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Mycoplasmas are known to adhere to host epithelial cells as part of the pathogenesis process. A 

bovine endometrial epithelial cell line was established as a model to study adherence of M. 

ovipneumoniae to epithelial cells and determine if antibodies against the surface proteins could 

interfere with adherence. M. ovipneumoniae cells adhered to the endometrial epithelial cells. 

Adherence was inhibited by antibodies directed against whole cells of M. ovipneumoniae but not 

against the recombinant proteins.  
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clinical sign. Under experimental conditions this sign appears 10 -16 days after initial infection, 

however this period can vary greatly under field conditions [32]. Presentation of clinical signs and 

lesions can lead to a tentative diagnosis, but laboratory testing is necessary for a conclusive 

diagnosis [35]. 

The three main strategies to control the disease include: therapies with antibiotics known to be 

active against M. hyopneumoniae, repopulation of infected herds with pigs free of M. 

hyopneumoniae and adaptations in management to minimise the risk for PEP [36]. Improvements in 

management is fundamental in the control of infections of M. hyopneumoniae. Reducing the 

opportunity for the spread of the disease will contribute to an improvement in the control of 

enzootic pneumonia [32]. However, additional factors different from housing and management 

conditions, such as strain differences, can influence the disease [37]. Antibiotic treatment for M. 

hyopneumoniae frequently uses tetracyclines and macrolides; however, other antimicrobials, 

including lincosamides, pleuromutilins, fluoroquinolones, florfenicol, aminoglycosides and 

aminocyclitols are also used [32]. Results from treatment and control of enzootic pneumonia 

outbreaks can be frustrating as the symptoms may reappear after cessation of the therapy [32]. The 

procedure of pulse medication over extended periods of time or continuous use of medication 

during any of the production stages should be discouraged due to the increased risk of promoting 

antibiotic resistant bacteria and the potential of antibiotic residues remaining in pig carcasses at 

slaughter [32].  

Commercial inactivated, adjuvanted whole-cell vaccines, are widely applied worldwide with up to 

70% of pig herds in some countries treated this way [32]. Protection against clinical pneumonia is 

often incomplete and the vaccine does not prevent colonisation [38]; however, the use of the 

vaccine may reduce the number of organisms in the respiratory tract [39] which in turn reduces the 

infection level within a herd [40]. However, it has been shown that vaccines based on inactivated 

whole cells (WC) have been unable to prevent transmission or establishment of the bacteria in the 

lungs [31]. 

1.2 Pneumonia in New Zealand 
1.2.1 Sheep farming 
Sheep farming is an important export contributor for the New Zealand economy. As of June 2019, 

there were 26,822,000 sheep put to ram in New Zealand consisting of 2,073,000 ewe hoggets and 

16,845,000 breeding ewes [41]. For the 2019 year a total of 18,867,593 lambs were slaughtered with 

10,327 animals condemned and 18,857,266 graded for export. 
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1.2.2 History of mycoplasma infections in New Zealand 
Since the introduction of intensive farming in New Zealand, pneumonia has likely been a problem in 

sheep, with the first recorded incidence of the disease reported at the end of the 19th century [42]. 

Due to the nasal cavity being the primary habitat of the bacteria involved in ovine pneumonia it is 

likely that the bacteria were imported into the country from Europe with their hosts [43]. 

Fortunately, due to selective measures at the time of importation or the inability of infected animals 

to survive long journeys, New Zealand has been spared some of the significant virally-induced 

pneumonias that are prominent in the UK and Europe such as maedi-visna and pulmonary 

adenomatosis [43].  

1.2.3 Respiratory disease in sheep 
Respiratory disease is common in domesticated livestock around the world. The dominant diseases 

in sheep are: 

1. Acute pneumonia (AP) 

2. Chronic non progressive pneumonia (CNP) 

3. Ovine progressive pneumonia (OPP) or maedi-visna (MV) 

4. Pleurisy 

5. Pulmonary adenomatosis /Jaagsiekte sheep retrovirus 

Currently, the ovine respiratory diseases recognised in New Zealand are Acute pneumonia, Chronic 

non progressive pneumonia, and pleurisy [43]. 

Acute pneumonia 

As with many respiratory diseases in farmed domestic animals, ovine pneumonia is a complex 

combination of infective agents and environmental factors. This type of pneumonia, also referred to 

as acute fibrinous pneumonia occurs primarily in older lambs during the late summer and autumn 

when heat stress and transportation, or mustering in dry hot conditions is most prevalent [43]. 

Clinical symptoms of AP include depression, weight loss, fever, inappetence, increased respiratory 

rate, and nasal and ocular discharge. Affected animals often become separated from the rest of the 

flock and a frothy fluid drooling from the mouth is usually present in the terminal stages [44]. The 

disease has rapid onset and affected animals can be found dead within 12 hours [43]. During 

outbreaks mortalities vary between 2 and 8% [45-47]. Mannheimia haemolytica is considered the 

primary agent in acute pneumonia and the major cause of lung damage in both forms of ovine 

pneumonia. 

Chronic non progressive pneumonia 

As the majority of lambs will be affected by some level of CNP during their first autumn [48] the 

potential cost to the New Zealand sheep market can be significant. CNP is also referred to as atypical 

pneumonia, prolific interstitial pneumonia, coughing syndrome, enzootic pneumonia, or summer 
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pneumonia. CNP has few if any overt clinical signs [48]; however, coughing, exacerbated breathing, 

accelerated breathing or nasal discharge may be present.  

CNP increases the energy requirement of the animal. This can be from the extra metabolic 

requirements for repairing lung damage caused mycoplasma infections, or from the extra load on 

the immune system during challenge by a pathogen that requires considerable nutritional support 

resulting in a less efficient conversion of available feed to body mass [49].  

Typically, lesions begin with dull red vertical areas of collapse which develop into firm red-grey areas 

of consolidation over 2-3 weeks [50]. Lesions may continue to grey areas of consolidation with 

attached localized pleural adhesions [50]. CNP and AP are considered pathologically different due to 

the severity and extent of damage [43]. 

Pleurisy 

Pleurisy is an inflammation of the pleura resulting in adhesions between the lung and chest wall. 

Pleurisy is not considered to be a separate disease but an outcome of a pneumatic event. Acute 

pleural lesions are likely to contain large numbers of the bacteria that caused the associated 

pneumonia [51]. Chronic pleurisy may contain a few of these organisms or be absent depending on 

the stage of disease development [52].  

In the early stages of pleurisy, contact and movement between the parietal and visceral pleurae 

results in pain due to the inflammation of the pleura [53]. In the second stage the ventral parts of 

the lungs can collapse due to the accumulation of serofibrinous inflammatory exudate in the pleural 

cavity. The next stage results in the fluid being resorbed and adhesions developing, restricting the 

movement of the lung and the chest wall, further reducing the functionality of the lungs [53]. As the 

adhesions stretch, the restriction of breathing is reduced; however, the pleural lesions will not 

resolve completely, and fibrous scars will remain on the lungs [53]. 

1.2.4 Prevalence 

Kirton (1976) reported prevalence of CNP in New Zealand to vary from 21 to 93% [54]. An average of 

60% of lambs were seen to show some level of pneumonia in a trial looking at seasonal incidence of 

pneumonia over a five year period [54]. Two flocks from Wallaceville, New Zealand had their 

pneumonia status recorded over subsequent years, resulting in a prevalence of 78% (n=27) and 57% 

(n=58) [55]. McGowan et al (1978) [56] observed a prevalence of 78-93%, in lambs at 3 months 

across two regions, Hawkes bay and Feilding respectively. The prevalence of lesions in counterparts 

at market slaughter weights was 35-68% [56]. These identifications were determined by the 

presence of lesions at slaughter which may underrepresent the total incidence of pneumonia if mild 

cases fail to produce lesions [56]. 
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in endocrine responses induced by environmental stresses. This has the potential to reduce 

resistance to disease in affected animals [66, 67]. 

Environmental stressors can include harsh winters, which can stress the animal increasing energy 

budgets or reducing access to available food [66]. There have also been implications that 

precipitation levels in spring can predict the risk of pneumonia epizootics in the subsequent year. For 

every unit (mm/m2 ) of spring precipitation above average, the relative risk was reduced 0.41 times 

[66].  

1.3.4 Clinical signs and pathological lesions  
CNP like many enzootic pneumonias in livestock, has few observable clinical signs apart from poor 

growth rates and decreased food conversion efficiency [60]. Infected individuals may also exhibit a 

chronic, persistent and irregular cough [65]. 

CNP is used to distinguish the disease from acute pneumonias which unlike CNP are often fatal [60]. 

Lesions first appear as dull red ventral areas of collapse which are accompanied by bronchiolitis in 

associated airways. Lesions will then progress to firm red-grey areas of consolidation over 2-3 weeks. 

In some occasions they may continue as grey areas of consolidation, with attached localised pleural 

adhesions, for several months [48, 60, 68].  

1.3.5 Detection, control, and prevention of M. ovipneumoniae 
With limited clinical signs of pneumonia and few unique to M. ovipneumoniae infections, laboratory 

diagnosis is required to confirm M. ovipneumoniae presence in a particular animal [65]. 

Immunocytohistochemistry using M. ovipneumoniae specific monoclonal or polyclonal antibodies 

can be used to confirm the presence within diseased tissues [65]. In addition to antibodies, the use 

of molecular techniques can be applied. The use of M. ovipneumoniae specific primers can be used 

for polymerase chain reaction (PCR) based detection. This requires collection from the animal to be 

inoculated in mycoplasma broth growth media and incubated for 7-10 days, after which samples 

showing mycoplasma growth can be inoculated on to mycoplasma agar plates allowing single 

colonies to be detected [69]. Single colonies can then be grown up in mycoplasma growth media 

ready for DNA extraction for use with the M. ovipneumoniae specific primers [69]. Recently faster 

diagnostics have been suggested for the detection of M. ovipneumoniae without the requirement of 

culturing [70]. Two rapid, specific, and sensitive assays have been developed: an isothermal DNA 

amplification using recombinase polymerase amplification and a real-time PCR for the detection of 

M. ovipneumoniae. The assays were validated using bronchoalveolar lavage fluid and nasal swab 

samples collected from sheep. This provides a potential testing methodology requiring only nasal 

swabs [70]. 
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activated T-cells. The follicular niche becomes the major site of B-cell mediated T-dependent 

immune response [75]. Alternatively follicular B-cells also migrate to the bone marrow, forming 

discrete collections around vascular sinusoids [84, 85]. When the recirculating B-cells are residing in 

the bone marrow rather than in follicles they form the perisinusoidal niche [75].  

Marginal zone B-cells are considered to be innate-like cells that in the absence of BCR ligation, can 

be induced into short-lived plasma cells. The MZ B-cells can also mediate the transport of antigens in 

immune complexes into splenic follicles as well as involved in T-cell dependent B-cell responses and 

immune responses to lipid antigens [75]. In rodents it has been observed that MZ B-cells mediate T-

independent responses to antigens in blood-borne pathogens. During these pathogen driven 

responses, integrin adhesiveness may decrease and direct the migration of activated B-cells out of 

the MZ into the red pulp of the spleen where they may differentiate into short-lived plasma cells 

[86]. The MZ cells are also able to deliver antigens to follicular B-cells [75].  

There is limited knowledge on B-1 B-cells with the majority of studies completed on rodents [87] and 

limited defined populations in humans [88]. The B-1 B-cells can contribute to the production of IgM 

to T-independent antigens [75]. Dendritic cells in the intestinal lamina propria may activate B-1 B-

cells via presentation of antigens from commensal bacteria. Lipopolysaccharide and some toll-like 

receptor ligands can induce B-1 B-cell production as well as IgM secretory plasma cells, whereas 

antigen specific B-1 B-cells may be induced into IgA secretory cells [89]. 

B-cell activation 
B-cell activation occurs in the secondary lymphoid organs (SLOs), such as the spleen or lymph nodes 

[90] following the recognition of antigen through the BCR and causes B-cell proliferation and 

differentiation [91]. Activated B-cells are able to differentiate into either plasma cells or memory 

cells, able to produce antibodies or protect against re-infection respectively [91]. Individuals contain 

an enormous population of B-cells for protection against a multitude of pathogens. This diversity; 

however, results in a low chance for a B-cell to encounter its cognate antigen [91]. To improve the 

encounter rate, the body localises these events within SLOs [91]. B-cells are contained within 

secondary lymphoid tissue, spending approximately 24 h searching for antigens before re-joining the 

circulatory system and being taken to another SLO to continue antigen searching [92]. B-Cell 

activation is completed via two major pathways, T-cell-dependent activation (TD) or T-cell-

independent activation (TI). Antigens that require the TD pathway are usually foreign proteins, and 

are unable to induce a humoral response in organisms that lack T-cells [90]. B-cell responses to these 

antigens can require multiple days to mount the necessary response, however the antibodies 

generated have a higher affinity than those produced via the TI pathway. Alternatively antigens 

which do not require T-cells, include foreign polysaccharides and unmethylated CpG DNA [93].  
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clearing pathogens from mucosal surfaces [113]. In addition to their role in pathogen clearance TH17 

cells, via IL-17, are associated with autoimmune diseases such as multiple sclerosis, rheumatoid 

arthritis, and psoriasis [114]. TH17 overactivation can cause type 3 hypersensitivity resulting in 

immune complex diseases such as rheumatoid arthritis or Arthus reaction [115, 116]. Due at least in 

part to its involvement in the inflammatory pathology IL-17A is one of the best-studied cytokines in 

immunology [117-119], entering the spotlight of immunological attention after the discovery of a 

development distinct CD4+ T helper subset that expresses IL-17A and mediates tissue inflammation 

[120, 121]. IL-17A is also shown to mediate protection against extracellular pathogens [122, 123]. 

T helper 9 (TH9) cells produce interleukin 9 (IL-9) and has been observed to play a role in defence 

against helminth infections, in allergic responses, in autoimmunity, and tumour suppression [124]. 

Initially IL-9 was thought to be a TH2 specific cytokine; however, it was observed that TH2 cells could 

be reprogrammed into a distinct TH subset that primarily secreted IL-9 [125].  

T-cells found within the B-cell follicles of SLOs expressing B-cell follicle homing receptor CXCR5 are 

recognised as Follicular B helper T-cells (TFH), [126]. TFH cells are considered indispensable T-cell 

subsets in the generation and maintenance of germinal centre responses. Therefore in the absence 

of TFH cells, similar to B-cell activation by T-cell independent antigens, a quick burst of low affinity 

plasma cell production is formed but this does not lead to germinal centre induction nor permit 

antibody affinity maturation or the differentiation of effective memory B cells which are essential in 

fortifying the body against subsequent infections [126]. 

The CD4+, CD8+, and Treg T-cells are groups of cells that actively respond to a stimulus, collectively 

known as effector T-cells. The cells expressing CD4 glycoprotein on their surface are also referred to 

as T helper cells (TH) [97]. T helper cells help other leukocytes in immunologic processes, including 

maturation of B-cells into plasma cells and memory B-cells as well as activate cytotoxic T-cells and 

macrophages. Once T helper cells have been activated, they can differentiate into one of several 

subtypes including TH1, TH2, TH3, TH17, TH9, or TFH, which secrete different cytokine patterns to 

facilitate different types of immune responses [97]. 

1.5 Pathogenesis of M. ovipneumoniae 
1.5.1 Primary atypical pneumonia 
M. ovipneumoniae has been suggested to interact with the immune system of infected animals in 

two main ways. The first occurs when the organism attaches to host cells in the lung. Infected 

animals have been shown to have high levels of ciliary autoantibodies, providing a potential 

mechanism for the observed ciliostasis (loss of cilia in both structure and function) [127]. When M. 

ovipneumoniae infection becomes established it can cause small lesions within the lungs [60], and 

this can become a problem for the animal as the percentage of affected tissue increases. There was 
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animals resulted in all animals developing pneumonia symptoms eventually resulting in the death of 

the animals from pneumonia over the corresponding months [129]. Upon death, lkt+ M. haemolytica 

was able to be detected within the lower respiratory tract and growth of the organism was most 

likely facilitated by M. ovipneumoniae infection. This indicates the importance of including M. 

ovipneumoniae in any vaccine program addressing pneumonia.  

This was the case when the commercial vaccine Ovipast Plus© was tested in commercial farming 

conditions. The vaccine contained formalin killed cells expressing iron regulated antigens from M. 

haemolytica strains A1, A2, A6, A7, A9 and P. trehalosi strains T3, T4, T10 and T15. As was reported 

by Goodwin-Ray (2008) [157], there was no distinguishable improvement between vaccinated and 

placebo groups, with a possible increase in severe pneumonia in the vaccinated group. As the report 

was focusing on the efficacy of the vaccine on pneumonia, it did not address the cause of the 

pneumonia in the groups, so it is not possible to determine if it was the presence of M. 

ovipneumoniae or another organism that was the cause of pneumonia. This provides another 

example of a vaccine targeting organisms determined to be the cause of acute pneumonia whereas 

focusing on the organisms predisposing animals to lethal infections may provide improved 

protection against both the chronic infection as well as against multiple lethal infectious agents. 

