the second immunization (week 4) and used for the 

analysis of B-cell epitopes. Monoclonal antibody ANA15D2 (VMRD, USA), known to react 

with the linear neutralization-sensitive epitope (Q/E)ASTSS of the MSP1a repeated peptides 

(Palmer et al., 1987; Allred et al., 1990), was used as a control in the B-cell epitope mapping 

experiment. A New Zealand White rabbit was immunized subcutaneously two times (weeks 0, 

4) with approximately 50 µg denatured rMSP1a antigen extracted from an SDS-PAGE gel. A 

blood sample was collected at week 6 and the sera were stored at -70°C until used for the 

epitope mapping studies. Antiserum prepared previously in a rabbit immunized with a 
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synthetic peptide (R2FL) that mimics the MSP1a repeats (de la Fuente et al., 2003b) was also 

used in this study. 

Serologic evaluation of immunized cattle 

The antibody response against A. maT?,inale MSPs in immunized and control cattle was 

analyzed by ELISA. Antibody levels to A. marginale MSP5 were determined by use of an A. 

maT?,inale specific competitive ELISA (Saliki et al., 1998). Antibody levels to A. mmginale 

MSP1a, MSP1b, and MSP1a mutants were detected by indirect ELISA (Garcia-Garcia et al., 

2003). Briefly, purified recombinant MSP1a, MSP1b, MSP1a N-terminal repeats mutant and 

MSP1a C-terminal region mutant were used to coat ELISA plates for 3 hours at 37°C. The 

coated plates were blocked with 2% skim milk overnight at 4 °C. Sera were serially diluted 1 :2 

from a 1:125 initial dilution. The plates were incubated with the diluted sera for 2 hours at 

37°C and then incubated with 1:2000 goat anti-bovine IgG-HRP conjugate (KPL, USA) for 1 

hour at 37°C. The color reaction was developed with TMB (Sigma, USA) and the OD450nm was 

determined. Antibody titers were expressed as the maximum dilution of the serum that yielded 

an OD value at least twice as high as the negative control serum. Antisera with antibody levels 

not detectable at the lowest dilution (1:125) were assigned a titer of 10 for the statistical 

analysis. Geometric mean titers were calculated for each experimental group. 

Linear B-cell epitope mapping 

Equal volumes of serum samples collected at the peak antibody response from cattle 

or mice in each immunization group were pooled for mapping of linear B-cell epitopes. 

Seventy six overlapping 16-mer peptides covering the entire sequence of the Oklahoma isolate 

MSP1 a were simultaneously synthesized on a cellulose membrane using SPOT synthesis 

technology (Sigma Genosys, USA). Before each use, the membrane was blocked with 5% skim 

milk in TBST for 1 h at room temperature. The membrane was then incubated for 1 h with a 
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1 :200 dilution of pooled serum samples from groups of cattle or mice immunized with 

erythrocyte-:derived A. ma"l,inale antigen, tick cell culture-derived A. ma"l,inale, rMSP1a protein 

or tick cell culture A. ma"l,inale antigen supplemented with rMSP1a. Sera from rabbits 

. immunized with synthetic peptide R2FL that models the MSP1a N-terminal peptides (de la 

Fuente et al., 2003b) or with rMSP1a protein were also assayed. Monoclonal antibody 

ANA15D2 (VMRD, USA) was used as a positive control. After washing with TBST, the 

membrane was incubated for 1 h with a 1 :250,000 dilution of goat anti-bovine IgG, anti-rabbit 

IgG or anti-mouse IgG horseradish peroxidase conjugate (KPL, USA). The membrane was 

washed five times with TBST, incubated with SuperSignal® West Pico peroxidase substrate 

(Pierce, USA) for 5 min and exposed to X-ray film for 1 min. The membrane was regenerated 

to remove bound antibodies by incubating with Restore™ Western Blot Stripping buffer 

(Pierce, USA) for 15 minutes at room temperature. The membrane was tested for complete 

removal of antibodies by being reincubated between assays with horseradish peroxidase 

conjugate and substrate and then exposed to film. 

Protein sequence andprediction of protein topology 

The amino acid sequence of the MSP1a protein from the Oklahoma isolate of A. 

ma"l,inale were obtained from GenBank, accession number A Y01024 7, and used for the design 

of the peptides synthesized for the mapping of B-cell epitopes. Protein topology was predicted 

using the TMHMM2 algorithm for the prediction of transmembrane helices (Krogh et al., 

2001). 

Statistical analysis 

The antibody titers among immunization groups were compared using analysis of 

variance and a Student's t-test with the Bonferroni correction for multiple comparisons. The 
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percent reduction PCV in cattle with a preferential antibody response to MSP1 a was compared 

to that of cattle with a preferential antibody response to MSP1b using a Student's t-test with 

the Bonferroni correction. A correlation analysis was performed using Microsoft Excel to 

study the correlation of antibody titers to MSP1a or MSP1b and the percent reduction PCV, 

an indicator of anemia and thus clinical disease. The group mean differential of the antibody 

titers against MSP1a minus the MSP1b antibody titers was also included in the correlation 

analysis. 
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Results 

Immunization of cattle and antibody response to the A. marginale MSPs. 

To study the MSP antibody response of immunized and control cattle, the antibody 

titers against MSPS, MSP1a, MSP1b, and MSP1a mutants were determined by ELISA. All 

cattle immunized with immunogens that contained erythrocyte- or tick cell culture-derived 

A. mat;ginale seroconverted to MSPS, the surface protein used to normalize the amount of A. 

ma'l,inale antigen contained in the vaccine preparations. The level of MSPS specific antibodies 

peaked at weeks 9-10, approximately two weeks after the last immunization (Fig. 1). Although 

the peak antibody levels were close to saturation of the assay, the peak MSPS antibody levels 

(weeks 9-10) in cattle immunized with tick cell culture-derived A. ma'l,inale were significantly 

lower (v<0.05) than that of cattle immunized with erythrocyte-derived A. mar;ginale (Fig. 1). 

Sera from cattle that received recombinant proteins or adjuvant alone were negative for 

antibodies against MSPS from weeks O to 10, but developed an antibody response to MSPS 

after challenge-exposure with A. ma'l,inale infected erythrocytes on week 9 (Fig. 1). This boost 

in the antibody response was not observed in cattle vaccinated with erythrocyte- or tick cell 

culture-derived A. ma'l,inale, which may indicate that either these animals were protected 

against challenge or that the antibody levels were already high enough to detect small variations 

in antibody levels using a competitive ELISA. Cattle that were immunized with MSP1, 

rMSP1a, rMSP1b, or rMSP1a and rMSP1b developed a strong antibody response against these 

respective proteins (Fig. 2). The antibody response of cattle immunized with erythrocyte­

derived A. ma'l,inale was predominantly against MSP1a (Fig. 2), consistent with previous 

studies. The antibody levels against MSP1a and MSP1b developed by vaccine preparations 

containing tick cell culture-derived A. ma'l,inale were very low. 
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Mapping of bovine B-cell epitopes of MS Pl a 

The antibody titers against MSP1 a was higher in cattle vaccinated with immunogens 

containing rMSP1a or erythrocyte-derived A. marginale antigen (Fig. 2). This antibody response 

was primarily directed against the N-terminal repeated peptides of MSP1a (Fig. 3), indicating 

that this region contains immunodominant B-cell epitopes. In contrast, antibodies directed to 

the C-terminal region of MSP1a were detected at very low levels in all the immunization 

groups (Fig. 3), suggesting that bovine B-cell epitopes may not be present in the conserved 

region of MSP1 a. In order to identify the epitopes recognized by sera from immunized cattle 

and to determine if recombinant and whole-organism vaccines elicit a response against the 

same or different B-cell epitopes of A. marginale MSP1a, sera from immunized cattle were 

reacted with synthetic peptides that spanned the entire sequence of MSP1a. Sera from groups 

of cattle immunized with rMSP1a, erythrocyte-derived A. marginale, tick cell culture-derived A. 

marginale, or cell culture-derived A. marginale plus rMSP1 a, were pooled and used in this 

experiment. The four pools of sera recognized the same two peptides in the N-terminal 

repeats of MSP1a (Fig. 4). These two peptides share the sequence SSAGGQQQESS that is 

likely to contain the linear epitope recognized by the pools of bovine antisera. The epitopes 

recognized by these sera were the same regardless of the immunogen used. Interestingly, the 

pattern of response was very homogenous despite the fact that the experiments were carried 

out using mixed breed cattle. 

Linear B-cell epitopes recognized by mouse and rabbit antibodies 

Pooled sera from groups of Balb / c mice immunized with erythrocyte- or culture-

derived A. marginale supplemented or not with rMSP1a recognized a set of epitopes different 

from those recognized by bovine sera (Fig. 4), but the epitopes were the same among 

immunization groups. None of the peptides recognized by mouse sera were located in the 
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repeated peptides of MSP1a. Therefore, the mouse neutralization-sensitive epitope reported 

previously (Palmer et al., 1987), was not recognized by sera from immunized mice. Serum 

from a rabbit immunized with denatured rMSP1a antigen reacted with three peptides, only one 

of which was in the N-terminal repeats of MSP1a (Fig. 4). Another rabbit immunized with a 

synthetic peptide that models the N-terminal repeats recognized four consecutive peptides 

spanning a single repeat. Monoclonal antibody ANA15D2, used as a positive control in the 

epitope mapping experiment, recognized two peptides in the N-terminal repeats that contained 

the reported sequence (QASTSS) of the neutralization-sensitive epitope. All the epitopes 

recognized by bovine, rabbit and mouse antisera were predicted to be exposed on the surface 

of the outer membrane of A. marginale using the TMHMM2 algorithm (Fig. 4). 

