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ABSTRACT 

 

Ehrlichia ruminantium is an obligate intracellular pathogen and, as such, cell mediated 

immunity plays a key role in the control of bacterial replication and subsequent 

protection against heartwater in ruminants. IFN-γ has been shown to be a potent inhibitor 

of E. ruminantium growth in endothelial cells in vitro. Thus, identification of antigens 

that preferentially activate T cells to proliferate and secrete IFN-γ needs to be done so 

that they can be evaluated as vaccine candidates. Previously, a cocktail of four open 

reading frames (ORFs) that induce 100% protection after needle challenge have been 

identified. However, only 20% protection was obtained after tick challenge in the field, 

when administered as a DNA vaccine in sheep. Because only limited protection was 

obtained during a field vaccine trial, our research focused on the identification of 

additional ORFs as a mean to improve the efficacy of this vaccine. Because secreted 

proteins are reported to be major targets in a specific immune response we hypothesize 

that they may be potential heartwater vaccine candidates. Five ORFs (Erum5000, 

Erum5010, Erum7760, Erum8060 and Erum8610) encoding secreted E. ruminantium 

proteins were selected from the Welgevonden stock genome sequence using 

 
 
 



 xiv 

bioinformatics tools. The ORFs were cloned into a pET 102/D-TOPO® vector. The 

corresponding recombinant (r) proteins were expressed in a bacterial expression system 

and the expression was confirmed by immunoblots using anti-His antibodies and sheep 

sera. Proteins were purified by immobilized metal ion affinity chromatography and 

resulted in a yield of 200 µg-2000 µg per 100 ml and 1L cultures respectively. Four of the 

five recombinant proteins (rErum5000, rErum7760, rErum8060 and rErum8610) could 

be expressed. Recombinant proteins were assayed to determine whether they induce 

recall cellular immune responses in vitro. The peripheral blood mononuclear cells used in 

the assays were obtained from a naïve and four heartwater immune sheep. Significant 

proliferative responses (p ≤ 0.01) were evident for 3/4 recombinant proteins (rErum5000, 

rErum8060 and rErum8610). IFN-γ production was determined using an ELISPOT assay 

and 3/4 recombinant proteins (rErum5000, rErum8060 and rErum8610) induced IFN-γ 

production. Each recombinant protein had its own optimum concentration for inducing 

immune responses and the responses differed between animals. In addition, real-time 

PCR was used to measure IFN-γ and IL-4 gene expression by antigen stimulated immune 

PBMC. The real-time PCR results correlated with the ELISPOT assay results. Based on 

the results obtained, it can be concluded that a Th1 type immune response was elicited. 

Thus these proteins that induced proliferation and IFN-γ production may be important in 

protection against heartwater and will be tested in future vaccine studies. 
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CHAPTER 1 

LITERATURE REVIEW 
 

1.1. INTRODUCTION 

Heartwater is a disease of cattle, sheep, goats and wild ruminants and is caused by an 

intracellular rickettsia previously known as Cowdria ruminantium (Moshkovski, 

1947) and recently reclassified as Ehrlichia ruminantium (Dumler et al., 2001). It is a 

non-contagious disease characterized by high fever, hydrothorax, hydropericardium 

and severe nervous disorders (reviewed by Van de Pypekamp and Prozesky, 1987). 

Heartwater affects sub-Saharan Africa and the Caribbean where it is transmitted by 

ticks of the genus Amblyomma.  

 

Heartwater was considered the most important endemic disease of livestock in South 

Africa in the 1830’s (reviewed by Provost and Bezuidenhout, 1987) and has been 

believed to cause a serious threat to livestock development in the African continent 

(reviewed by Yunker, 1996). The exact economic impact of heartwater is difficult to 

determine because the disease is under-reported (Camus and Barré, 1982). The 

Deputy Director of Veterinary Services of the Eastern Cape Province of South Africa 

estimated that 10 percent of all stock losses, costing up to US$30 million annually 

were due to heartwater. This was despite an annual expenditure of between US$ 1 and 

5 million for prophylaxis and vaccination procedures (Axsell, 1998). Losses from and 

control of heartwater is estimated to be U.S. $5.6 million per year in Zimbabwe 

(Mukhebi et al., 1999). 

 

The commercial vaccine that is available against heartwater is a live blood vaccine 

requiring antibiotic treatment to prevent a serious course of the disease (Uilenburg, 

1983; Van der Merwe, 1987). This vaccine must be kept frozen, administered 

intravenously, causes loss of vaccinated animals due to its virulence and does not 

protect against all isolates (reviewed by Oberem and Bezuidenhout, 1987). 

Furthermore, animals need to be under careful supervision for temperature monitoring 

because once a febrile reaction develops, the animals need to be treated with 

tetracycline. The implementation of such intensive monitoring is time consuming and 
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labour intensive. Therefore, the development of a recombinant vaccine against 

heartwater will offer an inexpensive and effective solution leading to economic and 

social benefits to rural and peri-urban communities and commercial farming. 

Heartwater is thus a major problem and it will be of major importance until an 

effective and safe vaccine becomes available. 

 

1.2. ORGANISM 

Previously C. ruminantium was classified as the only species in the genus Cowdria, 

tribe Ehrlichiae, family Rickettsiaceae and order Rickettsiales (Ristic and Huxoll, 

1984). It was recently moved to the family Anaplasmataceae, genogroup III, order 

Rickettsiales and renamed E. ruminantium (Dumler et al., 2001). Ehrlichiae are small, 

gram-negative cocci that stain dark blue to purple with the Romanowsky stain 

(Aguero-Rosenfeld, 2003) and purplish-blue with Giemsa (Cowdry, 1926). The 

organism is considered an intracellular parasite that cannot survive outside a living 

host for more than 38 h at room temperature (Logan, 1987). These parasites are found 

in host membrane-bound vacuoles within the cytoplasm of vascular endothelial cells 

(Cowdry, 1926).  

 

1.3. DEVELOPMENTAL CYCLE 

It has been demonstrated that the developmental cycle of E. ruminantium resembles 

the life cycle of Chlamydia species (Jongejan et al., 1991c; Marcellino et al., 2005). 

Briefly, three developmental stages have been identified in the mammalian host, 

namely, recticulate bodies (RBs), intermediate bodies (IBs) and elementary bodies 

(EBs) (Pienaar, 1970; Jongejan et al., 1991c). Recticulate bodies are defined as the 

non-infectious but metabolically active form whereas elementary bodies are the 

infectious and metabolically inactive form of E. ruminantium. 

 

The infection of ruminant host cells starts when EBs enter the intracytoplasmic 

vacuole of an endothelial cell. EBs divide by binary fission and matures into RBs of 

the same size and shape. After 3 to 4 days, RBs transform into IBs and further mature 

into EBs. After several rounds of division, the endothelial cell disrupts and EBs are 

released from the host cell and the new round of infection can start (Jongejan et al., 

1991c; Marcellino et al., 2005). In addition, the developmental cycle of 
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E. ruminantium in the tick is believed to occur after the tick has fed on heartwater 

infected blood. The organism’s replication takes place in the tick gut and the parasite 

will invade the salivary gland acini cells (Hart et al., 1991). The transmission of the 

parasite to the ruminant host occurs while the ticks are feeding on a new host. The 

organisms are horizontally transmitted from infected cells in vectors to the lymph 

node (Du Plessis, 1975) and from there transmitted to the blood. When elementary 

bodies are released they invade other endothelial cells and a new infection cycle starts 

as described above. 

 

1.4. TRANSMISSION 

Heartwater only occurs where the vector tick of the causative organism, 

E. ruminantium is found. There are 12 Amblyomma species shown to transmit 

E. ruminantium, with Amblyomma variegatum being the most important species 

because it is widely distributed in sub-Saharan Africa and in the Caribbean region 

(reviewed by Walker and Olwage, 1987). In South Africa heartwater is transmitted by 

the A. hebraeum tick that occurs in heartwater endemic areas (Eastern Cape, KwaZulu 

Natal, Limpopo, Gauteng and North West) (Uilenberg, 1983; reviewed by 

Bezuidenhout, 1987). Ticks of genus Amblyomma are three-host ticks. Ticks may 

obtain the infection while feeding on reacting or subclinically infected hosts. Larvae 

will feed on a host, drop off and molt into a nymph. The nymphae will feed again on a 

host, drop off as in larvae to molt and become an adult. This indicates that all three 

stages can transmit heartwater.  

 

1.5. HEARTWATER SYMPTOMS 

Heartwater is a disease of ruminants characterized by temperature often exceeding 

41ºC with an incubation period of 14-21 days before fever. Hydrothorax and 

hydropericardium develops and results in excessive straw colored fluid and foam due 

to hemorrhaging of the trachea and heart. Animals infected with heartwater exhibit 

severe respiratory stress and nervous disorders. A variety of abnormal nervous 

behaviors, such as, twitching of facial muscles, excessive chewing movements, 

incoordination, walking with a high-stepping gait and head tilting may occur. These 

symptoms are usually followed by sudden death (reviewed by Uilenberg, 1983; 

reviewed by van de Pypekamp and Prozesky, 1987). 
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1.6. DIAGNOSIS 

Clinical signs in animals infected with E. ruminantium are not sufficient to diagnose 

the disease heartwater because especially nervous disorders could be related to other 

diseases including rabies. Furthermore, diagnosis of the disease heartwater is best 

done by post mortem brain smear examinations. Therefore, a convenient, reliable, 

safe, sensitive and specific method for diagnosis of E. ruminantium is vital.  

 

Serological diagnostic assays such as IFA (Du Plessis and Malan, 1987) and ELISA 

(Jongejan et al., 1991b; van Vliet et al., 1995; Mboloi et al., 1999; De Waal et al., 

2000) were developed in an effort to diagnose the disease at an early stage. However 

they only serve to determine whether animals have been exposed to heartwater and 

false positive results often occurs due to cross-reaction with other Rickettsiales 

(reviewed by Barbet et al., 1993, Du Plessis et al., 1993). Furthermore, a real-time 

PCR was developed in order to quantify E. ruminantium (Postigo et al., 2002). 

Amplification was done with the use of primers targeting a fragment of the major 

antigenic protein (map1-1) gene of E. ruminantium. The map1-1 gene is one of the 

paralog genes of map1 multiple gene family (Sulsona et al., 1999). The outcome of 

the study indicated that the real-time PCR was found to be accurate at quantifying 

E. ruminantium in blood from clinically reacting sheep. In addition, the quantification 

of E. ruminantium using real-time PCR was also performed with the use of dsDNA 

SYBR Green I dye and a specific amplified PCR product, map1 amplicon (Peixoto et 

al., 2005). In this experiment, only map1 gene was amplified and the method was 

validated for four E. ruminantium strains (Gardel, Welgevonden, Bekuy and Sara). 

However, the map1 gene is highly polymorphic and therefore may not be suitable for 

diagnostics and epidemiological studies (Allsopp et al., 2001b). In contrast, the 

pCS20 region is conserved and therefore could be effective for detecting 

E. ruminantium infection.  

 

The pCS20 region was used to develop a PCR/DNA probe assay specifically to detect 

E. ruminantium organisms in cell cultures, ticks and ruminants (Waghela et al., 1991). 

The DNA probe successfully detected E. ruminantium in A. variegatum and 

A. hebraeum ticks fed on infected and clinically ill ruminants and positively identified 
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eight stocks from endemic areas in Zimbabwe, South Africa, Nigeria and Carribean 

Island of Gaudelope (Waghela et al., 1991; Mahan et al., 1992; Yunker et al., 1993). 

However this assay requires radioactive labeling of the probe, it is labour-intensive 

and time consuming (5 days). Hence a quantitative real-time PCR (TaqMan probe) 

assay for the detection of E. ruminantium in both ticks and ruminants was developed 

(Steyn et al., 2008). This assay is more sensitive, does not require radioactivity and 

can be performed within 2 h. Presently, the pCS20 real-time PCR is used as a specific 

assay for the detection of E. ruminantium in both ruminants and ticks. 

 

1.7. E. RUMINANTIUM GENOTYPING 

Characterization of the E. ruminantium genotypes in different regions is essential in 

order to obtain a distribution map of different isolates. The availability of genetic 

variation information among isolates could assist in the development of a recombinant 

vaccine that protects against all genotypes circulating in endemic areas of South 

Africa and the surrounding countries. 

 

More than fifty cultured stocks of E. ruminantium have been isolated throughout sub-

Saharan Africa and Caribbean islands. One of the genes which are widely used for 

bacterial taxonomy and classification is the 16S ribosomal RNA gene (Allsopp, et al., 

1997). Phylogenetic analysis, based on the 16S rRNA gene sequences, has shown that 

species classified as Ehrlichia are separated into three paraphyletic clades 

(genogroups) and E. ruminantium is located to genogroup III (Allsopp et al., 1996; 

Allsopp et al., 1997; reviewed by Allsopp et al., 2004) (Figure 1.1). There are many 

different 16S ribosomal RNA genotypes of E. ruminantium that are of interest in 

current research, namely, Ball3, Blaauwkrans, Crystal Springs, Gardel, Kümm1, and 

Kümm2, Kwanyanga, Mara 87/7, Senegal and Welgevonden. Based on 16S rDNA 

sequences, an isolate from South Africa (Welgevonden) was found to be similar to 

one from Zimbabwe (Crystal Springs) while Ball 3 and Omatjenne differed both from 

each other and from Crystal Springs and Senegal stocks (Allsopp et al., 1997).  
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Figure 1.1. Maximum likelihood phylogenetic tree of some ehrlichial species based 

on comparison of 16S ribosomal RNA genes. (Allsopp and Allsopp, 2001a; reviewed 

by Allsopp et al., 2004). 

 

1.8. IMMUNE MECHANISMS TO INTRACELLULAR PATHOGENS 

Understanding the mechanisms behind immunology of intracellular pathogens is of 

increasing importance to develop vaccination strategies against a variety of 

established and emerging infectious diseases. There are two types of antigen specific 

immune responses that may be induced in response to an antigen: these are humoral 

and cellular immunity. Humoral immunity involves B lymphocytes and the 

production of antibodies, (Casadevall, 2003) and cell-mediated immunity involves 

CD4+ T helper and CD8+ T cytotoxic lymphocytes (reviewed by Johnson et al., 1994; 

reviewed by Guidotti et al., 1996; reviewed by Ojcius et al., 1996; reviewed by 

London et al., 1998; reviewed by Skapenko and Schulze-Koops, 2007). Cytotoxic 

CD8+ T cells limit virus and bacteria replication by either killing infected cells or by 

releasing cytokines that mediate killing (Preston and Jongejan, 1999; Shoukry et al., 
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2004; Yewdell and Haeryfar, 2005; Huster et al., 2006; reviewed by Williams and 

Bevan, 2007). CD4+ T cells plays a critical role by providing help for priming and 

sustaining cytotoxic CD8+ T cell responses by producing cytokines such as IFN-γ 

(Hoft et al., 2000; Chang et al., 2001; Bitsaktsis et al., 2004; Shoukry et al., 2004; 

Castellino and Germain, 2006; reviewed by Williams and Bevan, 2007).  

 

IFN-γ is a pleotropic cytokine that plays an important role in both the innate and 

adaptive phases of an immune response to intracellular pathogens (reviewed by Szabo 

et al., 2003; reviewed by Schroder et al., 2004; reviewed by Ma et al., 2007). 

Different cells that secrete IFN-γ include CD4+ T helper cells, cytotoxic T 

lymphocytes (CTL), natural killer cells and macrophages. Elevated levels of IFN-γ 

will activate macrophages, resulting in increased phagocytosis, increased MHC class I 

and II expression, and the induction of IL-12, nitric oxide and superoxide production 

(reviewed by Boehm, et al., 1997; Mutunga et al., 1998).  

 

Th1 cells secrete cytokines including IFN-γ, IL-2, TNF-β and TNF-α. These 

cytokines are involved in the activation of macrophages, stimulate proliferation of 

antigen-activated lymphocytes, induce production of nitric oxide (NO) and play a role 

in phagocytosis. In contrast, Th2 cells produce cytokines IL-4, IL-5, IL-6 and IL-13, 

which are associated with the production of antibodies by stimulating proliferation 

and differentiation of B cells (Flynn et al., 1993; reviewed by Mosmann and Sad, 

1996; reviewed by Corwin, 2000).  

 

Cell-mediated immunity (CMI) occurs when T cells are activated after recognizing 

short segments of antigen (peptides) that are presented by major histocompatibility 

complex (MHC) class I or II molecules on the surface of antigen presenting cells 

(APCs) such as macrophages and dendritic cells (Guidotti et al., 1996; reviewed by 

Mosmann and Sad, 1996; Morrison et al., 1999; reviewed by Trombetta and Mellman, 

2005). There are two pathways involved in the processing and presentation of 

antigens to the cell surface, the endogenous or exogenous pathway. Endogenous 

antigen-derived peptides from intracellular pathogens bind to MHC class I and 

exogenous antigen-derived peptides from extracellular pathogens bind to MHC class 

II. The peptide-MHC complexes are then transported to the cell surface where they 

can interact with T lymphocytes. Lymphocytes recognize antigens only if they are 
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complexed with class I or II MHC molecules and this is termed MHC restriction. 

They then become activated, proliferate and produce cytokines that stimulate and 

regulate the immune responses. CD4+ and CD8+ T cells interact with peptide 

presented by MHC class II and I respectively (Shoukry et al., 2004; reviewed by 

Williams and Bevan, 2007). 

 

Several authors have presented evidence that T lymphocytes and IFN-γ play a crucial 

role in protection against intracellular pathogens. These include Rickettsia conorii (Li 

et al., 1987, 2003; Walker et al., 2001; de Sousa et al., 2007); 

Mycobacterium tuberculosis (Coler et al., 2001; Vesosky et al., 2006; Chang-Hong et 

al., 2008); Mycobacterium avium subspecies paratuberculosis (Sechi et al., 2006) and 

Brucella abortus (Luo et al., 2006). 

 

1.9. IMMUNE RESPONSE TO E. RUMINANTIUM  

Since E. ruminantium is an obligate intracellular rickettsial agent, CMI responses are 

expected to play an important role in protection (Du Plessis et al., 1982; Du Plessis et 

al., 1991; Du Plessis et al., 1992; Totté et al., 1997; reviewed by Totté et al., 1999). 

Studies in the natural hosts (cattle, sheep, and goats) and in the mouse model have 

confirmed that the production of IFN-γ plays an important role in protection against 

E. ruminantium. For example cattle immunized with virulent E. ruminantium, and 

treated, generated T lymphocyte responses, and heightened expression of IFN-γ 

(Mwangi et al., 1998). In addition, immunization of cattle with killed elementary 

bodies of E. ruminantium was characterized by Ehrlichia-specific, MHC class II-

restricted, IFN-γ –producing, CD4+ T lymphocytes (Totté et al., 1997). Similarly, 

vaccination of ruminants with killed E. ruminantium vaccine elicited IFN-γ responses 

induced by CD8+ cytotoxic and CD4+ helper T cells (Esteves et al., 2002; 2004a, b 

and c). IFN-γ has been shown to inhibit E. ruminantium growth in endothelial cells 

in vitro (Mahan et al., 1994; reviewed by Totté et al., 1999).  

 

In addition to IFN-γ, there are other cytokines that are considered to be critical in 

attempts to understand immune responses elicited during infection. Interleukin IL-1β, 

IL-6 and IL-8 mRNA production was evident when bovine brain microvessel 

endothelial cells were infected with E. ruminantium (Boudourlous et al., 1995). 
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Moreover, IL-1 and IL-6 act as co-stimulatory signals for T-and B-cell activation 

(Weaver and Unanue, 1990). In addition, Totté and coworkers (1994) showed that 

cattle infected with E. ruminantium induced alpha interferon (IFN-α) that was able to 

slow down the infection. Moreover, nitric oxide (NO) which is produced 

enzymatically by activated macrophages has been shown to exert antimicrobial effects 

on intracellular and extracellular pathogens. These include Listeria monocytogenes 

(Boockvar et al., 1994), Trypanosoma congolense (Kaushik et al., 1999). It is possible 

that production of these cytokines could contribute to the immune response and 

protection against heartwater. 

 

Several studies have demonstrated that animals immunized with killed, inactivated 

and/or attenuated E. ruminantium vaccines are protected. This suggests that the 

development of a recombinant vaccine against E. ruminantium is feasible. Studies on 

vaccine development for intracellular pathogens have targeted antigens that induce 

IFN-γ producing T lymphocytes. Both CD4+ and CD8+ T cells are IFN-γ-producing T 

lymphocytes that are required in the development of protective immunity against 

heartwater. Since cellular immune responses and IFN-γ have been implicated in the 

protection against E. ruminantium, it is important to identify antigens that can 

stimulate these responses when developing a recombinant vaccine for heartwater. For 

example, low molecular weight proteins of E. ruminantium have been identified and 

the evidence demonstrating their ability to induce immune responses has been 

established. It has been shown that these proteins induce CD4+-enriched T cells from 

animals immunized with Welgevonden strain to proliferate and produce IFN-γ (van 

Kleef et al., 2000; 2002). Esteves and coworkers (2004c) similarly identified 

E. ruminantium (Gardel stock) proteins falling within the region of 14-35 kDa and 

these proteins may be included in vaccine development against heartwater. A subset 

of E. ruminantium genes that may play an important role in the development of a 

recombinant vaccine against heartwater were identified (Barbet et al., 2001). The 

corresponding proteins were recognized by the sheep immune sera and PBMC 

stimulated with the antigens induced proliferation. In addition, mice immunized with 

recombinant bacterial lysates were protected.  