M. ovipneumoniae has more recently become the target of vaccine research. Experiments using 

either live M. ovipneumoniae or killed M. ovipneumoniae (50 µg or 250 µg) in oil adjuvant were 

tested for vaccine potential [158]. Animals vaccinated with either live M. ovipneumoniae or 50 µg of 

killed M. ovipneumoniae did not produce a significant antibody response, however animals 

vaccinated with 250 µg of killed M. ovipneumoniae did produce a significant cELISA  antibody 

response and serum M. ovipneumoniae inhibition activity [158]. This provides potential for 

development of a M. ovipneumoniae vaccine, however further testing including challenge trials will 

be required to confirm any protective potential of this vaccine [158]. This is in contrast to other 

experiments using similar vaccines [159] suggesting that bacterin based vaccines may not provide 

the desired protection, especially in animals with prior exposure to M. ovipneumoniae [158, 159]. To 

overcome the potential issues observed in animals previously exposed to M. ovipneumoniae, 

research into the use of subunit vaccines is also being addressed. A few antigens, such as EF-Tu and 

HSP70, from M. ovipneumoniae have been observed to induce strong immune responses in non-

target animals, e.g., mice [160]. However further testing of recombinant proteins in sheep will be 

necessary to corroborate data observed in non-target animals. 

Vaccination research has been undertaken against a number of other species of mycoplasma. 

Vaccination against M. agalactiae using an oil-emulsion adjuvant has been shown to induce full 

protection against the onset of clinical signs and infection [161]. This vaccine used inactivated M. 
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agalactiae in an emulsion of Montanide ISA-563, Marcol-52 and Montane-80 (ratio: 30%, 63%, 7% 

respectively). M. mycoides subsp. mycoides SC, the major cause of CBPP is primarily protected 

against by the T1/44 vaccine, a live vaccine in continuous use in Africa for over 60 years [19, 162]. 

This vaccine has been shown to provide protection against infection, however the limitations of the 

vaccine are short duration of immunity, the tendency to cause adverse reactions, and because it is 

only semi attenuated, it has the potential to cause outbreaks in closed herds [19, 162]. To overcome 

the adverse effects of the live vaccine, inactivated vaccines have been tried, including the use of 

whole cell mycoplasma inactivated in saponin and a recombinant sub-unit vaccine prepared using 

the highly immunogenic lipoprotein LppQ [162]. Despite high antibody titres, there was no evidence 

that the vaccination provides any protection and may have exacerbated the disease [162]. The 

evidence to date suggests that only live vaccines can achieve the levels of protection needed to aid 

eradication [162]. A Canadian-Kenyan consortium has shown potential for the use of a cocktail of 5 

antigens, immunisation with some of the antigens appearing to provide protection while others 

increased immune-related pathology [162-164]. 

M. bovis is another mycoplasma pathogen of cattle. Inactivated vaccines are the most commonly 

used in studies to protect against infection. Protection against intratracheal challenge with M. bovis 

was observed in calves following vaccination with experimental bacterin vaccines [162, 165, 166]. 

The first trial reduced clinical disease, upper-respiratory tract colonisation by the bacterium and lung 

lesions [162, 165]. In the second trial, total clinical and lung lesion scores were reduced in the 

vaccinated/ challenged calves. Additionally, this vaccine showed protection against clinical arthritis 

which developed in only some of the challenged animals [162, 166]. A sub-unit vaccine was prepared 

based on previously selected M. bovis antigens [167, 168]. This vaccination induced strong humoral, 

and cell-mediated responses, however, did not provide protection against M. bovis challenge [167, 

168]. Additionally, a combination of recombinant proteins and cell extracts were used as vaccines to 

control M. bovis infections [167, 169, 170]. 

The dominant mycoplasma species infecting pigs is M. hyopneumoniae and is the primary agent 

involved in porcine respiratory disease complex. Current commercial vaccines are able to provide 

only partial protection, they do not prevent infection and have limited effect on transmission [32, 

171]. Commercial vaccines mostly consist of adjuvanted inactivated, whole-cell preparations [171]. 

Additionally, an attenuated vaccines have been licenced in Mexico and China [172]. The Mexican 

vaccine is a thermosensitive mutant of M. hyopneumoniae that is applied intranasally. The Chinese 

vaccine is attenuated by continuous alternating passage through modified Friis medium and is 

mostly used by intrapulmonary administration [173]. 
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The main mycoplasmas associated with human diseases are Mycoplasma pneumoniae and 

Mycoplasma genitalium [5]. Various attempts have been undertaken to produce vaccines against M. 

pneumoniae, however they have been largely unsuccessful. Between 1964-1976, volunteers [10, 11] 

and military recruits [12-14] were tested using formalin inactivated vaccines. However, when 

challenged either experimentally or naturally with virulent M. pneumoniae, the protective efficacy of 

the vaccines was limited. Attenuated strains of M. pneumoniae created by continuous passage in 

vitro [15, 16] or temperature-sensitive mutants, were successful in protecting hamsters but were 

unacceptable for human use because they either retained a significant level of virulence for humans 

or did not colonise and protect human volunteers against challenge [11]. Alternatively, testing with 

mutant avirulent M. pneumoniae strains such as P30 deficient M. pneumoniae resulted in 

exacerbation of disease when challenged with virulent M. pneumoniae. With limited protection 

provided by bacterin vaccines, recombinant protein subunit vaccines are an alternative approach. A 

number of potential targets have been identified, including cytoadherence proteins (P1, P30, P116, 

CARDS toxin), polysaccharides, lipids and lipoproteins [174]. These virulence factors have 

immunogenicity and are likely to be potential candidates for vaccine antigens [174]. 

1.6 Genome analysis 
With the advancement of genetics, it has become possible to sequence large portions or entire 

genomes of organisms of interest. With the addition of the advancements in bioinformatics it is 

easier to build and annotate the genomes providing previously un-paralleled information on the 

organisms at the molecular level [175]. 

Determining the ideal antigens to be used in a vaccine can be the most difficult and time-consuming 

aspect of vaccine design [176]. This often requires multiple animal trials and subsequent 

experimental analyses to determine the effect of the antigen on the immune response of the animal. 

If an animal does not exhibit a strong response to a particular antigen, a new antigen must be 

selected, and the process started again. To reduce the number of trials required to find useful 

antigens the genome and bioinformatics can be used to predict potential vaccine targets by 

identifying aspects of proteins that may increase the likelihood of the protein to be detected during 

natural infection or induce a strong immune response [176]. 

One aspect of proteins useful for vaccine targets is the presence of transmembrane domains. 

Identifying proteins with a few transmembrane domains at the start of the amino acid coding 

sequence can provide a pool of proteins that are likely to have some or most of the protein on the 

surface of the organism [177, 178]. Using proteins that are surface bound for antigen vaccines 

provide targets that are visible while the organism is whole and active [179, 180]. An additional 

approach for using bioinformatics in vaccine development is to combine bioinformatics with 
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and EF-Tu would benefit from further analysis using a sheep model to evaluate the ability of these 

proteins to induce protective immunity to M. ovipneumoniae in sheep. 

1.8.6 Immunofluorescence microscopy  

Surface located proteins may offer the best candidates for a sub-unit protein vaccine. There are 

several methods to determine the localisation of proteins on the surface of the cell, one of which is 

immunofluorescence microscopy [224-226].  

Immunofluorescence microscopy uses antibodies chemically labelled with fluorescent dyes to 

visualise molecules under a light microscope. There are two general classes of immunofluorescence 

techniques: primary and secondary. Primary (direct) uses a single, primary antibody, chemically 

linked to a fluorophore, and secondary (indirect) uses two antibodies, an unlabelled primary 

antibody against the target proteins in combination with a secondary antibody with a conjugated 

fluorophore. If the target protein is present on the surface of the pathogen the primary antibody will 

attach to the target protein. Then the secondary anti-primary antibody will bind to the primary 

antibody. Excitation of the fluorophore by exposure to light with the required wavelength produces 

light at a specific wavelength allowing visualisation of the cells under a microscope [224-226]. 

1.8.7 Inhibition of adherence by M. ovipneumoniae antibodies 

In response to an infection to a pathogen the immune system mounts a response to eliminate the 

invader. One method by which antibodies can interfere with the function of a pathogen is by 

preventing the pathogen from adhering to the host cells preventing colonisation of the host. To 

determine the ability of antibodies against a target antigen to prevent adherence, an adherence 

inhibition analysis can be undertaken [225, 227-229]. This involves the incubation of the pathogen 

with the cells they adhere to in the presence or absence of the antibodies of interest. The cells are 

then washed removing any unbound pathogens, the cells are subsequently released from the dish 

and transferred to a growth medium. If the antibodies prevent adhesion to the cells the pathogen 

should be removed with the washing and therefore should not grow in the medium. Comparison 

between samples incubated with antibodies and samples incubated without antibodies will provide 

an understanding if the antibodies are able to prevent adhesion and to what extent. If there is a 

noticeable decrease of pathogens from the sample incubated with antibodies it can be considered 

that there was an effect of the antibodies of the pathogen [225, 227]. 

1.9 Summary and aims of thesis 
M. ovipneumoniae is the primary cause of CNP in sheep in New Zealand, as well as being a 

predisposing factor for more severe, potentially life-threating infections. To date there are currently 

no commercially successful vaccines available for M. ovipneumoniae. Infections are difficult to treat 
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due to the nature of the disease producing only limited overt symptoms, and there are no simple 

diagnostic tests available. 

There is currently limited information on immunogenic proteins of M. ovipneumoniae, constraining 

the ability of developing recombinant protein-based vaccines and antigen-based diagnostics for 

identifying M. ovipneumoniae. This study was initiated to identify novel immunogenic proteins and 

to determine their potential as diagnostic antigens or as antigens for a sub-unit protein vaccine. This 

was achieved using an empirical approach and through bioinformatic analysis of the genome of 

selected New Zealand isolates of M. ovipneumoniae. 

 

The specific objectives of the study were as follows: 

1. To build and annotate the genome of New Zealand isolates of M. ovipneumoniae. 

2. To produce membrane fractions from selected isolates of M. ovipneumoniae for immunogenicity 

analysis. 

3. To detect immunogenic proteins of M. ovipneumoniae by Western blot analysis with sheep 

antisera produced against M. ovipneumoniae and to confirm the identity of the immunogenic 

proteins using mass spectrometry. 

4. To express and purify selected immunogenic proteins in Escherichia coli and produce protein-

specific antibodies in sheep. 

5. To conduct studies using the protein-specific antibodies to determine the potential of the 

proteins as vaccine antigens or for use as diagnostic reagents.  
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1 1.10 Week 6 Week 7 Montanide ISA61 Recombinant P146 
1 1.11 NA NA Montanide ISA61 Recombinant EF-Tu (In-house) 
1 1.12 Week 6 Week 7 Montanide ISA61 Recombinant EF-Tu (In-house) 
1 1.13 Week 6 Week 7 Montanide ISA61 WC16 
1 1.14 Week 6 Week 7 Montanide ISA61 WC16 
1 1.15 Week 6 Week 7 Montanide ISA61 WC90 
1 1.16 NA NA Montanide ISA61 WC90 
1 1.17 NA NA Montanide ISA61 WC103 
1 1.18 NA NA Montanide ISA61 WC103 
1 1.19 NA NA Montanide ISA61 HPF16 
1 1.20 NA NA Montanide ISA61 HPF16 
1 1.21 Week 6 Week 7 Montanide ISA61 HPF90 
1 1.22 Week 6 Week 7 Montanide ISA61 HPF90 
1 1.23 Week 6 Week 7 Montanide ISA61 HPF103 
1 1.24 Week 6 Week 7 Montanide ISA61 HPF103 
2 2.1 Week 5 Week 5 Montanide ISA61 N/A 
2 2.2 Week 5 Week 5 Montanide ISA61 N/A 
2 2.3 Week 5 Week 5 Montanide ISA61 N/A 
2 2.4 Week 5 Week 5 Montanide ISA61 Methanogen WC (M1) 
2 2.5 Week 5 Week 5 Montanide ISA61 Methanogen WC (M1) 
2 2.6 Week 5 Week 5 Montanide ISA61 Methanogen WC (M1) 
2 2.7 Week 5 Week 5 Montanide ISA61 WC90 
2 2.8 Week 5 Week 5 Montanide ISA61 WC103 
2 2.9 Week 5 Week 5 Montanide ISA61 WC103 
3 3.1 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.2 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.3 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.4 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.5 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.6 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.7 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.8 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.9 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.10 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.11 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.12 Week 6 Week 6 N/A M. ovipneumoniae and M. haemolytica WC 
3 3.13 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.14 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.15 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.16 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.17 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.18 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.19 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.20 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
3 3.21 Week 6 Week 6 Quil-A M. ovipneumoniae and M. haemolytica WC 
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Chapter 3 Bioinformatic and genomic analysis of New Zealand isolates 

of M. ovipneumoniae 
 
Part of this chapter has been published in the journal cited below. 
 
Bridgeman B. J., Gupta S. K., Murray A., Dukkipati V. S. R., Altermann E., Wedlock D. N. 2020. Draft 
genome sequence of a New Zealand isolate of Mycoplasma ovipneumoniae. Microbiol Resour 
Announc 9:e01375-19. https://doi.org/10.1128/MRA.01375-19. 
 

3.0 Abstract 
Whole genome analysis of pathogenic organisms can provide insight into the molecular mechanisms 

of disease. Understanding the molecular functioning of a pathogen can provide avenues into 

preventing or early disease diagnosis. Three draft genomes of New Zealand isolates have been 

created and annotated. The New Zealand isolates of M. ovipneumoniae had similar number of genes 

compared to other isolates of M. ovipneumoniae. De novo amino acid and nucleotide synthesis, as 

with other mycoplasmas, has been lost in the genome reduction for M. ovipneumoniae. Annotation 

of three New Zealand isolates of M. ovipneumoniae identified more than 200 genes containing 

transmembrane domains, providing a large number of potential proteins that could be investigated 

for vaccine or diagnostic purposes. Restriction fragment length polymorphism and phylogenetic 

analysis have provided support for three distinct groups of M. ovipneumoniae isolates within New 

Zealand. This grouping was supported with phylogenetic analysis of the P113 fragment. Phylogenetic 

analysis was undertaken using four genetic loci suggested as a multi-locus sequence typing (MLST). 

This indicated that New Zealand Isolates form a single clade separate from USA isolates and Australia 

isolates are the closest sister isolates. Within the New Zealand clade there was two subclades 

observed suggesting the potential for multiple invasion events of M. ovipneumoniae. Further 

sequencing of New Zealand and Australia isolates may provide further support for either separate 

invasion events or divergent evolution within New Zealand isolates. 
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3.1 Introduction 
The introduction of next generation sequencing has provided an immense amount of data on the 

genomes of pathogenic organisms. By analysing the genomes of disease inducing organisms it is 

possible to better understand the methods by which these organisms induce disease providing 

potential avenues by which infection may be detected, treated, or prevented. 

Considered the smallest independently self-replicating organisms, mycoplasmas are wall-less gram-

positive bacteria characterised by small physical dimensions and genome sizes [244]. The reduced 

genome has aided in mollicutes being the best represented phylogenetic class of organisms to have 

complete genomic sequences [245]. Suggested to have gone through reductive evolution from the 

Bacillus/Clostridium branch of the gram-positive eubacteria, mycoplasmas generally have less than 

1000 genes, perform little de novo synthesis of amino acids and nucleotides, and are obligate 

commensals or parasites[246, 247].  

M. ovipneumoniae is a pathogenic bacterium of caprinae hosts, inducing chronic non progressive 

pneumonia [58, 63]. Despite its prevalence within domestic [50, 58, 60, 248] and wild animals [133, 

234, 249, 250], there is limited knowledge around the genetic makeup of these organisms [130, 

251], and no information on New Zealand isolates is available. To better understand the positioning 

of New Zealand isolates within the global distribution of M. ovipneumoniae, lung lavages had been 

obtained previously at the abattoir from 128 sheep sourced from 8 farms in New Zealand which had 

history of ovine pneumonia. A total of 93 isolates of M. ovipneumoniae were cultured from these 

samples. Molecular analysis using RFLP on the whole genome and the P113 adhesin gene [232] 

clustered these isolates into 3 distinct groups [231] and 10 representative isolates were selected for 

genomic analysis (Chapter 2.3). Of the isolates selected, 3 representative isolates, 16, 90, and 103, of 

New Zealand M. ovipneumoniae had their sequences aligned to produce a draft genome and have 

also had their draft genome annotated. These three isolates are representatives for the three 

groups. 

To confirm the three groupings, the previously identified gene P113 [232] was extracted from the 

High Throughput Sequencing (HTS) of the ten New Zealand isolates. This gene has previously been 

described as a useful target for detection and quantification of M. ovipneumoniae [232]. To further 

distinguish between the New Zealand isolates this gene was then digested in silico with four 

restriction enzymes and the grouping of the 10 isolates was determined by looking at the 

fragmentation. To compare the restriction patterning of New Zealand isolates, a reference strain 

provided by Institute of Environmental Science and Research (ESR) was included in the HTS and P113 

restriction digestions. These fragmentation patterns were also compared to the phylogenetic 

analysis of this gene. 

This study was undertaken with the following aims: 
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orthologs (direct evolutionary counterparts). The Conserved Domains Database (CDD) (09/2018) 

[258], protein families (Pfam) database (release 32) [259], and TIGRFAM (a database of protein 

families designed to support manual and automated genome annotation) (release 15.0) [260, 261] 

databases were used to identify the respective domains. The annotation was visualised and analysed 

using a modified version of Artemis 16 [254, 262, 263]. 