Protection against A. marginale infection 

Immunized and control cattle were challenge-exposed with Virginia isolate A. ma"l}nale 

two weeks after the last immunization. All control animals, immunized with saline and 

adjuvant alone, developed signs of infection, with PPE ranging from 2.7% to 7.0 % and an 

average 33% reduction PCV. The reduction in PCV was monitored as a measure of protection 

against heterologous A. marginale challenge and was significantly lower (p<0.05) in cattle with 

preferential anti-MSP1a response as compared to control animals or cattle with a preferential 

response against MSP1 b (Table 2). However, the average percent reduction PCV did not 

correlate with the mean antibody titers against MSP1a or MSP1b (data not shown). The 

percent reduction in PCV of animals that developed a preferential response to MSP1 b was not 

significantly different from that of control cattle. In addition, the mean differential of the 

antibody response against MSP1a and MSP1b (anti-MSP1a titer minus anti-MSP1b titer) 

correlated with the average percent reduction of PCV (Fig. 5). This correlation was accurately 
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modeled by the fitted curve of a non-linear (third degree polynomial) equation. The highest 

degree of protection ~owest PCV reduction) was obtained in cattle immunized with 

erythrocyte-derived A. mat;ginale antigen, followed by the group of cattle immunized with cell 

culture-derived A. marginale plus rMSP1a antigen (Fig. 5). Percent reduction PCV after 

heterologous challenge in animals vaccinated with immunogens that contained rMSP1 b 

protein was not significantly different from percent reduction PCV in control cattle. 
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Discussion 

The A. mar;g,inale/tick cell culture system provided an alternative source of A. marginale 

antigen for serologic tests and vaccine development. The efficacy of a vaccine preparation 

based on A. marginale derived from this tick cell culture system has been reported recently 

(I<:.ocan et al., 2001; de la Fuente et al., 2002a). The MSPs of A. mar;gj,nale derived from cultured 

tick cells and infected bovine erythrocytes have been shown to be structurally conserved 

(Barbet et al., 1999), but MSP1a was recently shown to be differentially expressed in A. 

marginale derived from bovine erythrocytes and tick cells (Garcia-Garcia et al., 2003). As a 

result, cattle immunized with erythrocyte-derived A. mar;gj,nale develop a preferential response 

to MSP1a, where.as cattle immunized with tick cell culture-derived A. mar;gj,nale respond 

preferentially to MSP1b (Kocan et al., 2001; de la Fuente et al., 2002a; Garcia-Garcia et al., 

2003). Antibodies ·against A. mprginale MSPs have been shown to be involved in different 

mechanisms of immune protection (reviewed by Palmer et al., 1999 and Kocan et al., 2003). 

MSP1a-specific antibodies appear to be particularly important in the inhibition of A. mar;gj,nale 

adhesion to and invasion of cultured tick cells, tick salivary glands and bovine erythrocytes 

(McGarey et al., 1994; Blouin et al., 2003; de la Fuente et al., 2003a; 2003b). Therefore, we 

characterized the antibody response to A. marginale MSP1a elicited by recombinant and whole-

organism vaccine preparations. Consistent with previous observations, the antibody response 

to MSP1 a was higher in cattle immunized with erythrocyte-derived A. marginale or with vaccine 

preparations that contained rMSP1a protein. Moreover, the antibody response in these groups 

of cattle was directed primarily against the MSP1 a repeats, and very low level of antibodies 

were detected against the conserved C-terminal region. Both the repeats and C-terminal 

regions of MSP1a were previously reported to contain B-cell epitopes and similar levels of 
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antibodies were reported to be elicited against each region in response to immunization of 

cattle with purified native MSP1 complex (Brown et al., 2001). However, the present study 

suggests that most of the bovine B-cell epitopes of MSP1a are located in the N-terminal 

hydrophilic region that contains the repeated peptides. Although the discrepancy might be due 

to the use of different antigen preparations, it is likely that differences are also due to variation 

in the immunoassays used to measure antibody levels. In this study we used quantitative 

immunoassays and all the antigens used for coating the ELISA plates were recombinant 

proteins expressed in E. coli. In the previous study, semiquantitative immunoblotting and dot 

blot assays, using synthetic versus recombinant antigens, respectively, were used for antibody 

quantification (Brown et al., 2001). The data reported here suggested that immunodominant 

bovine B-cell epitopes are located in the N-terminal repeats of MSPla, which we have 

previously shown to be necessary and sufficient for adhesion to bovine erythrocytes and tick 

cells (de la Fuente et al., 2003b). Antibodies against these repeats were also shown to inhibit 

binding to and infection of erythrocytes (Palmer et al., 1986; McGarey et al., 1994; de la Fuente 

et al., 2003b) and tick cells (Blouin et al., 2003; de la Fuente et al., 2003b). Therefore, the 

development of a strong MSP1a repeat specific antibody response may contribute to a 

protective response against A. mar;ginale infection. 

A neutralization-sensitive epitope recognized by mouse monoclonal antibody 

ANA 15D2 has been mapped to the repeated peptides of MSP1 a (Allred et al., 1990). Although 

the presence of B-cell epitopes in the MSP1a repeats and C-terminal had been suggested 

(Brown et al., 2001), these epitopes have not been characterized previously. Using overlapping 

synthetic peptides covering the entire MSP1 a sequence, we mapped linear B-cell epitopes 

recognized by pooled sera from cattle immunized with rMSP1a, or A. mar;ginale derived from 
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infected bovine erythrocytes or cultured tick cells. Only two peptides, located in the N­

terminal repeats of MSP1a and containing the sequence SSAGGQQQESS, were recognized 

by the four different pools of sera. These sera likely recognized the same linear B-cell epitope 

represented twice in the tandemly repeated peptides of the Oklahoma isolate MSP1a. This 

result is consistent with the observation that the main antibody response in immunized cattle 

was directed against the repeated peptides and not the C-terminal region of MSP1a. Moreover, 

CD4+ T-lymphocyte epitopes have been identified in the hydrophilic N-terminal region of 

MSP1a that contains the repeated peptides (Brown et al., 2002). Collectively, these results 

indicate that this region contains the T- and B-cell epitopes necessary for developing . a 

protective immune response, and suggests the utility of the hydrophilic N-terminal portion of 

MSP1a for immunization and assessment of its protective capacity. 

When sera from immunized mice and rabbits were used for epitope mapping, the 

linear epitopes recognized were different from the bovine B-cell epitopes described above, 

suggesting MHC-restriction or at least species-specificity of the B-cell epitopes of MSP1a. 

However, the same peptides were recognized by sera from all the immunization groups, 

suggesting that the B-cell epitopes of MSP1 a are the same in the recombinant and whole 

organism vaccine preparations included in this study. Interestingly, immunized Balb/c mice 

did not develop antibodies against the linear mouse neutralization-sensitive epitope recognized 

by mAb ANA 15D2• This monoclonal antibody was likely obtained in a different mouse strain 

and, as discussed above, there may be MHC-restriction of the B-cell epitopes of MSP1a. The 

peptides containing the neutralizing epitope recognized by mAb ANA15D2 did not react with 

bovine sera from any immunization group. A rabbit serum, known to inhibit adhesion of 

MSP1a to tick cells in an in vitro assay (de la Fuente et al., 2003b), reacted with four 
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consecutive peptides that covered the whole sequence of a single repeat. Since the 16-mer 

peptides used for epitope mapping were synthesized with 8 amino acid overlaps, at least two 

different epitopes were recognized by this rabbit serum. The peptides recognized by this rabbit 

serum overlap with one of the peptides recognized by antisera from vaccinated cattle, but 

whether the antibodies react with the same or different epitope sequences is not known. In 

other experiments, sera from immunized cattle inhibited infection of tick cells by A. ma7,inale 

(Blouin et al., 2003). All the linear epitopes identified in this study were predicted to be surface 

exposed by the 1MHMM2 algorithm. These data validates the topology predicted for MSP1a 

in which only four transmembrane helices are present, in contrast to other models that predict 

five transmembrane domains in MSP1a (de la Fuente et al., 2001c). 

Although all the immunogens tested produced an antibody response against the same 

two linear B-cell epitopes in immunized cattle, a significant difference in the average percent 

reduction PCV was observed among immunization groups. These results suggest that 

differences in protective efficacy might not be due to the development of an antibody 

response against different linear B-cell epitopes but rather due to differences in the amount of 

antibodies generated against these linear epitopes or other conformational epitopes. However, 

the antibody titers against MSP1a or MSP1b did not correlate with the level of protection 

against A. marginale infection. Since MSP1 a is an integral membrane protein covalently linked 

to MSP1b (Vidotto et al., 1994), some of the B-cell epitopes of MSP1a may be involved in 

interactions with other molecules in the A. marginale membrane and therefore not be accessible 

for the development of an effective antibody response when cattle are immunized with whole 

organism preparations. Alternatively, overexpression of MSP1a in erythrocytic stages of A. 

ma'fJ!inale (Garcia-Garcia et al., 2003) may prevent antibodies from complete neutralization. 
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In an attempt to study the effect of the presence of MSP1 b on the protective response 

mediated by MSP1 a antibodies, we performed a correlation analysis between the differential of 

the anti-MSP1a minus anti-MSP1b antibody titers and the protection against A. marginale 

infection as determined by the percent reduction PCV. The fact that protection against 

heterologous challenge in cattle with a preferential antibody response against MSP1 a was 

significantly higher than in cattle that developed a preferential response against MSP1 b may 

indicate that MSP1a-specific antibodies are involved in the protective response against A. 

marginale infection, but the presence of other immunodominant proteins interacting with 

MSP1a, including MSP1b, may make inaccessible or alter the conformation of specific B-cell 

epitopes of MSP1a that are necessary for protection, which might be more relevant when 

MSP1a is expressed at low levels by A. marginale growing in tick cells (Garcia-Garcia et al., 

2003). Even if the same epitopes were recognized and similar antibody levels were produced, 

the quality of the immune response and therefore the protective immunity could be affected 

by components of the whole organism vaccine preparations. A high titer of opsonizing IgG2 

antibodies directed to surface exposed epitopes of A. marginale has been associated with a 

protective immune response (Brown et al., 1998). Whether the antibody response to MSP1a is 

affected by these mechanisms of immunomodulation remains unknown. In addition, there 

might be differences in the CD4+ T-lymphocyte epitopes in the recombinant and whole 

organism vaccines evaluated in this study. A CD4+ T-lymphocyte response has been shown to 

be involved in the development of protection against A. mat;g,inale infection (Brown et al., 1998; 

2001; 2002). 