 

Several studies have been published on the isolation and characterization of major 

immunodominant proteins. An immunodominant antigenically conserved 32-
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kilodalton (kDa) protein from E. ruminantium was identified and it was indicated that 

anti-sera against nine stocks of E. ruminantium from different regions recognized the 

protein (Jongejan and Thielemans, 1989). Similarly, two major immunodominant 

proteins of E. ruminantium (27 kDa and 31 kDa MAP1 proteins) which were 

antigenically conserved were identified (van Kleef et al., 1993). These proteins were 

recognized by sheep antiserum to several isolates of E. ruminantium (Rossouw, et al., 

1990). It has been discovered that this 31kDa protein has a molecular weight that 

varies between isolates (Jongejan and Thielemans, 1989; Rossouw et al., 1990). From 

these observations, Barbet and coworkers (1994) renamed the protein as a major 

antigenic protein (MAP1). This MAP1 has been used for diagnosis of heartwater in an 

indirect MAP1-B ELISA (van Vliet et al., 1995; Bowie et al., 1999; Simbi et al., 

2003; Faburay et al., 2005, 2007). Mwangi and coworkers (2002) demonstrated that 

immunization of cattle by infection and treatment induced MAP1- and MAP2- 

specific T cell responses. Therefore, these characterized proteins give a positive sign 

that vaccine development for heartwater that induce protective immunity is feasible. 

 

Although cell-mediated immunity has been generally accepted to play an important 

role in host defence against intracellular pathogens, antibody-mediated immunity has 

been demonstrated to confer immunity against pathogens. These include E. muris 

(Feng and Walker, 2004); E. chaffeensis (Winslow et al., 2000) and Brucella abortus 

(Luo et al., 2006). Therefore, antigens of E. ruminantium that are able to induce an 

antibody response should not be excluded as potential vaccine antigens (Casadevall, 

2003).  

 
1.10. HEARTWATER VACCINES 

Vaccination is one of the most important and cost-effective methods of preventing 

infectious diseases of animals. The goal of vaccination is to induce immune responses 

against pathogens, so that disease or infection can be prevented. Vaccines have 

significantly reduced the impact of a number of invading diseases in both companion 

animals and livestock (sheep, goats and cattle). Currently the majority of vaccines that 

are being used in the veterinary field are either live attenuated or killed. Several 

attempts have been made to develop an effective heartwater vaccine. The infection 

and treatment method is based on the infection of animals with virulent 

E. ruminantium Ball 3 stock (van der Merwe, 1987) followed by treatment with 
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tetracycline. The Ball 3 stock does not cross protect against all virulent field isolates 

as mentioned earlier. 

 

Live attenuated vaccines are able to induce a long-lasting immunity through cell-

mediated and humoral immune responses, and have low cost, making them ideally 

suited for applications specific to regions where the disease is endemic (Ranallo et al., 

2007). However, they pose a potential risk if the vaccine agents become virulent, and 

they are not user-friendly because they generally require a cold chain for delivery. An 

attenuated vaccine was tested using the E. ruminantium Senegal stock which was 

capable of inducing protection against homologous challenge but not to heterologous 

challenge (Jongejan, 1991a). The Gardel stock from Guadeloupe was also attenuated 

in vitro after more that 200 passages (Martinez, 1997). E. ruminantium Welgevonden 

stock was attenuated by continuous culture in a canine macrophage-monocyte cell 

line (DH82) and completely protected sheep against a lethal needle challenge with the 

homologous and several heterologous isolates (Collins et al., 2003a; Zweygarth et al., 

2005). In order to obtain protective immunity to all the isolates it would be necessary 

to attenuate several stocks for inclusion into an attenuated vaccine. However, not all 

isolates can be attenuated which limits the use of this method of vaccination.  

 

Inactivated vaccines were developed that consisted of bovine endothelial cell culture-

derived E. ruminantium organisms that were chemically inactivated (Mahan et al., 

1995). Inactivated vaccines cannot replicate and are not infectious and can therefore 

be used in non endemic areas. The advantage of an inactivated vaccine is that it can 

be modified to include any isolate of E. ruminantium to overcome the lack of cross-

protection against some heterologous isolates. A further advantage of this vaccine is 

that it can easily be administered sub-cutaneously or intra-muscularly and this is an 

important factor for farmers because the method is simple and effective. Several 

studies using inactivated E. ruminantium organisms indicated that they induced 

incomplete and variable protective immunity against homologous and heterologous 

challenges in goats, sheep and cattle. This vaccine needs to be mixed with either 

Freund’s complete or Montanide ISA50 adjuvant (Mahan et al., 1995; 1998; 2001; 

Martinez, 1994; 1996; Totté et al., 1997). In goats, sheep and cattle, protection of 

vaccinated animals obtained was 65%, 79% and 100% respectively. These inactivated 

vaccines are not being used presently because they do not protect against a variety of 
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field isolates. They do not prevent infection, but decrease mortality (Mahan et al., 

1998, 2001).  

 

Recombinant vaccines could overcome the difficulties encountered with live, 

attenuated and inactivated vaccines. There are many advantages associated with 

recombinant vaccines. Firstly, they can be easily produced on a commercial scale, are 

reproducible, cheap and are extremely thermostable, thus, removing the need for 

maintaining a cold chain (Wright et al., 1992; reviewed by Liljeqvist and Ståhl, 1999). 

The first attempt to develop an effective DNA vaccine against E. ruminantium was 

done by Nyika and coworkers (1998). It was shown that a DNA vaccine containing 

the map1 gene encoding the immunodominant MAP1 protein of the Crystals Springs 

stock of E. ruminantium induced partially protective Th1 type immune responses in 

DBA/2 mice. Similarly, it has been reported that boosting map1 (E. ruminantium) 

DNA-vaccinated mice with recombinant MAP1 protein induced 67% protection 

against lethal homologous challenge while DNA vaccination without boosting only 

induced 13-27% protection (Nyika et al., 2002). In further efforts to develop a 

recombinant vaccine against heartwater, Collins and coworkers (2003a, b) identified 

four open reading frames in the sequence of a cosmid clone 1H12 that induced 

variable protection in a mouse model when delivered as a DNA vaccine. When a 

cocktail of the four 1H12 E. ruminantium ORFs was tested in sheep as a DNA 

vaccine it elicited 100% protection (Collin et al., 2003 a, b; Pretorius et al., 2007). 

However, only 20% protection was induced against a field challenge (Collins et al., 

2003a, b). Simbi and coworkers (2006) also evaluated nine ORFs of E. ruminantium 

for protection against challenge in mice. Five out of nine ORFs offered partial 

protection against lethal challenge. The induction of cell-mediated or T helper 1 (Th1) 

type of immune responses characterized by the production of IFN-γ and IL-2 was 

observed. Because only limited protection was obtained during a field vaccine trial it 

is therefore important to identify more genes for development of an effective vaccine. 

 

Since cellular immunity, and in particular the cytokine IFN-γ, plays an important role 

in protection against heartwater disease it is important for recombinant vaccine 

development to determine the potential of vaccine candidate genes to elicit these 

appropriate protective cellular immune responses. Completion of the E. ruminantium 

genome sequence now offers valuable information for identification of possible 
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vaccine candidates using bioinformatics tools. This study will focus on identifying 

E. ruminantium genes that encode for secreted proteins and evaluating them as 

vaccine candidates.  
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CHAPTER 2  

Selection, molecular cloning and expression of five 

Ehrlichia ruminantium genes encoding secreted 

proteins 

 

2.1. INTRODUCTION 

 

Pathogen secreted proteins are the most likely to interact with the host. They are involved 

in signaling pathways, blood coagulation, immune defense, cell envelope biogenesis and 

virulence (reviewed by Bonin-Debs et al., 2004). A number of secreted proteins have 

been successfully tested as vaccine candidates against pathogens including: 

M. tuberculosis (Pal and Horwitz, 1992; Horwitz et al., 1995; Hasløv et al., 1995; 

Vekemans et al., 2004; Mukherjee et al., 2005; Cho et al., 2007), Taenia ovis (Drew et 

al., 2000), Neospora caninum (Cho et al., 2005) and Streptococcus equi (Flock et al., 

2006). For example, early secreted antigen target 6 kDa (ESAT-6) and culture filtrate 

protein 10 kDa (CFP-10) are two well studied secreted proteins of 

Mycobacterium tuberculosis important for virulence and immunogenicity (Langermans et 

al., 2005). They are involved in the anti-mycobacterial Th1-host immune response. 

Moreover, the Ag85 complex of M. tuberculosis was implicated in the infection 

pathogenesis through fibronectin-binding capacity and cell wall biogenesis (Belisle, et 

al., 1997). Hence, there is evidence that secreted proteins play an important role in the 

generation of immune responses and are considered as most promising vaccine 

candidates (reviewed by Bonin-Debs et al., 2004).  

 

There have been several recent attempts to identify secreted proteins in rickettsias for 

vaccine development. For example, soluble and secreted antigens that may play an 

important role in anaplasmosis had been identified and characterized from a short term 

culture of a Venezuelan isolate of A. marginale (Leal et al., 2000). These antigens were 

identified by metabolic labelling with (35S) methionine, followed by fractionation and 
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immunoprecipitation with homologous and heterologous bovine sera. Furthermore, two 

secreted major immunoreactive proteins of Ehrlichia canis and E. chaffeensis were 

identified and molecularly characterized (Doyle et al., 2006). Both proteins were shown 

to be glycoproteins and recognized by antibodies and these results demonstrated that 

these proteins might be very useful in developing immunodiagnostic assays. Moreover, a 

large number of secreted proteins which might be useful in vaccine development against 

other intracellular bacteria such as Mycobacterium infection were identified (Ganguly et 

al., 2007; Gibbons et al., 2007; Målen et al., 2007; Martinez et al., 2007). 

 

Many Gram negative pathogens are able to transport proteins to extra-cytoplasmic 

locations such as the inner membrane, outer membrane, periplasmic space cell surface 

(external part of outer membrane), extracellular medium, or into other recipient cells 

(reviewed by Ding et al., 2003; Lammertyn and Anne, 2004). These proteins are secreted 

by bacteria through different transport mechanisms such as the general export pathway 

(GEP) (Pugsley, 1993; Kostakioti et al., 2005; reviewed by Saier, 2006, reviewed by 

DiGiuseppe and Cox, 2007). Secretory and transmembrane proteins are distinguished 

from other proteins synthesized in the cytoplasm by hydrophobic stretch of amino acids 

known as a signal peptide. The signal peptide directs proteins into or across cell 

membranes. In prokaryotic cells proteins are directly transported across plasma 

(cytoplasmic) membranes to the cell membrane (reviewed by Rapoport et al., 1991; High, 

1995; reviewed by Ito, 1996; reviewed by Pohlschröder, et al., 1997; reviewed by 

Brodsky, 1998; Römisch et al., 2003; reviewed by Swanton and Bulleid, 2003; Ackerman 

et al., 2005; Marti, et al., 2005; Wickner and Schekman, 2005; Pimpl et al., 2006; 

reviewed by Rapoport et al.,  2007; Rusch and Kendall, 2007). The signal sequence of 

prokaryotes contains three domains including a positively charged N-terminus, 

hydrophobic region and an uncharged polar region. It is approximately 20 amino acids 

long and is similar to the signal peptide of eukaryotes. In addition to GEP, there are 

several secretion systems that translocate proteins across biological membranes. For 

example bacteria including Agrobacterium tumerfaciens (Christie, 2004), Brucella 

species (Carle et al., 2006) and Helicobacter pylori (Bourzac and Guillemin, 2005) 

utilizes a Type IV system, while Salmonella enterica serovar Typhimurium (Remaut and 
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Waksman, 2004; Chen et al., 2006) utilizes a Type III system. Type IV system is capable 

of transporting both DNA and proteins and translocates numerous effector proteins into 

its eukaryotic host. Type III system is like a molecular syringe through which a bacterium 

(eg Salmonella and Shigella) can inject proteins into eukaryotic cells. Furthermore, 

Legionella pneumophila uses type II and IV secretion systems (Lammertyn and Anne, 

2004; reviewed by Segal et al., 2005). Proteins secreted through Type II depend on the 

Sec system for initial transport into the periplasm. Once there, they pass through the outer 

membrane via a multimeric complex of secretin proteins. Prokaryotes also use a twin-

arginine transporter (Tat) pathway to translocate folded protein substrates across the 

plasma membrane. The signal sequence has the same structure as the Sec signal sequence 

the only difference is the presence of a double arginine motif followed by two uncharged 

residues near the N-terminus (Palmer and Berks, 2003; reviewed by DiGiuseppe and 

Cox, 2007). There are several recombinant expressed proteins that were shown to be 

exported via the Tat system of E. coli that included the folded jellyfish green fluorescent 

protein (GFP) (Santini et al., 2001; Thomas et al., 2001). Once these proteins are secreted 

they can interact with the host.  

 

Pathogens have developed survival strategies by expressing products on the surface and 

/or secreting products into the surrounding environment. Thus, secreted proteins have 

been implicated to play a role in immune evasion. When bacterial pathogens invade a 

mammalian host, they encounter defense mechanisms exerted by the host cells which 

include innate or adaptive immune responses (Bitsaktsis et al., 2004, 2007; Winslow and 

Bitsaktsis, 2005; Turcotte et al., 2007; Moore and Hutchings, 2007). The secretory 

protein phospholipase A2 mediates induced phagocytosis of Rickettsia conorii into non-

phagocytic cells where the pathogen can divide and grow without immune detection 

(Teysseire et al., 1995). Similarly, one of the secreted proteins (MIC2) of 

Toxoplasma gondii plays a role in attachment and invasion of host cells (Huynh et al., 

2003). Clearly, selection, expression and immunological studies of the genes encoding 

secreted proteins of E. ruminantium might contribute in vaccine development against 

heartwater and provide an insight into how the organism manipulates the host immune 

response during infection. 
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Since the complete genome sequence of E. ruminantium is available (Collins et al., 

2005), bioinformatics could aid in the screening and identification of secreted proteins as 

potential vaccine candidates against heartwater. Bioinformatics refers to the search for 

and use of patterns and inherent structures in biological data such as genome sequences 

(NCBI Bioinformatics Definition URL) (reviewed by Grandi, 2001; reviewed by 

McDevitt and Rosenberg, 2001; reviewed by Rappuoli, 2001; Monteoliva et al., 2002; 

Adu-Bobie et al., 2003; reviewed by Mora et al., 2003, 2006; Meinke et al., 2004; 

reviewed by Yu et al., 2004; reviewed by Bansal, 2005; Scarselli et al., 2005; Muzzi et 

al., 2007). A variety of bioinformatics software packages exists with which to assign 

functions to genes and predict key features such as molecular weight, solubility and 

cellular location on bacterial surfaces. Putative open reading frames (ORFs) are analyzed 

using computer programs such as Signal P, TMHMM, PSORT, TMPRED and MOTIFS 

(Nakai and Kanehisa, 1991; Kanehisa and Bork, 2003; Käll et al., 2004; Gardy et al., 

2005; Rey et al., 2005). These programs are used to predict signal peptide sequences, 

transmembrane helices, sub-cellular localization of proteins, putative hydrophobic 

membrane regions and lipoproteins respectively.  

 

Bioinformatics has been successfully used to predict cell-surface and secreted proteins 

and to identify genes with sequence or structural homology to known virulence factors 

that may play a vital role in the generation of immune response and protection against 

pathogens. For example, ORFs from Neisseria meningitidis were selected and classified 

according to their localization on the bacterial surface (Comanducci et al., 2002). Some 

were shown to be outer membrane proteins, exported proteins, inner membrane proteins, 

lipoproteins and proteins with similarities to known virulence factors. The NadA, a 

surface antigen of N. meningitides was tested as a promising vaccine candidate: it elicited 

a strong antibody response and was protective in the infant rat model. In a recent study of 

N. meningitidis serogroup B, all open reading frames (ORFs) from the genome that 

contained a signal peptide sequence were selected for protein expression (Pizza et al., 

2000; Tettelin et al 2000, reviewed by Danzig, 2004; Girard et al., 2005, 2006). The 

expressed proteins were then tested for their relevance to vaccine efficacy. The outcome 

of the experiment was that, proteins were secreted, conserved, expressed in all strains and 
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are therefore likely to confer protection against homologous and heterologous strains 

(Klein et al., 1996). In addition, five candidate genes were selected from the 

Brucella melitensis 16M genome. The selection was based on the prediction that these 

genes had sequence or structural homology to known virulence factors and protective 

antigens from other pathogens. A significant protective effect against the organism was 

observed from constructs encoding B. melitensis omp25 and ialB (Commander et al., 

2007). Furthermore, in Bacillus anthracis, surface-associated or secreted proteins and 

virulence-associated proteins, namely toxins, adhesions, repeat proteins and enzymes 

were selected to determine whether they might induce immune response and protection 

against pathogens. Surface-bound or secreted proteins from these pathogens were able to 

induce immunity and protection against virulent challenges (Pizza et al., 2000; Adu-

Bobie, 2003; Allan and Wren, 2003; Ariel et al., 2003; Serruto et al., 2004). Further 

evidence comes from the experiments done by Rollagen and his coworkers (2004) where 

they showed that some of the in vivo abundantly expressed Salmonella antigens SifA, 

SifB, IicA, SsaJ, SseB and Mig-14 (surface-bound/ secreted proteins) were able to induce 

strong and protective immune responses. Moreover, surface exposed proteins of 

Porphyromonas gingivalis (PG32 and PG33) demonstrated significant protection in the 

animal model (Ross et al., 2001). 

 

The genome-based bioinformatics approach significantly reduces the time required to 

identify vaccine candidates. This approach also provides new solutions for those vaccines 

which have been difficult or impossible to develop (Rappuoli, 2001; Suerbaum et al., 

2002; Raskin et al., 2006). However the vaccine candidates must still be evaluated 

in vitro and in vivo for their ability to induce protective immune responses and this will 

be the main focus in Chapter 3. In achieving recombinant protein expression, there are 

several factors that need to be considered. For example, for molecular cloning and 

expression of proteins in vitro, the choice of bacterial strain, medium formulation, and the 

promoter and expression system are critical in determining protein yields. There are two 

main expression systems that are commonly used for the expression of recombinant 

proteins. These are bacterial or eukaryotic; the latter include yeast, mammalian cells and 

baculovirus insect cells. The Escherichia coli bacterial system has many advantages 
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including high-level of protein production, ease to handle, low cost, rapid cell growth, 

ease of purification and there are lot of commercial kits available for recombinant protein 

expression (Sørensen and Mortensen, 2005; Dyson et al., 2004). On the other hand, the 

formation of inclusion bodies is a major problem if the protein should be expressed in a 

correct functional form. This phenomenon affects the enzymatic and functional studies of 

the proteins. In contrast, eukaryotic expression systems offer high levels of expression, 

easy purification, no inclusion body formation and proteins have intact post-translational 

modification. However, there are also limitations involved in this system which include 

the fact that eukaryotic cells grow very slow and low yields are obtained 

(http://www.molecularstation.com/molecular-biology-techniques/recombinant protein-

expression.) Hence, the bacterial expression system was chosen for E.ruminantium 

recombinant protein expression.  

 

The pET 102/D-TOPO® vector was used in this study because it is designed for efficient, 

rapid directional TOPO® cloning of blunt-end PCR products and for regulated expression 

in E. coli. This vector has a T7 promoter which is widely used for the over expression of 

both prokaryotic and eukaryotic proteins. It has a high specificity and processivity of T7 

RNA polymerase. T7 RNA polymerase is produced from lysogenic λ prophage DE and 

its expression is under the control of the IPTG-inducible lacV5 promoters. This enzyme 

recognizes the promoter, binds to it and transcribes the gene of interest (Studier et al., 

1990; reviewed by Gräslund et al., 2008).  

 

In this chapter, we describe the molecular cloning and expression of five secreted 

proteins selected from the complete genome sequence of E. ruminantium (Welgevonden 

isolate) using bioinformatics tools. 
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2.2. MATERIALS AND METHODS 

 

2.2.1. Materials  

 
Materials used in this chapter are listed in Appendix A 

2.2.2. Methods 

2.2.2.1. In silico identification of secreted proteins  

 
E. ruminantium secreted protein genes were identified by Ms Junita Liebenberg in silico 

using bioinformatics algorithms that can predict which proteins contain signal peptides, 

and the sub cellular localization of proteins as described below. Molecular weight, 

solubility and pI values of proteins were also predicted with the use of the website: 

http://us.expasy.org/tools/pi_tool.html. 