3.2.3 P113 RFLP comparison 
As described by Yang et al (2014) [232], the putative adhesin gene p113 has been shown to be 

specific and sensitive for the detection of M. ovipneumoniae. To compare the New Zealand isolates 

the sequence for this gene was obtained for 10 of the New Zealand isolates. The gene p113 was 

identified and extracted from the genome of isolate 90. The extracted nucleotide sequence was used 

as the reference sequence for the other isolates. Using the Geneious [252] map to reference 

sequence function the HTS data from M. ovipneumoniae isolates 16, 23, 42, 70, 73, 83, 88, 94, 103, 

and ESR strains were mapped against the Isolate 90 reference sequence to produce the p113 gene 

sequence. 

The sequences then had the restriction site for each of AluI, DraI, HhaI, and MboI enzymes identified 

in Geneious using the inbuilt restriction analysis (Geneious R10.0.9) [252], and the corresponding in 

silico gel image was produced showing the digested fragments (Fig. 3.1-3.4). Each of the isolates 

were compared to determine the separation into the three groups previously determined. This was 

undertaken by comparing the fragmentation produced by the enzymes with the isolates containing 

bands at the same molecular weight were put into the same group. To further analyse the grouping 

of the New Zealand isolates the p113 gene was analysed using the MrBayes method [264] to 

produce a phylogenetic tree (Fig. 3.5). 

3.2.4 Building of genomes for isolates 16 and 103 
Using the draft genome (isolate 90) built in 3.2 as the reference sequence, the raw reads of isolate 

16 and isolate 103 were mapped to the reference sequence to produce matching contigs. Each of 

the contigs produced were used as the reference sequence for the Geneious map to read function. 

The HTS reads were mapped to each of the contigs to remove any single nucleotide polymorphisms 

(SNPs) and close any gaps within the contigs produced in the first run. 

3.2.5 Phylogenetic analysis 
Four genetic loci suggested as a multi-locus sequence typing (MLST) [265] were used to 

phylogenetically place the isolates from New Zealand within other M. ovipneumoniae isolates. The 

four loci used were 16S-23S ribosomal RNA intergenic spacer (IGS), 16S ribosomal RNA gene (16s), 

DNA gyrase subunit B (gyrB), and RNA polymerase beta subunit (rpoB) gene. These loci were 

identified in the draft genomes of isolate 16, 90, and 103. For the other isolates the sequence from 

isolate 90 was used as the reference sequence and the HTS data was mapped using the Geneious 
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map to read function (Geneious R10.0.9) [252]. The four loci were concatenated into a single 

sequence and compared against the type strain from ESR and 15 isolates from the Kamath et al 

(2019) paper [265]. The isolates used were 2013-12928-34, 2013-12928-35, 2013-12928-36, 2013-

12928-38, 2013-12928-39, 2013-12928-41, 2013-12928-43, 2013-12928-46, 2013-13860-11, 2013-

13860-13, 2013-13860-15, 2013-13860-16, 16271, Mooney, and Cillian. M. hyopneumoniae was 

selected as an outgroup; however, only three of the MLST loci (IGS, 16s, and rpoB) were available 

from the National Center for Biotechnology Information (NCBI) for this organism. To account for the 

missing gyrB loci a 400-nucleotide gap was inserted into the concatenated sequence. Each of the 

concatenated sequences were aligned using the Geneious [252] multiple alignment feature using the 

default parameters (Alignment type: Global alignment with free end gaps, Cost Matrix: 65% 

similarity (5.0/-4.0). The alignment was then used to produce a phylogenetic tree using the MrBayes 

tree builder [264, 266] method (Fig. 3.6). 

3.3 Results  
3.3.1 Genome properties of isolate 90 
In-house Geneious (Geneious RI 0.09) [252] and Velvet 1.2.10 [253] de novo assemblers were used 

to produce the initial assemblies, which had N50 values of 62 (kilo base pairs) kbp and 38 kbp, 

respectively. The N50 value is defined as the length of the shortest contig in the set of largest contigs 

that together constitute at least half of the total assembly size. In general, a high N50 value signifies 

a high-quality draft assembly. Combining the in-house Geneious (Geneious RI 0.0.9) [252] and Velvet 

1.2.10 [253] reads produced 14 contigs. The draft genome sequence was 1,031,345 bp long with a 

GC content of 29% and an N50 value of 85 kbp. A total of 758 genes were predicted, 711 of which 

were protein coding representing 93.8%. A putative function was assigned to 463 of the protein-

coding genes, with the remainder annotated as hypothetical proteins. Of these proteins, 413 could 

be placed into clusters of orthologous groups (COGs) via homology search [257]. The properties and 

statistics of the genome are summarised in Tables 3.1 and 3.2. A paper on this work has been 

published in Microbiology Resource Announcements [267] (Appendix 1). 

3.3.2 Genomes of isolates 16 and 103 
Using isolate 90 genome as the initial reference, 14 contigs were produced for isolate 16 and isolate 

103. Repeating the map to reference function on the contigs of isolates 16 and 103 improved the 

sequences and reduced the number of gaps; however, there were several gaps not resolved, 

resulting in increasing the number of contigs in isolate 16 to a total of 16 contigs. The draft genome 

is 1,347,255 bp with a GC content of 29.1% and N50 value of 101 kbp. Isolate 103 had two gaps in 

contig 1 that were not resolved with additional map to reference attempts against the contigs. This 
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Table 3-1 Nucleotide content and gene details of the M. ovipneumoniae genome of three New Zealand M. ovipneumoniae isolates.  

Two overseas isolates of M. ovipneumoniae, SC01 [130] and NM2010 [251] were included for comparison. 

 Isolate 16 Isolate 90 Isolate 103 SC01 NM2010 

Attribute 
Value % of total Value % of 

total 
Value 

% of 

total 
Value 

% of 

total 
Value 

% of 

total 

Size (bp) 1,347,255 100 1,031,345 100 1,181,876 100 1,020,601 100 1084159  

G + C content (bp)  404,176 30 266,315 29 351,372 29.73 294,443 28.85 315,924 29.14 

Coding region (bp)  1,147,861 85.2 894,249 86.7 999,876 84.6 821,380 80.48 - - 

Total genes 1020 100 758 100 908 100 - - - - 

RNA genes  3 .29 9 1.19 3 .33 - - - - 

Protein-coding genes  971 95.19 711 93.8 859 94.6 864 100 888 100 

Genes assigned to COGs*  640 62.75 413 54.49 549 60.46 864 100 888 100 

Average gene length (bp) 1182  1257  1164  950  973  

Genes with transmembrane 

helices 
286 28.04 215 28.36 253 27.86 - - - - 

* COGs = Clusters of orthologous groups 
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Table 3-2 Clusters of orthologous grouping of genes in the genomes of three New Zealand M. ovipneumoniae 

isolates. 

 Isolate 16 Isolate 90 Isolate 103  

Code Value*  % of total Value % of total Value % of total COG description 

J 153 15.76 88 12.38 104 12.11 Translation 

A - - - - - - RNA processing and modification 

K 30 3.09 15 2.11 23 2.68 Transcription 

L 52 5.36 41 5.77 60 6.98 Replication, recombination, and repair 

B - - - - - - Chromatin structure and dynamics 

D 7 0.72 3 0.42 4 0.47 Cell cycle control, mitosis, and meiosis 

Y - - - - - - Nuclear structure 

V 29 2.99 17 2.39 25 2.91 Defence mechanisms 

T 1 0.10 - - -  Signal transduction mechanisms 

M 8 0.82 8 1.13 13 1.51 Cell wall/membrane biogenesis 

N 1 0.10 1 0.14 1 0.12 Cell motility 

Z - - - - - - Cytoskeleton 

W - - - - - - Extracellular structures 

U 8 0.82 7 0.98 7 0.81 Intracellular trafficking and secretion 

O 27 2.78 17 2.39 23 2.68 
Posttranslational modification, protein 

turnover, chaperones 

C 27 2.78 20 2.81 29 3.38 Energy production and conversion 

G 76 7.83 48 6.75 66 7.68 
Carbohydrate transport and 

metabolism 

E 33 3.40 21 2.95 26 3.03 Amino acid transport and metabolism 

F 30 3.09 22 3.09 25 2.91 Nucleotide transport and metabolism 

H 14 1.44 11 1.55 14 1.63 Coenzyme transport and metabolism 

I 6 0.62 5 0.70 7 0.81 Lipid transport and metabolism 

P 13 1.34 6 0.84 12 1.40 
Inorganic ion transport and 

metabolism 

Q - - - - - - 
Secondary metabolites biosynthesis, 

transport, and catabolism 

R 36 3.71 23 3.23 24 2.79 General function prediction only 

S 14 1.44 6 0.84 15 1.75 Function unknown 

 228 23.48 54 7.59 71 8.27 Associated with multiple COGS 

- 331 34.09 298 41.91 310 36.09 Not in COGs 

* Value refers to number of genes in each COG 
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3.3.7 P113 RFLP comparison 
The P113 gene sequence was successfully derived from the HTS for each of the isolates. The 

predicted number of restriction fragments of the gene for AluI, DraI, HhaI, and MboI enzymes, for 

each isolate, are shown in Table 3.3. The in silico gel for each restriction enzyme grouped each of the 

isolates into one of the previously identified three main groups represented by Isolates 16, 90, and 

103 (Fig. 3.1-3.4). Based on the similarity of RFLP patterns, isolates 42 and 16 were considered group 

1, isolates 23 and 90 group 2, and isolates 70, 73, 83, 88 and isolate 103 group 3. Isolate 94 had 

similarities with both group 1 and group 3. The RFLP pattern of the reference strain from ESR did not 

appear to associate with any of the three groups. It contained several of unique bands from isolate 

90 digested with Alul, whereas it also contained bands unique to isolate 16 digested with Dral, Hhal 

and Mbol. However, it only contained some of the bands but was missing many of the other unique 

bands making it difficult to place it in any of the New Zealand groups (Table 3.3). 

Comparing the results from the RFLP with the phylogenetic analysis (Fig. 3.5) showed congruence 

with the RFLP results. Isolate 94 was located with group 3 helping to distinguish between grouping 

isolate 94 into group 1 or 3. ESR was also located outside the three groups from New Zealand as was 

observed from the RFLP data. 

 

Table 3-3 In silico restriction enzyme analysis of the P113 gene in different New Zealand isolates of M. 

ovipneumoniae, showing the number of restriction sites for each isolate.  Phylogenetic analysis of the P113 

was included for comparison. 

M. ovipneumoniae 

Isolate  

Predicted gene 

length (bp) 

Restriction enzyme Grouping 

RFLP 

Grouping 

Phylogenetic AluI DraI HhaI MboI 

16 3,239 18 6 5 7 1 1 
90 3,240 21 7 12 5 2 2 
103 3,259 19 8 3 7 3 3 
42 3.221 18 8 6 7 1 1 
70 3,236 24 9 2 9 3 3 
23 3,227 18 9 10 3 2 2 
73 3,233 16 7 3 8 3 3 
83 3,236 18 8 3 9 3 3 
88 3,236 18 9 2 9 3 3 
94 3,226 17 7 3 9 1,3 3 
ESR 3,237 15 6 8 8 - - 



 
 

65 
 

  

Figure 3-1 In silico gel electrophoresis pattern from in silico digestion of P113 fragment with Mbo1 
restriction enzyme.  

Ladder is Low DNA mass ladder. 
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Figure 3-2 In silico gel electrophoresis pattern from in silico digestion of P113 fragment with Hha1 
restriction enzyme. 

 Ladder is 250 bp DNA ladder. 



 
 

67 
 

 
Figure 3-3 In silico gel electrophoresis pattern from in silico digestion of P113 fragment with Dra1 restriction 
enzyme.  

Ladder is 50 bp (NEB) 
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Figure 3-4 In silico gel electrophoresis pattern from in silico digestion of P113 fragment with Alu1 restriction 
enzyme.  

Ladder is 50 bp (NEB). 
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Figure 3-5 Phylogenetic tree of the P113 gene showing the distribution of New Zealand M. ovipneumoniae 
isolates into three groups. 

The sequence of the type strain (ESR) and strain GZ-QX were used as the out groups establishing the root of 
the tree. Although strain GZ-Qx is unpublished, it appears in GenBank under the accession number 
KR270152.1. The tree was constructed using MrBayes [262] method. 
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Figure 3-6 Phylogenetic tree of the MLST loci showing the position of New Zealand M. ovipneumoniae isolates.  

The sequence for M. hyopneumoniae was used as the out group establishing the root of the tree. The other 
sequences included that were not a direct part of this study were produced by Kamath et al (2019) [263]. The 
tree was constructed using MrBayes [29] method. 
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3.4 Discussion 
3.4.1 Genome properties of New Zealand isolates 
To increase the genetic information available for New Zealand M. ovipneumoniae, three of the 

isolates obtained from sheep in New Zealand farms, the genomes of isolates 16, 90, and 103 were 

sequenced by HTS. Using the HTS shotgun sequences a draft genome was produced and annotated 

for isolates 16, 90, and 103.  

Comparing New Zealand isolates with two other genomes available SC01 [130] and NM2010 [251] 

indicated similar genome lengths between isolates 90 and 103 with the genomes of SC01 and 

NM2010. Isolate 16 is currently the largest of the genomes being compared here at 1.3 mbp, 

approximately 263 kbp larger than NM2010. The difference in genome size may represent one or 

multiple gene duplication events [272, 273]. Comparing each of the genes identified in isolates 16 

with those in isolates 90 and 103 might determine where the duplication events may have occurred. 

Errors in the building of the genomes are always a potential area for increase or decrease in the total 

length of the genome [274]. Using additional data such as using longer read length sequences such 

as those produced by PacBio [275] for each of the genomes can help increase the accuracy of the 

built genomes and can help cover gaps between contigs as well as ensuring the contigs produced 

have not had extra sequences introduced into them.  

Despite the differences in genome size the percentage of the genome that was coding stayed similar 

(80-90%). The New Zealand isolates had a slightly higher coding percentage (84.6-86.7%) than that 

of strain SC01 (80.5%). As the genome size increased the number of genes detected increased, as 

would be expected since the coding region percentage stayed the same. The length of the proteins; 

however, did change outside of what was expected with all the New Zealand isolates having larger 

average gene lengths compared to that in SC01 and NC2010. The current data suggests that the 

average gene length of the New Zealand isolates was longer at 1,164-1,257 bases compared to 950 

and 973 in SC01 and NM2010 respectively. This may provide some explanation into why New 

Zealand isolates appear to have larger genomes than other strains of M. ovipneumoniae. 

In congruence with other mycoplasma species, including other M. ovipneumoniae strains, the 

genomes of the New Zealand isolates contained a single 16s-23s rRNA operon. The 5s rRNA was 

located away from the other two rRNAs which appears to be a common characteristic among 

mycoplasmas [276]. However, the level of gap between them appears to differ between species with 

the New Zealand isolates having a gap of 42 kb whereas M. pulmonis [276] was shown to have a gap 

of 320 kb. This suggests that there may be evolutionary pressure on the conservation of the 16s-23s 

operon but limited pressure on the location of the 5s rRNA. The separation of the 5s from the other 

rRNA operons may provide information on the phylogenetics of the mycoplasma branch by 

comparing the distance of separation and the genes present in the gap. De novo amino acid and 
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nucleotide synthesis, as with other mycoplasmas, has been lost during genome reduction of M. 

ovipneumoniae [268]. Amino acids are presumed to be obtained by ABC-type oligopeptide 

transporters followed by proteolytic degradation of the peptides. Extensive nucleotide salvage 

pathways, including the conversion of ribonucleotides to deoxyribonucleotides by nrdA, are also 

present [268]. 

Analysis of the COGs for each of the isolates 16, 90, and 103 predicted 640, 413, and 549 COGs 

respectively assigned to 54.49-62.75% of the total genes. Of the genes that had COG functions 

assigned not all genes were able to be assigned to a single COG. Isolate 16 had 228, isolate 90 had 

54, and isolate 103 had 71 genes with multiple COG assignments. Undertaking further analysis of the 

genes assigned to multiple COGs may allow for proper assignment of COGs. Determining the protein 

function of the genes with multiple COG assignments will be useful in determining the correct 

assignment, and as more M. ovipneumoniae isolates are sequenced and annotated the accuracy of 

the annotation pipeline will continue to increase, reducing the incidence of multiple COG 

assignments. 

3.4.2 tRNA 
New Zealand isolates genomes contained specificity for all the amino acids except for tryptophan 

(Trp) in the genomes of isolates 16 and 90. The genome contained genes for tryptophan ligase and 

tryptophan is present in the sequences of proteins, therefore the absence of tryptophan tRNA is 

more likely to be due to the draft genome not overlapping the entire genome rather than loss of the 

genes from M. ovipneumoniae. Tryptophan is a unique amino acid in mycoplasmas as UGA and UGG 

codons, which are normally read as universal stop codons, are read as tryptophan instead [277, 278]. 

Therefore, it would be unlikely that no tryptophan tRNAs would be present in these isolates. One 

other potential reason for the lack of presence of tryptophan tRNAs may be the result of the 

annotation pipeline not correctly identifying tRNAUCA or tRNACCA genes. Deeper analysis of these 

genomes will allow for the determination of the presence of the extra tRNA genes.  