Although the main goal of this research was to characterize the linear B-cell epitopes 

of MSP1a, conformational or non-pepti.dic epitopes of MSP1a might also be involved in 
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protection against A. marginale infection. MSP1a was recently shown to be glycosylated 

(Garcia-Garcia, J. C., de la Fuente, J., Bell, G., Blouin, E. F., Kocan, K M., submitted for 

publication), and these carbohydrate modifications were suggested to play a role in adhesion of 

A. marginale to tick cells. Therefore, an antibody response against the glycans of MSP1a may 

also contribute to the neutralization of the function ofMSP1a as an adhesin for host cells. 

Collectively the results of this study suggest that immunization of cattle with A. 

marginale antigens that elicit a strong and preferential antibody response against MSP1a induce 

protection in vaccinated cattle. Since other A. marginale antigens may have a synergistic effect 

on protection, a vaccine preparation that contains whole A. marginale organisms supplemented 

with rMSP1a might induce a protective immune response mediated by antibodies against 

MSP1a as well as other protective antigens. Because antibodies to MSP1a have been shown to 

inhibit the infection of tick cells and bovine erythrocytes by A. marginale, the development of a 

vaccine based on a combination of rMSP1a with whole A. marginale organisms derived from 

tick cell culture to include the contribution of other antigens, might provide protection against 

bovine anaplasmosis and its transmission by the tick vector. 
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TABLE 1. Immunization groups and immunogen composition. 

Immunization Immunogenb 

Group a 

rMSP1a+1b Recombinant MSP1a and MSP1b antigens 

MSP1 Recombinant MSP1 complex obtained in vitro 

rMSP1a Recombinant MSP1a antigen 

rMSP1 b Recombinant MSP1 b antigen 

CCDA Tick cell culture-derived A. mat;ginale 

rMSP1a+CCDA Tick cell culture-derived A. mar;ginale plus recombinant MSP1a 

EDA Erythrocyte-derived A. mar;gina!e 

Saline Adjuvant alone 

a Only immunogens rMSP1a, rMSP1a+CCDA and EDA were used in the mouse 

immunization experiment. All eight groups were included in the cattle immunization 

experiment .. 

b Doses of immunogen contained 1010 A. mar;gina!e organisms and/ or 100 µg recombinant 

antigen in 5 ml oil adjuvant for cattle and 108 A. mar;gina!e and/ or 5 µg recombinant antigen in 

100 µI for mice. Cattle were immunized at weeks 0, 4 and 7 and challenged at week 9 while 

mice were immunized at weeks O and 2 with blood collection at week 4. 
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TABLE 2. Percent reduction PCV and antibody response against MSP1a and MSP1b in 

vaccinated cattle. 

Differential Titer• Immunization 
Reduction 

PCVb 
MSPla - MSP1b Group 

(%) 
Negative -1000 MSP1 30.4 

-1000 MSP1 29.8 
-500 MSP1 34.7 
-1500 MSP1 30.8 
-1000 MSP1 34.5 
-6000 rMSP1a+1b 32.0 
-1750 rMSP1b 32.7 
-990 rMSP1b 36 
-1750 rMSP1b 26.2 
-3500 rMSP1b 36.0 
-490 rMSP1b 28.7 

Mean±SD -1332±704 32.0±3.2 

Positive 500 rMSP1a+1b 43.5 
1500 rMSP1a+1b 34.8 
750 rMSP1a 23.5 
490 rMSP1a 30.7 
990 rMSP1a 38.1 
990 rMSP1a 18.0 
990 rMSP1a 27.0 
490 . CCDA 22.4 

rMSP1a 
990 +CCDA 22.6 

rMSP1a 
240 +CCDA 34.7 

rMSP1a 
990 +CCDA 14.0 

rMSP1a 
240 +CCDA 29.2 

rMSP1a 
490 +CCDA 27.6 
490 EDA 6.9 
990 EDA 22.2 
750 EDA 27.5 
490 EDA 28.6 
1990 EDA 18.5 

Mean±SD 691±299 26.1±8.8 
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Neutralc Saline 33.0 
Saline 26.2 
Saline 42.8 
Saline 24.6 
Saline 36.4 
rMSP1a+1b 22.3 
rMSP1a+1b 34.6 
CCDA 29.2 
CCDA 43.5 
CCDA 37.7 
CCDA 27.4 

Mean±SD 32.5±7.2 

a The differential titer was calculated subtracting the MSP1b antibody titer from the MSP1a 

antibody titer for each individual animal. Geometric mean antibody titers were calculated for 

each group of cattle. 

b The percent reduction PCV was calculated from the lowest PCV after heterologous A. 

mat;gina!e challenge-exposure and the PCV prior to challenge, %Reduction PCV = 100 X (1-

Initial PCV / Lowest PCV). 

c Control animals, immunized with saline and adjuvant only, and animals in which the antibody 

response against MSP1a and MSP1 b was not biased (differential = 0), were grouped for this 

analysis. 
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Figure 1. Antibody response against A. marginale MSPS in immunized and control cattle. 

Eight groups of five animals each were immunized with MSP1 complex (MSP1), rMSPla, 

rMSPlb, rMSPla plus rMSPlb, cell culture-derived A. marginale with (rMSPla+CCDA) or 

without (CCDA) rMSPla, erythrocyte-derived A. marginale (EDA), or adjuvant alone (Saline) at 

1, 4 and 7 weeks of the experiment (arrows). Antibody levels against MSPS were measured by 

competitive ELISA and expressed as the mean ± SEM. All cattle were challenge exposed 

(indicated by star) at week 9 with 109 A. marginale. 
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Figure 2. Antibody response against A. marginale MSP1a and MSP1b in immunized and 

control cattle. Serum samples were collected at the peak antibody response (week 9), 

approximately two weeks after the last immunization and prior to challenge. The antibody 

levels against MSP1a and MSP1b were measured by ELISA. Bars represent the geometric 

mean titer (mean ± S.D.) of the five cattle of each group. 
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Figure 3. Antibody response against A. mar;ginale MSP1a and its N-terminal repeated peptides 

and C-terminal regions at the peak antibody response (week 9). Recombinant MSP1a, MSP1a 

repeats and C-terminal region were expressed in E. coli and used for coating ELISA plates. 

Bars represent the geometric mean titer (mean± S.D.) of the five cattle per group. 
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Figure 4. Linear B-cell epitope mapping of MSP1a. Pools of sera from cattle (Bov) and mice 

immunized with rMSP1a, cell culture-derived A. marginale with (rMSP1a+CCDA) or without 

(CCDA) rMSP1a or erythrocyte-derived A. marginale (EDA) were allowed to react with 

peptides synthesized using SPOTs technology. The amino acid sequences of the overlapping 

synthetic peptides that span the whole MSP1a protein from the Oklahoma isolate of A. 

marginale are indicated. Sera from rabbits (Rab) immunized with rMSP1a or a synthetic peptide, 

R2FL, that models the MSP1a repeats were also analyzed. Mouse monoclonal antibody 15D2 

was used as a positive control. Black boxes represent recognition of the peptide by the 

corresponding antibodies. The location of each peptide in the predicted topology of the 

MSP1a protein is indicated in the left column. Residues in the inner (In) or outer (Out) side of 

the membrane (M) are indicated. Transmembrane helices (in boldface) were predicted using 

the TMHMM2 algorithm. 
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Pepi 
Bov Bov Bov Bov 

Sequence EDA CCDA rMSP1a rMSP1a 
No. CCDA 

Rab Mouse Mouse 
rMSP1a 15D2 EDA 

Mouse Mouse 
CCDA rMSP1a 

CCDA 

1 MLAEYVS PQPAIX.;SSA 

2 QPAIX.;SSAGGQQQESS 
3 GGQQQESSVSSQSDQA 

4 VSSQSDQASTSSQLGA 
5 STSSQLGADSSSAGGQ 
6 DSSSAGGQQQESSVSS 
7 QQESSVSSQSGQASTS 
8 QSGQASTSSQLGTDSS 
9 SQLGTDSSSASGQQQE 
10 SASGQQQESSVSSQSG 
11 SSVSSQSGQASTSSQS 
12 QASTSSQSGANWRQEM 
13 GANWRQEMRSKVASVE 