 

Phobius  

Phobius is a combined transmembrane topology and signal peptide predictor. Compared 

to TMHMM and SignalP, errors coming from cross-prediction between transmembrane 

segments and signal peptides are supposedly reduced substantially by Phobius. 

http://phobius.cgb.ki.se/ as well as at http://phobius.binf.ku.dk/ (Käll et al., 2004). 

 

CELLO  

CELLO is a subCELlular LOcalization predictive system for gram-negative bacteria.  It 

utilizes a learning machine, Support Vector Machine, which is based on the multiple n-

peptide composition. http://cello.life.nctu.edu.tw/ (reviewed by Yu et al., 2004; 

reviewed by Yu et al., 2006). 

 

PSORTb  

PSORTb is an updated version of the PSORT algorithm designed for Gram-negative 

bacterial proteins. PSORTb displays the highest precision of any bacterial protein 

localization prediction tool available, with an overall precision of 96%. PSORT-b 

examines a given protein sequence for amino acid composition, similarity to proteins of 
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known localization, presence of a signal peptide, transmembrane alpha-helices and motifs 

corresponding to specific localizations. http://www.psort.org/psortb/ (Gardy et al., 

2005; Rey et al., 2005). 

 

MAPPP  

MAPPP (MHC-I Antigenic Peptide Processing Prediction) will predict possible T-cell 

epitope peptides to be processed and finally presented on the cell surfaces. It aids the 

prediction of immunodominant T-cell epitopes. http://www.mpiib-

berlin.mpg.de/MAPPP/ (Hakenberg et al., 2003) 

 

CTLPred 

CTLPred is a direct method for prediction of CTL (Cytotoxic T Lymphocyte) epitopes 

that play a vital role in subunit vaccine design (Bhasin and Raghava, 2004) 

http://www.imtech.res.in/raghava/ctlpred/ 

 

2.2.2.2. Purification of genomic DNA from E. ruminantium Welgevonden 

 
E. ruminantium infected bovine aorta endothelial (BA) cells (Zweygarth et al., 1998) 

were harvested when they have achieved 80-100% lysis. The cell suspension was passed 

through a 0.4 mm needle. The cells were pelleted by centrifugation at 3000 g for 15 min 

at 4 °C to remove cell debris and BA cells. The elementary bodies (EBs) were pelleted by 

centrifugation of the resulting supernatant at 20000 g for 30 min at 4 °C. The EB pellet 

was resuspended in 1 ml phosphate buffered saline (PBS) by pipette aspiration and 

passed through a 26-28 gauge needle several times to break up the particles. A 

discontinuous Percoll (Sigma) gradient was prepared as previously described by Mahan 

et al., 1995. Briefly, a 100% Percoll (3 ml per gradient) was prepared by adding 1 ml 10x 

PBS (pH 7.2-7.5) to 9 ml pure Percoll. Using the buffered 100% Percoll, a 10% and 20% 

Percoll (10 ml of each per gradient) solutions were prepared and  the gradient was 

prepared by starting with 9 ml PBS, followed by underlying 9 ml of 10% Percoll 

followed by 9 ml of 20% Percoll. One milliliter of elementary body suspension was 

layered on top of the gradient. The EBs were separated by centrifugation at 400 g in a 

Beckman JS-7.5 swing out rotor for 30 min. The top 15 ml containing the EBs was 

 
 
 



 36 

removed and 20 ml PBS was added and centrifuged at 20000 g for 30 min at 4 °C. The 

pellet was carefully removed using a 1 ml syringe and passed several times through a 26-

28 gauge needle to fully resuspend it. The EBs were washed once and after centrifugation 

at 20000 g for 30 min at 4 °C the pellet was harvested and resuspended in 350 µl of ice 

cold PBS. The EB suspension was treated with RNAse (0.1 mg/ml) and DNAse I 

(0.15 mg/ml) to remove RNA and eukaryotic DNA respectively, and incubated for 

90 min at 37 °C. The reaction was stopped by adding 25 µl 0.5 M EDTA pH 8.0. The 

EBs were harvested by centrifugation at 20000 g for 15 min at 12 °C and the supernatant 

was discarded. The pellet was washed twice with 900 µl sterile Millipore H2O and the 

EBs were harvested by centrifugation at 20000 g for 15 min at 12 °C. The supernatant 

was poured off and the pellet was resuspended in 50 µl sterile Millipore H2O. Lysis 

buffer 0.1 M Tris-HCl pH 8.0, 0.2 M NaCl, 0.0075% SDS, 0.02 mg/µl Proteinase K 

(20 mg/ml) was added to the EBs and mixed gently. The suspension was incubated 

overnight at 55 °C. The EBs DNA was extracted twice with an equal volume of phenol 

and extracted once with an equal volume of phenol/chloroform/IAA (Indole 3 Acetic 

Acid) followed by an extraction with an equal volume of chloroform/IAA and 

precipitated by adding absolute ethanol (EtOH). The pellet was carefully washed with 

70% EtOH. The pellet was dried and resuspended in 25-100 µl TE buffer pH 8.0. The 

quality and concentration of the genomic DNA was determined by running a 2 µl aliquot 

on a 0.5% agarose gel with appropriate size markers and measuring the DNA at A260 and 

A280 using the NanoDrop® ND-1000 Spectrophotometer (NanoDrop Technologies, Inc.). 

2.2.2.3. Recombinant protein expression in Escherichia coli 

 
Preparation of Electrocompetent cells: TOP10, BL21 (DE3) and BL21 pLys (DE3)  

A single colony of E. coli cells was inoculated into 15 ml LB medium and grown 

overnight at 37 °C with moderate shaking. The overnight culture (5 ml) was used to 

inoculate prewarmed LB broth (2x 500 ml). The cells were grown at 37 °C with vigorous 

shaking (300 rpm) until an A600 of 0.5-0.6 was measured. 

 

The culture was poured into four prechilled 250 ml centrifuge bottles and cooled on ice 

for 20 min. The cells were harvested by centrifugation at 4000 g for 10 min at 4°C. The 
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supernatant was discarded and each pellet was resuspended in about 10 ml ice cold 

Millipore H2O. The pellets were washed twice by adding 240 ml ice cold H2O and mixed 

gently. The cells were harvested by centrifugation at 4000 g for 10 min at 4 °C. The 

supernatants were discarded immediately and the pellets were resuspended in 10 ml 10% 

glycerol incubated on ice for 30 min–1 h followed by centrifugation at 4000 g for 10 min 

at 4 °C. The supernatants were discarded and the pellets were resuspended in 800 µl 10% 

glycerol. Cells were snap-frozen until further use. 

 

pET directional cloning: Cloning and transfection was done using the Champion™ pET 

Directional TOPO® Expression Kit (Invitrogen) according to the instructions of the 

manufacturer. Briefly, oligonucleotide polymerase chain reaction (PCR) primers were 

designed specific for each ORF (Table 2.1) and all signal peptides were excluded from 

resulting amplicon (see Table 2.2 for signal peptide lengths). The gene of interest was 

amplified using a proofreading polymerase that produces a blunt ended PCR product 

(Pfu, Promega). The PCR was done by adding 0.5 µl genomic DNA (~197.3 ng) in a 

25 µl PCR reaction mix consisting of: Pfu DNA Polymerase (0.75 U), 0.2 µM of each 

primer (Table 2.1), 1x dNTP buffer (containing 2 µM dNTPs) and 1x reaction buffer 

(containing 0.2 mM Mg2+). The DNA was PCR amplified using 30 cycles of 

amplification: hot start, (2 min at 95 °C), followed by 30 cycles of denaturation (95 °C 

for 30 s), annealing (50 °C for 30 s), and extension (72 °C for 1 min), this was followed 

by a final extension of 7 min at 72 °C) using the GeneAmp® PCR 9700 amplifier 

(Applied biosystems). Amplified products were analyzed by electrophoresis on 1% 

agarose gels stained with ethidium bromide (0.02 mg/ml). PCR products were purified 

using Roche kit according to manufacturer’s instructions. 

 

The amplified gene products and the amplified LacZ gene supplied in the kit were cloned 

into the pET102/D-TOPO® vector and the new plasmid constructs were transformed into 

One Shot®TOP10 competent E. coli cells using either the heat-shock or electroporation 

method. The cells were plated on LB-ampicillin (50 µg/ml) plates, incubated overnight at 

37 °C and positive clones were selected and grown overnight in LB-ampicillin broth at 

37 °C. The bacterial cells were pelleted, the plasmid DNA was purified (ROCHE 
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miniprep kit) and inserts were detected by PCR. The PCR was done by adding 0.5 µl of 

plasmid DNA in 25 µl PCR reaction mix consisting of: TaKaRa Ex Taq™ (0.75 U) 

(TaKaRa), 0.2 µM of each vector specific primers (TrxFus forward and T7 reverse, Table 

2.1), 1x dNTP buffer (containing 2 µM dNTPs) and 1x reaction buffer (containing 

0.2 mM Mg2+). The amplification consisted of an initial denaturation step at 95 ºC for 

2 min, followed by 30 cycles, including a denaturation step at 95 °C for 30 s, annealing at 

50 °C for 30 s, and extension at 72 °C for 1 min. The final extension was performed for 

7 min at 72 °C using the GeneAmp® PCR 9700 amplifier (Applied biosystems). Clones 

with the correct inserts were sequenced. 

 

The template used for sequencing was either a PCR product (obtained from amplification 

with vector specific primers (Trx Fus forward and T7 reverse, Table 2.1) as described 

above) or plasmid DNA. The recommended DNA quantities for plasmid DNA was 

between 200-500 ng and for PCR product was 90 ng. DNA sequencing was performed 

(plasmid/PCR product) using the Big Dye® Terminator v 3.1 Cycle Sequencing kit 

(Applied Biosystems) and sequencing reaction mixtures were analyzed with 3100 

Genetic Analyzer (Applied Biosystems). The resulting sequences were assembled using 

staden gap4 (Staden, et al., 1998; Martins et al., 2006) and the cloned sequences were 

compared with that of the E. ruminantium genome sequence. After confirming that the 

vector sequences were identical to that of the genome sequence, sequences were 

translated using the staden spin (Staden, et al., 1998) to make sure that the His6-tag was 

intact. 

 

 

 

 

 

 

 

 

 

 
 
 



 39 

Table 2.1. Primer sequences used for the amplification and cloning of E. ruminantium 

ORFs into the pET102/D-TOPO® vector. 

 

Primer Sequence 5’-3’ Predicted melting 

temperature (ºc) 

Erum7760F 

Erum7760R 

AAGGAACGTGTTGTAAAATCTGTTG 

GTTATGGGACAATACATACCACTCAC 

63 
59 

Erum5000F 

Erum5000R 

GCTAAAGCTAATACAAATGATAACAAGATAAC 

AAATTCATACTTCATACCCAACAATAGAAC 

65 
61 

Erum5010F 

Erum5010R 

GTTGATGTATTAAGTCAGGGGAATCAG 

AAACTCCAGTTTTACACCAACTAAAAATATATTAC 

67 
61 

Erum8060F 

Erum8060R 

ATTAATACAAAAACAGATAACACAGTTAAAAC 

TTCTGAATAATAATGGGATATATCATGTTTAAATTC 

62 
60 

Erum8610F 

Erum8610R 

TATCCAAATATCATATCTAATGTAGCTTC 

TAATATAACCTTGAAATAATTGAACGTAAAAAAG 

63 
59 

TrxFus F 

T7 R 

TTCCTCGACGCTAACCTG 

TAGTTATTGCTCAGCGGTGG 

59 
55 

 

Pilot expression of recombinant proteins: Plasmids containing the correct sequence 

were used for pilot expression. Electro-competent BL21Star™ (DE3) cells (Promega) 

were transformed by addition of 1 - 5 ng plasmid DNA/40 µl electrocompetent cells. The 

cell-plasmid mix was electroporated at 1.5 kV using the gene pulser® II (BIORAD). The 

transformation was incubated for 45 min at 37 °C in SOC medium and was added to 

10 ml LB- ampicillin and grown overnight at 37 °C. Pilot expression was done by adding 

500 µl of the overnight culture to fresh 10 ml LB-ampicillin. The cells were grown at 

37 °C with shaking until an OD600 of 0.5-0.8 was measured (~2 h). The culture was split 

in two (5 ml each) and one of the two cultures was induced to express the PCR product 

by the addition of IPTG (Promega) to a final concentration of 1 M. Samples of both were 

taken at different time points starting from 1h after induction to a maximum of 5 h. 

Bacterial cells were pelleted by centrifugation at 16000 g for 30 s at 4 °C and were stored 

at -20 °C. Expression was analyzed by separating the proteins by SDS-PAGE and 

optimum conditions and time points were chosen for large scale expression. 

 

Large scale expression and purification of recombinant proteins: Large scale 

expression was done according to instruction manual (Invitrogen). Briefly, LB-ampicillin 
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(10 ml) was inoculated with a fresh BL21Star™ (DE3) transformation and grown 

overnight at 37 °C. E. coli BL21 (DE3) pLysS (Promega) was also used for high-level 

expression of toxic proteins. A 100 ml LB-ampicillin culture was inoculated with 2 ml 

overnight culture and grown at 37 °C with shaking until an OD600 of 0.5-0.8 was 

measured. The protein expression was induced by the addition of IPTG (final 

concentration of 1M) and the culture was grown until the optimum time point as 

predetermined by pilot expression was reached. The cells were harvested by 

centrifugation at 3000 g for 10 min at 4°C. 

 

Recombinant (His6-tagged) proteins were purified from soluble supernatant or the 

inclusion bodies using the Protino® Ni 150 and 1000 prepacked columns kit (Macherey-

Nagel) according to the instructions of the manufacturer. The purified proteins were 

assayed using SDS-PAGE analysis and anti-His6 Western blot analyses.  

 

SDS-PAGE analysis  

All samples were separated on a 12% PAGE (See Appendix A for preparation of stacking 

and separating gels). The expressed proteins were thawed and resuspended in 1x SDS-

PAGE sample buffer, boiled for 10 min and a 20 µl aliquot was loaded on a 12% SDS-

PAGE gel. The proteins were separated by running a 12% gel at 100 V for ± 2 h. The gel 

was stained with BIOsafe Coomassie Blue (Bio-Rad) according to the instructions of the 

manufacturer. Protein bands were visualised using the Auto Chemi™ system from UVP 

BioImaging systems.  

 

Western blot analyses using anti His6 antibodies:  

The proteins were again separated on a 12% SDS-PAGE as described above 

(http://www3.interscience.wiley.com/emrw/resolve/oid?OID=104554809). The proteins 

were transferred to a PVDF membrane after equilibrating the gel and membrane in 

transfer buffer (38 mM Tris base, 288 mM glycine, 300 ml methanol, pH ~8.3-8.4) with a 

semi-dry blotter (Semi-phor TE70, Hoefer scientific instruments) at 110 mA for 90 min. 

The membrane was incubated in 1% block buffer (1% bovine serum albumin in PBS) 

followed by incubation with anti-His6 antibodies (Roche) (75 ng/100 ml) overnight at 
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room temperature. The membrane was washed 3x with wash buffer (1x PBS, 0.05% 

tween) and incubated with secondary antibody, Goat anti-mouse IgG (Zymed) for 90 min 

at room temperature. The blot was again washed 3x and the protein bands visualised 

using the SuperSignal®West Pico Chemiluminescent substrate from Pierce and exposed 

to a film (Roche) which was processed by X-ray film procedures. 

 

Recombinant protein precipitation: The concentration of the purified recombinant 

proteins was determined using the Bio-Rad RC/DC protein assay reagents package, Bio-

Rad according to the instructions of the manufacturer. The four expressed recombinant 

proteins were individually precipitated by adding 8x volume acetone and incubated over 

night at -20 °C. The proteins were collected by centrifugation at 10000 g for 10 min, 

where after excess salts were removed by washing with 70% ethanol. The protein pellet 

was air dried and stored at -20°C till for further use. The precipitated proteins were 

assayed using SDS-PAGE analysis and anti-His6 Western blot analyses.
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2.3. RESULTS 

 

2.3.1. Bioinformatic selection of secreted proteins 

Bioinformatics was utilized to predict secreted proteins from E. ruminantium 

Welgevonden genome sequence. Five open reading frames (ORFs) were chosen 

randomly out of a total of 24 predicted exported proteins. They contained signal peptides 

ranging from 1-27 amino acids in size and no helices, hence predicted to be exported 

proteins. Erum7760 and Erum8060 were predicted to be exported lipoprotein and 

Erum5010 to be an exported protein containing long tandem repeats (LTR). Erum7760 

had the highest solubility percentage of 50.9% compared to the other ORFs. The 

predicted solubility percentage for Erum5000 and Erum5010 was less than 10%. The 

predicted molecular weight and pI values are tabulated in Table 2.2. 

 

Table 2.2. Summary of results obtained from the selection of vaccine candidates using 
bioinformatics tools  
 

Name 
Closest 

Homologies 

Base 

pair 

size 

(bp) 

Length 

(aa) 
pI 

MW 

(kDa) 

Signal 

peptides 

Solubility 

% 
Function 

Erum5000 Unknown 

 

1470 

 

490 8.36 53.57 1-27 8.5 
exported 

protein 

Erum5010 Unknown 

 

1690 

 

564 8.50 62.98 1-23 8.5 
exported 

protein (LTR) 

Erum7760 Lipoprotein 

 

750 

 

250 6.15 29.34 1-26 50.9 
exported 

lipoprotein 

Erum8060 Lipoprotein 

 

600 

 

204 5.92 23.50 1-26 29.1 
exported 

lipoprotein 

Erum8610 Unknown 
700 

236 9.70 27.82 1-25 23.7 
exported 

protein 
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2.3.2. PCR amplification of ORFs 

The five ORFs of E. ruminantium encoding exported proteins were successfully 

amplified by PCR (Figure 2.1) with 5´- and 3´-specific primers (Table 2.1) and cloned 

into the pET102/D-TOPO® expression vector. The LacZ amplicon that was supplied in 

the ChampionTM pET Directional TOPO® cloning kit was also cloned into the vector. 

This protein product, recombinant ß-galactosidase (rß-galactosidase) will be used as a 

negative control in the immunological assays described in chapter 3.  

 

1353 bp
1078 bp

872 bp

603 bp

310 bp

M

Erum7760 Erum8060 Erum8610 Erum5010 Erum5000

 

 

Figure 2.1. Agarose gel analysis of the PCR amplification of five ORFs: M- markers; 

followed by the amplified PCR products of Erum7760, Erum8060, Erum8610, 

Erum5010, and Erum5000 as indicated. 

 

Repeated attempts to clone the PCR products of Erum5010 into the pET102/D-TOPO® 

vector failed. The bases were missing before the His tag in the sequence and a new 

reverse primer was used to reduce non-specific deletion and the attempt was 

unsuccessful. 

 

The resulting plasmids were purified and the DNA sequences of the ORFs (Erum7760, 

Erum8060, Erum8610 and Erum5000) were compared to the corresponding 

E. ruminantium Welgevonden genome sequence (see Appendix B for the alignments). 

The DNA sequences of the selected ORFs were shown to be correct with no 

discrepancies and the inserts (Erum7760, Erum8060, Erum8610 and Erum5000) were 

cloned successfully, in-frame with the polyhistidine tail.  
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2.3.3. Expression and purification of recombinant proteins 

The protein expression was induced in an E. coli BL21Star™ (DE3) host strain in 

conjunction with the pET102/D-TOPO® vector, where T7 RNA is produced from the λ-

lysogen DE3 in the host bacterium, and its expression is under the control of the IPTG-

inducible lac UV5 promoter. The pilot expression studies were investigated with four 

recombinant proteins (rErum5000, rErum7760, rErum8060 and rErum8610). For each 

time point (1-5 h), the non-induced and induced cultures were analysed on a SDS-PAGE. 

The optimum time of expression for rErum7760 and other recombinant proteins was 

shown to be between 3-5 h (Figure 2.2). This time point was subsequently used for 

harvesting cells in large scale production of each recombinant protein. All plasmid 

constructs were designed to contain six N-terminal histidine residues (His6) that assisted 

in the purification of the recombinant proteins from 100 ml cultures with the Protino® Ni 

prepacked column kits (Macherey-Nagel). The recombinant proteins were purified from 

the soluble supernatant and from the inclusion bodies with yields ranging between 

200 µg- 2000 µg of purified protein per 100 ml and 1 l respectively of IPTG induced 

culture. This system was employed successfully for the production of three recombinant 

proteins: rErum5000, rErum7760 and rErum8060. 

 

Initial attempts to express the rErum8610 protein in BL21Star™ (DE3) E. coli cells at 

37º C failed. Protein expression at 18º C rather than at 37º C was also unsuccessful. Large 

scale expression in 1 l instead of 100 ml culture in an attempt to express more 

recombinant protein also failed. Similarly, addition of 1% glucose to the bacterial 

medium failed. However, successful expression was obtained by using BL21 (DE3) 

pLysS E. coli cells at 37º C. 