3.4.3 Functional analysis and metabolism 
M. ovipneumoniae is an obligate parasite of caprinae hosts, requiring nutrients and amino acids 

directly from their host. This is represented in the functional analysis of proteins (Table 3.2), 

indicating an emphasis on transport of compounds and protein synthesis. Closer inspection indicates 

that M. ovipneumoniae should be able to transport and metabolise a range of sugar compounds, 

including glucose, sucrose, maltose/maltodextrin, trehalose, and xylose as an energy source. In 

addition to using sugars as an energy source, glycerol is suspected to be metabolised and is a known 

preferred carbon source in M. pneumoniae [279]. Glycerol and glycerol-containing compounds such 

as lipids belong to the most abundant organic compounds that may serve as nutrients for many 

bacteria. These small molecules can easily be imported and used for energy production. Since 
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glycerol is usually found as a component of phospholipids, these lipids must be broken down to 

release glycerol. The use of glycerol by mycoplasmas as an energy source is only one of the 

suspected uses. Degradation of glycerol is also suspected to be important for the cytotoxicity of 

mycoplasma [279, 280]. The major virulence factor that causes host damage in mollicutes is 

hydrogen peroxide as a by-product of glycerol metabolism. Many mycoplasmas do not encode 

common virulence factors, in contrast to the severe virulence factor exhibited by M. mycoides subsp. 

mycoides [281]. This highlights the use of fundamental functions of metabolism, such as glycerol 

metabolism, to ensure their survival in the host tissue and cause disease [282-284].  

Ciliostasis is a major pathogenic outcome from M. ovipneumoniae infections, which has been 

correlated to hydrogen peroxide production [285]. This provides potential avenues to protect 

infected animals if a method to prevent hydrogen peroxide production in M. ovipneumoniae can be 

discovered or there is a mechanism for degradation of hydrogen peroxide before it gets to the levels 

to cause disease. 

3.4.4 Prediction of transmembrane proteins 
The identification of suitable antigens is pivotal in the production of vaccines and diagnostics. The 

localisation of a protein on the surface of the pathogen may improve the likelihood of that protein 

being useful for vaccines and diagnostics. With an annotated genome, one of the methods to 

determine the localisation of a protein is the presence of transmembrane domains [177, 178]. 

Transmembrane domains are regions of the protein that are predicted to be located or embedded 

within the cell membrane and therefore the presence of these domains indicates that at least part of 

the protein is located as an extracellular domain outside of the cell. In isolate 16, 90 and 103 there 

were 286, 215, and 253 proteins with predicted transmembrane domains, respectively, providing a 

large pool of potential antigens for further analysis. Reducing this pool down to proteins with single 

or few transmembrane domains may help produce a more manageable pool of antigens for targeted 

analysis. This is because proteins with multiple transmembrane domains can be difficult to be 

produced in recombinant form. Comparing the proteins detected as potential antigens across isolate 

16, 90, and 103 may assist in further reducing the number of antigens common across all three 

isolates. 

3.4.5 Phylogenetics  
In a previous unpublished analysis of New Zealand isolates of M. ovipneumoniae, three genetic 

groups were identified (chapter 2.3). An attempt was undertaken to regrow the isolates however 

after extended period with limited number of successful cultures the decision was made to proceed 

in silico. To re-confirm this grouping, the putative adhesin gene p113 sequence was obtained for 10 

of the New Zealand isolates and the ESR reference strain. Comparison of the in silico restriction 

patterns separated the three isolates 16, 90, and 103 into unique groups as was suggested in the 
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previous study. The patterns of the other 7 New Zealand isolates produced restriction fragment 

patterns similar to one of the three groups; group 1 contained isolates 16, and 42, group 2 had 

isolates 90 and 23, and group 3 had isolates 103, 70, 73, 83, and 88 (Table 3.3). Isolate 94 was 

difficult to distinguish between group 1 and group 3. Comparing the sequence data for p113 showed 

isolate 94 was more closely related to group 3 than group 1 (Fig. 3.5). The other isolates in group 3 

however, were closer to each other than to isolate 94 which may account for the difficulty in 

distinguishing between the two groups (Fig. 3.5). The ESR reference strain did not produce a 

restriction fragment pattern that could be associated with any of the groups identified in the New 

Zealand isolates (Table 3.3). This supports the use of this gene as a typing tool for grouping isolates 

of M. ovipneumoniae, not only in New Zealand but useful in following the distribution of different 

isolates as they move between domestic animals and wild animals such as big horn sheep [249].  

Phylogenetic analysis grouped the New Zealand isolates into a single clade separate from the 

isolates described by Kamath et al (2019) [265] and the M. hyopneumoniae outgroup (Fig. 3.6). This 

is expected considering the geographical separation between New Zealand and the United States. 

The Type strain (ESR) was positioned as a sister isolate to the New Zealand isolates with a posterior 

probability of 0.71. This suggests Australia, the location of the type strain, is the source of New 

Zealand M. ovipneumoniae (Fig. 3.6). With both countries being located close together it is likely that 

mycoplasmas could be transported from one country, especially in the early stages of the budding 

sheep industry in New Zealand and before the identification of the presence of M. ovipneumoniae 

[59, 248] and strict biosecurity measures were implemented in both countries [286]. Further analysis 

of Australian M. ovipneumoniae could determine whether there is support for movement of M. 

ovipneumoniae between the two countries or if there has been predominately one-way movement 

from Australia to New Zealand. 

Within the New Zealand clade there is support for the presence of two separate groups of New 

Zealand M. ovipneumoniae isolates (Fig. 3.6). Except for isolate 94, the split was between group 2 

and, groups 1 and 3. Isolate 94 was originally located within group 3 along with isolate 103 according 

to its P113 sequence; however, using the MLST sequence, isolate 94 was more closely related to 

isolates 23 and 90 in group 2. With the posterior probability of 0.66, the separation between the two 

groups is not as strong as some of the other clades within the New Zealand isolates. This may be due 

to the grouping of isolate 94 with isolates 23 and 90, suggesting that isolate 94 may have undergone 

genetic shift between the two groups. This could be undertaken via horizontal gene transfer [287] 

when different isolates on M. ovipneumoniae mix within a host. This could allow movement of either 

P113 or MLST genes between groups resulting in disparity between the two phylogenies. Another 

potential would be convergent evolution of one or more of the genes used in the phylogenetic 
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analysis. The primary differences between the two clades is two insertions in the IGS of 3 and 5 

nucleotides within the isolates 23, 90, and 94. 

The separation of M. ovipneumoniae into two clades may support the concept of multiple invasions 

of this organism into New Zealand from Australia. To confirm this, further analysis of New Zealand 

isolates would be required to increase the number of isolates associated with the clade containing 

isolate 90 to confirm the separation of the clades. The second analysis would require further 

samples of Australian isolates to determine if there are isolates closer related to each group. This 

would determine whether the two groups are a result of multiple invasion events or due to 

divergent evolution within the New Zealand isolates. 

3.4.6 Comparison with other mycoplasmas 
Members of the mollicutes are known for their small genome size and reduced number of genes 

with most members containing less than 1,000 genes and many genomes under 1,000 kb [268, 288]. 

M. ovipneumoniae have a similar gene count of 711-971 protein coding genes; however, the genome 

is over 1,000 kb. The M. ovipneumoniae genome has been shown to be over 1,000 kb in several 

strains, with strain SC01 having a genome size of 1020 kb [130] and strain NM2010 having a genome 

size of 1,084 kb [251]. The GC content across the five genomes (isolate 16, 90, 103, SC01, and 

NM2010) of M. ovipneumoniae was consistent at around 29-30%. This was higher than that detected 

in M. mobile at 24.9% [268] and M. pulmonis at 26.6%. Comparatively M. pneumoniae has a GC 

content of 40%. The larger genomes of M. ovipneumoniae compared to other mycoplasma species 

may provide advantages to promote distribution across a number of domestic and wild species as 

well as allowing M. ovipneumoniae to evade detection and/or reduce the immune response to 

infection, increasing its ability to take hold in the host animals. Further comparisons between 

mycoplasma species may reveal the different/additional genes present in M. ovipneumoniae and 

whether they provide advantages to M. ovipneumoniae. It would also be of interest to determine if 

the extra genes present in M. ovipneumoniae are a result of gene duplication from a smaller genome 

ancestor or a remnant from a larger genome ancestor. It would also be of interest to understand the 

role of selection pressure on these events. 

3.5 Conclusion 
Three isolates of New Zealand isolates of M. ovipneumoniae have had a draft genome created and 

annotated. This provides a new avenue of research into the molecular understanding of this 

pathogen. The isolates had a genome size of 1.03-1.34 mb and a genomic GC content of 29-30% 

similar to the genomes of isolates SC01 and NM2010. Annotation identified 971, 711, and 859 

protein coding genes in isolates 16, 90, 103 respectively with over 200 genes containing 

transmembrane domains, providing a large number of potential proteins that could be investigated 
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for further vaccine or diagnostic use. Comparison between New Zealand isolates and other M. 

ovipneumoniae genomes has shown similar range of genes, with the two external M. ovipneumoniae 

isolates gene count sitting between the three New Zealand isolates. RFLP and phylogenetic analysis 

of P113 has provided support to the establishment of three groups of M. ovipneumoniae in New 

Zealand. Phylogenetic analysis of the three New Zealand isolates (16, 90 and 103) grouped all three 

isolates in a single clade with the ESR reference strain as the closest related strain. Within the New 

Zealand clade, two further subclades were observed, which may indicate two separate invasion 

events of M. ovipneumoniae from Australia. Further analysis of New Zealand and Australia isolates 

of M. ovipneumoniae will provide support for either separate invasion events or divergent evolution 

within New Zealand isolates. 

3.6 Data availability 
This whole-genome shotgun project for isolate 90 has been deposited at DDBJ/ENA/GenBank under 

the accession number VZDPOOOOOOOO. The version described in this paper is version 

VZDPOIOOOOOO, and the BioProject number is PRJNA573593. The sequence reads have been 

deposited at the SRA under the accession number SRR10959050.  
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Chapter 4 Identification of Mycoplasma ovipneumoniae immunogenic 

proteins by two-dimensional SDS-PAGE, Western blotting, and mass 

spectrometry analysis 
 

4.0 Abstract 
As part of research aimed at developing a vaccine against M. ovipneumoniae or a diagnostic test to 

detect disease caused by this bacteria, hydrophobic membrane protein fractions were produced and 

immunoblotted with sheep antisera generated against three New Zealand isolates of M. 

ovipneumoniae. Proteins in these fractions were separated by 2D gel electrophoresis and 

immunogenic proteins were detected by Western blotting using antisera against M. ovipneumoniae. 

The identity of immunogenic proteins was determined by mass spectrometry with reference to the 

genome of M. ovipneumoniae produced in Chapter 3. Eight proteins were successfully identified 

across the three isolates including two previously known immunogenic proteins of M. 

ovipneumoniae, HSP70 and EF-Tu. Each of the eight proteins were analysed for B lymphocyte 

epitope prediction, transmembrane helices prediction, and hydrophobicity prediction. This resulted 

in four proteins (EF-Tu, GAPDH, P146, and HP3) and one epitope of HP1 being selected for further 

study. 
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Sheep antibody response to M. ovipneumoniae antigens without M. haemolytica antigens 

Western blots of whole cell lysates using pre-immune sera and antisera from sheep vaccinated 

against the three isolates of M. ovipneumoniae (isolates 16, 90, and 103) (chapter 2.4.3) identified a 

similar size range of immunogenic proteins bands to that detected using the sera from sheep 

vaccinated with a mixture of M. ovipneumoniae and M. haemolytica (Fig. 4.7). Comparing the 

hydrophobic and the hydrophilic membrane fraction Western blots (Fig. 4.7) to the hydrophobic and 

the hydrophilic membrane fraction Western blots produced using the pooled sera (Fig. 4.4) 

identified a similar protein banding pattern in the middle of the molecular range (100-50 kDa). 

However, a larger number of high molecular weight proteins were detected in both the hydrophobic 

and hydrophilic membrane protein fraction M. ovipneumoniae Western blots and conversely there 

were fewer lower molecular weight proteins detected.
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2D Western blotting  

Two-dimensional western blotting of the HPF from M. ovipneumoniae isolate 16 with the pooled 

antisera (2.7.2) (against M. ovipneumoniae isolates 16, 90, and 103 and M. haemolytica) showed 

four intense immuno-reactive protein spots and a larger number of less intensive areas of immuno-

reactivity (Fig. 4.8). These spots were then located in the 2D gel (Fig. 4.9) by aligning the Western 

blot (Fig. 4.8) with the gel and the corresponding protein spots excised for mass spectrometry. This 

identified eight protein spots of interest. Comparison of the peptide sequences obtained from the 

mass spectrometry analysis to an annotated genome of M. ovipneumoniae identified four proteins 

(Table 4.1). These proteins were identified as the known immunogenic proteins HSP70 and EF-Tu, as 

well as two new potential immunogenic proteins Multidrug and Toxic Compound Extrusion (MATE) 

efflux transporter protein, and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The full amino 

acid sequence of the MATE and GAPDH proteins were obtained from the annotated genome 

(chapter 3). 
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Figure 4-8 2D Western blots showing reactivity of proteins in the hydrophobic protein fraction prepared from M. ovipneumoniae isolate 16 and probed using sheep sera 
from sheep vaccinated with M. ovipneumoniae (isolates 16, 90, and 103) and M. haemolytica. 

A) Western blot using pooled pre-immune sera. B) Western blot using pooled antisera produced against mycoplasmas. Proteins sent for mass spectrometry are indicated 
by red circles. Ladder Precision Plus Protein Western C Standards.  
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Table 4-1 Summary of protein spots excised from 2D gel and corresponding proteins identified via mass 
spectrometry analysis 

M. ovipneumoniae 

isolate 

Spot number Approximate Mw size on the gel Protein detected by MS 

16 1 70 HSP70 

 2 60 Not Identified 

 3 62 Not Identified 

 4 55 MATE 

 5 44 EF-Tu 

 6 37 GAPDH 

 7 37 Not Identified 

 8 110 Not Identified 

90 1 90 P146 

 2 95 Hypothetical Protein 1 (HP1) 

 3 85 Hypothetical Protein 2 (HP2) 

 4 58 Not Identified 

 5 56 Not Identified 

 6 56 P146 

 7 44 EF-Tu 

 8 35 GAPDH 

 9 24 Hypothetical Protein 3 (HP3) 

 10 70 HSP70 

103 1 63 Not Identified 

 2 45 EF-Tu 

 3 24 Not Identified 

 4 37 GAPDH 

 5 84 P146 

 6 59 Not Identified 

 

HSP70 had a protein coding sequence of 1,797-1,800 bp, across the 10 isolates with 1,715 identical 

sites (95.35%). Translated peptide sequences produced a sequence length of 598-599 amino acids 

(aa) with a sequence identity of 594 (99.2%) and a pairwise identity of 99.8%. The differences in 

sequence length were due to an in-frame addition of TCA in isolate 16 at site 1,758 resulting in the 
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addition of a glutamine residue at site 587. The predicted molecular weight was 65 kDa. No 

transmembrane domains were detected in this protein, with the entire protein being predicted to be 

located on the outside of the cell membrane (Appendix 26). B-cell epitope analysis indicated 20 

potential immunogenic epitopes of 4 amino acids or larger of which 17 were hydrophilic (Appendix 

34). HSP70 had an intra-species nucleotide sequence identity of 95.35%, and comparison to M. 

hyopneumoniae, M. conjunctivae, and M. bovis produced a sequence identity of 86.3%, 80%, and 

67.2% respectively. 

EF-Tu had a protein coding sequence of 1,209bp, in all the isolates, with 1,176 (97.3%) identical sites. 

Translated peptide sequences produced a sequence length of 402 aa with 401 (99.8%) identical sites 

and pairwise % identity of 99.9%. All the Isolates had the same peptide sequence except for isolates 

103 and 73 which had a change from Alanine to Valine at position 319. The predicted molecular 

weight was 44 kDa. As with HSP70 no transmembrane domains were detected (Appendix 27), and all 

the protein is predicted to lie outside the cell membrane. B-cell epitope analysis detected 17 

potential immunogenic epitopes of 4 amino acids or larger, 13 were determined to be hydrophilic 

(Appendix 35). The EF-Tu sequence from M. ovipneumoniae was compared to closely related 

species, M. hyopneumoniae, M. conjunctivae, and Mycoplasma bovis, this revealed a sequence 

identity of 84.9%, 83.1%, and 74.8% respectively. 

GAPDH had a protein coding sequence of 1008 bp with 974 (96.6%) identical sites. Translated 

peptide sequences produced a sequence length of 336 aa with 318 (94.6%) identical sites and 

pairwise % identity of 97.8%. Isolates 16, 23, 73, and 83 have an internal stop codon reducing the 

length to 332 aa. The predicted molecular weight was 36.9 kDa in size. There were no predicted 

transmembrane domains (Appendix 28). B-cell epitope analysis showed 14 potential epitopes of 

which 8 are predicted to be hydrophilic (Appendix 36). Comparing it to the equivalent protein in M. 

hyopneumoniae, M. conjunctivae, and M. bovis showed a similarity of 77.3%, 72.2%, and 63.8% 

respectively. 

MATE produced a protein coding sequence of 1563bp with 1,448 (92.6%) identical sites, translated 

peptide sequence showed a sequence length of 521 with 502 (96.4%) identical sites and pairwise % 

identity of 98.6%, resulting in a 58 kDa sized protein. This protein has been predicted to contain 12 

transmembrane domains, seven intracellular and six extracellular (Appendix 29). B-cell epitope 

analysis indicated the presence of 12 potential immunogenic epitopes of which 4 are predicted to be 

hydrophilic (Appendix 37). Comparison to M. hyopneumoniae revealed a sequence similarity of 

71.2%. 