14 RSKVASVEYI LAARAL 
15 YILAARALISVGVYAA 

16 ISVGVYAAQGEIAKSQ 
17 QGEIAKSQGCAPLRVA 

18 GCAPLRVAEVEEIVRD 

19 EVEEIVRDGLVRSHFH 

20 GLVRSHFHDSGLSLGS 

21 DSGLSLGSIRLVLMQV 

22 IRLVLMQVGDKLGLQG 

23 GDKLGLQGLKIGEGYA 
24 LKIGEGYATYLAQAFA 
25 TYLAQAFADNVVVAAD 

26 DNVVVAADVQSGGACS 
27 VQSGGACSASLDSAIA 

28 ASLDSAIANVETSWSL 

29 NVETSWSLHGGLVSKD 

30 HGGLVSKDFDRDTKVE 
31 FDRDTKVERGDLEAFV 

32 RGDLEAFVDFMFGGVS 
33 DFMFGGVSYNDGNASA 
34 YNDGNASAARSVLETL 

35 ARSVLETLAGHVDALG 

36 AGHVDALGISYNQLDK 

37 ISYNQLDKLDADTLYS 

38 LDADTLYSWSFSAGS 

39 WS FSAGSAIDRGAVS 

40 AIDRGAVSDAADKFRV 

41 DAADKFRVMMFGGAPA 

42 MMFGGAPAGQEKTAEP 

43 GQEKTAEPEHEAATPS 
44 EHEAATPSASSVPSTV 

45 ASSVPSTVHGKWDAV 

46 HGKWDAVDRAKEAAK 

47 DRAKEAAKQAYAGVRK 

48 QAYAGVRKRYVAKPSD 
49 RYVAKPSDTTTQLVVA 

50 TTTQLVVAITALLITA 

51 ITALLITAFAICAC.LE 

52 FAICAC.LEPRLIGASG 
53 PRLIGASGPLIWGCIA 

54 PLIWGCIALVALLPLL 
55 LVALLPLLQ!AVHTAV 

56 GMAVHTAVSASSQKKA 
57 SASSQKKAAGGAQRVA 
58 AGGAQRVAAQERSREL 
59 AQERSREL SRARQEDQ 
60 SRARQEDQQKLHVPAI 
61 QKLHVPAILTGLSVLV 

62 LTGLSVLVFIM.VVAC 

63 FIM.VVACIAVDARRG 

64 IAVDARRGTWQGSI CF 
65 TWQGSI CFLAAFVLFA 

66 LAAFVLFAISAAVVMA 

67 ISAAVVMATRDQSLAE 

68 TRDQSLAEECDSKCAT 
69 ECDSKCATARTAQAVP 
70 ARTAQAVPGGQQQPRA 
71 GGQQQPRATEGWSGG 
72 TEGWSGGSQEGGAGV 
73 SQEGGAGVPGTSVPSA 
74 PGTSVPSAGSGSVPPA 
75 GSGSVPPATIMVSVDP 
76 TIMVSVDPQLVATLGA 

127 



Figure 5. Effect of antibodies specific for MSP1a and MSP1b on protection against A. 

marginale infection. The group mean percent reduction PCV was correlated with the group 

mean differential antibody titers (MSP1a minus MSP1b). Percent reduction PCV was 

calculated from the lowest PCV after challenge and the average PCV prior to challenge. The 

trendline was fitted to a cubic (third degree) polynomial equation using Microsoft Excel. 

Immunization groups are indicated. 
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Chapter 4 

GLYCOSYLATION OF ANAPLASMA MARGINALE MAJOR SURF ACE PROTEIN 1A 
AND ITS PUTATIVE ROLE IN ADHESION TO TICK CELLS 

Garcia-Garcia JC, de la Fuente J, Bell G, Blouin EF, Kocan KM. 
Infection and Immunity, Submitted. 

Abstract 

Anaplasma ma,;ginale, the causative agent of bovine anaplasmosis, is a tick-borne 

rickettsial pathogen of cattle that multiplies in erythrocytes and tick cells. Major surface protein 

(M:SP) 1 a and MSP1 b form the MSP1 complex of A. marginale which is involved in adhesion of 

the pathogen to host cells. In this study we tested the hypothesis that MSP1a and MSP1b were 

glycosylated because the observed molecular weights of both proteins were greater than the 

deduced molecular masses. We further hypothesized that the glycosylation of MSP1a plays a 

role in adhesion of A. marginale to tick cells. Native and Eschen'chia coli-derived recombinant 

MSP1a and MSP1 b proteins were shown by gas chromatography to be glycosylated and to 

contain neutral sugars. Glycosylation of MSP1a appeared to be mainly 0-linked to Ser/Thr 

residues in the N-terminal repeated peptides. Glycosylation may play a role in adhesion of A. 

marginale to tick cells because chemical deglycosylation of MSP1a significantly reduced its 

adhesive properties. Although the MSP1 a polypeptide backbone alone was adherent to tick cell 

extract, the glycans in the N-terrninal repeats appeared to enhance binding and may 

cooperatively interact with one or more surface molecules on host cells. These results 

demonstrated that MSP1a and MSP1b are glycosylated and suggest that the glycosylation of 

MSP1a plays a role in the adhesion of A. marginale to tick cells. 
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Introduction 

Anaplasmosis is a tick-borne disease of cattle caused by the obligate intraerythrocytic 

rickettsia Anap!asma mat;gina!e (Rickettsiales: Anaplasmataceae). The acute phase of the disease 

is characterized by severe anemia, weight loss, fever, abortion, lower milk production and 

often death [1]. The only known site of infection of A. mar;gina!e in cattle is within erythrocytes 

[2]. The number of infected erythrocytes increases geometrically and removal of these infected 

cells by phagocytosis results in development of anemia and icterus without hemoglobinemia 

and hemoglobinuria. Cattle that recover from acute infection remain persistently infected, are 

protected from clinical disease, and serve as reservoirs of A. mar;ginale for mechanical 

transmission and for biological transmission by ticks [3, 4]. 

The process of infection of host cells by A. mar;ginale is initiated by adhesion of the 

rickettsia to the host cell membrane [5], a process that appears to be mediated by surface­

exposed proteins on the pathogen and host cell receptors. Of the five major surface proteins 

(MSPs) identified on erythrocytic and tick stages of A. mar;gina!e, the MSP1 complex, 

composed of two polypeptides, MSP1a and MSP1b, has been shown to be involved in 

adhesion of A. mar;gina!e to host cells [6-8]. Immunization of cattle with the MSP1 complex has 

also been shown to induce partial protective immunity [9]. 

The A. mar;gina!e MSP1 a is encoded by a single gene, msp 1 a [1 O], while MSP1 b is 

encoded by at least two genes, msp1 /31 and msp1 /32 [11-13]. MSP1a has been shown to contain 

a neutralization-sensitive epitope [14] and to be an adhesin for both bovine erythrocytes and 

tick cells, whereas MSP1 b is an adhesin only for bovine erythrocytes [6-8]. The extracellular N-
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terminal region of MSP1a contains tandemly repeated peptides [15, 16] which have been 

shown to be necessary and sufficient for adhesion of A. marginale to tick cells and bovine 

erythrocytes [16]. MSP1a has also been shown to be involved in infection and transmission of 

A. marginale by Dermacentor spp. [17, 18]. 

The molecular mass of both MSP1a and MSP1b was found to be greater than the 

molecular weight predicted from their respective amino acid sequences [10, 19, 20]. Surface 

proteins of other rickettsial organisms, specifically Ehrlichia cheffeensis P120 and E. canis P140, 

were shown to be glycosylated, which accounted for the difference between their expected and 

observed molecular masses [21]. In addition, surface proteins from other Gram-negative 

bacteria have been shown to be glycosylated and the glycosylation appears to be involved in 

their ability to adhere to and invade host cells [22]. In this study, we determined that MSP1a 

and MSP1 b from A. marginale are glycosylated. We then characterized the glycosylation of the 

native and recombinant MSP1a and MSP1 b proteins and studied the role of these 

carbohydrate moieties in the adhesive properties of MSP1a for tick cells. 
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Materials and methods 

Anaplasma marginale isolates 

Isolates of A. marginale derived originally from California, Saint Maries (Idaho), Texas, 

Virginia, Okeechobee (Florida) and Oklahoma were used in these studies (Table 1) [16, 23). 

Isolation of A. marginale from bovine erythrocytes and tick cells 

Two splenectomized calves (3 month old, mixed breed beef cattle) were experimentally 

infected with the Oklahoma or Virginia isolates of A. marginale. Calf PA479 was infected with 

blood stabilate (Oklahoma isolate) retrieved from liquid nitrogen that was collected from calf 

PA407 at 10% percent parasitized erythrocytes (PPE) [23). Calf PA433 was infected with the 

Virginia isolate of A. marginale by allowing Dermacentor variabilis males that acquired infection on 

calf PA432 [24) to feed on the calf and thus transmit A. marginale. The calves were maintained 

by the OSU Laboratory Animal Resources according to the Institutional Care and Use of 

Animals Committee guidelines. Infection of the calves was monitored by examination of 

stained blood smears. Bovine erythrocytes were collected from the calves at peak parasitemia 

(PA479, PPE 32.2%; PA433, PPE 1S.9%), washed three times in phosphate-buffered saline 

(PBS), each time removing the buffy coat, and stored at -70°C. 

A. marginale was propagated in the tick cell line, IDES (ATCC CRL 11973), derived 

originally from Ixodes scapularis embryos, as described previously [23, 25). Briefly, tick cells were 

maintained at 31°C in L-15 B medium, pH 7.2, supplemented with 5% heat inactivated fetal 

bovine serum (Sigma, USA), 10% tryptose phosphate broth (Difeo, USA) and 0.1 % 

lipoprotein concentrate (ICN, USA), and the culture medium was replaced weekly. Monolayers 

of IDES cells were inoculated with the Oklahoma or Virginia isolate of A. marginale and 

monitored for infection by phase contrast microscopy and examination of stained smears. 
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Terminal cell cultures were harvested by centrifugation at approximately 10 days post­

inoculation for analysis of MSP1a and MSP1b. 