 

Figure 2.3 shows a Coomassie blue stained SDS-PAGE of the purified recombinant 

proteins. The results revealed the presence of expressed recombinant proteins migrating 

at the specific predicted molecular mass positions. The predicted molecular masses are 

shown in Table 2.4. There was a slight increase in molecular masses as expected. This 

increase is due to the addition of Thioredoxin (TRX) and His6-tag sequence of 
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approximately 13 kDa. The TRX tags help with refolding the proteins correctly and thus 

enhance the solubility while the His6-tag permits purification of recombinant proteins.  

 

Table 2.3. Predicted molecular weights of four recombinant proteins  
 

Name Predicted molecular weight  

(kDa) 

Predicted molecular weight + His-tag  

(kDa) 

rErum7760 29.3 42.3 

rErum8060 23.5 36.5 

rErum5000 53.5 66.5 

rErum8610 27.8 40.8 

 

 

 

 

 

Figure 2.2. Pilot expression of recombinant protein rErum7760. Samples were analyzed 

on 12% SDS-PAGE and stained with Coomassie blue. Samples were collected at the 

indicated time points from uninduced and induced with 1 M IPTG cultures. Arrow 

indicates position of expressed protein. 
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Figure 2.3. Coomassie blue stained gel of purified recombinant proteins electrophoresed 

on 12% SDS-PAGE gel. These proteins were expressed using ChampionTM pET 

Directional TOPO® expression system and purified by Protino® Ni columns kit. Protein 

bands with the correct size are indicated with arrows.  

 

Immunoblot blot analyses with anti-His6 antibodies confirmed that the proteins of correct 

MW were expressed (Figure 2.4). Expression of the rErum7760, rErum8060, rErum8610 

& rErum5000 in E. coli, showed distinct bands at ~42 kDa, ~36 kDa, ~41 kDa and ~70 

kDa respectively in SDS-PAGE and Immunoblot blot assays thus corresponding to the 

predicted weights (Table 2.3). Recombinant Erum7760 and rErum8060 were purified 

from both the soluble and insoluble fractions while rErum5000 and rErum8610 were 

100% insoluble (Figure 2.4).  
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Figure 2.4. Western blot analysis of purified recombinant proteins expressed using 

ChampionTM pET Directional TOPO® expression system. Recombinant proteins were 

detected by using anti-His antibodies and Chemiluminescence. M- molecular weight 

markers.  
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2.4. DISCUSSION 

 

In this chapter, the E. ruminantium ORFs encoding putative proteins that were predicted 

to be exported were selected from the complete genome sequence of E. ruminantium 

(Welgevonden) using bioinformatics tools (annotation from Collins et al., 2005). Three of 

the proteins encoded by Erum5000; Erum5010 and Erum8610 did not show any 

similarity to known proteins in the database while those encoded by Erum7760 and 

Erum8060 demonstrated close homology to exported lipoproteins. Exported proteins with 

a lipoprotein signal peptide are retained at the extracytoplasmic side of the membrane 

while other proteins that have a Sec-type signal are translocated across the membrane (Fu 

et al., 2007). Lipoproteins have been shown to play an important role in the activation of 

humoral and cellular immune responses as were identified in M. tuberculosis (Young and 

Garbe, 1991), Treponema pallidum (Radolf et al., 1995) and Mycoplasma hyorhinis 

(Bricker et al., 1988). Hovav et al., (2003) demonstrated that a recombinant 27 kDa 

lipoprotein of M. tuberculosis is a strong elicitor of Th1 type responses. Furthermore, in a 

study by Neyrolles et al., 2001, a 19 kDa lipoprotein was also shown to play a vital role 

in the induction of a protective Th1 type immune response against M. tuberculosis. An 

immunogenic 22 kDa (P22) exported lipoprotein of M. avium subspecies 

paratuberculosis was found to stimulate cellular mediated immunity characterized by the 

production of IFN-γ (Rigden et al., 2006). These observations indicate that exported 

lipoproteins are inducers of Th1 cellular immune responses and therefore merit further 

investigation as vaccine candidates. 

 

Four out of five ORFs were successfully cloned except Erum5010 into the pET102/D-

TOPO® vector using TOP10 E. coli cells. It was shown in the annotation (Collins et al., 

2005) that Erum5010 showed 29% amino acid sequence identity to Erum5000. The 

inability to clone Erum5010 into the vector could not be due to size because these ORFs 

were also similar in size (Erum5000 – 1470bp and Erum5010 – 1690bp). One factor that 

could attribute to instability of the gene in the expression vector could be the fact that 

Erum5010 was predicted to have long tandem repeats. Previously, it has been shown that 

long tandem repeats are unstable in E. coli (Raman et al., 1997). However, with the use 
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of host strain PMC107, relative stability of plasmids containing long tandem repeats was 

increased. Therefore, experiments designed to measure plasmid instabilities and use of 

different host strains to overcome these limitations need to be investigated for Erum5010. 

 

Recombinant Erum5000, rErum7760 and rErum8060 were successfully expressed in 

BL21 (DE3) E. coli strain at 37ºC. Two recombinant proteins (rErum7760 and 

rErum8060) were present in both the soluble and insoluble fraction whereas rErum5000 

was approximately 100% insoluble. Several attempts to initially express rErum8610 in 

the BL21 (DE3) E. coli strain were not successful. The lack of expression in BL21 (DE3) 

cells could be due to the over activity of T7 RNA polymerase that may result in plasmid 

instability and low expression. Therefore, it was necessary to optimize culture conditions 

in order to reduce the activity of the enzyme and thus increase plasmid stability and 

protein yield. Zhang and coworkers (2003) proved that by inducing expression at low 

temperature and adding glucose to the medium enhanced T7 RNA polymerase-based 

plasmid stability and improved protein yield in E. coli. Therefore, expression of 

rErum8610 was induced at 18 ºC but no expression was obtained. The addition of 1% 

glucose added to culture medium in an attempt to improve plasmid stability was also not 

successful. This led to the hypothesis that the lack of expression could be due to toxicity 

of the target protein to the host. Toxicity of proteins to the expression host is not 

uncommon. Significant expression of many eukaryotic proteins could not be obtained in 

different bacterial host strains due to toxicity of target proteins which lead to cell death 

(Ferreira and Pedersen, 1992). In BL21 (DE3) cells, background expression of the 

proteins was observed in the non-induced fraction of the pilot study in all four 

E. ruminantium proteins expressed. Expression of even slightly toxic gene products in 

BL21 (DE3) cells could lead to cell death. 

 

A BL21 (DE3) pLysS E. coli strain was used to provide tighter control of background 

expression for toxic rErum8610 and to overcome toxic effects which may result in 

plasmid or expression instability or even cell death (Studier et al., 1990; Dubendorff and 

Studier, 1991; Baneyx, 1999). The pLysS plasmid, which expresses T7 lysozyme in the 

bacterial cytoplasm, strongly inhibits protein expression from pET102/D-TOPO® vector 
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in the absence of IPTG induction, thus enabling expression of toxic proteins (Dąbrowski 

and Kur, 1999). Two recombinant chimaeric fusion proteins that consist of human 

interleukin-13 and Pseudomonas exotoxin were expressed in a genetically modified 

E. coli strain BL21 (DE3) pLysS and a normal strain BL21 (DE3) (Joshi and Puri, 2005). 

The BL21 (DE3) pLysS bacterial system produced the highest yield expression of 

recombinant proteins (21-28 mg/L) as compared to BL21 (DE3) (14-22mg/L). Similarly, 

two mutants strains of E. coli BL21 (DE3), called C41 (DE3) and C43 (DE3) have been 

used successfully (Miroux and Walker, 1996; Dumon-Seignovert et al., 2004). They also 

modified the expression vector in order to reduce the plasmid instability when cultures 

were expanded for large-scale production. This was achieved by adding the par locus 

from the plasmid pSC101 to the vector backbone (pRSETA). The pSC101 par locus 

stabilizes plasmid inheritance in populations of dividing cells (Meacock & Cohen, 1980; 

Miller & Cohen, 1993; Conley, & Cohen, 1995). Recombinant Erum8610 was 

successfully expressed in BL21 (DE3) pLysS E. coli strain at 37ºC and was shown to be 

insoluble. Thus even though rErum8610 was toxic to the E. coli host cells, enough 

protein was expressed using the BL21 (DE3) pLysS strain for use in the immunological 

assays (Lymphocyte proliferation and ELISPOT) described in Chapter 3. However, the 

protein could not be repeatedly expressed at the same conditions stated above. On the 

basis of these results, it is clear that this protein is toxic and other methods could to be 

investigated that include epitope mapping and modification of vectors. 

 

Secretory proteins are known to be soluble (Georgiou and Segatori, 2005; Berrow et al., 

2006; Esposito and Chatterjee, 2006). In this study most of the proteins were however 

purified from the insoluble fraction (rErum7760, rErum8060, rErum5000 and 

rErum8610). This could be a result of over-expression of proteins that leads to the 

formation of inclusion bodies. Inclusion bodies are proteins that are not refolded 

correctly. Many recombinant proteins accumulate as insoluble, biologically inactive 

forms when expressed in microbes (Kane and Hartley, 1991; Misawa and Kumagai, 

1999; Georgiou and Segatori, 2005; Kunji et al., 2005). To overcome these folding 

problems, alternative host cells such as insect, yeast and mammalian cells could be used 

for recombinant protein production and codon-optimise the gene for expression (Rudolph 
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and Lillie, 1996; Baneyx, 1999). Moreover, changing the pH of the culture, media 

components, carbon source or growth temperature and use of modified strains could also 

improve the refolding of the protein (Quick and Wright, 2002). Proteins expressed in 

insect cells using the baculovirus system are mostly in a correctly folded state and the 

production yield of proteins can be high. However, there may be toxicity problems and it 

is cost ineffective (Pizarro et al., 2003). In addition, it has been reported that the high 

content of A/T repeats in the P. falciparum genome might influence the formation of 

insoluble inclusion bodies (Flick et al., 2004). Since, E. ruminantium genome is an A/T-

rich genome it might be expected to obtain insoluble proteins as seen in the P. falciparum 

genome (Pandey et al., 2002; Singh et al., 2003; Flick et al., 2004). However, insoluble 

proteins have been used for immunisation especial for obtaining cellular immune 

responses (Bascoul et al., 1978; Kawasaki, et al., 2007) but purification requires 

denaturing conditions (8 M Urea). Urea can inhibit lymphocyte proliferation and 

therefore needs to be removed from the final product (Orendi et al., 2000). Nevertheless, 

a recombinant protein VP8* of human rotavirus (HRV) still in its aggregated form or 

solubilized in 8 M urea was found to be a good immunogen for the production of 

neutralizing antibodies in immunized animals, and to prime the immune system of mice 

(Lizano et al., 1991; Lee et al., 1995). However, since protection against intracellular 

pathogens is mediated by cellular immune responses, vaccine candidates should contain 

epitopes recognized by T cells. It is known that cellular immunity requires linear epitopes 

therefore conformation (solubility) of proteins will not affect the lymphocyte 

proliferation assays and ELISPOT assays that will be discussed in the next chapter 

(Mustafa et al., 2000). 

 

The purity of proteins was also one of the problems observed. Western blot results 

indicated that rErum5000 was not 100% pure. Two or more bands were observed. These 

bands could be contaminants or due to proteolysis. In addition, there are other proteins 

that bind to nickel columns. For example lysozyme is one of the proteins that we are 

adding to the BugBuster protein extraction reagent. Because it has the poly histidine in its 

structure, it also binds to the nickel column. However, the size of the lysozyme is only 14 

kDa and does not correlate with the sizes seen on the gels. It is not surprising to obtain 
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two or more bands when expressing recombinant proteins in E. coli. Previously, a His6-

tagged Pwo dUTPase from Pyrococcus woesei was successfully expressed and purified in 

E. coli where two bands corresponding to a 25kDa and 53kDa were observed (Dąbrowski 

and Ahring, 2003). Furthermore, the expression of human rotavirus Wa strain VP8* 

produced a duplex band on the SDS-PAGE gels (Kovacs-Nolan et al., 2001; Perez 

Filgueira et al., 2004). However, obtaining duplex or triple bands is a common feature 

due to digestion by bacterial proteases or contaminants (Favacho et al., 2006).  

 

In conclusion, four recombinant proteins were successfully produced using the bacterial 

expression system. The production yield for three recombinant proteins was high except 

for Erum8610. Therefore, the availability of expressed E. ruminantium recombinant 

proteins should now allow the testing of these antigens in different immunological assays 

for their ability to induce immune response which will be discussed in Chapter 3.  
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CHAPTER 3 

Evaluation of E. ruminantium secreted proteins for their 

ability to induce recall T cell responses in vitro 

 

3.1. INTRODUCTION 

The control of heartwater by effective vaccination remains an important goal. Cell mediated 

immunity has been shown to play a key role in protection against heartwater (Totté et al., 1997, 

1999a, b). Therefore, characterization of purified antigens and determining their role in 

protective immunity against infection may lead to the development of an effective vaccine. The 

protective antigens of E. ruminantium are still not precisely characterized or defined, but 

several studies indicated that immunization of animals with E. ruminantium proteins induce 

immune responses that are characterized by the production of IFN-γ and proliferative 

responses. For example, proteins of E. ruminantium were shown in vitro to stimulate 

lymphocytes from cattle immunized by infection and treatment or inactivated organisms to 

proliferate and produce IFN-γ (van Kleef et al., 2000, 2002). Moreover, proteins of 

E. ruminantium (Gardel strain) were shown to be immunogenic in terms of IFN-γ production 

(Esteves et al., 2004a). Similarly, protection was augmented when DNA primed mice were 

boosted with recombinant proteins of E. ruminantium (Simbi et al., 2006). The protection was 

characterized by production of IFN-γ and IL-2. It was also shown that ruminants can be 

protected by E. ruminantium genes presented as a nucleic acid vaccine (Collins et al., 2003a, b; 

Pretorius et al., 2007).  

 

Much effort has been spent on the identification of proteins that induce strong cell-mediated 

immune responses characterized by type 1 CD4+ and CD8+ T-cell responses (Mwangi et al., 

1998). T cell responses against major antigenic proteins 1 and 2 of E. ruminantium were 

examined (Mwangi et al., 2002). Real-time PCR results demonstrated strong expression of 

IFN-γ, TNF-α, TNF-β, IL-2Rα transcripts and these findings indicate that these proteins can 

possibly be included in vaccine development against the agent. 
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Of particular relevance to this study is evidence suggesting that secreted proteins of 

M. tuberculosis are likely targets of protective immune responses that are thought to be 

primarily CD4+ T cell mediated (Andersen, 1991; Andersen et al., 1991; 1994; Pal and 

Horwitz, 1992; Orme, 1994; Gomez et al., 2000; Coler et al., 2001; Bottai et al., 2003). 

Secreted proteins of M. tuberculosis have been shown to have an important role in inducing 

protective immunity. For example, six different secretory proteins of molecular weights (15, 

26, 30, 41, 55 and 70 kDa) were examined for their ability to induce cell-mediated immunity. 

The results showed that a 30 kDa protein was a promising vaccine candidate as determined by 

its induction of the secretion of IFN-γ and IL-2 (Sinha et al., 1997; Carlisle et al., 2007). 

Promising results in animal models for M. tuberculosis infection were obtained based on 

secreted proteins such as Ag85A and ESAT-6. The production of IFN-γ in the presence of 

Ag85 and ESAT6 demonstrated the importance of these antigens in subunit vaccines against 

TB (Lozes et al., 1997; Tanghe et al., 2000; Al-Attiyah et al., 2004; Langermans et al., 2005; 

Ganguly et al., 2007; 2008). Furthermore, Vekemans et al. (2004) identified secretory 

mycobacterial antigens (Mtb8.4, Mtb12, Mtb32-C and Mtb32-N) that were able to stimulate 

significant IFN-γ production. In a similar study it was demonstrated that recombinant Mtb12 

secreted protein was able to induce strong cellular immune responses (Webb et al., 1998). 

Horwitz et al., (1995) demonstrated that immunization of guinea pigs or mice with a 30 kDa 

major secretory protein, alone or in a cocktail with other abundant extracellular proteins of 

M. tuberculosis induced cell mediated immune responses and protection against 

M. tuberculosis.  

 

Secreted proteins of M. bovis BCG within the range of 34-30 kDa played a vital role in cell-

mediated immune responses and these peptides may be promising vaccine candidates in the 

design of subunit-based vaccine against tuberculosis (Rani et al., 2005). Mukherjee and his co-

workers (2005) have managed to identify a secreted recombinant urine protein 2 (U2) that was 

able to induce immunity and protection against M. tuberculosis. Their results suggested that U2 

protein might be exported to the extracellular compartment of Mycobacterium associated with 

lipid molecules. This protein was found to have epitopes recognized by T cells from 

M. tuberculosis infected mice and therefore suggests that this protein be included in subunit 

vaccine development against M. tuberculosis. Similarly, Biondo et al. (2005) have identified 
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12 major secreted proteins that might be of relevance in attempt to control cryptococcosis. 

Molecular characterization of other secreted proteins may provide vital information needed in 

the development of subunit-based vaccines against intracellular pathogens. Hence, 

development of a subunit vaccine for the intracellular pathogen E. ruminantium is possible and 

identification of secreted proteins that induce strong proliferation and IFN-γ production could 

play an important role. 

 

This study used lymphocyte proliferation, the establishment of T cell lines, cytokine profiling 

using real-time PCR, ELISPOT, MHC typing and immunoblotting to study immune responses 

in sheep to E. ruminantium recombinant proteins. T cell lines were established in order to 

improve antigen specific proliferative responses in vitro. This was achieved by producing 

short-term lymphocyte cultures where immune PBMC were stimulated with E. ruminantium 

crude antigen. Several studies have reported that antigen specific proliferation can be detected 

in PBMC from immune animals. For example, E. ruminantium antigens that stimulate 

proliferation of lymphocytes from cattle immunized by infection and treatment or inactivated 

organisms were identified (van Kleef et al., 2000). T lymphocytes have been cultured for long 

periods in order to analyze the function and phenotype of responding cells and cytokine 

production profile (Kodama et al., 1987; Meij et al., 2000; van Kleef et al., 2002). 

 

Since real-time polymerase chain reaction is now becoming universally accepted and 

recognized tool for measuring gene expression at transcriptional level (Giulietti et al., 2001; 

Mena et al., 2002; Stodeur et al., 2002a, b; Konnai et al., 2003b; Nguyen et al., 2006), this 

assay has been performed to test type 1 and type 2 cytokine gene expression (IFN-γ and IL-4) 

respectively in PBMC stimulated with recombinant proteins. Furthermore, the enzyme-linked 

immunospot (ELISPOT) assay which is a sensitive immunoplaque assay that has been adapted 

for the identification and enumeration of cytokine-producing cells at the single cell level 

(Kalyuzhny and Stark 2001; Britten et al., 2002; Mäkitalo et al., 2002; Shafer-Weaver et al., 

2003; Malyguine et al., 2004; Díaz and Mateu, 2005) has been used to investigate if immune 

PBMC produce IFN-γ after stimulation with secreted proteins. Individual cytokine secreting 

cells are counted under the microscope. This assay is rapid and reproducible and also permits 

detection of low frequency antigen-specific T-cells (Guerkov et al., 2003; Pahar et al., 2003).  

 
 
 



 71 

Animals vary in disease susceptibility, therefore it is essential to characterize MHC 

polymorphism that plays an important role in the initiation of the immune response to 

pathogen-derived peptide antigens (Konnai et al., 2003a). Thus MHC typing was used in this 

study. The variability in the Ovar-DRB1 gene might hamper attempts to understand the 

mechanism behind the host’s response to an infection. Therefore, the different alleles need to 

be identified which may correlate to the immune responses obtained. Considerable progress 

has been made in the characterization of the highly polymorphic Ovine MHC DRB1. It has 

been proven that polymerase chain reaction-restriction fragment length polymorphism (PCR-

RFLP) might be a very powerful tool for Ovar typing with nine restriction enzymes. Many 

alleles were found in different animal models using this method (Gelhaus et al., 1995, 

Gilliespie et al., 1999; Konnai et al., 2003a). In addition, immunoblotting was performed in 

order to determine that the expressed E. ruminantium recombinant proteins were recognized by 

the immune sheep.  

 

Based on the knowledge that secreted proteins stimulate lymphocytes to proliferate and secrete 

IFN-γ, four recombinant proteins which were successfully expressed as discussed in Chapter 2 

will be tested for their ability to elicit cell mediated immune responses in vitro. 
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3.2. MATERIALS AND METHODS 

3.2.1. Materials 

Materials used are listed in Appendix A 

3.2.2. Methods 

3.2.2.1. Experimental animals 

 
Six to eight month old Merino sheep (s) were obtained from heartwater-free areas of South 

Africa. They tested negative for E. ruminantium using the pCS20 real-time PCR (Steyn et al., 

2008). Five sheep (s147, s151, s5400, s5401, s849) were injected with 10 LD50s Welgevonden 

challenge material. The animals were monitored for heartwater symptoms and rectal 

temperatures were measured daily. The animals were treated with liquamycin (Pfizer) (1 ml / 

10 kg body weight) when their temperature was raised above 41 oC for 2 days or 42 oC for 1 

day combined with loss of appetite, heavy breathing, depression, hanging head, stiff gait, 

exaggerated blinking, chewing movements, anorexia and signs of nervous symptoms. Animals 

were euthanased when they did not respond to treatment to prevent prolonged suffering (when 

its temperature has been raised above 41.5oC for several days). One sheep (s5408) was not 

immunized and kept as negative non-immune negative control. Peripheral mononuclear cells 

were collected to monitor cellular immune response to E. ruminantium antigen (proliferation 

assay, ELISPOT, cytokine detection by real time PCR etc).  