P146 is a large 129 kDa protein with a nucleotide sequence length of 3507-3630 bp with 2747 

(74.3%) identical sites. Translated peptide sequences produced a sequence length of 1157-1170 aa 
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with 407 (33.0%) identical sites and pairwise identity of 71.7%. It contains one potential 

transmembrane domain at the start of the protein, with the majority of the protein sitting outside of 

the cell (Appendix 30). B-cell epitope analysis indicates 32 potential sites of B-Cell immunogenicity of 

which 29 are predicted to be hydrophilic (Appendix 38). 

Three different hypothetical proteins, HP1, HP2, and HP3, were identified. HP1 had a sequence 

length of 3613-3844 bp with 2,669 (69.4%) identical sites. Translated peptide sequences produced a 

sequence length of 1204-1231 aa, with 318 (25.3%) identical sites and a pairwise % identity of 

56.2%. Predicted protein was 133 kDa in size. There was a single transmembrane domain at the N-

terminus of the protein (Appendix 31). B-cell epitope analysis identified 40 potential epitopes, with 

two large epitopes of 129 and 73 amino acids respectively. 39 of the 40 epitopes are predicted to be 

hydrophilic (Appendix 39). 

HP2 had a sequence length of 2886-2908 bp with 2,587 (89.0%) identical sites. Translated peptide 

sequences produced a sequence length of 910-968 aa with 789 (81.4%) identical sites and pairwise 

identity of 92.6%. Internal stop codons are the cause for the smaller sequences. A protein of 111 kDa 

was predicted. There was a single transmembrane domain detected at the start of the protein 

(Appendix 32). B-cell epitope analysis indicated 28 potential epitopes of which 26 are predicted to be 

hydrophilic (Appendix 40). 

HP3 had a sequence length of 756-757 bp with 648 (85.6%) identical sites. Translated peptide 

sequences produced a sequence length of 251-252 aa with 166 (64.1%) identical sites and pairwise 

identity of 90.5%. The predicted molecular weight was 28 kDa. This protein has one transmembrane 

domain predicted near the start of the protein and occurring after a short intracellular domain 

(Appendix 33). The majority of the protein is predicted to lie outside the cell membrane. B-cell 

epitope analysis indicated in the presence of eight potential immunogenic epitopes all of which were 

predicted to be hydrophilic (Appendix 41). 

Sequence similarity of the M. ovipneumoniae proteins identified is summarised in Table 4.2. 

Sequence alignments of the 10 New Zealand isolates are presented in Appendix 42-49. 
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4.4.1 Western blotting 

Western blotting of M. ovipneumoniae proteins was undertaken using pre-immune sera and anti-

sera produced against M. ovipneumoniae in both sheep and rabbits. Sera and antisera collected 

from a M. ovipneumoniae and M. haemolytica adjuvant trial was the primary sera used in the 

identification of immunogenic M. ovipneumoniae proteins. The three pooled sera used were 

selected because of their high titres against M. ovipneumoniae (data not shown). The pooled sera 

produced a number of bands on a Western blot indicating the presence of immunogenic proteins. 

This banding pattern was compared to the banding pattern using antisera against M. ovipneumoniae 

in rabbits. This was done to compare reactivity of the proteins to sera from different host species 

and to determine if the inclusion of M. haemolytica in the vaccine used to produce the pooled sera 

had an effect on the detection of the immunogenic proteins. The banding pattern observed in the 

Western blots using the rabbit antisera had the largest differences between any of the different 

antisera tested. Overall, the Western blots of WCL and hydrophilic membrane fractions with sheep 

antisera and rabbit antisera showed similar patterns of immunoreactivity. In the HPF; however, 

there was a stark difference between the two Western blots with an observed reduction in 

antibodies against M. ovipneumoniae proteins in the middle of the molecular weight range with 

proteins being detected around the 64 kDa marker and the 28 kDa marker with limited response 

between those molecular weights. This suggests that the immune response to M. ovipneumoniae 

proteins may differ between different animal models. This is an important observation because 

much of the published immunogenic work on M. ovipneumoniae has been done using non target 

animal models such as mice [160] as the host. If a difference in immunogenic patterning observed 

between the sheep sera and the rabbit sera is also observed in other animal models, it may mean 

that immunological studies using species other than sheep should be interpreted with caution.  

Two sheep were also vaccinated only with the three isolates of M. ovipneumoniae without inclusion 

of M. haemolytica antigens in the vaccine (chapter 2.7.3). Western blots using the sera produced 

against M. ovipneumoniae alone produced a patterning similar to that observed in the pooled sera 

from sheep vaccinated with both M. ovipneumoniae and M. haemolytica and thus containing anti M. 

haemolytica antibodies. The differences between the Western blots using antisera generated against 

antigens from both organisms was an increase in some high molecular weight and a decrease in 

some low molecular weight immunogenic protein bands compared to Western blots using antisera 

against M. ovipneumoniae alone. The addition of M. haemolytica in the vaccine appeared to have 

had less of an effect on the immunogenic patterning observed, than the use of rabbits as the host. 
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Due to the significance of EF-Tu in protein production, it is one of the most highly conserved proteins 

in prokaryotes [195]. Being a highly conserved protein provides both benefits and obstacles to the 

production of protein-based vaccines. Being highly conserved reduces the likelihood that antibodies 

against EF-Tu from a particular isolate of M. ovipneumoniae will be unable to recognise and bind to 

the protein from other isolates. This increases the universality of potential vaccine components 

against not only New Zealand isolates but strains from abroad. The downside of this high degree of 

similarly in amino acid sequence is potential for an overactive immune system; antibodies produced 

against this protein may cross-react with similar organisms. This could produce antibodies to 

beneficial non-target organisms. For a host species such as sheep being a ruminant, this could cause 

issues as production of such antibodies could be reactive against rumen and gut dwelling bacteria 

necessary for proper function as a ruminant animal. If the antigen is to be considered for a 

diagnostic target, then cross reaction between multiple organisms would reduce the specificity of 

the test. The sequence comparison of EF-Tu, within the New Zealand isolates, was the most 

conserved of the proteins identified. Comparing the EF-Tu sequence with closely related species M. 

hyopneumoniae, M. conjunctivae, and Mycoplasma bovis revealed a sequence identity of 84.9%, 

83.1%, and 74.8% respectively.  

Heat Shock Protein (HSP70) 

Heat Shock Protein (HSP70) is a 70 kDa protein belonging to a group of proteins induced by 

environmental stress conditions. These proteins play an important role in stimulating both host 

innate and adaptive immunity [193, 303]. HSP70 functions as a molecular chaperone but has been 

suggested to also play an important role in the organisation of the terminal organelle, critical for the 

adhesion to host cells. HSP70 has been shown to be a strong antigen containing multiple B- and T-

cell epitopes [160]. From the analysis of the protein sequence derived from M. ovipneumoniae, 20 B-

cell epitopes were determined, of which 17 were hydrophilic. This increases the probability that they 

are located on the outside of the protein. There are no predicted transmembrane domains in this 

protein. This may be due to the main function of the protein occurring intracellularly. It has been 

demonstrated that the antigenic properties of HSP70 can be exploited to enhance and induce 

humoral and cellular response, as both an adjuvant and immunogen [304]. 

HSP70 had an intra-species nucleotide sequence identity of 95.35%, and comparison to M. 

hyopneumoniae, M. conjunctivae, and M. bovis produced a sequence identity of 86.3%, 80%, and 

67.2% respectively. This showed the highest inter-species sequence similarity of the proteins so far 

for M. hyopneumoniae and M. conjunctivae. The higher inter-species sequence similarity suggests 

that this protein would not be useful for vaccine or diagnostic use. However, the reduced similarity 

with M. bovis indicates that the likelihood of the M. ovipneumoniae protein cross identifying with 
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Similar to EF-Tu, GAPDH has also been implicated in an adhesion role by interacting with the primary 

component in the mucosal epithelial lining, mucin (Mn) [310]. The mucosal barrier is considered a 

major component of the immune system, contributing to adaptive and innate immunity, and 

providing a physical and mechanical barrier by which pathogens are cleared [311]. With 90% of all 

human infections starting at the mucosal membrane, and the same likely to be true for infections in 

sheep, understanding how pathogens adapt and subvert this mechanism of the immune system to 

invade and infect the underlying tissues is of increasing interest for developing preventive measures. 

GAPDH from Mycoplasma genitalium has been shown to bind to human vaginal/cervical Mn and 

introduction of antisera raised against recombinant GAPDH blocked binding of mycoplasma to mucin 

by approximately 70% [305]. Blockage of M. ovipneumoniae GAPDH by inducing antibody production 

against this protein using vaccination may provide a preventive mechanism for reducing the 

colonising ability of M. ovipneumoniae and therefore preventing infection by this bacterium.  

GAPDH was the second most conserved protein of the eight proteins. Comparing it to the equivalent 

protein in M. hyopneumoniae, M. conjunctivae, and M. bovis showed a similarity of 77.3%,72.2%, 

and 63.8% respectively. This indicates that there is a higher chance of cross detection by either the 

immune system or a GAPDH based diagnostic when compared to EF-Tu [312, 313]. However, there is 

still a sufficiently large difference between the M. ovipneumoniae version of GAPDH and GAPDH 

from the others to warrant further study with this protein. 

As has been the case with M. ovipneumoniae vaccination efforts to date, vaccinations for 

Staphylococcus species have produced limited success. Vaccination with autogenous whole cell 

bacterins have failed to elicit protection against new infections and the use of specific antigen 

fractions did not provide heterologous protection [314]. However, GAPDH has been detected on the 

surface of multiple Staphylococcus species and was determined to be able to bind transferrin 

(dependent on the strain) [314, 315]. Vaccination of dairy cows with recombinant GAPDH conferred 

protection against challenge with Streptococcus uberis [315]. Vaccinated animals post-challenge 

showed a decreased observable mastitis compared to the control group [315]. One possible 

explanation is the circulating GAPDH antibodies may inhibit cell surface-associated GAPDH on the S. 

uberis bacteria, resulting in a decrease in bacterial virulence [315]. This hypothesis is derived from 

work on Schistosoma mansoni, in which GAPDH was shown to be a selective target for antibodies in 

the sera of humans resistant to reinfections [316]. This result was corroborated by the findings of a 

different study, where the introduction of drugs inhibiting GAPDH resulted in decreased survival of 

parasites, Trypanosoma brucei and Leishmania mexicana [317]. A DNA vaccination composed of the 

Onchocerca volvulus GAPDH has recently been used to successfully reduce the number of rodent 

filarial Litomosoides sigmodontis in a BALB/c mouse model [318]. Vaccination of mice using 
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recombinant GAPDH from Streptococcus pneumoniae resulted in a 36% survival rate compared to 

the control group [319]. 

Mycoplasma bovis has significant antigenic variation between different isolates, and this is a 

significant obstacle in developing effective antigen-based vaccines [21, 310]. GAPDH has been 

suggested as a potential protein for vaccine development due to its high level of protein 

conservation [310]. Recombinant GAPDH has been shown to produce significant humoral immune 

responses in bovine species, but field studies have failed to demonstrate induction of protective 

immunity [21, 170]. GAPDH has been identified in a number if pathogenic species as a potential 

vaccine target, the detection of GAPDH as immunogenic in M. ovipneumoniae increases the 

potential for use in diagnostics and vaccine development. Developments in vaccines against other 

pathogens using GAPDH may be transferable to M. ovipneumoniae. 

Multidrug And Toxin Extrusion protein (MATE)  

The fourth protein identified from the mass spectrometry analysis was a MATE efflux transporter 

protein. This family of proteins are predicted to be involved as drug/sodium antiporters. At present 

there are five Multidrug efflux transporter families identified, with the MATE family being the most 

recently characterised [320]. While being the least well-characterised family of the drug exporters, 

those studied often accommodate fluoroquinolones, providing resistance [321]. Mycoplasmas lack a 

cell wall and is therefore resistant to antimicrobials that target the cell wall; consequently, 

mycoplasmas such as M. pneumonia are susceptible to fluoroquinolones [7]. Inhibition of the MATE 

proteins may provide increased sensitivity to antimicrobials extruded by the MATE complex. 

B-cell epitope analysis of the MATE protein identified 12 potential antigenic areas within the peptide 

sequence. Eleven of these consisted of at least 8 amino acids in length and these sections may 

provide better sensitivity for future diagnostic experiments and increased specificity in potential 

vaccine or pathogenesis studies. Of the 12 predicted epitopes, 4 were determined to be hydrophilic, 

and therefore potentially be present on the exterior of the protein. This suggests there are a limited 

number of viable epitopes on this protein for antibody targeting.  

MATE had a sequence similarity >90% between the New Zealand isolates. Comparison of this protein 

to M. hyopneumoniae, M. conjunctivae, and M. bovis only produced a single homolog, from M. 

hyopneumoniae with a sequence similarity of 71.2%. The high homology within M. ovipneumoniae 

isolates and limited homology with other species including the three sister Mycoplasma species 

suggests it could be useful for a targeted vaccine or diagnostic test. However, the MATE protein was 

predicted to have seven transmembrane domains, which is expected given its function is as an efflux 

pump designed to remove compounds from the cell. The presence of multiple transmembrane 

domains would make the protein difficult to produce as a recombinant protein in commonly used 
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host expression systems. Further research will be required to determine the feasibility of the 

production of this protein as an intact protein or if an epitope-based production of the surface-

located as specific peptides epitopes will be a better approach. However, the limited number of 

external epitopes available, this suggests that this protein may not be a viable option for further 

development as a vaccine or diagnostic antigen. 

Adhesin like protein P146 

The final named protein detected in this study was the Adhesin like protein, P146. This protein is 

also referred to as the Multifunctional Cilium Adhesion (Mhp684) protein and has been shown to 

bind to cilia, various glycosaminoglycans (GAG), and plasminogens [322]. P146 in M. hyopneumoniae 

has been shown to be able to be cleaved into multiple fragments that reside on the cell surface 

[322]. This may also be the case in M. ovipneumoniae as this protein was detected in isolate 90 as 

different variants corresponding to multiple protein sizes (approximately 60 kDa and 90 kDa 

molecular size). P146 had 32 potential B-cell epitopes and 29 are expected to be hydrophilic, 

suggesting that the majority of epitopes detected may be on the external surface of the folded 

protein. Potentially due to the large size of the protein, there were also larger B-cell epitopes; the 

largest consisting of 84 amino acids, providing large sites for potential B-cell targeting. 

Hypothetical proteins  

The final three proteins detected in the study have not currently been characterised and remain 

hypothetical proteins. The first two proteins (HP1 and HP2) are large and may not be ideal for use in 

downstream applications in their current form; however, they contain several large B-cell epitopes 

that may be of use and will require further analysis. Large proteins can provide additional obstacles 

in the production of antigens for vaccines or diagnostic tests. There are likely increased costs to 

produce a larger protein in a recombinant pathway and technical difficulties associated with 

producing the entire protein. The HP1 had 40 B-cell epitopes predicted, with all but the last epitope 

predicted to be hydrophilic providing several immunogenic targets including two large epitopes of 

129 and 73 amino acids. Since the large size of this protein makes it difficult to work with in its 

entirety, synthetic peptides or small recombinant proteins could be made based on the two large 

predicted B-cell epitopes providing a more viable pathway for using this protein in further 

immunogenic analysis. This protein had a single predicted transmembrane domain at the start of the 

protein suggesting that the protein will be membrane located with the majority of the protein being 

located outside the cell membrane. 

The second hypothetical protein (HP2) had 28 predicted B-cell epitopes, 26 of them being 

hydrophilic. This, in combination with the single transmembrane domain at the start of the protein 

provides a similar structure to the first hypothetical protein. Unlike the first hypothetical protein, 
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this protein does not have large predicted epitopes, making it more challenging to further 

investigate its immunogenicity. Due to its large size, the protein may be difficult to produce as a 

recombinant protein and therefore is a less attractive target for further immunological analysis. 

The third hypothetical protein (HP3) detected was identified in M. ovipneumoniae isolate 90. This 

protein contains a transmembrane domain at the start of the protein indicating the potential surface 

localisation of the protein and increasing its potential as an immune target. B-cell epitope analysis 

detected eight potential immunogenic epitopes, and all of these were predicted to be hydrophilic, 

suggesting that all epitopes are present on the exterior of the folded protein.  

The presence of an immunogenic protein located on the surface of the cell might provide an 

opportunity for the immune system to directly target and remove the invading pathogen. 

Conversely, these proteins may also have the added role of acting as surface adhesion proteins. This 

provides a secondary method by which the immune system can act upon the Mycoplasmas. 

Antibodies binding to the protein may prevent the pathogen from adhering to host cells such as 

epithelial cell and impede the ability of the Mycoplasmas to establish, thereby potentially preventing 

the development or reducing the severity of the disease. Increasing the number of potential 

mechanisms by which a vaccine could prevent M. ovipneumoniae propagating and causing disease 

could increase the likelihood of success of the vaccine. 

Moving from the theoretical to the practical scenario will require the production of these proteins or 

selected peptides based on the B-cell epitope predictions. Protein specific antisera can be produced 

in sheep and be used for further studies and analyses to determine the ability of each of the proteins 

to prevent infection of sheep with M. ovipneumoniae.  