Infection of ticks and collection of salivary glands 

Dermacentor vanabilis were obtained from the Oklahoma State University, Centralized 

Tick Rearing Facility. Larvae and nymphs were fed on rabbits and sheep, respectively, and 

were then allowed to molt to the subsequent stage. Male ticks were held in a humidity chamber 

(90-95% RH) at 25°C with a 14-hr photoperiod until used for these studies. Uninfected males 

were allowed to acquire infection with the Oklahoma isolate by feeding for seven days on the 

infected calf PA 4 79 during ascending parasitemia, after which the ticks were removed and held 

at room temperature in a humidity chamber for seven days. The ticks were then allowed to 

transmission feed on a sheep for seven days to allow for development of colonies of A. 

marginale in salivary glands, after which they were removed, the salivary glands dissected, 

pooled and used for analysis of A. marginale MSPs. 

Cloning, expression and purification of recombinant MSPla and MSPlb 

The msp1 a and msp1 /J1 genes of the Oklahoma isolate of A. marginale, encoding for 

MSP1a and MSP1b, respectively, were cloned by PCR, fused to the FLAG peptide and 

expressed in E.coli as reported previously [8]. E. coli cells expressing recombinant MSP1a and 

MSP1b proteins were collected and disrupted by sonication in 0.1% Triton X-100 in Tris­

buffered saline (TBS). The recombinant proteins were purified by FLAG-affinity 

chromatography (Sigma, USA) following the manufacturer's instructions. Expression and 

purification of the recombinant proteins was confirmed by SDS-polyacrylamide gel 

electrophoresis [26] and immunoblotting. 
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The msp1 a genes from A. marginale isolates from California, Saint Maries (Idaho), 

Texas, Virginia and Okeechobee (Florida) were also cloned and expressed in E. coli as 

described previously for the Oklahoma isolate [16]. 

Construction of mspla mutants 

Two msp1 a mutants were constructed for expression in E. coli. The first mutant 

contained only the sequence encoding for the N-terminal region of the MSP1a protein that 

includes the tandem repeats. The second mutant contained the sequence encoding for the 

conserved C-terminal region of MSP1a which lacks the tandemly repeated peptides. These 

mutants were obtained by PCR using the Oklahoma isolate mspta gene as described previously 

[16]. 

SDS-polyacrylamide gel electrophoresis and immunoblotting 

Protein samples were loaded on 10% polyacrylamide gels that were stained with 

Coomassie Brilliant Blue or transferred to nitrocellulose membranes. Membranes were blocked 

with 5% skim milk for 60 min at room temperature. Western blot analysis was performed 

using monoclonal antibodies ANA15D2 (VMRD, USA) and AFOR2.2F1 (produced in our 

laboratory), specific for the repeats and the conserved C-terminal region of MSP1a, 

respectively, anti-FLAG M2 monoclonal antibody for detection of recombinant fusion 

proteins or MSP1 b-monospecific rabbit serum for detection of MSP1 b. After washing with 

TBS, membranes were incubated with 1:10,000 goat anti-mouse IgG or goat anti-rabbit IgG 

alkaline phosphatase conjugate (KPL, USA). Membranes were washed again and the color 

developed using BCIP /NBT alkaline phosphatase substrate (Sigma, USA). 
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Identification of glycoproteins 

Protein glycosylation was detected on blots of pure proteins · or crude extracts by a 

modification of the method of Haselbeck and Hosel [27, 28]. Briefly, 10 µg total protein of 

crude extracts or 2 µg of purified protein was loaded, separated in a 10% SDS-PAGE gel, and 

transferred to a nitrocellulose membrane. The membrane was equilibrated for 10 min in 0.1 M 

acetic acid and carbohydrates were oxidized for 20 min at room temperature in the dark with 

10 mM sodium metaperiodate in 0.1 M acetic acid. The membrane was washed twice with 0.1 

M acetic acid and once with 0.05% Tween-20, 0.1 M acetic acid. Biotin-hydrazide (Bio-Rad, 

USA) in 0.05% Tween-20 and 0.1 M acetic acid was then added and allowed to react for 60 

min at RT in order to label the aldehydes that resulted from oxidation of the carbohydrates. 

After three washes with 0.05% Tween-20 in TBS, the membrane was blocked for 30 min and 

incubated with a 1:2,000 solution of streptavidin-alkaline phosphatase conjugate (Bio-Rad, 

USA). The membrane was washed again with TBST and stained with BCIP /NBT (Sigma, 

USA) as substrate. 

Estimation of glycoprotein carbohydrate content 

The carbohydrate content of purified recombinant MSP1a was estimated usmg a 

glycoprotein carbohydrate estimation kit (Pierce, USA) according to the manufacturer's 

instructions. 

Analysis ofmonosaccharide composition by gas chromatography 

Analysis of the carbohydrate composition of pure MSP1a and MSP1 b glycoproteins 

was performed using gas liquid chromatography of the trimethylsilyl glycoside derivatives [29]. 

Affinity-purified MSP1a and MSP1b glycoproteins were dialyzed extensively against water and 

then freeze-dried. Inositol was added prior to drying the samples to serve as an internal 
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standard. The protein samples were hydrolyzed with 1.5 M methanolic HCl and methyl acetate 

for 3 hours at 80°C. The samples were dried under a stream of N 2 and the sugars derivatized 

with a 3:1 trimethylsilyl: pyridine mixture for 15 minutes at room temperature. The 

trimethylsilyl sugar derivatives were dried, dissolved in isooctane and separated on a DB-1 

fused silica capillary column O & W Scientific Inc., USA) using a Varian 3300 gas 

chromatographer (Sunnyvale, USA). Monosaccharide amounts were calculated by relative 

comparison of the peak areas. 

Analysis of monosaccharide composition by capillary electrophoresis 

The monosaccharide composition of MSP1a and MSP1b was studied by capillary zone 

electrophoresis. Affinity-purified glycoproteins (2 µg) and 3-0~methyl glucose as internal 

standard were dried in a centrifugal vacuum evaporator. The glycans were hydrolyzed to 

monosaccharides with trifluoroacetic acid at 121 °C for 60 min. The monosaccharides were 

then derivatized with a fluorescent label by adding 3 mg/ml anthranilic acid, 4% sodium 

acetate, 2% borate in methanol, and the labeling reaction was allowed to proceed at 80°C for 2 

h. The methanol was evaporated and the samples were dissolved in water. Analytical 

separation of derivatized monosaccharides was performed in a Biofocus 2000 CZE instrument 

(Bio-Rad, USA) and detection was achieved by laser induced fluorescence. The amount of 

individual monosaccharides was estimated by comparison to the internal standard. 

Enzymatic deglycosylation 

Affinity-purified recombinant MSP1a and MSP1b proteins were denatured with SDS 

and ~-mercaptoethanol prior to the enzymatic deglycosylation reaction to increase the 

efficiency of deglycosylation. Enzymes used in this study included endoglycosidases PNGase F 
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(N-glycosidase F) and 0-glycosidase DS, specific for N-linked oligosaccharides and Gal(~-1,3) 

GalNAc(cd), respectively, and exoglycosidases GALase III (~1-4 galactosidase), HEXase I (~1-

2,3,4,6 N-acetylhexosaminidase), NANase II (~2-3,6 neuraminidase), specific for P-4 

galactose, ~-linked N-acetylglucosarnine, and C(2-3 and C(2-6 N-acetylneuraminic acid residues, 

respectively. These enzymes were provided in the Enzymatic Deglycosylation Enhancement 

Kit (Bio-Rad, USA) and were used following the manufacturer's instructions. 

Chemical deglycosylation with TFMS 

Purified recombinant MSP1 a protein (500 µg) was dialyzed extensively against 0.1 % 

trifluoroacetic acid and then freeze-dried. The MSP1a protein was deglycosylated by anhydrous 

trifluoromethanesulfonic (TFMS) acid treatment according to the instructions of the 

GlycoFree Deglycosylation Kit (Glyko Inc., USA). The TFMS acid cleaves protein-linked 

glycans non-selectively from the glycoprotein while leaving the primary structure of the protein 

intact [30). 

MALDI-TOF mass spectrometry analysis 

To confirm that the MSP1a amino acids were not modified by the chemical 

deglycosylation with TFMS acid, native and deglycosylated MSP1a proteins were digested with 

trypsin and the proteolytic fragments analyzed by Matrix-Assisted Laser 

Desorption/Ionization Time-of-Flight (MALDI-TOF) mass spectrometry, which was 

performed using a Voyager DE PRO mass spectrometer (Applied Biosystems, USA) in the 

positive mode with reflectron, 20 kV accelerating voltage, 70% grid voltage with delayed 

extraction. Affinity-purified protein preparations were digested with Trypsin Gold (Promega, 

USA) and extracted following the manufacturer's instructions. The protein digest samples and 
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a:-cyano-4-hydroxycinnamic acid (a:-CHCA) matrix (in 50% acetonitrile, 0.3% trifluoroacetic 

acid) were spotted on the MALDI plate and allowed to dry at room temperature. External 

mass calibration was achieved using a mixture of peptide standards containing des-Arg1-

Bradykinin, Angiotensin I, Glu1-Fibrinopeptide B and ACTH 1-17 (Sigma, USA) that was 

spotted next to the sample. Spectra from 250 laser shots were summed to obtain the 

accumulated spectrum. The peak lists generated from the analysis of native and deglycosylated 

MSP1 a proteins were compared. 