3.2.2.2. MHC typing 

 

Genomic DNA isolation: Samples of genomic DNA of each animal used in this study were 

obtained from whole blood collected in BD Vacutainer® K2E tubes containing EDTA. 

Genomic DNA purification was done using the Generation®Capture Column Kit (Gentra 

systems) according to the instructions of the manufacturer.  

 

MHC typing: Typing for Ovine MHC Ovar-DRB1 was performed using PCR-RFLP as 

described by Konnai et al. (2003a). Briefly, the second exon of Ovar-DBR1 was amplified by 

nested PCR. The first round of PCR was performed with the OLA-ERBI and HLO31 primers 

(Table 3.2). A total of 100 ng of genomic DNA was subjected to amplification by PCR in a 

 
 
 



 73 

total volume of 100 µl, to which 50 µl Go-taq® master mix (2x) (Promega) and 0.02 µM of 

each primer was added. The PCR cycling conditions were: incubation for 2 min at 94 °C, 

followed by 15 cycles of 94 °C for 30 s, 50 °C for 30 s, 72 °C for 1 min, with a final extension 

of 10 min at 72 °C using the GeneAmp® PCR 9700 amplifier (Applied biosystems). For the 

second round (nested PCR), 24 µl DNA (resulting PCR product from first round), 100 µl Go-

taq® master mix (Promega), plus 0.04 µM primers (OLA-ERBI and OLA-XRBI) (Table 3.2) 

were added together. The conditions for the second round of amplification were one cycle of 

incubation for 2 min at 94 °C, followed by 30 cycles of 94 °C for 30 s, 60 °C for 30 s, 72 °C 

for 1 min, with final extension of 10 min at 72 °C. Ten microliters of DNA (nested PCR 

product) was digested overnight at 37 °C with 5 U of either RsaI, HaeIII, SacI, SacII, DdeI, 

NciI, Hin1I or EcoRI restriction enzymes (Roche), or at 60 °C with 5 U of BstNI, in a total 

volume of 20 µl. The digests were resolved on a 5% agarose gel. The gels were photographed 

under UV light with an Auto Chemi™ system from UVP BioImaging systems. The relative 

migration of the DNA bands was estimated in comparison with the DNA molecular Marker 

VIII (Roche). The restriction patterns obtained were compared with published restriction maps 

(Konnai et al., 2003a). 

 

3.2.2.3. Ficoll purification of PBMC. 

 
PBMC were purified from whole blood under sterile conditions. A volume of 60 ml blood was 

collected into a syringe containing 2 ml 0.5 M EDTA. The blood was diluted 1:3 with Hanks’ 

Balanced salt solution (HBSS, Sigma) containing 0.2% EDTA. This mixture was underlayed 

with 15 ml lymphoseparation medium (MP Biomedicals) and centrifuged at room temperature 

for 40 min at 900 g. The PBMC/Ficoll interface was collected and diluted with three volumes 

of Alsever’s solution, followed by centrifugation at 600 g for 10 min. Red blood cells were 

lysed by adding 1 ml SABAX water and incubating for 30 s. Lysis was stopped by addition of 

Alsevers and centrifuged at 300 g for 10 min. The resulting pellet was resuspended in 

Alsever’s solution and centrifuged at 300 g for 10 min. This wash step was repeated until the 

supernatant was clear. After the last wash, the pellet was resuspended in 1 ml complete RPMI-

1640 medium (see Appendix A). Cells were stained with 0.4% Trypan Blue (Sigma) and 

counted using a haemocytometer (Sigma). 
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3.2.2.4. Lymphocyte proliferation assay (LPA) 

 

LPA were carried out in triplicate wells of half-area flat bottom 96 well plates (Costar) at 37 °C 

in a humidified atmosphere containing 5% CO2 for four days as described by Van Kleef et al. 

(2000). Each well (total volume 100 µl) contained complete RPMI-1640 medium and 

responder cells added at a final concentration of 4 x 106 PBMC per ml. The following were 

added to respective test wells: positive control of E. ruminantium crude antigen (1 µg/ml), 

ConA and E. ruminantium recombinant protein at determined optimum concentration and 

unrelated recombinant protein (negative control). The negative control used in this assay was 

unrelated recombinant protein and crude E. ruminantiumn antigen was used for positive 

control. Proliferation was determined by measuring the incorporation of 0.5 µCi of [methyl-

3H] thymidine added during the final 18 h of the assay. The cells were harvested, and the 

radioactivity was determined using a Trilux 1450 Microbeta liquid scintillation & 

luminescence counter (Wallac). Results were presented as a stimulation index (SI) ± standard 

deviation (SD), where SI is the mean counts per minute (cpm) of cells stimulated with 

recombinant proteins divided by cpm of cells stimulated with unrelated negative control. 

Unless otherwise stated a SI ≥ 2 was considered to be an indication of antigen-specific 

proliferation. 

 

3.2.2.5. T cell line generation 

 

T cell lines specific for E. ruminantium were established from PBMC of s151 and s5401 as 

described previously (Brown and Logan, 1992) with the following modifications: Six million 

Ficoll-purified PBMC were cultured per well in a volume of 1.5 ml complete RPMI in a 24-

well plate (Costar) together with 1 µg/ml E. ruminantium antigen. After 7 days the cells were 

subcultured to a density of 1 x 106 lymphocytes/ml and restimulated with 4 x 106 mitomycin 

treated autologous PBMC/ml added as a source of antigen presenting cells (APC) (rest cycle). 

After 7 days the cells were subcultured to a density of 1 x 106 lymphocytes/ml and restimulated 

with 1 µg/ml E. ruminantium antigen together with 4 x 106 autologous mitomycin treated 

PBMC/ml (stimulation cycle). The T cell lines were maintained by alternating the rest and 

restimulation cycles. Lymphocyte proliferation assays were performed after a rest cycle. The 
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amount of cells recovered after each cycle (day 7 and day 14) were counted using a 

haemocytometer (Sigma). Different treatment methods for T-cell line generation are 

summarized in Table 3.1. 

 

Table 3.1. Different methods for T-cell line generation 

 Treatment methods Day 

 A B C D E F 

0 stimulate Stimulate PBMC with crude E. ruminantium 

4  x x x IL-2 10U/ml IL-2 10U/ml IL-2 10U/ml 

7 rest subculture 

PMBC and 

restimulate 

with 

auotologous 

APC 

Subculture 

PMBC and 

restimulate 

with 

auotologous 

APC & IL-2 

Subculture 

PMBC and 

restimulate with 

auotologous 

APC, IL-2 & 

ConA 

Subculture 

PMBC and 

restimulate 

with 

auotologous 

APC, & IL-2 

No 

subculturing, 

just replace 

previous 

culture 

medium with 

IL-2 

No 

subculturing, 

just replace 

previous 

culture medium 

with IL-2 & 

ConA 

14 Assays Lymphocyte Proliferation using a 3 day assay (ConA assay) 

 

 

3.2.2.6. Cytokine profiling using real-time PCR. 

 
Cell culture conditions: Cell culture for real-time PCR analysis was performed in 2 ml 

volumes in 15 ml centrifuge tubes. PBMC (4 x 106cells/ml) were resuspended in complete 

RPMI-1640 medium. Antigens were added at a final concentration of 1 µg/ml. The cultures 

were incubated at 37 ºC in a humidified atmosphere containing 5% CO2 for 18 h. The cells 

were pelleted by centrifugation at 300 g for 10 min. Cells were lysed with 1 ml TRI 

REAGENTTM (Sigma) per 5-10 x 106 animal cells. The samples were allowed to stand for 

5 min at room temperature to ensure complete dissociation of nucleoprotein complexes. A 

volume of 0.2 ml of chloroform per ml TRI REAGENTTM used was added and allowed to 

stand for 15 min at room temperature. The resulting mixture was centrifuged at 12000 g for 

15 min at 4 ºC. Centrifugation separates the mixture into 3 phases: a red organic phase 

(protein), an interphase (DNA) and a colorless upper aqueous phase (RNA). 
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RNA isolation: The aqueous phase was transferred to a fresh tube and a volume of 0.5 ml of 

isopropanol per ml of TRI REAGENTTM used was added. The samples were allowed to stand 

at room temperature for 10 min and centrifuged at 12000 g for 10 min at 4 ºC. The supernatant 

was removed and the RNA pellet washed by adding 1 ml of 75% ethanol per 1 ml of TRI 

REAGENTTM used in the sample preparation. The samples were mixed by vortexing and 

centrifuged at 7.500 g for 5 min at 4 ºC. The supernatant was removed and the RNA pellet air-

dried for 10 min. An appropriate volume of diethyl pyrocarbonate (DEPC) treated water was 

added and the RNA dissolved by mixing with a micropipette at 60 ºC for 15 min. The RNA 

concentration was measured using a NanoDrop® ND-10000 Spectrophotometer (NanoDrop® 

Technologies, Inc.).  

 

Genomic DNA elimination: Contaminating genomic DNA after the total RNA isolation was 

removed using DNA-Free™ kit (Ambion).A 3 µl 10x DNase I buffer and 1.2 U rDNase was 

added to the 10 µl of RNA and incubated at 37 ºC for 30 min. The tube was mixed thoroughly 

and 3 µl of DNase Inactivation Reagent added and incubated for 2 min at room temperature. 

The tubes were centrifuged at 10000 g for 1.5 min. The supernatant was carefully removed and 

placed in to a new tube. The RNA was stored at -70 ºC until use. 

 

Reverse transcriptase of mRNA: A mixture containing 24 µl RNA and 0.5 µg random 

primers (1 µl) (Promega) was incubated for 10 min at 65 ºC and cooled on a PCR block, 

GeneAmp® PCR 9700 amplifier (Applied biosystems) to 4 ºC. The following was added to this 

mixture: 8 µl of 5x Expand reverse transcriptase buffer (250 mM Tris-HCl, 200 mM KCl, 

25 mM MgCl2, 2.5% Tween 20 (v/v), pH 8,3), 4 µl 10 mM DTT, 2 µl 0.5 µM dNTP, 0.5 µl 

40 U/µl RNaseOUT, 1 µl 50 U/µl Expand reverse transcriptase. The reaction was performed in 

40 µl final volume by incubating for 10 min at 30 ºC and thereafter for 45 min at 42 ºC and 

cooled to 4 ºC and stored at -20 ºC until further use.  

 

Primers for real-time PCR: mRNA sequences for ovine glyceraldehyde-phosphate-

dehydrogenase (GAPDH), IFN-γ and IL-4 were obtained from GenBank at accession numbers, 

U94889, Z73273 and AF17268 respectively. Primers for real-time PCR were designed using 
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the Light Cycler Probe Design 2 software. All oligonucleotide sequences are listed in Table 

3.2. 

Table 3.2. Primers used for real-time PCR reaction and MHC typing. 

Target Sequence 5’-3’ 

GAPDH F 

GAPDH R 

TCA CTG CCA CCC AGA AGA 

CTC AGG GAT GAC CTT GC 

IFN-γ F 

IFN-γ R 

CTT GGT GTT ATT GTG ACT GTT G 

ATG AAT CCC TCC TAA ATC TCT GTA 

IL-4 F 

IL-4 R 

TGA CAG GAA TCT CAG CAG 

TTC TCC CTC ATA ATA GTC TTT AGC 

OLA-ERBI F 

HLO31 R 

(GC) CCG GAA TTC CCG TCT CTG CAG CAC ATT TCT T 

TTT AAA TTC GCG CTC ACC TCG CCG CT 

OLA-ERB1 F 

OLA-XRBI R 

(GC) CCG GAA TTC CCG TCT CTG CAG CAC ATT TCT T 

AGC TCG AGC GCT GCA CAG TGA AAC TC 

 

Real-time PCR analysis of IFN-γ and IL-4 mRNA expression: Real-time PCR for GAPDH, 

IFN-γ and IL-4 was performed as described by Pretorius, (2007). LightCycler® FastStart DNA 

MasterPLUS SYBR Green 1 kit was used according to the instruction manual (Roche) and the 

LightCycler instrument. Thermal cycling conditions were 10 min at 95 ºC and 50 cycles of 

10 sec at 95 ºC, 10 sec at 57 ºC and 5 sec at 72 ºC followed by cooling for 30 sec at 40 ºC.  

 

Gene expression was measured by relative quantitation which compares the delta threshold 

cycle (∆Ct) of the sample of interest (PBMC stimulated with antigen) to the ∆Ct generated by a 

reference sample referred to as the calibrator (non-stimulated PBMC or stimulated with 

unrelated recombinant protein (β galactosidase), incubated for the same time period as 

stimulated PBMC). GAPDH, a common housekeeping gene, was used to normalize cytokine 

gene expression by subtraction of Ct to provide the ∆Ct values. The ∆∆Ct was calculated as the 

difference between ∆Ct values for antigen stimulated and non stimulated PBMC. The relative 

difference in cytokine expression between naïve and immune sheep was determined using the 

equation 2-∆∆Ct (Livak et al., 1995; Mena et al., 2002). 

eg. 

∆Ct = Ct (target gene, IL-4) – Ct (GAPDH) 

∆∆Ct = ∆Ct (sample) - ∆Ct (calibrator) 
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The amount of target relative to calibrator = 2-∆∆Ct 

3.2.2.7. IFN-γ ELISPOT Assay 

 

ELISPOT 96 well filtration plates (Millipore MAIPS 4510) were coated with 50 µl/well mouse 

anti-bovine IFN-γ mAb CC302 (Serotec 0.5 mg/vial) coating antibody at 1 µg/ml in sterile 

coating buffer and incubated at 4 ºC for 16 h. Plates were washed twice with washing medium 

(RPMI-1640 unsupplemented) at 200 µl/well then incubated for 2 h at room temperature with 

200 µl/well blocking buffer (RPMI-1640 with 10% FCS). The blocking media was flicked off 

and replaced with 5 x 106 PBMC/ml and filtered antigen solution (at indicated concentration) at 

50 µl/well and incubated for 20 h at 37 ºC and humidified 5% CO2 incubator. Cells were 

removed by washing the plates three times with distilled water-0.05% Tween 20 (dH2O-T), and 

three times with phosphate buffer saline-0.05% Tween 20 (PBS-T). Rabbit anti-bovine IFN-γ 

antiserum was diluted 1:1500 in PBS-0.05% Tween 20, 0.1% bovine serum albumin (BSA) 

buffer, was filtered, added to each well at 50 µl/well and incubated for 1 h at room temperature. 

Thereafter, the plates were washed four times with PBS-T and 50 µl of filtered anti-rabbit IgG 

alkaline phosphate conjugate (1:2000 in PBS-T/BSA) was added to each well and incubated 

for 1 h at room temperature. Plates were washed 6 times with PBS-T. Excess PBS-T was 

removed by tapping the plates on paper towels and 50 µl of filtered substrate solution 

consisting of 5-bromo-4-chloro-3-indolyphosphate and nitroblue tetrazolium (Sigma) was 

added in each well and incubated in the dark for 15 min until spots emerged. The plates were 

washed for 2 min with tap water and air-dried before spots were counted using an automated 

Zeiss KS ELISPOT Reader. Samples with 2x the number of spots/million cells of the negative 

control were considered positive. 
 

3.2.2.8. Western blot analyses of sheep sera 

 

Preparing serum from whole blood: Blood samples were obtained from the six sheep (s147, 

s151, s5400, s5401, s5408 and s849) by bleeding into BD Vacutainer® SSTTM II Advance tubes. 

The blood was incubated at 37 ºC for 30-60 min to clot. A Pasteur pipette was used to separate 

the clot from the sides of the glass tube. The tubes were incubated at 4 ºC overnight to allow 
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the clot to contract. The serum was decanted from the clot into a new centrifuge tube and was 

centrifuged at 300 g for 10 min to remove the remaining clots/red blood cells and other 

insoluble material. The serum was aliquoted and stored at -70 ºC until further use. 

 

Immunoblot assay: The recombinant proteins (rErum7760, rErum8060 and rErum5000) were 

separated on a 12% SDS-PAGE gel as described in Chapter 2. Proteins were transferred to a 

PVDF membrane after equilibrating the gel and membrane in transfer buffer (see appendix A). 

The electrophoretic transfer was carried out with a semi-dry blotter (Semi-phor TE70, Hoefer 

scientific instruments) at 110 mA for 90 min. The membrane was cut into strips and air dried. 

The strips were incubated in 1% block buffer (1% BSA in PBS) followed by incubation with 

diluted sheep sera (1:5) overnight at room temperature. Preliminary testing was done to 

optimize the sheep sera working dilutions. The membrane was washed 3x with wash buffer 

(PBS-T) and incubated with Rabbit anti-Sheep IgG (Zymed) for 90 min at room temperature. 

The blot was again washed 3x and the protein bands visualized using the SuperSignal®West 

Pico Chemiluminescent substrate from Pierce and exposed to a film (Roche) which was 

processed by usual photographic procedures. 

 

3.2.2.9. Statistical analysis 

 
The significance of SI between test samples and negative control was determined using the 

Student’s t-test. Only samples with SI’s two times higher than the negative control and that 

have significant p values ≤ 0.01 were considered as positive. 
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3.3. RESULTS 

3.3.1. PCR-RFLP typing of the Ovar-DRB1 gene from six sheep 

 

The polymorphism of the ovine major histocompatibility complex class II DRB1 second 

exon (Ovar-DRB1) was studied in six sheep, (s147, s151, s849, s5400, s5401 and s5408) 

by PCR-RFLP. When each amplified DNA product was cleaved by the restriction 

enzymes, different patterns were observed. Gel images in Figures 3.1-3.3 show results 

obtained when PCR amplified products were digested with nine restriction enzymes. 

Patterns and Ovar-DRB1 alleles based on restriction endonuclease enzyme digestion are 

listed in Table 3.3. Three different alleles (*0332 and *0323, *0333) which were similar 

to alleles reported by Konnai et al., 2003a were obtained for sheep 147 and 5401. The 

alleles detected for sheep (s849, s5400, s5408 and s151) were unknown and not reported 

previously in the scientific literature. Furthermore, some patterns (151, 849 and 5408) 

were not identical to those published but closely related while some allele patterns (5400) 

were unique (Table 3.3). In summary, using PCR-RFLP, published, new and unknown 

alleles were found in this study.  
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Figure 3.1. The PCR-RFLP analysis of exon 2 of the Ovar-DRB1 gene from six sheep, s147, 

s151, s5400, s5401, 5408 and s849. The PCR- amplified products of DNA from the nested PCR 

were digested with A-NciI, B-SacII, C- SacI, D-EcoRI. M-DNA fragment size marker. 
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Figure 3.2. The PCR-RFLP analysis of exon 2 of the Ovar-DRB1 gene from six sheep, s147, 

s151, s5400, s5401, 5408 and s849. The PCR- amplified products of DNA from the nested PCR 

were digested with A-HaeIII, B-BstNI. M-DNA fragment size marker.  
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Figure 3.3. The PCR-RFLP analysis of exon 2 of the Ovar-DRB1 gene from six sheep, s147, 

s151, s5400, s5401, 5408 and s849. The PCR- amplified products of DNA from the nested PCR 

were digested with A DdeI, B Hin1I and C- RsaI. M-DNA fragment size marker.  
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Table 3.3. The PCR-RFLP patterns and Ovar-DRB1 alleles obtained using nine 

restriction enzymes. 

Sheep 

number 

RsaI HaeII SacI SacII DdeI Hin1I NciI EcoRI BstNI Ovar-DRB1 alleles 

147 e 

f 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

*0332 except for 

HaeII & NciI 

*0323, *0333 

except for HaeII 

151 c  

e 

a 

a 

a 

b 

a 

a 

a 

a 

a 

a 

a 

b 

a 

a 

a 

a 

Unknown 1 

Unknown 2 

5400 c 

f 

a 

?@ 

a 

a 

a 

a 

a 

a 

b 

b 

a 

a 

a 

a 

a 

b 

Unknown 3 

Unknown 4 

5401 e 

f 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

*0332 except for 

HaeII & NciI 

*0323, *0333 

except for HaeII 

5408 c 

e 

a 

? 

a 

b 

a 

a 

a 

c 

a 

b 

a 

b 

a 

a 

a 

a 

Unknown 1 

Unknown 5 

849 c 

c 

a 

e 

a 

b 

a 

a 

a 

c 

a 

? 

a 

b 

a 

a 

a 

b 

Unknown 1 

Unknown 6  
@Does not correlate with known restriction patterns 

a,b,c,e,f- RFLP patterns as identified by Konnai et al., 2003a 

 

3.3.2. Proliferative responses of PBMC stimulated with four recombinant 

proteins  

LPA was carried out to test whether E. ruminantium recombinant proteins induce 

immune PBMC to proliferate. PBMC were isolated from five immune sheep (s) (s147, 

s849, s5400, s5401 & s151) and a naïve sheep (s5408) and stimulated with the four 

expressed recombinant proteins (rErum8060, rErum7760, rErum8610 and rErum5000). 