4.5 Conclusions and next steps 
Eight proteins were identified as immunogenic from conducting Western blots on hydrophobic 

protein fractions from M. ovipneumoniae. Two of the identified proteins (HSP70 and EF-Tu) were 

known M. ovipneumoniae immunogenic proteins from previous studies and three were identified as 

GAPDH, MATE and P146 by using the built M. ovipneumoniae genome (chapter 3). In addition to the 

five named proteins, three hypothetical proteins were also detected. Five of the proteins were 

produced as recombinant proteins and used in further analysis (chapter 5). The proteins chosen 

were EF-Tu, GAPDH, P146, and the smaller of the hypothetical proteins, HP3. In addition to the full 

sequences, an epitope of HP1 was also included for further studies. 





















































 
 

135 
 

also the case for the other animals vaccinated with WCL from isolates 90 and 103; however, in these 

animals, the pre-immune response was not as strong. One animal vaccinated with HPF 90 and HPF 

103 had a strong response to HP3 after the first vaccination; however, this response did not remain 

after the booster vaccination at the 6-week mark. HPF from isolate 103 also produced a strong 

response against EF-Tu. Animals vaccinated with adjuvant only or with M. ruminantium M1 

produced weak responses to all the recombinant proteins. 
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Table 5-2 Mean (of duplicates) serum antibody responses to recombinant proteins in sheep vaccinated with recombinant proteins, whole cells (WC) or hydrophobic protein 
fractions (HPF).  

The target antigen for the ELISA is represented in row 1. The antigen the animal was vaccinated with, and the animal number (Table 2.6) is represented in column 1. The 
time point (weeks) post vaccination the sera was collected is represented in row 3. Protein 1 & 2 represent the two animals vaccinated with the corresponding antigen 
target in the ELISA. Responses are expressed as PBS-corrected OD450. Responses are highlighted in bold where there is a response over time. 

.

 EF-Tu (GenScript) GAPDH HP1 HP3 P146 
 Weeks Weeks Weeks Weeks Weeks 
Antisera (Animal no.) 0 4 6 0 4 6 0 4 6 0 4 6 0 4 6 
EF-Tu (in-house #1.12) 0.84 2.77 3.31                         
Protein (#2) 0.39 3.16 3.03       0.00 2.45 1.95       0.09 2.72 2.16 
Protein (#1) 0.92 2.78 3.15 0.40 1.96 3.42 0.20 1.38 1.55 0.00 2.61 2.53 0.00 2.99 1.85 
WC 16 #1.13) 2.24 0.79 2.12 1.74 0.36 1.15 0.02 0.00 0.05 0.04 1.79 1.70 0.05 0.88 0.77 
WC 16 (#1.14) 1.78 0.43 0.81 1.63 0.05 0.15 0.10 0.33 0.18 0.06 1.36 2.62 0.17 0.46 1.29 
WC 90 (#1.15) 0.52 0.41 0.57 0.12 0.13 0.22 0.12 0.06 0.02 0.09 0.16 0.03 0.21 0.08 0.28 
WC 90 (#2.7) 0.21 0.18 0.14 0.14 0.15 0.21 0.07 0.05 0.07 0.08 0.65 0.73 0.38 1.45 1.40 
WC 103 (#2.8) 0.33 0.23 0.22 0.15 0.15 0.19 0.09 0.08 0.06 0.08 1.81 1.83 0.13 1.94 1.95 
WC 103 (#2.9) 0.27 0.32 0.23 0.25 0.42 0.75 0.06 0.11 0.12 0.06 1.50 1.73 0.09 2.03 2.09 
HPF 90 (#1.21) 0.46 0.41 0.56 0.21 0.16 0.14 0.00 0.55 0.02 0.01 2.09 0.14 0.03 0.32 0.40 
HPF 90 (#1.22) 0.58 0.29 0.29 0.16 0.19 0.23 0.00 0.06 0.04 0.01 0.53 0.12 0.13 0.25 0.21 
HPF 103 (#1.23) 0.78 1.16 2.55 0.50 0.75 0.89 0.02 0.02 0.02 0.03 2.44 0.45 0.01 0.22 0.71 
HPF 103 (#1.24) 0.37 0.46 0.88 0.87 0.23 0.37 0.04 0.07 0.03 0.05 0.05 0.34 0.14 0.09 0.47 
Control (#2.1) 0.54 0.17 0.13 0.20 0.10 0.19 0.08 0.09 0.08 0.11 0.08 0.09 0.18 0.14 0.17 
Control (#2.2) 0.15 0.15 0.32 0.16 0.13 0.18 0.07 0.05 0.05 0.07 0.06 0.06 0.21 0.31 0.33 
Control (#2.3) 0.12 0.09 0.10 0.12 0.12 0.09 0.08 0.06 0.06 0.08 0.09 0.08 0.21 0.15 0.15 
Methanogen (#2.4) 0.43 0.31 0.13 0.15 0.19 0.16 0.07 0.05 0.08 0.10 0.08 0.08 0.13 0.15 0.08 
Methanogen (#2.5) 0.28 0.20 0.24 0.15 0.17 0.20 0.09 0.08 0.14 0.10 0.11 0.09 0.14 0.15 0.10 
Methanogen (#2.6) 0.09 0.12 0.27 0.27 0.37 0.30 0.16 0.18 0.05 0.20 0.25 0.07 0.20 0.27 0.09 
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Figure 5-22 Mean (± SE) IL-17A responses in whole blood cultures of animals vaccinated with whole cell lysates (WCL) and hydrophobic protein fractions (HPF) of M. 
ovipneumoniae isolates 16, 90 and 103, adjuvant only (negative control), and WCL of M. ruminantium M1. All responses were measured in duplicate. 

Responses were measured against WCL or recombinant EF-Tu, GAPDH, HP3, HP1, P146, or Inhouse EF-Tu. Responses against Pokeweed mitogen was used as a positive 
control (not shown). Results are expressed as PBS-corrected OD450 values. 
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In trial 2, three animals vaccinated with whole cell antigens from M. ruminantium M1 were used as 

an unrelated microorganism control (Fig. 5.22). All animals produced a strong response to the 

Pokeweed mitogen positive control (OD450 between 2.38 and 2.5). Except for moderate responses in 

one of the adjuvant control animals against HP1 and GAPDH (0.31 and 0.24, respectively), there was 

limited IL-17A response from the other animals against M. ovipneumoniae antigens. 

The animals from the adjuvant trial were also tested for IL-17A response to WCL from M. 

ovipneumoniae and recombinant GAPDH (Fig. 5.23). All the sheep produced strong responses to 

pokeweed mitogen. The group that produced the strongest IL-17A response was group 2 (animals 

administered a mixture of WCL of M. ovipneumoniae isolates 16, 90, 103 and M. haemolytica, 

together with adjuvant Quil-A), this resulted in a WCL response of 0.295 and a GAPDH response of 

0.410.  

 
Figure 5-23 Mean (± SE) IL-17A responses in whole blood cultures of sheep (n=12) vaccinated with a mixture of 
whole cell lysate (WCL) from M. ovipneumoniae isolates 16, 90, 103 and M. haemolytica, either alone (control) 
or in combination with an adjuvant (Quil-A). 

Responses were measured against WCL or recombinant GAPDH. Responses against Pokeweed mitogen was 
used as a positive control. Results are expressed ng/ml. * Statistically higher compared to control (P<0.05). 
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5.4 Discussion  
Since the use of cowpox to prevent smallpox infections, humans have been using antigens to jump 

start the adaptive immune system, taking advantage of the specific memory of the adaptive immune 

system. The use of vaccination can provide protection to animals against pathogens before 

encountering them, reducing the time an animal will be infected and limiting the damage caused. 

Determining the best antigens to use as a vaccine; however, can be a difficult process. The first step 

in developing a vaccine is identification of proteins or other antigens that induce strong adaptive 

responses. This chapter looked at the potential immunogenicity of five antigens from M. 

ovipneumoniae. 

5.4.1 Recombinant protein production and Western blot analysis 
The production of recombinant proteins is an invaluable tool in proteomics research. Compared to 

native proteins they have two main advantages: 1) more flexibility regarding which and how much 

recombinant protein is produced, and 2) purified recombinant proteins are often much cheaper and 

easier to produce than purifying native proteins. The proteins were produced using E. coli codon 

preference, to prevent the reading of the tryptophan codon as a stop codon. One of the proteins, EF-

Tu was successfully produced in-house by firstly using PCR to alter a single codon recognised as a 

stop codon in E. coli. SDS-PAGE gel analysis of the EF-Tu produced in-house, and the proteins 

produced by GenScript confirmed that each protein had the expected molecular weight. The in-

house produced EF-Tu had several additional bands separate from the expected size of EF-Tu. 

Western blotting (using pooled sera against M. ovipneumoniae isolates 16, 90, and 103) showed 

antibody reactivity with mainly one protein band but there were still additional bands detected by 

the sheep sera unrelated to the recombinant EF-Tu. One explanation is the bands are some remnant 

E. coli proteins from the purification that the sheep have previously encountered [332]. 

Alternatively, as most of the bands were smaller in size than EF-Tu, they could be incomplete 

versions or degraded forms of EF-Tu. These proteins could be produced by mechanisms such as 

incomplete production of the protein or proteolysis. Incomplete production is unlikely to be the 

cause because the his-tag used to purify the protein is located at the end of the protein, therefore 

an incomplete sequence is unlikely to be purified. Proteolysis; however, could affect complete 

proteins removing parts of the N-terminus of the protein [332]. Western blotting with anti-his 

antibodies would distinguish between bacterial proteins and EF-Tu derivatives. Due to the 

concentration difference between EF-Tu and these other proteins it is considered unlikely to affect 

studies using the EF-Tu. 

All the recombinant proteins induced an antibody response in sheep. Western blotting using pooled 

sera from sheep vaccinated with a mixture of M. ovipneumoniae Isolate (16, 90, 103) and M. 

haemolytica and sera from individual sheep vaccinated with M. ovipneumoniae alone reacted both 
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with the recombinant proteins and against protein bands of the expected molecular size in the WC 

and HPF fractions. Western blotting using the sera against M. ovipneumoniae alone produced a 

much stronger response to the recombinant proteins than that of the pooled sera which had 

antibodies against both M. ovipneumoniae and M. haemolytica. This may be due to the addition of 

M. haemolytica whole cell antigens in the vaccine which may have reduced the M. ovipneumoniae 

specific immune responses [333]. The vaccine used to produce the pooled sera contained 0.2 mg of 

M. ovipneumoniae WCL whereas the vaccine containing M. ovipneumoniae alone had 0.6 mg of M. 

ovipneumoniae WC. This 3-fold higher dose may have resulted in higher titre of anti-M. 

ovipneumoniae being produced [334-336]. 

Western blotting detected differences between the expected band size and the observed band size 

for HP1 (Fig. 5.11-5.12) and HP3 (Fig. 5.13). The recombinant HP1 was produced from a 129 amino 

acid epitope of the whole protein and therefore would be significantly smaller (~39 kDa) than the 

natural protein, ~95 kDa. This fragment also had a large GST tag attached and because of the large 

difference between the full-size protein and the fragment there was no corresponding band in the 

WCL at the expected size. The reason for the band not being present is unknown. It could be due to 

the size of the protein i.e. a larger protein not being easily detected or transferred to the Western 

blot membrane. Another explanation could be that the epitope used for vaccinating the sheep did 

not produce antibodies able to interact with the full-size protein. 

In the case of HP3, WCL from isolate 103 identified a protein band of a smaller molecular weight 

than that detected by WCL from isolates 16 and 90. The band detected in isolate 103 was also 

smaller than that detected by the recombinant protein produced by GenScript. Analysis of the 

nucleotide and peptide sequence from Isolate 103 from the genome library produced in Chapter 3, 

for this protein did not indicate any internal stop codons to account for the truncated protein. As the 

protein function is not known it is unclear what kind of post translational modifications are likely to 

occur and if this may be the cause of the truncation; however, a number of protein modification 

pathways have been observed in mycoplasmas including protein cleavage [337-339]. The effect of 

the truncated protein on the efficacy of this protein to be used in a potential vaccine or as a 

diagnostic protein may not be a problem because it was detected in a Western blot with antisera 

raised against the full length-protein. This suggests that the truncated protein is sufficiently similar 

to the full-length protein and has not had significant frame shifts within the protein. 

Western blotting was completed using antisera from the animal vaccinated with the in-house EF-Tu 

against M. ovipneumoniae WCL and the recombinant EF-Tu produced by GenScript (Fig. 5.16). This 

detected a protein band in three WCL (isolates 16, 90, and 103) and EF-Tu (GenScript) lanes, 



 
 

147 
 

corresponding to the expected molecular weight (~45 kDa) for EF-Tu. This provides support for the 

correct editing and production of the inhouse EF-Tu protein. 

5.4.2 Antibody responses to recombinant proteins 
It has been suggested that infections of M. ovipneumoniae induce limited immune responses in 

sheep [158, 159]. It has also been previously shown that there is a dramatically reduced induction of 

antibodies in sheep that were previously exposed to M. ovipneumoniae compared to naïve animals, 

when vaccinated against this bacteria [158, 159]. It has been demonstrated in the current study that 

the five studied proteins of M. ovipneumoniae are immunogenic in sheep. This is an important 

finding in the continuing research into preventing and treating infections of M. ovipneumoniae. By 

detecting specific proteins that can elicit an immune response, it may be possible to provide a 

directed immune response against M. ovipneumoniae overcoming the hindrance of pre-existing anti-

mycoplasma immune responses [158, 159] by focussing immune responses to the novel targets.  

ELISA were performed on sera from each of the animals vaccinated with the recombinant proteins 

(Table 5.2). All animals that were vaccinated with the recombinant proteins showed higher antigen-

specific responses (compared to those in pre-immune sera) at boost (week 3) as well as post-boost 

(week 6), confirming the humoral immunogenicity of all five proteins. Comparison of the ELISA and 

Western blots for EF-Tu confirmed the strong antibody response to EF-Tu. The absence of any other 

significant immunoreactive bands in the Western blots indicates that the response to EF-Tu is due to 

the vaccination with the recombinant protein and not due to a previous or current mycoplasma 

exposure. EF-Tu in conjunction with HSP70 from M. ovipneumoniae has been previously shown to be 

immunogenic in mice [160]. M. ovipneumoniae HSP70 has also been shown to be immunogenic in 

sheep [194]. This is the first report of M. ovipneumoniae EF-Tu being immunogenic in sheep further 

supporting the findings in mice presented by Jiang et al (2016) [160]. 

HP1 antigen was produced as a 129 amino acid long epitope determined from the B-cell epitope 

analysis performed in chapter 4. This epitope was able to produce an immune response in the two 

vaccinated animals; however, the response was more variable than that observed for the other 

antigens. As this antigen was a fragment of the whole protein, either a different epitope of the 

protein or a larger fragment containing the selected epitope may induce a stronger and more 

consistent immune response. The Western blotting clearly indicated a response to the recombinant 

protein but did not distinctly identify the native protein in WCL. There was, however, a detection of 

high molecular weight mycoplasma proteins suggesting that the animals vaccinated with HP1 had 

previous exposure to mycoplasmas.  

HP3 had a similar immunogenic response to that observed with EF-Tu with an increase in antibody 

response after the first vaccination but no further increase after the boost. However, as with GAPDH 

this observation is based on results from a single animal and further analysis of this protein will be 
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required to determine if the response observed is indicative of the immunoreactivity of this antigen. 

Further analysis will also be required to determine the long-term immune response from this 

antigen. Comparison with the Western blot images suggest a strong specific response to HP3 due to 

vaccination. 

Protein P146 produced a good response from the initial vaccination. However, at week 6 (2 weeks 

after second vaccination) both animals showed a decrease in antibody response. The use of this 

protein as a potential vaccine antigen will require long term studies using a larger group of animals 

to determine if the decline in immune responses continues. Western blot analysis suggests that the 

animals vaccinated with P146 were previously exposed to mycoplasma, with animal 1.10 showing 

quite a strong response to the other mycoplasma proteins. Despite the strong ELISA response, the 

Western blots did not have a strong response to P146 in either the recombinant protein or in the 

WCL lanes. Due to the large size of the protein, there may be a transfer limitation of native protein 

to the PDVF accounting for the apparent limited response.  

The animals that were vaccinated with WC from isolate 16, 90, and 103 and HPF antigens from 

isolate 90 and 103 were tested against each of the recombinant proteins. The two animals 

vaccinated with WC of isolate 16 showed a strong response to EF-Tu and GAPDH in the pre-immune 

sera. This may suggest that these animals could have been exposed previously to M. ovipneumoniae 

or other mycoplasma and there were pre-existing antibodies. This high response did not remain 

after the first vaccination and decreased to less than half. This result was different for HP3 and P146, 

where the response in pre-immune sera were minimal, but substantially after vaccination. This 

response to HP3 and P146 was also replicated in one of the animals vaccinated with isolate 90 and in 

both animals vaccinated with isolate 103. Animals vaccinated with HPF of isolate 90 showed limited 

increase in response to each of the recombinant proteins after vaccination except for HP3 which had 

a strong response after the first vaccination. Animals vaccinated with HPF from isolate 103 did 

produce a response to EF-Tu, this response was also observed for one of the animals vaccinated with 

HPF (from isolate 103) to GAPDH. The lack of increasing response to the recombinant proteins from 

animals vaccinated with HPF does not suggest that HPF will provide protection against M. 

ovipneumoniae infection. 