Tick cell binding assay 

The capacity of glycosylated and deglycosylated recombinant MSP1a to bind to tick 

cell extract was determined using a modification of an in vitro binding assay that has been used 

in several studies to define MSP1a as an adhesin for tick gut and cultured tick cells [8, 16, 17, 

33]. Cultured IDES tick cells were sonicated in 0.1 % Triton X-100 and centrifuged at 12,000 x 

g. Tick cell proteins (1 µg/well) were used for coating a 96-well plate for 3 hat 37°C. The plate 

was washed three times with TBST and blocked for 2 hat 37°C with 2% skim milk. Serial 1:2 

dilutions of native and deglycosylated pure recombinant MSP1a protein were added to the tick 

cell extract starting at 10 µg/well. Recombinant MSP1b was used as a negative control of 

binding. After incubating for 1 hat 37°C, the plate was washed with TBST and incubated with 

1:1,000 anti-FLAG M2 monoclonal antibody (Sigma, USA) for 1 h at 37°C. The plate was 

washed and incubated with 1 :2,000 goat anti-mouse IgG horseradish peroxidase conjugate 

(KPL, USA) for 1 hat 37°C. TMB in 0.05 M phosphate-citrate buffer, pH 5, containing 0.03% 

sodium perborate (Sigma, USA) was used for color development. The reaction was stopped 

with 2 N H 2S04 and the OD was read at 450 nm. 
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Protein sequence analysis and prediction of glycosylation sites 

The amino acid sequences of MSP1a and MSP1b proteins from several isolates of A. 

marginale were obtained from GenBank (Table 1). The amino acid composition and the 

predicted molecular weight for each isolate were determined by use of the statistical analysis of 

protein sequences algorithm [31], and the observed molecular masses were estimated from the 

electrophoretic mobility in SDS-PAGE. 

Prediction of potential 0-glycosylation sites 111 the MSP1a and MSP1b protein 

sequences was performed using the NetOGlyc 2.0 algorithm [32). Potential N-glycosylation 

sites were predicted by identifying Asn-X-Ser/Thr sequences present in the MSP1a and 

MSP1 b amino acid sequences. 
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Results 

Sequence analysis and prediction of potential glycosylation sites 

The amino acid sequences of MSP1 a and MSP1 b, deduced from the Oklahoma isolate 

msp 1 a and msp 1 /31 gene coding sequences, respectively, were analyzed for predicted N- and 0-

glycosylation sites, as well as for the amino acid composition. Oklahoma isolate MSP1a was 

found to be a Ser/Thr rich protein and contained 18% Ser/Thr (109 Ser +Thr / 623 a.a.). The 

Ser/Thr content was particularly high in the region containing the tandemly repeated peptides 

(43%), suggesting an O linkage for possible carbohydrate modifications. Most of the Ser/Thr 

residues were conserved among the MSP1a repeats of different A. marginale isolates (Fig. 1). 

Although every Ser or Thr residue may be a potential 0-glycosylation site, we used N etOGlyc 

2.0 algorithm to predict which Ser/Thr residues were more likely to be glycosylated (Fig. 2). 

Of the 25 residues predicted to be 0-glycosylated, 14 sites were identified in the N-terminal 

tandem repeats (Fig. 2A). Only one Asn-Xaa-Ser/Thr, as indicated by analysis of the potential 

N-glycosylation sites in the MSP1a sequence, was found to be present in the Oklahoma isolate 

MSP1a (Fig. 2A), and this Asn residue is not located in the repeated peptides. 

MSP1b contained only 12% Ser/Thr (90 S+T / 744 a.a.) and only one of these sites 

was predicted using NetOGly 2.0 to be 0-glycosylated (Fig. 2B). However, seven Asn-Xaa-

Ser/Thr sites were present in MSP1 b (Fig. 2B), all of which may be potential N-glycosylation 

sites. 

Molecular weights of native and recombinant MSPJa and MSPJb proteins 

Although the molecular masses predicted from the deduced sequences of A. marginale 

MSP1a and MSP1b (Oklahoma isolate) were of 63 kDa and 79 kDa, respectively, the observed 

molecular weights of the recombinant E. coli-derived proteins were 90 kDa for MSP1a and 100 
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kDa for MSP1 b (Fig. 3A, B). Native MSP1a and MSP1 b proteins derived from A. mar;gina!e­

inf ected cultured tick cells, erythrocytes and tick salivary glands had molecular weights similar 

to recombinant proteins (Fig. 3). The molecular weight of the MSP1a protein from a second 

isolate of A. mar;gina!e from Virginia, which contains a different number of tandemly repeated 

peptides, were also higher than predicted from their amino acid sequences (Fig. 3A, lanes 5-7). 

The recombinant MSP1a protein from the Virginia isolate (Fig. 3A, lane 5) had molecular 

weights similar to those of the native proteins (Fig. 3A, lanes 6, 7). 

The msp 1 a gene that encodes for MSP1 a was cloned from various geographic isolates 

of A. mar;gina!e and expressed in E. coli. The MSP1a proteins from these isolates contained 2-8 

tandemly repeated peptides (Table 1). The deduced molecular masses of the proteins were 

calculated from their deduced primary sequence, and correlated with the number of repeated 

peptides in the same protein (Fig. 4). The correlation fit with the equation [MW(MSP1a) = 2.8 

X N + 55.5] in which N is the number of repeats and the intercept, 55.5 kDa, is an estimate of 

the molecular mass of the C-terminal region of MSP1a that is conserved among isolates. The 

slope, 2.8 kDa, represents the average deduced molecular mass of a single repeat. The 

observed molecular weights of the recombinant MSP1a proteins from all of the isolates 

studied, estimated from their electrophoretic mobility (Fig. SA), were greater than the 

predicted molecular weights (Fig. 4), and the dependency with the number of repeats was 

described by the equation [MW(MSP1a) = 10.SXN + 62.5] which demonstrated that the 

molecular weights of both the conserved region and the repeated N-terminal peptides are 

greater than their deduced molecular masses. This equation also indicated that the average 

weight of a single repeat was 10.5 kDa, approximately 8 kDa greater than the molecular mass 
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predicted from the amino acid sequence. The observed molecular weight of the MSP1a mutant 

that contained only the N-tertninal repeats was approximately 30 kDa (Fig. 6, lane 1), similar to 

the molecular mass of 31.5 kDa predicted by the second equation, and was 3.6 times larger 

than the molecular mass predicted from the primary sequence and the first equation. 

Detection of glycosylation and estimation of carbohydrate content 

Glycosylation assays were performed in order to determine whether the difference 

between the deduced and observed molecular weights of MSP1 a and MSP1 b was due to 

glycosylation of the proteins. Crude extracts of recombinant E. coli cells expressing the 

recombinant proteins were labeled with biotin-hydrazide after oxidation with sodium 

periodate. Glycosylation was detected in the recombinant MSP1a proteins from all the A. 

mat;ginale isolates analyzed (Fig. SB), as well as in the recombinant MSP1 b protein (Fig. 6B, lane 

4). The carbohydrate content was estimated to be 17% for MSP1 a and >40% for MSP1 b. 

Furthermore, glycosylation was detected on the two mutant MSP1a proteins expressed in E. 

coli that contained either the conserved C-terminal region alone or the N-tertninal repeats (Fig. 

6B, lanes 1, 2). 

Monosaccharide compositional analysis 

The monosaccharide compositions of the recombinant MSP1a and MSP1b 

glycoproteins were determined by gas liquid chromatography. Four neutral sugars, glucose, 

galactose, mannose and xylose, were detected in the recombinant MSP1a (Table 2), while the 

recombinant MSP1b protein contained glucose, galactose and mannose (Table 2). Glucose was 

the most abundant monosaccharide in both recombinant proteins. These results were 

confirmed by capillary electrophoresis (data not shown). 
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Enzymatic deglycosylation analysis 

The nature and structure of the glycans attached to MSP1 a and MSP1 b were 

characterized by treating affinity-purified recombinant MSP1a and MSP1b proteins with the 

endoglycosidases PNGase F, 0-Glycosidase DS and the exoglycosidases GALase III, HEXase 

I and NANase II. Enzymatic treatment did not increase the electrophoretic mobility of MSP1a 

and MSP1 b ( data not shown). Therefore, these enzymes, which are specific for carbohydrate 

moieties commonly present in N- and 0-glycoproteins, were not able to hydrolyze the glycans 

present in MSP1 a and MSP1 b glycoproteins. 

Deglycosylation of MSPla and binding to tick cells 

Recombinant MSP1a protein was chemically deglycosylated with TFMS acid in order 

to determine the role of carbohydrate modifications in the adhesive properties of the MSP1a 

for tick cells. Deglycosylation was determined by the increased electrophoretic mobility of the 

deglycosylated protein (Fig. 7). The peptide backbone of the MSP1a protein did not appear to 

be altered after acid deglycosylation treatment because the deglycosylated protein was 

recognized by three monoclonal antibodies specific for epitopes in the N-terminal repeats, the 

conserved C-terminal region and the C-terminally fused FLAG peptide (Fig. 7, lanes 4-6). 

Moreover, the peptide masses generated by the tryptic digestion of deglycosylated MSP1a, 

analyzed by MALDI-TOF mass spectrometry, matched peptide masses of the reported 

Oklahoma isolate MSP1a protein, indicating that no covalent modifications were introduced in 

the MSP1a amino acid backbone by the chemical deglycosylation with TFMS acid. 