Results are expressed as Stimulation Index (SI) (counts per minute (cpm) of cells 

stimulated with recombinant proteins divided by cpm of cells stimulated by unrelated 

negative control). To confirm the positive proliferation, only samples with SI’s two times 

higher than unrelated negative protein and that have significant p values ≤ 0.01 were 
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considered as positive. PBMC from the naïve animal (s5408) were stimulated with 

recombinant proteins at a concentration of 0.1 µg/ml (Table 3.5) to test if the proteins 

were recognized by the sheep PBMC. No significant proliferation was observed for the 

PBMC stimulated with the recombinant proteins as expected except for rErum8060s that 

did show a significant increased proliferation with a SI of 2 (SIstimulated/SInegative). 

Therefore, a SI ≥ 4 was considered antigen-specific for rErum8060 at a concentration of 

0.1 µg/ml.  

 

The results shown in Table 3.4 were obtained from s147 PBMC stimulated with the four 

recombinant proteins at concentrations of 10, 1 and 0.1 µg/ml. Recombinant Erum5000i 

induced significant lymphocyte proliferation at 1 µg/ml (SI value of 6) while rErum7760s 

showed a positive proliferation at 0.1 µg/ml (SI value of 2.5) but it was not significant. 

Recombinant Erum8060i induced proliferative responses at a concentration of 10 µg/ml 

with the SI value of 3.1 which was not significant. Recombinant Erum7760i and 

rErum8610i did not induce lymphocyte proliferation irrespective of the antigen 

concentration tested. 

 

PBMC from sheep 151 stimulated with recombinant proteins at a concentration of 

10 µg/ml also showed no significant proliferation responses (Table 3.5). Recombinant 

proteins were also tested using sheep 5400 at a concentration of 10 µg/ml and 0.1 µg/ml 

(Table 3.6). Proliferative responses that were not significant were obtained with 

rErum8060s (SI values of 2 and 5) and rErum7760i (SI values of 1.7 and 1.8) at both 

concentrations. 

 

To further investigate the CMI response induced by recombinant proteins in immune 

animals, proliferative T-cell responses were analyzed using PBMCs from sheep 849 at 

concentrations of 10 µg/ml and 0.1 µg/ml (Table 3.7). Recombinant Erum7760i induced 

significant lymphocyte proliferation at 10 µg/ml with a SI value of 2.4. Recombinant 

Erum8610i showed increased proliferation at 0.1 µg/ml with a SI value of 2.2 but it was 

not significant. Recombinant Erum8060 induced proliferation at 10 µg/ml but it was not 

 
 
 



 86 

significant. Proliferation of PBMC stimulated with rErum5000i and rErum7760s was not 

detected at the concentrations tested.  

 

Table 3.4. Lymphocyte proliferation assays of PBMC from sheep number 147 stimulated 

with recombinant proteins at concentration of 10, 1 & 0.1 µg/ml. Values in red bold 

indicate a SI value 2x higher than the unrelated negative protein and significant.  

 10 µg antigen/ml 1 µg antigen/ml 0.1 µg antigen/ml 

Group Average 

SIa 

Average 

SIb 

P valuesc Average 

SIa 

Average 

SIb 

P valuesc Average 

SIa 

Average 

SIb 

P valuesc 

rErum7760s 1.3±0.2 1 0.1 4.5±0.1 2.5 0.007 2.5±0.8 2.5 0.02 

rErum7760i 0.7±0.1 0.5 0.4 2.5±1.8 1.4 0.250 1.7±0.9 1.7 0.1 

rErum8060s 3.1±1.2 2.4 0.01 5.8±1.5 3.2 0.148 0.9±0.9 0.9 0.5 

rErum8060i 4.1±2.1 3.1 0.1 1.7±0.8 0.9 0.078 0.8±0.4 0.8 0.3 

rErum5000i 0.5±0.0 0.4 0.1 10.8±0.1 6 0.0004 0.8±0.4 0.8 0.3 

rErum8610i 0.8±0.4 0.6 0.4 2.5±1.3 0.7 0.197 1.0±0.3 1 0.5 

Negative 1.3±0.4   1.8±0.1   0.9±0.1   

Ag+ 2.6±0.2   29.9±2.6   2.6±0.2   

ConA 1187±64   267±8.6   1187±64   
a SIrprotein/ SIPBMC 

b SIrprotein/ SInegative 
cp Determined by Student t-test method. Compared to Negative 
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Table 3.5. Lymphocyte proliferation assays of PBMC from sheep number 5408 (naïve) 

and 151 stimulated with recombinant proteins. Values in red bold indicate a SI value 2x 

higher than the unrelated negative protein and significant.  

                               Sheep 151 (10 µg antigen/ml) Sheep 5408 (0.1 µg antigen/ml) 

Group Average SIa 

 

Average SIb 

 

P valuesc 

 

Average SIa 

 

Average SIb 

 

P valuesc 

 

rErum7760s 1.5±0.78 1.25 0.241 -0.2±0.6 0 0.008 

rErum7760i 0.9±0.73 0.8 0.261 -0.8±0.3 0 0.001 

rErum8060s 0.5±0.28 0.4 0.02 4.4±0.02 2 0.002 

rErum8060i 0.7±0.15 0.6 0.02 4.1±0.97 1.8 0.073 

rErum5000i 0.8±0.14 0.7 0.05 1.7±1.8 0.73 0.336 

rErum8610i 0.7±0.19 0.6 0.02 ND  ND 

negative 1.2±0.19   2.2±0.5   

Ag+ 3.5±2.13   5.7±1.2   

ConA 361.8±66.83   81.7±30.7   
a SIrprotein/ SIPBMC 

b SIrprotein/ SInegative 
cp Determined by Student t-test method. Compared to Negative 

ND not done 

 

Table 3.6. Lymphocyte proliferation assays of PBMC from sheep number 5400 

stimulated with recombinant proteins. Values in bold indicate a SI value 2x higher than 

the unrelated negative protein and p value is not significant. 

 10 µg antigen/ml 0.1 µg antigen/ml 

Group Average SIa 

 

Average SIb 

 

P valuesc 

 

Average SIa 

 

Average SIb 

 

P valuesc 

 

rErum7760s 0.8±0.1 1.1 0.3 0.6±0.7 0.8 0.398 

rErum7760i 1.2±0.3 1.7 0.1 1.4±1.2 1.8 0.256 

rErum8060s 1.4±0.3 2 0.1 4.0±5.5 5 0.186 

rErum8060i 0.8±0.2 1.1 0.4 1.4±1.8 1.8 0.325 

rErum5000i 0.9±0.2 1.3 0.2 0.6±1.6 0.8 0.437 

rErum8610i 0.7±0.1 1 0.5 ND  ND 

negative 0.7±0.2   0.8±1.1   

Ag+ 2.8±0.5   2.8±0.5   

ConA 139.7±33.5   139±33.5   
a SIrprotein/ SIPBMC 

b SIrprotein/ SInegative 
cp Determined by Student t-test method. Compared to Negative 
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Table 3.7. Lymphocyte proliferation assays of PBMC from sheep number 849 stimulated 

with recombinant proteins. Values in red indicate a SI value 2x higher than the unrelated 

negative protein and significant. 

 10 µg antigen/ml 0.1 µg antigen/ml  

Group Average SIa 

 

Average SIb 

 

P valuesc 

 

Average SIa 

 

Average SIb 

 

P valuesc 

 

rErum7760s 0.5±0.2 0.7 0.02 1.0±0.4 0.9 0.4 

rErum7760i 1.7±0.2 2.4 0.01 1.5±0.5 1.4 0.1 

rErum8060s 1.6±0.6 2.3 0.1 3.3±0.3 3 0.004 

rErum8060i 1.2±0.2 1.7 0.1 3.1±0.2 2.8 0.001 

rErum5000i 1.1±0.2 1.6 0.2 1.1±0.1 1 0.2 

rErum8610i 1.2±0.2 1.7 0.1 2.5±0.5 2.2 0.020 

negative 0.7±0.2   1.1±0.2   

Ag+ 2.6±0.09   2.6±0.09   

ConA 684.2±88.4   684.2±88.4   
a SIrprotein/ SIPBMC 

b SIrprotein/ SInegative 
cp Determined by Student t-test method. Compared to Negative 

 

3.3.3. Generation of E. ruminantium T cell lines  

 

E. ruminantium specific T cell lines were generated by stimulating PBMCs of immune 

sheep 151 and 5401 with E. ruminantium crude antigen. This was done in an attempt to 

improve antigen specific proliferative responses. Several protocols were tested to 

determine which one resulted in the T cell line with highest SI and viability. Proliferation 

assay results showed that T cell lines obtained by method C (sheep 151 PBMC) gave the 

highest SI of 27.1 as compared to PBMC SI of 5.3 (Table 3.8). After stimulating the cells 

with antigen for 7 days and resting for 7 days, the number of cells recovered from sheep 

151 was once again the highest when method C was used (Table 3.9). In contrast, a larger 

decrease in cell recovery from other methods was observed. 
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Table 3.8. Proliferative responses of T cells lines prepared from sheep 151 and sheep 

5401. 

 S151 S5400 

Treatment 

method 

Average SI 

 

Average SI 

 

A 17.9±4.5 0 

B 5.6±1.7 0 

C 27.1±0.6 8.3±3.8 

D 3.1±1.3 2.1±3.8 

E 0 1.3±0.6 

F 6.5±0.2 14.7±9.2 

PBMC 5.3±2.7 2.6±1.0 

 

Table 3.9. Number of viable lymphocytes recovered on day 7 & 14. 

Sheep 151 Sheep 5401 

Treatment 

method 

Number of PBMC/ml cells 

recovered  

Treatment 

method 

Number of PBMC/ml cells 

recovered 

 Day 7 Day 14  Day 7 Day 14 

A 6x105  1.5x105 A 0 0 

B 11x105 1.5x105  B 1.5x105  1.5x105  

C 14x10
5
 8.5x10

5
  C 3.5x105  0 

D 9x105 2.5x105  D 11x105  2.5x105  

E 0 0 E 3x105  0 

F 3.5 x105 0 F 1x105  0 

 

 

3.3.4. Measurement of IFN-γ and IL-4 mRNA expression using real-time 

PCR 

 

Two different cytokines were analysed using real-time PCR, IFN-γ (Th1 cytokine) and 

IL-4 (Th2 cytokine). The expression was assessed in PBMC from immune sheep (s147) 

and a naïve sheep (s5408). Isolated PBMC were stimulated with recombinant proteins 
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(rErum7760, rErum8060 and rErum5000) and two positive controls (E. ruminantium 

antigen and ConA) in order to determine antigen induced cytokine mRNA expression. 

All the samples (PBMC + Medium; PBMC + ConA, PBMC + recombinant proteins) and 

RNA controls came up at crossing point between 27-37 (Figure 3.4 and 3.5). Thus 

indicating that genomic DNA was not totally removed from the mRNA sample.  

 

 

 

Figure 3.4. Real-time PCR analysis of IFN-γ gene expression by antigen-stimulated 

PBMC. PBMC from sheep 147 was stimulated with rErum7760, rErum8060, rErum5000, 

ConA and crude E. ruminantium antigen. RNA was extracted at 16 h. rDNase treated 

RNA was reverse transcribed and used as a template in cytokine gene expression real-

time PCR assays. 
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Figure 3.5. Real-time PCR analysis of IFN-γ gene expression by antigen-stimulated 

PBMC. PBMC from sheep 147 was stimulated with rErum7760, rErum8060, rErum5000, 

ConA and crude E. ruminantium antigen. RNA samples were used as templates in 

cytokine gene expression to test the presence of genomic DNA. 

 

The contaminating genomic DNA was removed from RNA with a DNA- Free™ kit 

(Ambion). The resulting IFN-γ and IL-4 mRNA expression profiles after stimulation with 

recombinant proteins are shown in Table 3.10. The results are expressed as fold increase 

in cytokine production by antigen stimulated cells from immune sheep compared to 

similar cells from naïve sheep. Data revealed IFN-γ mRNA expression was induced in 

PBMC after stimulation with the rErum7760, rErum8060 and rErum5000 except 

rErum8610. In addition, the IFN-γ mRNA expression from immune sheep was greater 

than the expression from naïve sheep (Table 3.10). Relative expression varied among 

individual antigens (fold increase ranged from 75-2486). PBMC stimulated with 

rErum7760 expressed higher levels of IFN-γ mRNA than other proteins. In addition, IL-4 

mRNA expression was also assessed in PBMC stimulated with recombinant proteins. No 

significant IL-4 expression was observed as shown in Table 3.10. 
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Table 3.10. Differences in the expression of mRNA for IFN-γ and IL-4 in immune and 

naïve sheep. 

147 (immune sheep) 5408 (naïve sheep) 

Sample IFN-γa IL-4a IFN-γa IL-4a 

Ag+ 498 0 0.05 0 

ConA 145433 0 0 0 

Erum7760s 2486 0 11 0 

Erum7760i 2195 0 0.01 0 

Erum8060s 1418 0 0 0 

Erum8060i 75 0 0.13 0 

Erum5000i 129 0 4.4 0 

Negative control 0.03 0 5 0 
a fold increase of IFN-γ and IL-4 mRNA expression 

 

3.3.5. ELISPOT IFN-γ responses of PBMC stimulated with four recombinant 
proteins  

 

The ELISPOT assay was used to determine which of the four E. ruminantium 

recombinant proteins induce immune PBMC (s147, s849, s5400, s5401 & s151) and a 

naïve (s5408) to secrete IFN-γ. The naïve sheep displayed no IFN-γ production to the 

four recombinant proteins as expected. IFN-γ production by PBMC from sheep 849 

(10 µg antigen/ml), 151 (2.5 µg antigen/ml), 5401 (2.5 µg antigen/ml) and 5400 (2.5 µg 

antigen/ml) was tested. Poor production of cytokine was detected after stimulation of 

PBMC from immune s151, s5400, s5401 & s849 with the four recombinant proteins. 

IFN-γ production by PBMC from immune s147 at an antigen concentration of 10 µg 

antigen/ml and 2.5 µg/ml was also tested. No significant IFN-γ production was observed 

at a concentration of 2.5 µg antigen/ml. However, substantial IFN-γ production by PBMC 

from immune sheep 147 stimulated with rErum8060s, rErum8060i, rErum8610i and 

rErum5000i (10 µg antigen/ml) was obtained (Figure 3.6) compared to that of negative. 

Interestingly, IFN-γ production with the soluble fraction of rErum8060 was higher than 

the insoluble fraction. In addition, no IFN-γ production was detected when cells were 

stimulated with rErum7760 (high mRNA levels Table 3.10). Nevertheless, PBMC from 
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immune sheep 147 stimulated with recombinant proteins at a concentration of 10 µg 

antigen/ml gave the highest production of IFN-γ. This response was specific for 

E. ruminantium recombinant proteins since IFN-γ production due to unrelated protein 

stimulation was not detected. 

 

0

50

100

150

200

250

s147 s151 s849 s5400 s5401 s5408

sheep number

s
p

o
ts

/m
il

li
o

n

Ag+

Neg

7760i

7760s

8060i

8060s

8610i

5000i

 

Figure 3.6. ELISPOT assay where PBMC from immune sheep were stimulated with 

recombinant proteins. (s) represents soluble fraction and (i) represents insoluble fraction. 

Only samples with 2x the number of spots /million cells of the unrelated negative protein 

were considered positive. Ag+ represents E. ruminantium antigen and Neg represents 

unrelated negative protein. 

 

3.3.6. Immunoblotting 

 

The immunogeneicity of the recombinant proteins was analyzed by Western Blot with the 

sheep sera. Serum was obtained from the five immune sheep (s147, s151, s849, s5400, 

and s5401) and a naïve sheep (s5408). The results indicated that all recombinant proteins 

except rErum8610 were recognized by immune sheep sera (Figure 3.7). Recombinant 
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Erum8610 was not tested in the immunoblot. The naïve sheep did not react with any of 

the recombinant proteins (data not shown). 
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Figure 3.7. Western Blot analysis of rErum7760, rErum8060 and rErum5000 

recombinant proteins with sera from immune sheep (147). After SDS-PAGE, purified 

recombinant proteins were transferred to the PVDF membrane. The blot was developed 

with the sera of immune sheep. M, prestained molecular marker. 
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3.4. DISCUSSION 

In this chapter it was demonstrated that four recombinant proteins (rErum5000, 

rErum7760, rErum8060 and rErum8610) induced significant cellular immune responses, 

as evaluated by various immunological assays. These results confirm that the heartwater 

immune sheep are exposed to these proteins during infection and that recall immune 

responses developed in the host. Proliferation of immune PBMC stimulated with 

recombinant proteins was observed. Recombinant Erum7760, rErum8060, rErum5000 

and rErum8610 induced cellular immune responses as evaluated by lymphoproliferation 

assays. It was demonstrated that both the soluble and insoluble fractions of recombinant 

proteins could induce recall T-cell responses. However, each recombinant protein had its 

own optimum concentration for inducing immune responses and differed between 

animals. This can be expected because out bred animals were used for these assays and 

each animal would react differently to the recombinant proteins. Lymphocyte 

proliferation assays have been shown to be very important for monitoring T cell immune 

responses. Lymphocytes stimulated by antigens become activated and a series of events 

happens (Sottong et al., 2000). These include synthesis of cytokines. In this study 

proliferating cells also produced IFN-γ in response to recombinant protein stimulation. 

Previously similar T cell responses were observed for recombinant proteins (MAP1 and 

MAP2) (Mwangi et al., 2002). These proteins have been implicated in protection against 

E. ruminantium (Nyika et al., 1998). 

 

Strong IFN-γ responses were detected to three recombinant proteins tested here, 

rErum5000, rErum8060 and rErum8610. Only in one animal out of four the responses 

were obtained. The IFN-γ production was the highest for PBMC obtained from sheep 147 

at antigen concentration of 10 µg/ml. The IFN-γ production could be considered to be the 

result of antigen-specific recall response since PBMCs from naïve sheep did not produce 

significant levels of IFN-γ when stimulated with E. ruminantium recombinant proteins. 

While in sheep 849, at the same concentration, no significant IFN-γ production was 

observed. In addition, no significant IFN-γ production was observed in s5400, s151 and 

s5400 at antigen concentration of 2.5 µg/ml. The antigen concentration could be 
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responsible for the low or absent proliferative responses and IFN-γ production observed 

in other sheep.  

 

For this study, an antigen concentration range of 0.1-10 µg/ml was used. Further 

optimization of the protein concentration for each animal could result in significant 

responses for those animals where no response was detected. In previous studies using 

human PBMC, antigens were added such that the final concentration should be between 

5 µg/ml (Lawn et al., 2007) and 10 µg/ml (Jennes et al., 2002). In addition, for human 

studies they use up to 100 µg/ml antigen concentration and IFN-γ production was 

observed only at high concentration of antigens (Farina et al., 2001). Therefore, 

presumably higher concentration of protein could show a positive result in our animals. 

However, lower concentrations gave better results in our study as seen in sheep 147. 

Clearly, additional studies designed to assess the concentration related effects should be 

performed. 

 

Cytokine expression was measured to determine the type of immune response induced 

using real-time PCR. It was demonstrated by real-time PCR that PBMC isolated from 

immune s147 stimulated with three recombinant proteins (rErum5000, rErum7760 and 

rErum8060) express increased IFN-γ mRNA while no IL-4 expression was obtained. 

These results suggest that proteins tested in this study appear to induce Th1 responses 

based on the higher expression of IFN-γ mRNA. In addition to these results, there was a 

correlation between lymphocyte proliferation and IFN-γ production when PBMC were 

stimulated with rErum5000 and rErum8610. Although stimulation with rErum8060 did 

induce significant IFN-γ production using both ELISPOT and real-time PCR, significant 

proliferation was not detected when compared to the stimulation of naïve PBMC. The 

responses induced by PBMC isolated from naïve sheep are non-specific as the sheep was 

not immunized with the organism. The naïve sheep might have been previously exposed 

to a similar protein from another organism with similar epitopes as that of rErum8060. 