The strong antibody responses to P146 and HP3 provide a potential avenue to use these proteins for 

a standardised diagnostic test. The Western blot of HP3, indicates that isolate 103 has a different 

protein size for HP3, this in combination with the ELISA data for animals vaccinated with isolate 103 

suggests that this recombinant protein may be useful across different strains even if there is slight 

genetic difference between strains. Interestingly comparing the pre-immune and the antisera 

Western blots for P146 did not detect the recombinant protein in the pre immune Western blot 
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despite other M. ovipneumoniae antigens being detected. If the antigens detected are due to cross 

reactivity from exposure to other mycoplasma species, such as Mycoplasma arginini [248, 340-344], 

the lack of P146 detection in the pre-immune sera provides evidence for the use of this protein for 

diagnostic detection of M. ovipneumoniae. This was also observed in the ELISA data, despite the 

Western blots detecting M. ovipneumoniae antigens. ELISA against P146 did not detect a response 

to this protein in pre-immune sera. Collectively these two observations provide evidence for the 

specificity of P146 for the detection of M. ovipneumoniae in sheep. P146 has recently been 

suggested as a PCR target for detection of M. hyopneumoniae in pigs and it did not detect many 

other bacteria present within pigs including M. arginini [345]. 

To determine the ability of the recombinant proteins, HP3 and P146 to detect mycoplasma 

infections using antibody ELISA, sera from the 12 animals from the adjuvant trial were tested against 

each of the proteins. The animals that were vaccinated with antigen in the absence of adjuvant 

produced a limited antibody response against both HP3 and P146 (Fig. 5.17). This result can be 

explained by the lack of adjuvant in the vaccination resulting in a lower antibody response overall to 

M. ovipneumoniae, with fewer antibodies produced against HP3 and P146. The animals that had the 

adjuvant Quil-A® in the vaccine produced a stronger response when tested against P146 and HP3. 

This provides support of the use of the recombinant proteins being investigated further to ascertain 

the practicability of using these proteins as a diagnostic target. ELISAs using WCL as the targets were 

conducted as a comparison to the recombinant proteins. ELISAs using the WCL showed a more 

consistent detection of M. ovipneumoniae. This is likely due to the number of potential targets 

available when using whole cell as the target antigen. Additionally, animals vaccinated with only M. 

haemolytica were used to test each of the recombinant proteins for specificity against M. 

ovipneumoniae. As expected, animals vaccinated with only M. haemolytica showed a minimal 

antibody response to each of the M. ovipneumoniae recombinant proteins. This lack of cross-

reactivity supports the use of the recombinant proteins for diagnosis of M. ovipneumoniae.  

One of the major obstacles in treating mycoplasma disease is having an efficient and practicable test 

for determining the infection status of animals. There are multiple approaches for trying to 

determine the infection status of M. ovipneumoniae; however, many of the established methods are 

expensive and/or time-consuming requiring specialised lab equipment or expertise [69, 158, 160, 

232]. The main methods are pathogen diagnosis/culturing, ELISA, and PCR [69, 158, 160, 232]. While 

these methods can provide high sensitivity to mycoplasma infections, they are not very practicable 

for on farm analysis or wildlife management. Studies are being completed to provide alternative 

methods, such as LAMP-LFD [346]. This method combines loop mediated isothermal amplification 

(LAMP) which produces small PCR products at 60oC in an hour, and lateral flow dipstick (LFD), which 
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allows visual identification of the PCR product without any hazardous chemicals or specialised 

equipment. While this method provides potential increased sensitivity and quicker turnaround time 

for results, its major limitation is the current need for DNA extraction which does require specialised 

kits and equipment that may be common to many labs but are less likely to be available to farmers 

and wildlife management. This limitation appears to be common to this technology [347-350].  

Alternatively, given the observed ELISA responses to P146 and HP3, there may be an opportunity to 

produce an antibody-based test with. Compared to LFD, which detects an analyte such as antigen or 

DNA, a Flow through assay (FTA) can be used to detect antibodies in a similar manner using a 

specific antigen bound to a membrane [351, 352]. Because the test uses antibodies from the animal 

it may be less sensitive than LAMP-LFD; however, because it can test antibodies directly it does not 

require a pre-step such as DNA extraction providing the potential for a contained on-site test 

requiring no equipment and the complete test can be completed within 10 min. One aspect of this 

test that will require optimisation is the prevention of false positives by reducing the background 

response in the test. The use of recombinant proteins as the target can work to reduce the level of 

background by specifying the antibodies being detected. This was observed in comparing the ELISAs 

using WCL as the targets. The PBS-corrected OD450 values for the WC were 0.402 on average, 

compared to 0.103 and 0.078 for P146 and HP3 respectively, therefore showing much lower 

nonspecific binding to the recombinant proteins. In ELISAs the values can be PBS-corrected to 

account for the background values however, this could not be possible in an FTA as the test is a 

binary test. To reduce the background of the WCL ELISA the antigen concentration could be reduced; 

however, this would also reduce the response at the high end potentially reducing the sensitivity of 

the test. Another limitation of using WCL as the antigen is the specificity of the antigens present. The 

ELISAs performed here used the same strains as was used in the vaccinations, this increases the 

likelihood that the ELISA will detect antibodies in these trials, but it may not correlate as well to 

natural infections with mixed strains or use in different countries with different strains. Also as 

observed with the Western blots and ELISAs on the animals vaccinated with P146. Western blots 

showed a response to M. ovipneumoniae proteins in the pre-immune sera whereas this response 

was not detected in the ELISA data. If this difference is due to the cross reactivity of antibodies 

against another mycoplasma species to M. ovipneumoniae proteins, then the use WCL proteins of 

M. ovipneumoniae as a point of care diagnostic tool may result in increased false positives due to 

exposure to other mycoplasma species. Further testing would need to be completed to determine 

the full extent of cross reactivity of antibodies between mycoplasma species. 

This is where the use of specific proteins conserved among all strains could provide better 

widespread detection of M. ovipneumoniae. A better method to increase the response to the 
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recombinant test could be to use a combination of recombinant proteins. This would allow the test 

to keep the consistency of accurate concentration of proteins and the improved response by having 

multiple targets. This was tested by combining the P146 and HP3 proteins into a single ELISA. There 

was a reduction in response to P146 in animals vaccinated using Quil-A in the week 6 sera; however, 

animals vaccinated in the absence of an adjuvant showed an improvement when tested against both 

antigens compared to being tested individually. Finding further M. ovipneumoniae proteins that 

elicit a strong immune response will be the key to developing a robust diagnostic tool as well as 

further development work with combinations of P146 and HP3 (different ratios etc) and different 

ELISA methods such as using titration ELISAs. 

The potential of these proteins to be useful in an FTA test will be dependent on the ability to collect 

antibodies from the animal. Antibodies are normally collected from an animal by preparing serum 

from blood, this requires drawing blood, allowing the blood to clot and then a centrifugation step to 

separate the serum from the blood cells. This pre step, like in the LFD makes it difficult to do on site 

and adds specialised equipment required for the test; however, antibodies can also be collected at 

lower levels from other orifices. If it can be determined that there are enough antibodies in the nasal 

cavity to be collected from a nasal swab there is potential for a direct FTA using nasal swabs. Saliva 

also contains antibodies to pathogens as demonstrated by the Carla assay developed by AgResearch 

for the detection of protective immunity to ingested parasite larvae [353]. Additionally, antibodies 

can be collected from tear fluid [354-356]. If antibodies against M. ovipneumoniae can be detected 

in tear fluid and tear fluid is easily and consistently collectable from sheep it could be another 

avenue for developing a direct FTA. This would allow for a test for the presence of mycoplasma in 

sheep to be completed on farm within a matter of minutes for each animal.  

This functionality may be most useful in the management of wild bighorn sheep, as they appear to 

be the species most severely affected by M. ovipneumoniae, resulting in population limiting disease. 

Recent research into bighorn sheep suggests that the removal of chronic sufferers of M. 

ovipneumoniae in the populations could help prevent the loss of the population [250]. Having a test 

that can be completed quickly in the field could allow wildlife managers to immediately treat or 

remove infective animals from the population while limiting the time interacting with the animals. 

Confirmation of the immunogenicity of each of the recombinant proteins in sheep provides support 

for the methodology and techniques undertaken in chapter 4. The use of antisera against M. 

ovipneumoniae for the detection of immunogenic proteins has been shown to be successful, 

producing five proteins able to induce an immune response in sheep. Additionally, the recombinant 

form of the proteins were able to be detected by antisera against M. ovipneumoniae (Fig. 5.3). 

Vaccination with the recombinant proteins EF-Tu, GAPDH, and HP3 was also able to detect the 
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17A response to M. ovipneumoniae infections in Bighorn sheep, potentially detecting elevated IL-

17A levels before chronic inflammation has occurred.  

5.4.5 Vaccine methodology, limitations, and further research 
In the current experiments it has been shown that all five proteins are immunogenic in sheep; 

however, their immunogenicity was limited to stimulating humoral immune responses. This 

response may be modified with the use of different adjuvants or through the use of 

immunomodulators such as CpG. When used as vaccine adjuvants, CpG oligodeoxynucleotides 

(ODN) improve the function of professional antigen-presenting cells and boost the generation of 

humoral and cellular vaccine-specific immune responses [359]. Determining the best adjuvant to use 

in addition to an antigen is an ongoing task, as emphasised by the need for undertaking the adjuvant 

trial mentioned in this chapter. Montanide was used in combination with the recombinant proteins 

due to the positive results of previous adjuvant trials using M. ovipneumoniae and M. haemolytica 

(unpublished data). This; however, was determined using WCL of M. ovipneumoniae and may not 

necessarily extrapolate to recombinant proteins. Because of this, repeating the recombinant antigen 

trial with other adjuvants such as squalene-based immunologic adjuvants [360-362], emulsigen 

[363], polydi(sodium carboxylatoethylphenoxy)phosphazene (PCEP) [363, 364], or trehalose diamide 

glycolipids [365] may provide increased immunogenic response to the recombinant proteins and 

potentially increased protection to disease. Additionally, the concentration of antigen within the 

vaccine can have an effect on the immune response. Low antigen doses may be insufficient to 

induce an immune response, whereas too high a dose can result in hypersensitivity reactions [366]. 

Other recombinant protein vaccines in sheep have used a range of 50-200 µg per dose [367-370]. 

This study used 100 µg which is within the range of the other trials; however, there is room for 

further increased protein concentration. Further trials may be needed at varying concentrations to 

determine the ideal protein dose for vaccination. Vaccinations in this thesis were completed 

subcutaneously; however, other methods of administration are available, such as intramuscularly, or 

orally [371-374]. Determining the ideal mode of administration may improve the response to 

vaccination. 

The number of animals and group size used in the antisera production trial was one of the major 

limitations in analysing the results as there were only two animals vaccinated with each of the 

recombinant proteins, and due to the losses caused by the animals contracting facial eczema, some 

of the recombinant proteins only had a single surviving animal. With sera from two (or one) animals 

it is difficult to separate the effect of the vaccination from the individual animal responses. The 

purpose of the trial was to collect sera against each of the recombinant proteins and therefore 

having multiple animals was not necessary for the trial. Increasing the number of animals in a larger 

study would help confirm a pattern of response observed in the original trial. Another limitation is 
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Chapter 6 In vitro studies with antibodies produced against 
recombinant M. ovipneumoniae proteins 
 

6.0 Abstract 
In Chapter 4, eight immunogenic proteins in New Zealand isolates were identified and chapter 5 

described the vaccination of animals with 5 of these proteins produced as recombinant proteins. 

Blood and sera were collected from these animals and used to test the ability of the recombinant 

proteins to induce humoral and cellular immune responses in sheep. All these proteins were able to 

induce humoral responses; however, they induced limited cellular responses. To gain additional 

information on the antibodies produced against the recombinant proteins, their ability to inhibit 

growth and inhibit adherence of M. ovipneumoniae was investigated. Additionally, 

immunofluorescence was used to determine whether the proteins are located on the surface of the 

cell. There was evidence for EF-Tu and GAPDH being located on the surface of the cell. However 

hypothetical proteins 1 and 3 were not able to be detected by the corresponding antisera. Due to 

the high background in the mycoplasma cells probed with the pre-immune and antisera against 

P146, the location of the protein could not be determined. An endometrial epithelial cell line was 

used to study adherence of M. ovipneumoniae to epithelial cells. Antisera against WC of isolate 16 

was able to inhibit adherence; however, antisera against the recombinant proteins were not able to 

inhibit adherence. Further optimisation of the inhibition assay will be needed to determine the role 

of antibodies against the recombinant proteins in inhibiting M. ovipneumoniae. 
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Table 6-1 Summary of CCU results from the adherence assay.  

Each of the incubated wells were tested using the CCU analysis in duplicate. 

 

6.3.3 Immunofluorescence assay for detecting M. ovipneumoniae antigens  
To determine if the proteins EF-Tu, GAPDH, HP1, HP3, and P146 are located on the cell surface, 

immunofluorescence was performed on M. ovipneumoniae isolate 16 cells using pre-immune (week 

0) and antisera (week 6) produced against the various recombinant proteins. Binding of antibodies 

to proteins located on the surface of the cell was visualised using a secondary FITC-labelled antibody 

and the results are shown in Fig. 6.1-6.6. The microscopy photographs are representative fields of 

view of labelled cells at magnification 1000.  

M. ovipneumoniae cells labelled with antisera against EF-Tu (GenScript), GAPDH, P146, and M. 

ovipneumoniae WC16 had stronger fluorescence signals compared to signals with matched pre-

immune serum (Fig. 6.1, 6.2, 6.5, 6.6). Microscopy clearly showed the presence of labelled cells. 

Weaker signals were observed with antisera against HP1 and HP3 (Fig 6.3 and 6.4 respectively). 

Well (in 

duplicate) 

Contains 

mycoplasma cells 

Contains epithelial 

cells 

Antibody 

used 

Colour 

change 

CCU/ml observed 

Test Yes Yes  Nil Yes Not recorded 

Control 1 Yes No Nil No Not detected 

Control 2 No Yes  Nil No Not detected 

EF-Tu Yes Yes Pre-immune Yes 102 

EF-Tu Yes Yes Antisera Yes 102 

GAPDH Yes Yes Pre-immune Yes 102 

GAPDH Yes Yes Antisera Yes 102 

HP1 Yes Yes Pre-immune Yes 102 

HP1 Yes Yes Antisera Yes 102 

HP3 Yes Yes Pre-immune Yes 102 

HP3 Yes Yes Antisera Yes 102 

P146 Yes Yes Pre-immune Yes 102 

P146 Yes Yes Antisera Yes 102 

WC16 Yes Yes Pre-immune Yes 102 

WC16 Yes Yes Antisera No Not detected 
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Figure 6-1 Immunofluorescence microscopy images using M. ovipneumoniae whole cells fixed with VECTASHIELD and probed with A) pre-immune sera or B) antisera (1: 
100 dilution) produced against recombinant EF-Tu and FITC-conjugated donkey anti-sheep IgG H&L (FITC) (1:400 dilution).  

The excitation wavelength was 493 nm and emission wavelength 528 nm. The microscopy photographs are representative fields of view of labelled cells at magnification 
1,000x and exposure of 100 ms. Red arrows indicate location of fluorescence. 

A          B 
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Figure 6-2 Immunofluorescence microscopy images using M. ovipneumoniae whole cells fixed with VECTASHIELD and probed with A) pre-immune sera or B) antisera (1: 
100 dilution) produced against recombinant GAPDH and FITC-conjugated donkey anti-sheep IgG H&L (FITC) (1:400 dilution).  

The excitation wavelength was 493 nm and emission wavelength 528 nm. The microscopy photographs are representative fields of view of labelled cells at magnification 
1,000x and exposure of 100 ms. Red arrows indicate location of fluorescence. 
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A          B 

Figure 6-3 Immunofluorescence microscopy images using M. ovipneumoniae whole cells fixed with VECTASHIELD and probed with A) pre-immune sera or B) antisera (1: 100 
dilution) produced against recombinant Hypothetical protein 1 and FITC-conjugated donkey anti-sheep IgG H&L (FITC) (1:400 dilution).  

The excitation wavelength was 493 nm and emission wavelength 528 nm. The microscopy photographs are representative fields of view of labelled cells at magnification 
1,000x and exposure of 100 ms. Red arrows indicate location of fluorescence. 
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Figure 6-4 Immunofluorescence microscopy images using M. ovipneumoniae whole cells fixed with VECTASHIELD and probed with A) pre-immune sera or B) antisera (1: 
100 dilution) produced against recombinant Hypothetical protein 3 and FITC-conjugated donkey anti-sheep IgG H&L (FITC) (1:400 dilution).  

The excitation wavelength was 493 nm and emission wavelength 528 nm. The microscopy photographs are representative fields of view of labelled cells at magnification 
1,000x and exposure of 100 ms. Red arrows indicate location of fluorescence. 
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Figure 6-5 Immunofluorescence microscopy images using M. ovipneumoniae whole cells fixed with VECTASHIELD and probed with A) pre-immune sera or B) antisera (1: 
100 dilution) produced against recombinant protein P146 and FITC-conjugated Donkey Anti-Sheep IgG H&L (FITC) (1:400 dilution). 

The excitation wavelength was 493 nm and emission wavelength 528 nm. The microscopy photographs are representative fields of view of labelled cells at magnification 
1,000x and exposure of 100 ms. Red arrows indicate location of fluorescence. 
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Figure 6-6 Immunofluorescence microscopy images using M. ovipneumoniae whole cells fixed with VECTASHIELD and probed with A) pre-immune sera or B) antisera (1: 100 
dilution) produced against WCL from M. ovipneumoniae isolate 16 and FITC-conjugated Donkey Anti-Sheep IgG H&L (FITC) (1:400 dilution). 