Tick cell binding assays were conducted to compare the adhesive properties of the 

native and deglycosylated MSP1a protein. The native MSP1a glycoprotein bound to tick cells 
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(Fig. 8). Although the deglycosylated MSP1a protein also adhered to tick cells, its adhesive 

capacity was significantly reduced (P<0.01) with respect to native MSP1a. 
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Discussion 

.. ..,,.,;, 

Several bacterial glycoproteins were reported recently and were shown to play a role in 

bacterial adhesion, invasion and pathogenesis. Glycosylation of outer membrane proteins was 

also described in several Gram-negative bacteria [22], including E. coli and the rickettsial tick-

home pathogens, E. canis and E. cheffeensis. [21]. In addition, recombinant proteins from A. 

phagorytophilum, E. cheffeensis and E. ruminantium expressed in E. coli were also found to be 

glycosylated [33]. 

Adhesion of A. marginale to host cells initiates the process of infection. Previous 

studies have demonstrated that polypeptides that compose the MSP1 complex, MSP1a and 

MSP1b, serve as A. marginale adhesins for tick cells and bovine erythrocytes [6-8]. We recently 

characterized the functional domain of MSP1a and have shown that the tandemly repeated 

peptides are necessary and sufficient to mediate adhesion of MSP1 a to tick cells and bovine 

erythrocytes [16]. A critical role of specific amino acids in the adhesive capacity of MSP1a was 

determined by use of a synthetic peptide model system [16]. 

The molecular weights ofMSPla and MSP1b have been determined by SOS-PAGE to 

be greater than the predicted molecular masses [10, 19], and the difference between the 

expected and observed molecular weights was posited to be due to the presence of 

carbohydrate modifications on these proteins [14, 34]. In this study we demonstrated that both 

MSP1 a and MSP1 b from several A. marginale isolates are glycosylated. Glycosylation was 

particularly abundant in the N-terminal region of MSP1 a that contains the repeated peptides. 

The repeated peptides of the Oklahoma isolate, which contain 43% Ser/Tur, were shown to 

be glycosylated and were predicted to be 0-glycosylated using the NetOGlyc 0-glycosylation 
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prediction algorithm. Most of these Ser/1hr residues were found to be conserved among the 

different MSP1a repeats, particularly the residues at or next to the neutralization sensitive 

epitope and the amino acid in position 20 that appears to be important for adhesion to tick 

cells [10, 14, 16]. Potential N-glycosylation sites were not present in this region, supporting the 

hypothesis that these glycans are 0-linked. However, unusual modifications, known to occur 

in other bacterial glycoproteins [35), may also be present. 

The number and type of potential glycosylation sites on MSP1a and MSP1b were 

different. While MSP1 a contained a greater number of predicted 0-glycosylation sites, MSP1 b 

contained more potential N-glycosylation sites. Although only neutral sugars were detected in 

glycoproteins of both MSP1a and MSP1b, the difference in the number and type of 

glycosylation sites suggests that carbohydrate differences occur between the two proteins. The 

sugar composition of MSP1a and MSP1b indicates an unusual type of glycosylation in MSP1a 

and MSP1 b. A similar carbohydrate composition has been described previously for the 

rickettsial recombinant proteins E. chqffeensis P120 and E. canis P140 expressed in E. coli [21]. 

The absence of amino sugars was also consistent with previous studies in which MSP1a did 

not label with 3H-glucosamine [14]. While N-acetylglucosamine and N-acetylgalactosamine are 

commonly present in the core carbohydrate structure of eukaryotic glycoproteins, the types of 

glycosylation identified in prokaryotes have been variable [22]. Several lectins that recognize 

carbohydrate structures with N-acetylglucosamine and N-acetylgalactosamine did not bind to 

MSP1a [14), which provides further evidence of an unusual pattern of glycosylation. These 

results were also supported by the inability of exo- and endoglycosidases, specific for glycans 

that contain amino sugars, to deglycosylate recombinant MSP1 a. 
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Although protein glycosylation in E. coli had· been reported previously [22], 

glycosylation of heterologous recombinant proteins was thought not to occur until recently 

when a number of recombinant rickettsial proteins expressed in E. coli were shown to be 

glycosylated [21, 33]. The ability of E. coli to glycosylate heterologous proteins appears to be 

specific for prokaryotic proteins that are glycosylated in their native form and therefore 

contain the required glycosylation sites. These recombinant proteins are also transported to the 

appropriate cellular location, most likely the plasma membrane, to become glycosylated. 

Although we demonstrated previously that several recombinant rickettsial proteins 

expressed in E. coli were glycosylated [33], only two of these proteins, the A. mar;ginale MSP1a 

and the E. ruminantium mucin-like protein, proved to be adherent for tick cells using an in vitro 

adhesion assay [16, 33]. These two proteins had the highest content of Ser/Thr residues in the 

tandem repeats among those studied. These proteins appeared to be 0-glycosylated and these 

0-linked glycans may be involved in adhesion to tick cells. In the present study, binding of 

recombinant MSP1a to tick cells was noticeably reduced when MSP1a was deglycosylated with 

TFMS acid, thus providing evidence that glycosylation plays a role in adhesion. Further studies 

are needed because the chemical deglycosylation may have introduced chemical modifications 

in amino acid residues of the protein that may have reduced the adhesive properties of the 

protein. However, chemical deglycosylation of other proteins did not affect their biological 

activity [30]. 

We also demonstrated that the deglycosylated peptide backbone of MSP1a was able to 

bind to tick cell extracts, although at reduced levels. The combined results of these and 

previous studies in which we used synthetic peptides that model the MSP1a repeats [16] 
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suggest that both the MSP1a peptidic backbone and its carbohydrate modifications are 

involved in the cooperative interaction with putative host cell receptors. Recent studies on a 

closely-related organism, A. phagorytophilum, demonstrated that A. phagorytophilum binds 

cooperatively to sites on the N-terminal peptide of human PSGL-1 and to carbohydrate 

moieties on the same or different molecules [36, 37]. In addition to MSP1a, MSP1b and MSP2 

have been shown to be adhesins for bovine erythrocytes [6-8] and, therefore, these MSPs may 

cooperate in adhesion of A. mar:ginale to erythrocytes. 

Glycosylation of A. mar:ginale surface proteins may also influence the capacity of the 

pathogen to generate antigenic diversity and to escape the host's immune response, as has 

been demonstrated for other bacterial and viral pathogens [38, 39]. While major amino acid 

changes may affect the conformation and thus function of the protein, minor amino acid 

changes may only alter the pattern of glycosylation, thus generating new antigenic variants that 

may allow pathogens to evade the host immune response [39]. In addition, glycosylation of 

proteins can occur in multiple forms, a phenomenon known as microheterogeneity, which may · 

further contribute to antigenic diversity. Completion of the sequence of the A. mar:ginale 

genome may provide the opportunity to identify genes encoding for the glycosylation 

machinery, as well as other glycosylated proteins. This approach has shown to be productive 

for the study of other pathogenic bacteria [40]. 

This research provides the first evidence of the role of glycosylation of A. mar:ginale 

surface proteins in adhesion to host cells and may contribute to development of more effective 

vaccine strategies for control of this economically important pathogen of cattle. 
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TABLE 1. Anaplasma marginale isolates and MSP1a proteins included in the study. 

Isolate MSP1a Predicted GenBank Reference 

Name/ Origin No. Repeats Mol. we Accession No. 

Virginia 2 60.8 M32870 McGuire et al. [41] 

Oklahoma 3 63.5 AY010247 Blouin et al. [23] 

California 3 NR AY010242 de la Fuente et al. [42] 

St. Maries, ID 3 63.5 AF293062 Eriks et al. [43] 

Rasmussen 3 63.5 AF293064 Palmer et al. [44] 

South Dakota 3 63.7 AF293063 Palmer et al. [44] 

Texas 4 NR AF428091 McGuire et al. [41] 

Washington 4 66.4 M32869 Allred et al. [1 O] 

Okeechobee, FL 5 NR AY010244 de la Fuente et al. [17] 

Idaho 6 71.7 M32868 Allred et al. [1 O] 

Florida 8 77.5 M32871 Allred et al. [1 O] 

a The molecular mass of the MSP1a proteins was predicted from their amino acid sequences 

using the statistical analysis of protein sequences algorithm. NR indicates MSP1a proteins for 

which the complete coding sequence have not been reported. 
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TABLE 2. Monosaccharide composition of recombinant Anap!asma margina!e MSP1a and 

MSP1b. 

Monosaccharide MSP1a MSP1b 

Glucose 66.5 67.3 

Galactose 16.0 12.1 

Mannose 6.0 20.6 

Xylose 11.5 0.0 

a Amounts of monosaccharides are expressed as the percent of total monosaccharides in the 

glycoprotein, as determined by gas chromatography of the trimethylsilyl glycoside derivatives. 
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Figure 1. Conservation of Ser/1br residues (highlighted) in the tandem repeats encoded by 

Anaplasma marginale msp1a from different isolates. The amino acid positions are indicated 

above the sequences. The arrowhead points to the 20th amino acid, which is involved in 

interaction with tick cells. The neutralization-sensitive epitope recognized by monoclonal 

antibody ANA15D2 is indicated by the bracket. Sequences were obtained from de la Fuente 

J, Passos LMF, Van Den Bussche RA, Ribeiro MFB, Facury-Filho EJ, Kocan KM. 