Immune animals should have been tested before they were vaccinated and this could have 

helped to interpret the results obtained from the naïve and immune sheep better.  
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There was a correlation between the IFN-γ mRNA production as was measured with real-

time PCR and the IFN-γ protein expression determined by ELISPOT using s147 PBMC 

stimulated with rErum8060 and rErum5000. In contrast, rErum7760 which was not 

detected from ELISPOT assay expressed high levels of IFN-γ mRNA. It could be that 

this protein might induce IFN-γ production (ELISPOT assay) at an optimised 

recombinant protein concentration. Furthermore, it could be that PBMC stimulated with 

rErum7760 had low cytokine concentration that could not be detected or longer in vitro 

stimulation time for the production of the cytokine was necessary. Thus, the presence of 

mRNA does not necessarily mean that the product is expressed. It is therefore important 

to do ELISPOT that measures the IFN-γ product. Previously, it was demonstrated that for 

real-time PCR and ELISPOT assays, concentration of antigens, cytokine and antigen 

tested, target cells, time of incubation of cells stimulated with antigens need to be 

investigated in future (Esnault etal., 1996; Asai et al., 2000; Listvanova et al., 2003; 

Lawn et al., 2007). Therefore, thorough optimisation should be performed to be sure not 

to miss the cellular response induced by each protein. Nevertheless, the results obtained 

from real-time PCR suggest that this protein may be important and could have induced 

other cytokines and need to be included in vaccine development studies. There are 

several reasons stated in the literature that demonstrate the importance of rErum7760. For 

example rErum7760 has been predicted to be a lipoprotein. Lipoproteins have been 

shown to induce strong Th1-type immune responses and might be appropriate vaccine 

candidates (Brightbill et al., 1999; Yeremeev et al., 2000; Neyrolles et al., 2001; Hovav et 

al., 2003). In addition to these results, rErum8610 results were not obtained for real-time 

PCR and immunoblotting assay. The protein could not be repeatedly expressed using the 

same conditions as described in Chapter 2 and was finished before real-time PCR and 

immunoblotting were done. This explains why the results of rErum8610 do not appear in 

these assays. 

 

T cell lines were generated in order to try to improve antigen specific proliferative 

responses. The highest increase in SI was obtained with T cell lines compared to PBMC. 

These results showed that the generation of T cell lines might be the best method to 

improve recall responses in vitro. Kodama and coworkers (1987) established and 
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characterized T-cell line specific for Rickettsia tsutsugamushi. It was shown that a T cell 

line which can be maintained in long-term culture can be a valuable tool for investigating 

T cell response. However, the method seemed not suitable when using sheep. The 

viability of cells decreased when generating T cell lines and insufficient quantity of cells 

were obtained to test recombinant proteins using T cell lines from sheep. This is because 

for bovine a lot of blood (~120 ml) can be obtained whereas for sheep only 60 ml can be 

obtained weekly. For example, bovine was used to prepare E. ruminantium specific short-

term lymphocyte cultures (Van Kleef et al., 2002). Enough cells were obtained to 

perform LPA and flow cytometry analysis. Therefore, bovine might be a better animal for 

generating T cell lines for testing proteins with LPA, ELISPOT and real-time PCR 

assays. Interestingly, it was also demonstrated that the SI values from T cell lines and 

PBMC (s5401 and s151) stimulated with E. ruminantium crude antigen varied between 

animals. Hence MHC typing was done in order to identify different alleles which may 

correlate to the responses obtained. 

 

To determine the contribution of MHC in the development of immune response, the 

highly polymorphic Ovar-DRB1 exon 2 of the sheep was characterized. PCR-RFLP 

alleles were identified by combining the restriction patterns for the Ovar-DRB1 axon 2 

obtained with nine restriction enzymes. The restriction patterns obtained with RsaI were 

the most polymorphic as demonstrated previously (Van Eijk et al., 1992; Gilliespie, et al., 

1999; Miretti, et al., 2001; Behl et al., 2007). Three different alleles (*0332 and *0323, 

*0333) which were similar to alleles reported by Konnai et al., (2003a) were obtained. In 

addition, new unknown alleles were revealed in this study. New restriction patterns were 

obtained that could not be related to the known alleles found in literature. This could be 

due to the fact that previous studies were done in Japan using Suffolk sheep (Konnai et 

al., 2003a) whereas in this study South African Merino sheep were used thus genetic 

diversity would be expected. The results presented here indicate the Merino sheep exhibit 

differences in their allelic profiles. The genetic variation found among the sheep tested is 

important for future vaccine studies that include the determination of recombinant protein 

epitopes that are recognized by MHC class II loci within the Merino population. Different 

alleles that might be related to the variation of immune responses obtained from immune 
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sheep (s147, s5400, s151, s849 and s5401) were obtained. For example, s147 and s5401 

alleles were both the same but they responded differently to antigens. Therefore, this lack 

of correlation between conserved alleles and immune response indicate that more work 

still need to be done. In contrast, for s5408, s151 and s849, one of the patterns were 

similar and the immune response among these sheep varied. This could be due to the fact 

that the MHC class II molecules are highly polymorphic and different alleles vary in their 

peptide binding specificity (Groothuis et al., 2005; Sommer, 2005). This can contribute to 

the variability of immune response among individuals. This technique is important in 

examining whether allelic diversity at the MHC class II loci influences protection against 

tick-borne parasite (Ballingall et al., 2004).  

 
Serum of an immune animal detected the recombinant proteins (Figure 3.8) confirming 

that all proteins were secreted and exposed to the humoral immune system of the host 

during infection. However when measuring IL-4 (associated with Th2 type responses) IL-

4 production was not detected thus the antibodies detected could be opsonising antibodies 

(IgG2) associated with a Th1 response. Alternatively the proteins may contain cross-

reacting epitopes of a protein that induces a humoral immune response. It has been 

indicated that antibody-mediated immunity for intracellular parasites is not unusual 

(Winslow et al., 2000; Casadevall and Pirofski, 2003; Feng and Walker, 2004; Doyle et 

al., 2006). The use of an isotyping method to investigate the involvement and importance 

of antibody-mediated immunity is hampered by the fact that isotyping antibodies for 

sheep are not commercially available.  

 

In E. ruminantium and other diseases caused by intracellular pathogens, protective 

immunity is mainly mediated by T-lymphocytes. It is the CD4+ T-cell subset (Th1) of T-

lymphocytes which is believed to be responsible for protection against heartwater (Totté 

et al., 1997). Our results, clearly demonstrated that the recombinant antigens tested 

trigger a Th1 type response as judged by higher production of IFN-γ and the absence of 

IL-4 production (real-time PCR). These findings strongly suggest the potential of 

rErum5000, rErum7760, rErum8060 and rErum8610 for the development of an anti-

heartwater vaccine. These results are in agreement with experimental work of other 

researchers who have shown that antigens of mycobacteria including secreted proteins 
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activate the Th1 type of T cells, which secrete IFN-γ (Lozes et al., 1997; Tanghe et al., 

2000; Al-Attiyah et al., 2004; Ganguly et al., 2007; 2008). For example, DNA vaccines 

expressing secreted proteins of M. tuberculosis had a protective efficacy associated with 

IFN-γ secreting T cells (Kamath et al., 1999). Similarly, immunogenicity of 

M. tuberculosuis secreted proteins was assessed in baboons. It was shown that all animals 

tested, produced antibody and cellular proliferative responses (Pehler et al., 2000). In 

addition, Dupont and coworkers (2005) showed that an exported 22kDa putative 

lipoprotein of Mycobacterium avium subspecies paratuberculosis induced cell-mediated 

immune response and can be included in a subunit vaccine against Johne’s disease. 

 

Thus, rErum5000, rErum7760, rErum8060 and rErum8610 have several attributes of 

being good heartwater vaccine candidate antigens. This stems from observation that these 

proteins were predicted to be exported proteins. In addition, a strong immune response 

characterized by the proliferation of PBMC and the production of IFN-γ was obtained. 

This is a compelling argument that secreted proteins are promising vaccine candidates 

and might be able to improve the protection against heartwater and it may be useful to 

include these antigens in future vaccine studies. To our knowledge, this study is the first 

to evaluate genes of E. ruminantium encoding secreted proteins to induce cellular 

immune responses. 
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CHAPTER 4 
 

CONCLUDING DISCUSSION 

 
Regardless of the numerous recombinant vaccines under investigation, vaccination 

against E. ruminantium still relies on the infection and treatment method (van der Merwe, 

1987). However, this vaccine does not cross-protect against all E. ruminantium 

genotypes, requires the use of tetracycline antibiotics and is difficult to distribute because 

it requires a cold chain. In addition, despite the 100% success of the 1H12 DNA vaccine 

trial against E. ruminantium using both homologous and heterologous needle challenge, 

only 20% protection against tick challenge was obtained (Collins et al., 2003a,b; 

Pretorius et al., 2007). There is therefore a need to improve the 1H12 recombinant 

heartwater vaccine by the selection of additional antigens that will induce a protective 

immune response to E. ruminantium infection in an outbred population in the field. The 

selection and investigation of antigens is usually based on their capacity to interact with a 

component of the immune response during infection and must play an important role in 

protection and pathogenesis. Moreover, promising candidate antigens must be expressed 

during disease, accessible (surface-bound or secreted) for functional antibodies or 

effector immune cells, conserved among strains, immunogenic and essential for in vivo 

survival in order to avoid counter-selection (Pizza et al., 2000; Rappuoli, 2000, 2001; 

reviewed by Mora et al., 2003, 2006; Muzzi, et al., 2007). 

 

In this study antigens were selected using the complete genome sequence of 

E. ruminantium Welgevonden (Collins et al., 2005). The size and complexity of the 

E. ruminantium genome makes it impossible to evaluate each gene for its ability to 

induce immune responses. Therefore, in this study, a reductive strategy was employed 

whereby genes were grouped according to their putative functions and location. Five 

E. ruminantium open reading frames predicted to code for secreted proteins were selected 

randomly from the Welgevonden isolate using bioinformatics tools. Three of these 

expressed recombinant proteins (rErum5000; -5010 and -8610) did not show any 
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sequence or peptide motif similarity to known proteins in the database while rErum7760 

and -8060 demonstrated homology to exported lipoproteins. Four of these recombinant 

proteins (rErum5000, -7760, -8060 and 8610) were successfully expressed in a bacterial 

expression system (Chapter 2).  

 

The approaches used to identify vaccine candidates for recombinant vaccine development 

are, in general, guided by the type of immune responses that are likely to mediate 

protection. It is thought that a coordinated response of the cellular immunity is 

fundamental in destruction of intracellular pathogens like E. ruminantium. Th1 responses 

have been shown to be necessary for the resolution of, and induction of immune 

responses against E. ruminantium. Consequently, IFN-γ is believed to play an important 

role in protection against E. ruminantium (Totté et al., 1997, 1999). Hence, the four 

expressed E. ruminantium Welgevonden recombinant proteins were tested in different 

immunological assays for their ability to induce recall T responses and IFN-γ production 

(Chapter 3).  

 

Lymphocyte proliferation (recall T cell responses), real-time PCR (IFN-γ/IL-4 mRNA 

expression) and ELISPOT (IFN-γ protein determination) assays were used to test which 

type of immune responses might be induced by these antigens. Significant proliferative 

responses and IFN-γ production were induced by three recombinant proteins 

(rErum5000, rErum8060 and rErum8610) using both ELISPOT and real-time PCR while 

only increased IFN-γ mRNA was detected in PBMC stimulated with rErum7760. Each 

recombinant protein had its own optimum concentration for proliferation that differed 

between animals. Each animal tested proliferated in response to a different recombinant 

protein. This can be expected because out bred animals with variable MHC class II ovar-

DRB1 alleles were used for these assays and therefore each animal could react differently 

to the recombinant proteins. PBMC from sheep 147 responded most significantly to 

E. ruminantium antigens than PBMC form other immune sheep. Even though positive 

responses were obtained in the LPA and ELISPOT the overall responses were low and 

each animal responded to a different protein. This variability problem in outbred 

populations of sheep may require the addition of more antigens to a recombinant vaccine 
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so to introduce more epitopes that would fit all the variable sites in the MHC molecules 

and stimulate all sheep to respond (Outteridge, 1993). Moreover, addition of cytokines 

like IL-15 and IL-7 to antigen-stimulated PBMC has been shown to significantly enhance 

specific IFN-γ production by CD4+ and CD8+ T cells (Jennes et al., 2002). This method 

may be useful for sheep with low-level antigen-specific T cell responses that have been 

difficult to detect. Furthermore, the strong and weak response to recombinant protein 

might be due to the concentration of antigen used for immunological assays. Comparing 

to human studies, they used up to 100 µg/ml antigen concentration and IFN-γ production 

was evident at higher concentrations (Farina et al., 2001). Only 2.5 µg/ml and 10 µg/ml 

of antigen concentrations were used in this study. From the data presented here it is clear 

that the concentration of the antigen can affect the efficiency of immune response 

induced. Therefore, use of a serial dilution of antigen might give a positive feedback in 

attempt to produce good immune responses in vitro.  

 

It is well known that intracellular pathogens induce cell mediated immune responses 

characterized by the production of IFN-γ but the induction of humoral immunity can not 

be ruled out (reviewed by Casadevall, 2003). Therefore, the cytokine (IL-4) that mediates 

antibody production that may play an important role in protection against heartwater was 

tested using real-time PCR. None of the proteins tested in this study induced IL-4 

indicating that they may not be inducers of a Th2 response. In contrast, the serum of 

immune animals did detect all four the recombinant proteins, suggesting that Th1-type 

antibodies developed during E. ruminantium infection. This may also indicate that the 

secreted proteins were exported and exposed to the host immune system during infection 

or they may contain cross reacting epitopes. Thus rErum5000, rErum8060 rErum8610 

were able to induce a Th1 immune response. Further studies are therefore needed to 

determine the isotype of the antibodies that cross reacted with the recombinant proteins. 

Recombinant Erum7760 showed no significant proliferative responses except in s849. 

Moreover, real-time PCR results showed that the level of IFN-γ mRNA expression by 

PBMC stimulated with rErum7760 was high. Real-time PCR showed that it could detect 

low amounts of specific mRNA, even when the corresponding proteins can barely be 
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detected by ELISPOT assay. Recombinant Erum7760 can therefore not be excluded as a 

possible vaccine candidate.  

 

Several methods (real-time PCR, ELISA, ELISPOT assay, flow cytometry etc) need to be 

compared in order to understand the complexity of immune responses induced by these 

antigens. These methods are usually selected for their sensitivity and reliability. They 

evaluate different levels of activation, transcription, secretion and membrane expression 

and/or secretion, and phenotype of proliferating cells, respectively. Therefore, depending 

on the specific aim of investigation, combination of methods have to be chosen carefully 

in order to achieve significant changes in cytokine production patterns following 

stimulation of immune PBMC with recombinant proteins.  

 

Lymphocyte proliferation, real-time PCR and ELISPOT assays are highly sensitive and 

specific methods to measure recall immune responses. Furthermore, ELISPOT was 

shown to be a reliable method to measure antigen-specific T helper responses (Bennouna 

et al., 2002). None of these techniques could however be used to determine the type of 

cells that are activated after stimulation with the recombinant proteins. Thus, it will be 

very useful to determine the phenotype of the proliferating cells by flow cytometry and 

test if a specific T cell (CD4+ or CD8+) expresses more than one cytokine. This 

information could be used to subsequently improve vaccine development. Numerous 

cases have been reported where flow cytometry technique showed a substantial 

difference in measuring phenotype of the proliferating cells from lymphocyte 

subpopulation (Elson et al., 1995; Sopp and Howard, 2001; Wang et al., 2007). 

Unfortunately, there are no antibodies for sheep cytokines that can be used in the flow 

cytometry.  

 

IFN-γ is not the only cytokine that is involved in the induction of a protective cellular 

immune response, therefore, investigation of other cytokines as the measure for 

protection and long lasting immunity could be a solution to the efficacy of heartwater 

vaccine. Given the tremendous impact that cytokines have from the immunological point 

of view, it is important to understand their role in the control of infectious diseases. 
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Several studies have shown the correlation between IFN-γ and the resistance against 

pathogens (Esteves et al., 2004; Simbi et al., 2006; Dedieu et al., 2005). However, a 

single cytokine may be insufficient to confer full protection. This statement is in 

agreement with the experiment done by Leclerq and coworkers (2002). The 

immunogenicity and protective efficacy of a DNA vaccine encoding GroEL heat shock 

gene from Brucella abortus induced Th1-type of immune response characterized by high 

levels of IFN-γ but no significant level of protection was obtained. These findings should 

stimulate further investigations of determining the role of other cytokines in prevention 

against intracellular pathogens. For example, the use of Th1 cytokines, IL-12, IL-18 and 

IL-23 to modulate the immune responses has been investigated (Tuo et al., 2000; Ha et 

al., 2004; Williman et al., 2006; Wozniak et al., 2006; Leng et al., 2008; Patel et al., 

2008). The results suggested that these cytokines would be effective as adjuvants and 

enhances protective efficacy of a DNA vaccine. IL-2 is a Th1 cytokine which induces 

proliferation and plays an important role in the development of T cell immunologic 

memory. It was demonstrated that Natural Killer cells activated /incubated with IL-2 play 

a significant role in defence against infection caused by Leishmania amazonensis 

(Aranha et al., 2005). Activated Natural Killer (NK) cells are very important for the lysis 

of damaged cells including tumor cells and cells infected with intracellular pathogens and 

resistance of macrophages to L. amazonensis. In the current study, IFN-γ production was 

not observed in the ELISPOT assay when immune PBMC were stimulated with 

rEum7760. This shows that rErum7760 could have induced other cytokines. Therefore, 

recombinant proteins and their epitopes must now be further tested to determine what 

other cytokines (IL-1β, IL-6, IL-8, IL-12, IL-18 and IL-23) they induce, cytotoxic 

activity which includes tumor necrosis factor, macrophages, nitric oxide and superoxide 

production and other cellular immune responses (IFN-γ-producing T lymphocytes CD4+ 

and CD8+ T cells) that are important in prevention against the pathogen.  

 

Our results show that four recombinant proteins tested in this study induce cellular 

immune responses characterized by the production of IFN-γ. It is generally accepted that 

induction of IFN-γ correlates with protection and appears to be necessary to inhibit the 

growth of intracellular pathogens. However, the overall contribution of IFN-γ to immune 
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protection against intracellular pathogens is still not known. In some cases even if IFN-γ 

was detected, no protection was obtained. For example, an increased cellular immunity in 

immunized animals did not elicit protection against tuberculosis (Majlessi et al., 2006). It 

was also found that animals were protected against E. ruminantium but no IFN-γ detected 

(Vachiery et al., 2006). Hence, testing these antigens in vivo could help select proteins 

that induce significant immune response and protection against heartwater. Therefore, the 

ultimate test would be to clone these genes to a mammalian expression vector and test 

them in animals. Prime-boost regime could be used to test these recombinant proteins for 

their ability to improve the protection obtained by 1H12 DNA vaccine in the field. 

Recent reports indicate that in order to obtain better immunity against infectious agents, a 

DNA priming/protein boosting strategy is better than using DNA or protein alone 

(Tanghe et al., 2001; Gonzalo et al., 2002; Skinner et al., 2003; Taracha et al., 2003; 

Penttilä et al., 2004; Wang et al., 2004; Wu, et al., 2004; Boyer et al., 2006; Liang et al., 

2008). 

 

Furthermore, research directed at elucidating the epitope of these recombinant proteins 

will provide a better understanding of which fragment of the protein is immunogenic or 

inhibitory. Previously, in order to identify the epitope-containing region, the E. canis 

gp19 gene fragments (C-terminal, N-terminal, N1, N2 and N1c) were expressed. It was 

shown that antibody reacted strongly with the N-terminal recombinant fragment but did 

not react with the C-terminal, suggesting that an epitope was located on the N-terminal 

region of the protein (McBride et al., 2007). Furthermore, peptides of a NcSRS2, 

N. caninum tachyzoite surface protein were tested to identify candidate peptides for 

vaccine development against bovine neosporosis abortion (Staska et al., 2005). The 

NcSRS2 region spanning amino acids 137 and 135 was recognized by CD4+ CTL and 

IFN-γ-secreting T lymphocytes. Moreover, Viudes and coworkers (2004) showed that the 

C-terminal epitope of 58-kDa surface mannoprotein of Candida albicans (mp58) 

represents a protective epitope during candidiasis. This stems from the observation that 

there was an increase in antibody reactivity towards C-terminal epitope in patients who 

survived the infection and protection associated with this region was observed in a 

murine model. In this study, toxicity of rErum8610 to the expression host BL21 (DE3) 
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E. coli strain was encountered. To overcome problematic antigens (e.g. toxic proteins) it 

may be advisable to break down these genes into sub-domains or epitopes to inactivate 

their toxicity prior to insertion into over-expression plasmids (Barry and Johnston, 1997).  

 

Peptide mapping may also aid in the discovery of bacterial/viral inhibitors. For 

example, mapping of aspartic protease (PR) an enzyme essential for human 

immunodeficiency virus (HIV) replication led to identification of potent inhibitors. 

These include two monoclonal antibodies (antibody 1696 and antibody F11.2.32) that 

inhibit the PR activity by binding to the enzyme epitopes (Bartonova et al., 2008). In 

addition, HIV-1 auxiliary protein Vif (N-terminal fragment) binds and inhibits the PR 

activity (Friedler et al., 1999). Furthermore, Helicobacter pylori urease is an enzyme 

essential for the survival and pathogenesis of the organism. HpU-2, HpU-18 and L2 

were monoclonal antibodies that recognized urease epitopes and strongly inhibited the 

enzymatic activity (Fujii et al., 2004; Hirota et al., 2001). Furthermore, peptide-25 

(aa240-254) of Ag85B has been designated as a Th1-inducing peptide. It is considered 

as a major T cell epitope. Immunization of mice with this epitope was capable of 

inducing significant protection against M. tuberculosis (reviewed by Takatsu and 

Kariyone, 2003). In addition, a linear peptide containing T- and B- cell epitopes of 

Plasmodium falciparum surface circumsporozoite (CS) protein was found to be highly 

immunogenic. Antibody and IFN-γ-secreting T cell responses were elicited (Calvo-

Calle et al., 2006). 