Submitted for publication. 
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Figure 2. Predicted glycosylation sites in (A) MSP1a and (B) MSP1b from the Oklahoma 

isolate of A. marginale. 0-glycosylation was predicted using NetOGlyc 2.0 prediction 

algorithm to occur in the amino acid positions in which the 0-glycosylation potential (blue 

bars) is greater than the threshold (red curve). Arrowheads indicate potential N-glycosylation 

sites (Asn-Xaa-Ser/Thr sequences). 
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Figure 3. Western blot analysis of native and recombinant (A) MSP1a and (B) MSP1b 

proteins from the Oklahoma isolate (lanes 1-4) and Virginia isolate (lanes 5-7) of A. 

mar;gina!e. Samples of recombinant proteins expressed in E. coli (lanes 1, 5), erythrocyte­

derived A. mar;gina!e (lanes 2, 6), tick cell culture-derived A. margina!e (lanes 3, 7) and infected 

tick salivary glands (lane 4) were separated by SDS-PAGE and reacted with (A) anti-MSP1a 

MAb ANA15D2 or (B) rabbit polyclonal anti-MSP1b serum. Arrows on the left indicate 

mol. wt. markers in kDa. 
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Figure 4. Dependence of the MSP1a molecular mass upon the number of tandem repeats. 

The predicted (squares) and observed (triangles) molecular masses of recombinant MSP1a 

from different A. mafl!,inale isolates expressed in E. coli were calculated from the reported 

amino acid sequence or estimated from the electrophoretic mobility, respectively. The 

intercept indicates the molecular mass of the conserved C-terminal region and the slope the 

average molecular mass of a single repeat. 
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Figure 5. Analysis of MSP1 a proteins from different A. marginale isolates expressed in E. coli. 

Recombinant E. coli cell extracts were separated by SDS-PAGE, transferred to a 

nitrocellulose membrane and (A) reacted with anti-MSP1a MAb ANA15D2 or (B) stained 

with carbohydrate-specific periodate oxidation and biotin hydrazide conjugation. 

Arrowheads indicate the recombinant MSP1a protein bands. Numbers on the left indicate 

molecular weights in kDa. Lane 1, Negative E. coli control. Lanes 2-7, protein extract of 

recombinant E. coli cells expressing MSP1 a protein from A. marginale isolates from Virginia 

Oane 2), Oklahoma Oane 3), California Oane 4), St. Maries Oane 5), Texas Oane 6), and 

Okeechobee Oane 7). 
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Figure 6. Analysis of MSP1 b and mutant MSP1 a proteins expressed in E. coli. Proteins were 

purified by FLAG-affmity chromatography, separated by SDS-PAGE, transferred to a 

nitrocellulose membrane and (A) reacted with anti-MSP1a MAb ANA15D2 Oane 1), anti­

MSP1a MAb AFOR2.2F1 Oane 2, 3), or rabbit polyclonal anti-MSP1b serum Oane 4); or (B) 

stained specifically for carbohydrates. Lane 1, Oklahoma isolate MSP1a repeats; lane 2, 

MSP1a without the repeats; Oklahoma isolate MSP1a Oane 3), and MSP1b Oane 4). 

Arrowheads indicate recombinant protein bands. Numbers on the left indicate molecular 

weights in kDa. 

167 



2 3 
A 116 

0', ·~«ll" .. ~ ... 

B 

168 



Figure 7. Chemical deglycosylation of MSP1a with TFMS. Native Q.anes 1-3) and 

deglycosylated Oanes 4-6) MSP1a was transferred to a nitrocellulose membrane and reacted 

with anti-MSP1a MAb ANA1SD2 Q.anes 1, 4), anti-MSP1a MAb AFOR2.2F1 Q.anes 2, 5), 

anti-FLAG M2 MAb Q.anes 3, 6). 
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Figure 8. Binding of glycosylated and deglycosylated MSP1a to tick cells. Recombinant 

MSP1a, MSP1b and deglycosylated MSP1a were assayed in vitro for their ability to bind to 

tick cell proteins. Binding was expressed as the OD4sonm (mean± S.D.) from three replicates. 

Asterisks denote statistically significant difference (P<0.05) between native and 

deglycosylated MSP1a determined using an ANOVA test. 
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Chapter 5 

SUMMARY 

The major surface protein (MSP) la of the rickettsial tick-home pathogen, Anaplasma 

maflinale, is a functionally important surface protein. MSP1 a in combination with MSP1 b 

forms the MSP1 complex and both of these surface proteins were found to be structurally 

conserved on A. maflinale derived from bovine erythrocytes and tick cells. The MSP1 complex 

has been shown to be involved in adhesion of the pathogen to host cells. MSP1a is an adhesin 

for tick cells and bovine erythrocytes, whereas MSP1 b is an adhesin only for bovine 

erythrocytes. The N-terminal region of MSP1a, which contains tandemly repeated peptides, is 

necessary and sufficient to mediate adhesion of A. mar;ginale to bovine erythrocytes and tick 

cells. MSP1a also contains a neutralization-sensitive epitope and is involved in immune 

protection against A. mar;ginale infection. 

Preliminary data that led to this research was the discovery that the antibody response 

of cattle immunized with A. mar;ginale derived from bovine erythrocytes or tick cell culture 

differed. Cattle immunized with erythrocyte derived antigen had a preferential antibody 

response to MSP1a, whereas cattle immunized with tick cell culture-derived antigen developed 

a preferential antibody response to MSP1b. We also confirmed that the observed molecular 

weight of MSP1a was greater than the predicted molecular weight which led to our hypothesis 

that this difference may be due to the glycosylation of this protein. Both the regulation of the 

expression and the post-translational modifications of surface proteins may influence the 

ability of intracellular rickettsia to adhere to and infect both vertebrate and ticks cells during 

the parasite life cycle. 
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The research described in this thesis focuses on the characterization of the antigenic 

determinants, expression and glycosylation of the A. marginale MSP1a. We hypothesized that 

the regulation of the expression of MSP1a by A. marginale differs in bovine erythrocytes and 

tick cells and this differential expression influences the antibody response of cattle immunized 

with erythrocyte or tick cell-derived A. marginale. We further hypothesized that immunized 

cattle develop an antibody response against B-cell epitopes of MSP1a and that this antibody 

response is involved in protection against A. marginale infection. Finally, we hypothesized that 

MSP1a is glycosylated and that the glycosylation may influence the adhesive properties of the 

protein. 

The molecular basis of the differential antibody response to A. marginale derived from 

bovine erythrocytes and tick cells was studied using W estem blot, confocal microscopy and 

reverse transcriptase (R.1)-PCR. Expression of MSP1b by A. marginale derived from bovine 

and tick host cells was similar at the protein and RNA levels, whereas expression of MSP1a by 

A. marginale in these cells differed. Low levels of MSP1a were observed in cultured tick cells 

and tick salivary glands, but high expression of MSP1a occurred on A. marginale derived from 

bovine erythrocytes. The analysis of the expression of the msp1 a gene by RT-PCR suggested 

that the differential expression of MSP1a is regulated at the transcriptional level and may 

influence the infectivity of A. marginale for host cells. Variation in the expression of MSP1a 

may also contribute to phenotypic and antigenic changes in the pathogen. 

We characterized the MSP1 a antibody response of cattle using several immunogens, 

including rMSP1a protein, erythrocyte- or tick cell culture-derived A. marginale, or a 

combination of tick cell culture-derived A. marginale and rMSP1a. The MSP1a antibody 

response elicited by all these immunogens was directed primarily against the N-terrninal region 
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of MSP1a, whereas low antibody levels were detected against the C-terminal portion of the 

protein. Linear B-cell epitopes of MSP1a were mapped using synthetic peptides representing 

the entire sequence of the protein. Only two peptides, both of which contained the linear 

epitope SSAGGQQQESS, were recognized by sera from immunized cattle. These epitopes 

were mapped to the N-terminal repeated peptides of MSP1a. The average differential of 

antibody titers against MSP1a minus those against MSP1b correlated with lower percent 

reductions in PCV. A preferential antibody response to MSP1a was observed in cattle 

immunized with erythrocyte-derived, cell culture-derived plus rMSP1a or rMSP1a, and the 

percent reduction PCV was significantly lower in these cattle as compared with the other 

immunization groups. Although we characterized the linear B-cell epitopes of MSP1a, the 

conformational or non-peptidic components of MSP1a may also be involved in protection 

against A. mat;g,inale invasion. 

Since the observed molecular weight of MSP1a was greater than the deduced 

molecular mass, we determined whether the MSP1a protein was glycosylated. Native and 

Escherichia coli-derived recombinant MSP1a and MSP1b proteins were shown by gas 

chromatography to be glycosylated and to contain neutral sugars. Glycosylation of MSP1a 

appeared to be mainly 0-linked to Ser/Thr residues in the N-terminal repeated peptides. 

Glycosylation may play a role in adhesion of A. mat;g,inale to tick cells because chemical 

deglycosylation of MSP1a significantly reduced its adhesive properties. Although the MSP1a 

polypeptide backbone alone was adherent to tick cell extract, the glycans in the N-terminal 

repeats appeared to enhance binding and may cooperatively interact with one or more surface 

molecules on host cells. Alternatively, glycosylation of the N-terminal repeats of MSP1a may 

increase the affinity of MSP1 a for its host cell receptor. 
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The results of this research further confirm the importance of MSP1a :in the adhesion 

and development of A. mat;gina!e :in host cells. Furthermore, bov:ine immune response to 

MSP1a appears to be :involved :in the development of protection aga:inst A. margina!e :infection. 

The results of this research contribute to a better understand:ing of the expression, post­

translational modifications and antigenic determ:inants of MSP1a and will be important :in the 

development of more effective methods for the control of anaplasmosis and its transmission. 
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