 

In conclusion cellular immune responses characterized by proliferative responses and 

IFN-γ production were obtained. The recognition of four ORFs encoding recombinant 

proteins (rErum5000, rErum8060, rErum7760 and rErum8610), selected from 

Welgevonden isolate, by immune PBMC provides evidence that they may play a 

important role during development of heartwater. Therefore, they need to be tested in 

animal trials to determine their protective efficacy. 
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APPENDIX A 

MATERIALS, BUFFERS, MEDIA AND SOLUTIONS 

1. Materials  
 

Table 1. Suppliers of the materials used in this study 
Supplier Product 
Ambion DNA-Free™ Kit 

Biorad Bio-Rad DC Protein Assay Reagents Package 

Gentra systems Generation®Capture Column Kit 

Invitrogen pET102/D-TOPO® vector  

One Shot®Top10 competent E. coli cells 

Macherey-Nagel Protino®Ni 150 & 1000 prepacked columns kit  

MP Biomedicals Lympho separation medium 

10 000 U/ml penicillin /10 mg/ml streptomycin 

Promega Isopropyl-β-D-thiogalactopyranoside (IPTG) 

Pfu DNA Polymerase, GoTaq® green master mix 

Ethidium bromide solution (10mg/ml), 

Roche 

 

 

 

 

 

 

 

 

 

Anti-His6  

High Pure PCR product purification kit 

High Pure Plasmid Isolation kit 

LightCycler® FastStart DNA MasterPLUS SYBR Green 1 kit  

Hexaprimer 

Expand reverse transcriptase buffer  

Expand reverse transcriptase  

RNaseOUT™ 

Restriction endonucleases (RsaI, HaeIII, SacI, SacII, DdeI, 

NciI, Hin1I or EcoRI and BstNI) 

DNAse 1 (3000 units/mg protein) 

Sigma TRI REAGENT™ 

Percoll® 

0.4% Trypan Blue 

RNAse (85-140 units/mg protein) 

Proteinase K (13 units/mg protein) 

Mitomycin 

White Sci Agarose (100 g) 
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2. Preparation of buffers, media and solutions 

 

Ampicillin  

Prepare a stock solution of 50 µg/ml by dissolving 0.05 g ampicillin in 1ml Millipore 

water. Aliquote and freeze (-20 ºC) 

 

Block buffer 

Contains 100 ml 1x PBS and 1 g bovine serum albumin 

 

Blocking medium 

RPMI-1640 medium supplemented with 10% heat inactivated FCS 

 

Coating antibody 

Mouse anti-bovine IFN-γ mAb CC302 (Serotec; 05 mg/vial). Dilute to 100 µg/ml in 

sterile PBS, aliquot and store at -20ºC 

 

Complete RPMI 1640 medium 

RPMI-1640 medium: 25 mM HEPES, 2 mM L-glutamine, 10% fetal calf serum, 5 x 10-5 

mercapto-ethanol, 50 U/ml penicillin, 0.05 mg/ml streptomycin.  

 

DEPC water 

Incubate at 37 ºC overnight. Autoclave to remove the DEPC 

 

dH2O-T 

distilled water with 0.05% Tween-20 

 

DNAse 1 (1 mg/ml)  

Roche 3000 units/mg protein. Make up in TM buffer at 1 mg/ml. Store in 150 µl aliquots 

at -20 ºC 
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EB lysis buffer 

Buffer consists of 10 mM Tris-HCl pH 8, 142 mM NaCl, 1.43% SDS, 3 µg/µl Proteinase 

K. The Tris, Sodium chloride and SDS were diluted in water and was adjusted to pH 8 

 

1 M IPTG  

1.19 g isopropyl-β-D-thiogalactopyranoside was dissolved in 50 ml dH2O, sterilized by 

filtration, aliquoted and stored at -20 ºC. 

 

LB Agar plates 

Dissolve 10 g bacto-tryptone, 5 g yeast extract and 10 g NaCl and 15 g bacto-agar in 

1000 ml dH2O. and sterilize by autoclaving. Allow the medium to cool at 55 ºC and 

before pouring the plates add the appropriate amount of antibiotics. 

 

LB broth 

Dissolve 10 g bacto-tryptone, 5 g yeast extract and 10 g NaCl in 800 ml dH2O. Adjust 

volume to 1000 ml with dH2O. Aliquot into 100 ml per bottle and sterilize by 

autoclaving. Before use add 50 µg/ml ampicillin final concentration and store at 4 ºC for 

1 month. 

 

10x PBS  

The buffer consisted of 137 mM NaCl (8 g), 27 mM KCl (2 g), 8.8 mM KH2PO4 (1.2 g) 

and 73 mM Na2HPO4.2H2O (11.4 g) were dissolved in 900 ml dH2O, pH 7.5 The 

solution was made up to a final volume of 1 L, autoclaved and stored at room 

temperature. 

 

PBS-T 

Dulbecos PBS with 0.05% Tween-20 

 

PBS-T/BSA 

PBS-T with 0.1% Bovine serum albumin 
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Rabbit anti-bovine IFN-γ antiserum 

Ammonium sulphate purified polyclonal antibody from serum after immunization with 

recombinant bovine IFN- γ; www.immundiagnostik. Com; AS 101 9.1/AS 1019.2. Filter 

through a 0.22 µm filter 

 

Monoclonal anti-rabbit IgG alkaline phosphate conjugate 

SIGMA, clone RG-96 Substrate: SIGMA Fast BCIP/NBT substrate tablets. Dissolve 1 

tablet/10 ml dH2O at room temperature for 30 min and filter through a 0.22 µm filter. 

 

Proteinase K (20 mg/ml) 

Sigma 13 units/mg protein. Make up in sterile Millipore dH2O at 20 mg/ml and store 

aliquots at -20 ºC. 

 

RNAse (10 mg/ml) 

Sigma type III-A 85-140 units/mg protein. Make up in sterile Millipore d H2O at 

10 mg/ml. Heat 10 min at 90 ºC, cool on ice, centrifuge briefly. Store 100 µl aliquots at -

20 ºC.  

 

10x TBE 

Buffer contains 889 mM Tris base, 889 mM boric acid and 25 mM EDTA.  

 

Transfer buffer 

38 mM Tris base (9.1 g), 288 mM (43.25 g) glycine was dissolved in 1700 ml dH2O and 

300 ml methanol was added, pH ~8.3-8.4. It was stored at room temperature  

 

Wash buffer for Western Blot (PBS- Tween, 0.05%) 

Dissolve 500 µl Tween®-20 in 1000 ml 1x PBS  

 

Washing medium: RPMI-1640 unsupplemented 
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Table 2. Recipes for Polyacrylamide separating and stacking gels. (Current Protocols in 

Molecular Biology). 

 

SEPARATING GEL 

Final acrylamide concentration in separating gel (%) stock solution 

  5              6          7           7.5            8          9             10          12           13          15 

30% acrylamide/0.8 

bisacrylamide 

2.50 3.00 3.50 3.75 4.00 4.50 5.00 6.00 6.50 7.50 

4x Tris -Cl/SDS, pH 

8.8 

3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75 

H2O 8.75 8.25 7.75 7.50 7.25 6.75 6.25 5.25 4.75 3.75 

10% (w/v) 

ammonium 

persulfate 

0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

TEMED 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

 

 

Preparation of separating gel 

In a 25 ml side-arm flask, mix 30% acrylamide /0.8 bisacrylamide solution, 4x Tris-

HCl/SDS, pH 8.8 and H2O. Degas under vacuum ~5 min. Add 10% ammonium 

persulfate and TEMED. Swirl gently to mix. Use immediately. 

 

Preparation of stacking gel 

In a 25 ml side-arm flask, mix 0.65 ml 30% acrylamide/0.8% bisacrylamide solution, 

1.25  ml 4x Tris-HCl/SDS, pH 6.8, and 3.05 ml H2O. Swirl gently to mix. Add 25 µl of 

10% ammonium persulfate and 5 µl TEMED. Swirl gently to mix. Use immediately. 

Failure to form a firm gel usually indicates a problem with ammonium persulfate, 

TEMED, or both.
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APPENDIX B 

 

SEQUENCE ALIGNMENTS 

CLUSTAL X (1.81) MULTIPLE SEQUENCE ALIGNMENT

File: /home/topsy/alignments/clustal/Erum8060aa.ps Date: Wed Mar 26 08:33:00 2008

                                          * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

8060Welgevonden MQLRKLL CI FCLAVLLNSYYI CNAYSI NTKTDNTVKT NSL TYF DAVRSFKADF MQI SSSEDI PRYGYVL MKKPGLL KWDY    80

     8060pET102 - - - - - - - - - - - - - - - - - - - - - - - - - - I NTKTDNTVKT NSL TYF DAVRSFKADF MQI SSSEDI PRYGYVL MKKPGLL KWDY    54

          ruler 1 . . . . . . . 1 0 . . . . . . . . 2 0 . . . . . . . . 3 0 . . . . . . . . 4 0 . . . . . . . . 5 0 . . . . . . . . 6 0 . . . . . . . . 7 0 . . . . . . . . 8 0

                * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

8060Welgevonden YPPT PVSI VI KGTT I SYYDRELEEYSYTI VNNPI I GL LSSDI KNI ST I DF I NI DTVNNQKI VT LHDKKSDLYAEVI FNT D   160

     8060pET102 YPPT PVSI VI KGTT I SYYDRELEEYSYTI VNNPI I GL LSSDI KNI ST I DF I NI DTVNNQKI VT LHDKKSDLYAEVI FNT D   134

          ruler . . . . . . . . 9 0 . . . . . . . 1 0 0 . . . . . . . 1 1 0 . . . . . . . 1 2 0 . . . . . . . 1 3 0 . . . . . . . 1 4 0 . . . . . . . 1 5 0 . . . . . . . 1 6 0

                * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *                               

8060Welgevonden PI T I VGL NI LNPDSKTSI QF YNI SSNI PI DKREFKHDI SHYYSE- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -    204

     8060pET102 PI T I VGL NI LNPDSKTSI QF YNI SSNI PI DKREFKHDI SHYYSEKGELKL EGKPI PNPLL GLDSTRTGHHHHHH   208

          ruler . . . . . . . 1 7 0 . . . . . . . 1 8 0 . . . . . . . 1 9 0 . . . . . . . 2 0 0 . . . . . . . 2 1 0 . . . . . . . 2 2 0 . . . . . . . 2 3 0 . . . .  
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CLUSTAL X (1.81) MULTIPLE SEQUENCE ALIGNMENT

File: /home/topsy/alignments/clustal/Erum7760aa.ps Date: Wed Mar 26 08:32:44 2008

                                           * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

7760Welgevonden MYHL KVF KNI LVL I SCLFI VSCAFLSKERVVKSVENRT ADGI YESALKKSSNKQYKDAVKDLEEI DSLYPFSPVAI KARI     80

     7760pET102 - - - - - - - - - - - - - - - - - - - - - - - - - - - ERVVKSVENRT ADGI YESALKKSSNKQYKDAVKDLEEI DSLYPFSPVAI KARI     53

          ruler 1 . . . . . . . 1 0 . . . . . . . . 2 0 . . . . . . . . 3 0 . . . . . . . . 4 0 . . . . . . . . 5 0 . . . . . . . . 6 0 . . . . . . . . 7 0 . . . . . . . . 8 0

                * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

7760Welgevonden MMSF LNYELENYSRAATYAEDYI NLYPDSEDI DVAYYL RI MANYMQI NDI DRDQSVAYKVSELL DEF VRL FPNSQYL EEV   160

     7760pET102 MMSF LNYELENYSRAATYAEDYI NLYPDSEDI DVAYYL RI MANYMQI NDI DRDQSVAYKVSELL DEF VRL FPNSQYL EEV   133

          ruler . . . . . . . . 9 0 . . . . . . . 1 0 0 . . . . . . . 1 1 0 . . . . . . . 1 2 0 . . . . . . . 1 3 0 . . . . . . . 1 4 0 . . . . . . . 1 5 0 . . . . . . . 1 6 0

                * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

7760Welgevonden NLRL NMVHEHI AAKEF SI GKFYL QRGEYVAAI RRF STI LKRYKNT RYF PESVYRT AEAYLSLGDKDAYKKYI SLLQECCV   240

     7760pET102 NLRL NMVHEHI AAKEF SI GKFYL QRGEYVAAI RRF STI LKRYKNT RYF PESVYRT AEAYLSLGDKDAYKKYI SLLQECCV   213

          ruler . . . . . . . 1 7 0 . . . . . . . 1 8 0 . . . . . . . 1 9 0 . . . . . . . 2 0 0 . . . . . . . 2 1 0 . . . . . . . 2 2 0 . . . . . . . 2 3 0 . . . . . . . 2 4 0

                * * * * * * * * * *                               

7760Welgevonden GSEWYVL SHN- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -    250

     7760pET102 GSEWYVL SHNKGELKL EGKPI PNPLL GLDSTRTGHHHHHH   253

          ruler . . . . . . . 2 5 0 . . . . . . . 2 6 0 . . . . . . . 2 7 0 . . . . . . . 2 8 0  
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CLUSTAL X (1.81) MULTIPLE SEQUENCE ALIGNMENT

File: /home/topsy/alignments/clustal/Erum5000aa.ps Date: Fri Feb  1 10:42:32 2008

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5000Welgevonden RI SYQSPSF AGL KVAVSYAPL GYPT SL F EHADRDDYKVDKL T I PPL L GPL QEKT ADKKI EEI VAVL GDKI AL QDV   300

     5000pET102 RI SYQSPSF AGL KVAVSYAPL GYPT SL F EHADRDDYKVDKL T I PPL L GPL QEKT ADKKI EEI VAVL GDKI AL QDV   273

          ruler . . 2 3 0 . . . . . . . 2 4 0 . . . . . . . 2 5 0 . . . . . . . 2 6 0 . . . . . . . 2 7 0 . . . . . . . 2 8 0 . . . . . . . 2 9 0 . . . . . . . 3 0 0

                

                           * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5000Welgevonden MCKF SL T T AF VSL L F L YNVDAF AVDNL AKANT NDNKI T VNT KKNHSDMKRVVL RKL AKGYHRI EL GGQI L SYAWC    75

     5000pET102 - - - - - - - - - - - - - - - - - - - - - - - - - - - AKANT NDNKI T VNT KKNHSDMKRVVL RKL AKGYHRI EL GGQI L SYAWC    48

          ruler 1 . . . . . . . 1 0 . . . . . . . . 2 0 . . . . . . . . 3 0 . . . . . . . . 4 0 . . . . . . . . 5 0 . . . . . . . . 6 0 . . . . . . . . 7 0 . . . . .

                                

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5000Welgevonden T DNVNQSQKHGVGVSGI L NVKSVSENPNL GI SYGASL QI GVPAI KDKYF I PT VKAYNRGAQL F I DSSYGNI SMGY   150

     5000pET102 T DNVNQSQKHGVGVSGI L NVKSVSENPNL GI SYGASL QI GVPAI KDKYF I PT VKAYNRGAQL F I DSSYGNI SMGY   123

          ruler . . . 8 0 . . . . . . . . 9 0 . . . . . . . 1 0 0 . . . . . . . 1 1 0 . . . . . . . 1 2 0 . . . . . . . 1 3 0 . . . . . . . 1 4 0 . . . . . . . 1 5 0

                                

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5000Welgevonden QEGVDSI MKI DAF T I GSGDNSI T WVQNL NI L DKDKNL VYHVF PGL YT ESL F NGSESL AL L SI QGRGKDF I NNL PF    225

     5000pET102 QEGVDSI MKI DAF T I GSGDNSI T WVQNL NI L DKDKNL VYHVF PGL YT ESL F NGSESL AL L SI QGRGKDF I NNL PF    198

          ruler . . . . . . . 1 6 0 . . . . . . . 1 7 0 . . . . . . . 1 8 0 . . . . . . . 1 9 0 . . . . . . . 2 0 0 . . . . . . . 2 1 0 . . . . . . . 2 2 0 . . . . .

                                

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5000Welgevonden EMEGL ADSGKVKF L GPNYKNI I NAGL SYSHSF DSI DF QASVI AEYASNDVEAL KKSSYSGPL VPF NGL SGI AVGT    375

     5000pET102 EMEGL ADSGKVKF L GPNYKNI I NAGL SYSHSF DSI DF QASVI AEYASNDVEAL KKSSYSGPL VPF NGL SGI AVGT    348

          ruler . . . . . . . 3 1 0 . . . . . . . 3 2 0 . . . . . . . 3 3 0 . . . . . . . 3 4 0 . . . . . . . 3 5 0 . . . . . . . 3 6 0 . . . . . . . 3 7 0 . . . . .

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5000Welgevonden SVAYDSVI VAASYGYL GKSGQPI NVKGNAYYWT L GAKYT YDNASI ST SYF RSNNF GNEF QDF GI GI DCNL SANSK   450

     5000pET102 SVAYDSVI VAASYGYL GKSGQPI NVKGNAYYWT L GAKYT YDNASI ST SYF RSNNF GNEF QDF GI GI DCNL SANSK   423

          ruler . . 3 8 0 . . . . . . . 3 9 0 . . . . . . . 4 0 0 . . . . . . . 4 1 0 . . . . . . . 4 2 0 . . . . . . . 4 3 0 . . . . . . . 4 4 0 . . . . . . . 4 5 0

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *                               

5000Welgevonden YKGQYKVF GNYHRF NVKNI SST SSGSYAGNVL L L GMKYEF - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -    490

     5000pET102 YKGQYKVF GNYHRF NVKNI SST SSGSYAGNVL L L GMKYEF KGEL KL EGKPI PNPL L GL DST RT GHHHHHH   493

          ruler . . . . . . . 4 6 0 . . . . . . . 4 7 0 . . . . . . . 4 8 0 . . . . . . . 4 9 0 . . . . . . . 5 0 0 . . . . . . . 5 1 0 . . . . . . . 5 2 0
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CLUSTAL X (1.81) MULTIPLE SEQUENCE ALIGNMENT

File: /home/topsy/alignments/clustal/Erum8610aa.ps Date: Wed Mar 26 08:35:47 2008

                                         * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

8610Welgevonden MNNKKI FKYSLL CGL I SF LLLT SFNYPNI I SNVASYSSI SSF YNSI I I EHSNLRTYSSRDI I I SST PNPVSYTTLI YPNS    80

     8610pET102 - - - - - - - - - - - - - - - - - - - - - - - - - YPNI I SNVASYSSI SSF YNSI I I EHSNLRTYSSRDI I I SST PNPVSYTTLI YPNS    55

          ruler 1 . . . . . . . 1 0 . . . . . . . . 2 0 . . . . . . . . 3 0 . . . . . . . . 4 0 . . . . . . . . 5 0 . . . . . . . . 6 0 . . . . . . . . 7 0 . . . . . . . . 8 0

                * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

8610Welgevonden YQLYSEFKELVKI ST NKL I YHI PVNHNYCLSCNCNVI KDNKVTDNSTTF I FQHPQKVLF SNF VTYYKSVLDHSVLL NSNI    160

     8610pET102 YQLYSEFKELVKI ST NKL I YHI PVNHNYCLSCNCNVI KDNKVTDNSTTF I FQHPQKVLF SNF VTYYKSVLDHSVLL NSNI    135

          ruler . . . . . . . . 9 0 . . . . . . . 1 0 0 . . . . . . . 1 1 0 . . . . . . . 1 2 0 . . . . . . . 1 3 0 . . . . . . . 1 4 0 . . . . . . . 1 5 0 . . . . . . . 1 6 0

                * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *     

8610Welgevonden KKFFL SFSKQLYKFF YKKKFMT SDPI SF NFHI YQSKKML VSL FKSVKNNI ERTI ST VRYLNL LHTF LRYNYF KVI L - - - -    236

     8610pET102 KKFFL SFSKQLYKFF YKKKFMT SDPI SF NFHI YQSKKML VSL FKSVKNNI ERTI ST VRYLNL LHTF LRYNYF KVI L KGEL   215

          ruler . . . . . . . 1 7 0 . . . . . . . 1 8 0 . . . . . . . 1 9 0 . . . . . . . 2 0 0 . . . . . . . 2 1 0 . . . . . . . 2 2 0 . . . . . . . 2 3 0 . . . . . . . 2 4 0

                                          

8610Welgevonden - - - - - - - - - - - - - - - - - - - - - - - - - -    236

     8610pET102 KLEGKPI PNPLL GLDSTRTGHHHHHH   241

          ruler . . . . . . . 2 5 0 . . . . . . . 2 6 0 . . . . . .  

 
 
 