The excitation wavelength was 493 nm and emission wavelength 528 nm. The microscopy photographs are representative fields of view of labelled cells at magnification 1,000x 
and exposure of 100 ms. Red arrows indicate location of fluorescence. 
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6.4.1 Adhesion study 
Studies were undertaken to determine if the antibodies produced against the proteins (EF-Tu, 

GAPDH, HP1, HP3, and P146) could interfere or reduce binding of M. ovipneumoniae to host 

epithelial cells. A sheep lung cell line was not available for the study and hence bovine endometrial 

epithelial cells were used. The first experiments were to determine if M. ovipneumoniae would 

adhere to these cells. The results indicated M. ovipneumoniae could adhere to the endometrial 

epithelial cells (Table 6.1). Mycoplasma did not adhere to the wells of the plates. The second part of 

the experiment was to determine what effect pre-incubating M. ovipneumoniae with antibodies 

produced against the recombinant proteins had on adherence of M. ovipneumoniae to the epithelial 

cells. Incubation with antibodies to the recombinant proteins did not result in a change in the ability 

of M. ovipneumoniae to adhere to the endometrial epithelial cells (Table 6.1). In contrast, antisera 

against WC16 prevented adherence of M. ovipneumoniae to the epithelial cells. Incubating M. 

ovipneumoniae with pre-immune sera did not affect adherence (Table 6.1).  

The antisera produced against WC16 was used as the positive control to determine the base level of 

adhesion inhibition. Antibodies against whole cell should have a repertoire of anti-mycoplasma 

antibodies allowing for multiple surface proteins to be inhibited simultaneously. The antisera 

produced against WC is likely to contain antibodies against each of the recombinant proteins as well 

as many other antigens. The ability to attach to multiple surface proteins and interrupt the binding 

to epithelial cells is likely the reason that reduction in adherence was observed using antisera against 

WC16. Further studies using antisera against WC90 and WC103 would be useful in determining if the 

interference of adherence is consistent across animals vaccinated with whole cells. In the 

corresponding CCU experiment there was no observable change in colour in any wells tested with 

antisera against WC16. This shows a reduction in adhesion as all other CCU assays observed a colour 

change. The result suggests that incubation with antibodies against WC16 has prevented completely 

the adhesion of mycoplasmas to the epithelial cells as there was no colour chance observed. One 

limitation of the protocol currently is that a sample of the final media is tested in the CCU rather 

than all of the media. This results in a diluted sample of mycoplasma with approximately 102 CCU/ml 

being detected. This allows for differences in the ability of the different antisera to prevent 

adherence to be observed. However, it cannot distinguish between reduction of adherence and 

prevention of adherence. A further optimisation may be to extract all the media and concentrate it 

into the CCU assay. This would result in all mycoplasma cells remaining after washing being available 

for the assay. This may provide a more accurate representation of the adherence ability of the 

mycoplasma. 

Understanding the potential mechanisms for cell surface protein-mediated adherence of 

mycoplasma to host epithelial cells will assist in understanding the observed results. Attachment of 
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antibodies to the native EF-Tu protein on the surface of the cell has been demonstrated by the 

immunofluorescence microscopy. Therefore, failure to see an effect of the antibodies on adherence 

was not due to the antibodies not being able to recognise and bind to native EF-Tu on the surface of 

the mycoplasma cells. EF-Tu has been demonstrated to mediate the binding of mycoplasmas to 

fibronectin (Fn) [195]. Fn is a high molecular-weight glycoprotein found abundantly in fibrillary form 

in the extracellular matrix (ECM) [382]. The production of any ECM may be minimal due to the 

limited time cells were allowed to incubate in the wells (24 h) [383]. This may have reduced the 

effect EF-Tu had on the adhesion ability of M. ovipneumoniae. Analysis of endothelial cells in in vitro 

conditions have indicated that at low confluence Fn was on dorsal cell surfaces at regions of cell-cell 

contact only [384]. However, at complete confluence Fn was detected in an extracellular matrix 

underneath the cell monolayer but not on top of the monolayer [384]. This observation was echoed 

by Linder et al [385], with the suggestion that, at least with endothelial cells Fn is found primarily 

under the cells and limited Fn is found on the surface of the cells. In contrast to endothelial cells, 

fibroblasts have been shown to produce Fn not only underneath the cells [386, 387], but also as a 

fibrillar network over the cell surface [383, 386, 387]. Chen et al (1977) [383] also detected Fn on the 

surface of liver epithelial cells which may possess some similar properties to the endometrial 

epithelial cells used in this experiment; however, this was observed after a limited number of 

passages after collection of the cells. Once the passage of the cells exceeded 10 passages, the 

distribution of Fn was reduced and after 15 passages Fn was lost in the majority of cells. Cells used in 

this experiment have exceeded 20 passages and therefore may have lost their ability to produce Fn. 

In the absence of Fn, anti-EF-Tu antibodies may not have had an effect on adherence of M. 

ovipneumoniae to the epithelial monolayers. Repeating this trial with modifications to ensure 

production of ECM may better determine the effect anti-EF-Tu antibodies on M. ovipneumoniae 

adherence to the cells. 

GAPDH has also been suggested to have a role in assisting the adherence of M. ovipneumoniae to 

host cells. Immunofluorescence microscopy has demonstrated that antibodies are able to detect and 

attach to the native GAPDH on the surface of the cell and antibodies not being able to recognise and 

bind to is not a factor to effect adherence. GAPDH is suspected to attach to mucin (Mn) the primary 

component in the mucosal epithelial lining [310]. In a similar limitation to testing anti-EF-Tu 

antibodies, anti-GAPDH antibodies would have the largest effect when the cell monolayer culture 

has produced a mucin layer. Due to the limited time allowed for the cells to produce a monolayer, 

the development of a mucin layer is unlikely. This reduces the potential effect of the antibodies on 

preventing adherence. This may explain the lack of response to the antibodies in the studies. 
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proteins could be tested to determine if antibodies binding to multiple targets can overcome the 

adhesion ability of M. ovipneumoniae as observed with the anti-WC antibodies. A more direct 

approach would be to use M. ovipneumoniae cells over-expressing single membrane proteins. This 

would allow direct analysis of the ability of the native protein to adhere to the host cell as well as the 

ability of the antibodies to prevent adherence. This was the approach used by Hegde et al (2018) 

[227], using phase locked mutants expressing single Vpma (Variable protein of Mycoplasma 

agalactiae) lipoproteins. While this approach could be useful, it would be dependent on the ability 

to produce M. ovipneumoniae mutants able to produce selected surface antigens. Blocking M. 

agalactiae required disruption of the Xer1 gene preventing the mycoplasmas from shifting from one 

Vpma to another [391]. Finding a single gene able to adjust the surface proteins can allow for a 

simple and consistent method for testing adhesion inhibition. Adjusting the surface proteins to only 

express the protein of interest and allowing the mycoplasma to remain viable would require 

considerable work and may not be possible with current technology. Another approach could be to 

use the targets for each of the proteins such as Fn for EF-Tu and Mn for GAPDH. Purifying each of 

these proteins and binding them to plates may allow for a direct analysis of the ability of specific 

antibodies to block adhesion. 

The undertaking of the adherence studies was hindered by two major issues. The first was the 

outbreak of a global pandemic caused by the SARS-COV-2 (COVID-19) virus which resulted in the 

country going into lockdown during the initiation of the experiment. This resulted in the ongoing 

experiments being stopped and prevented further experimentation for some time. This limited the 

time available for completion of this analysis. The second hindrance to this analysis was the growing 

of the endometrial epithelial cells. Growth of the cells ran as expected for the initial adhesion 

experiment and the first round for each of the recombinant protein tests. However, unknown 

contamination of cell cultures and a sudden decrease in growth rate of the endometrial epithelial 

cells resulted in several experiments being unable to proceed. These unforeseen limitations reduced 

the ability to optimise the protocols and made it difficult to confidently confirm the full effect of the 

antibodies on the adhesion ability of M. ovipneumoniae. 

6.4.2 Immunofluorescence microscopy  
The immunogenic proteins identified in chapter 4, were detected using Western blotting on 

hydrophobic membrane protein fractions. The assumption has been that these proteins are likely 

membrane bound or membrane associated. This view was supported by detecting potential 

transmembrane domains in several of the proteins indicating that at least part of the protein is 

located within the membrane and at least part of the protein is located outside of the cell. To further 

support the presence of the proteins on the cell surface, antibodies against each of the recombinant 

proteins were used for immunofluorescence microscopy studies. Antibodies against M. 
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ovipneumoniae surface antigens should be able to bind to the surface of M. ovipneumoniae cells. 

Labelling the cells with a FITC-conjugated anti-sheep antibody would produce a fluorescent signal 

observable using a microscope.  

Comparison of pre-immune and antisera from an animal vaccinated with EF-Tu (Fig. 6.1) indicated no 

EF-Tu specific antibodies in the pre immune sera while there were several florescence spots 

observed with antisera against EF-Tu. Comparing these results with the Western blots in chapter 5 

(chapter 5.3.3 Figures 5.8-5.9) suggests that the animals had no detectable anti-mycoplasma 

antibodies before vaccination in their sera and after vaccination had anti-EF-Tu antibodies. This 

suggests the spots highlighted in the antisera image are due to anti-EF-Tu antibodies providing 

further support for EF-Tu being membrane bound. EF-Tu has been previously shown to be 

membrane bound [160, 392-394], therefore this protein was used as a positive control for the 

experimental methods. 

Pre-immune sera from animals vaccinated with GAPDH showed a limited response to the M. 

ovipneumoniae cells (Fig. 6.2) with a few bright spots observed. This was in contrast to the Western 

blot results in chapter five (chapter 5.3.3 Fig 5.10) which showed no response to either M. 

ovipneumoniae WCL or recombinant GAPDH. This may be due to the difference in concentration 

between Western blots (1/400) and immunofluorescence assay (1/100) for the primary antibody or 

the difference in secondary antibody 1/1000 and 1/400, respectively. Another potential reason for 

the differences between the immunofluorescence and Western blot images is due to cross reactivity 

with non-target proteins in the immunofluorescence assay. This has been observed by antibodies 

detecting targets in immunohistochemistry despite not detecting any targets in Western blots [395]. 

Comparing the pre-immune sera to the antisera, there appeared to be more pronounced 

fluorescence signal with the antisera. In the Western blot (chapter 5.3.3 Figure 5.10) for this animal 

there was an increase in the response to WCL; however, the larger response was to GAPDH. It can be 

suggested that the increased fluorescence observed in the sample probed with GAPDH antisera 

were due to the production to anti-GAPDH antibodies. GAPDH has been suggested to be membrane 

bound in other species [306, 307, 396]; however, this is the first evidence for GAPDH being 

membrane bound in M. ovipneumoniae.  

HP1 showed limited immunofluorescence in both pre-immune and antisera images (Fig. 6.3). 

Western blotting did not show a strong identification of the full-size HP1 (chapter 5.3.3 Fig. 5.11, 

5.12) from either pre-immune or with antisera produced against the HP1 epitope. There was; 

however, a low-level response to WCL in the pre immune sera and a strong response to WCL in the 

antisera. This response is likely due to the animal obtaining a natural infection of M. ovipneumoniae. 

This can explain the low level of response in the pre-immune image. The lack of bright fluorescence 
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in the sample probed with antiserum indicates antibodies against the epitope are not able to bind to 

the outside of the mycoplasma cell. One possibility for this lack of increase in fluorescence is that the 

HP1 epitopes are not on the surface of the proteins and the antibodies against the epitope are 

therefore not able to bind to the native protein in the context of intact cells. The second possibility is 

that HP1 is on the surface and the antibodies against the epitope are not able to bind to the protein 

in its natural state or if it is able to bind, the secondary antibodies were unable to bind to the 

primary antibodies. Attachment of the antibody to the protein may have resulted in a 

conformational change to the protein encapsulating the antibody preventing attachment of the 

secondary protein [397]. Analysis of the tertiary structure could allude to whether the antibodies are 

able to physically able to access the epitope. This level of analysis would require a significant amount 

of work and based on the experimental data from chapters five and six. 

HP3 had a similar limited response as seen in case of HP1 (Fig. 6.4). Unlike HP1, HP3 was produced in 

as a full-length protein. This would suggest that if the protein was present on the surface of the 

membrane it should have been detected in the images as it would be expected that some of the 

antibodies against HP3 should be able to attach to the folded form of the native protein. HP3 was 

shown to elicit an immune response in animals vaccinated with WC of M. ovipneumoniae as 

indicated by the ELISAs in chapter 5 (chapter 5.3.4 Table 5.2). One possibility for the observed 

limited fluorescence could be that the conformational structure of HP3 (tertiary and quaternary) 

produces an immunogenic response in the host and the corresponding antibodies are able to 

identify the recombinant version of the protein however, antibodies against the recombinant 

protein may be to sections that are not conformationally present in the natural form. Due to the 

potential use of this protein as a diagnostic tool it may be worth conducting further analysis of this 

protein including identifying the function and potential interactions with other proteins. 

Understanding the structure of the protein may provide insight on how the immune system interacts 

with the protein and may help optimise the use of this protein as a diagnostic tool. 

The protein P146 had the strongest response of all the recombinant proteins in both the pre 

immune and the antisera images (Fig. 5). This matches the Western blots in chapter 5 (chapter 5.3.3 

Fig. 5.14, 5.15), with both Western blots indicating the animals having pre-existing anti-mycoplasma 

antibodies in their sera before vaccination. This results in antibodies to general M. ovipneumoniae 

antigens being present in the sera, including the other recombinant proteins EF-Tu, GAPDH, HP1 

HP3, in addition to antibodies to P146 from the vaccination. This makes it difficult to confirm the 

localisation of P146. Further analysis with antibodies against P146 would be useful to confirm the 

location of the protein on the membrane surface as has been observed in M. hyopneumoniae [322, 

398]. Potentially the use of non-host species such as mice and rabbits may be useful for initial 
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experiments to remove the likelihood of natural infection of M. ovipneumoniae. P146 has shown 

potential as a diagnostic protein (chapter 5), and therefore further analysis on the surface location of 

this protein is warranted. 

For the immunofluorescence assay, animals vaccinated with WC of M. ovipneumoniae were used as 

a positive control to determine the intensity of binding of antibodies against multiple M. 

ovipneumoniae antigens to the mycoplasma cells (Fig. 6.6). The pre-immune sera showed some 

immunofluorescence in the image with some well-defined spots of fluorescence. This could suggest 

a previous or current exposure to M. ovipneumoniae in the animals before vaccination. The lower 

level of response in these animals compared to the animals vaccinated with P146 may suggest that it 

is a previous infection with only a low level of antibodies present in the sera before vaccination. 

There was an increase in immunofluorescence with the antisera produced against WC indicating an 

increase in anti-mycoplasma antibodies, a result more similar to what was observed with the P146 

antisera.  

6.4.3 Additional work completed 

Another approach was to test the effect of antisera obtained from sheep vaccinated with the 

recombinant proteins to determine whether protein-specific antibodies can inhibit the growth of M. 

ovipneumoniae in vitro. Using the method described in Jiang et al (2016) [160], antisera from animals 

vaccinated with EF-Tu and WC of isolate 16 were tested of their ability to inhibit mycoplasma 

growth. EF-Tu was selected for optimisation of the protocol because antibodies to the protein 

generated in mice have been shown previously to inhibit growth of M. ovipneumoniae in vitro [160]. 

WC from M. ovipneumoniae isolate 16 was included as a test for antibodies against the whole 

organism. It was expected that antisera produced against WC would be a good positive control for 

the assay since there should be a greater chance that the repertoire of anti-M. ovipneumoniae 

antibodies would result in inhibition of mycoplasma growth. 

The growth inhibition assay was originally conducted using 106 CCU/ml M. ovipneumoniae as 

described by Jiang et al (2016) [160]. At this concentration, the colour of media in all wells 

containing M. ovipneumoniae changed from red to yellow during overnight incubation and did not 

show a measurable difference between the positive control wells and wells containing antibodies. 

The concentration of M. ovipneumoniae used in the assay was subsequently reduced 10-fold and 

retested. All concentrations ranging 105-102 produced the same result with colour in the media 

changing red to yellow overnight. The experiment was repeated at only 101 M. ovipneumoniae. 

However, at this low concentration not all positive wells changed colour during the two-week 

incubation. Across all concentrations of antibodies there was no measurable effect on growth of M. 

ovipneumoniae. To determine if there is any effect of antibodies on the growth of M. ovipneumoniae 
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the assay will require further optimisation, or another approach used to determine the impact of 

antibody on growth. Antibodies against M. ovipneumoniae EF-Tu produced in mice have been shown 

to inhibit the growth of M. ovipneumoniae [160]. However, this was not observed in these 

experiments. The cause of the discrepancy is unknown; however, either of the two major differences 

between these experiments and those performed by Jiang et al (2016) [160] could be the cause. 

First, the difference in the animal used to produce the antisera, mice versus sheep. It was observed 

in chapter 4 that the antisera produced in rabbits against WCL of isolates 16, 90 and 103, produced a 

different Western blot pattern than antisera produced in sheep against the same isolates, with the 

rabbit sera detecting more high molecular weight proteins and limited medium molecular weight 

proteins (chapter 4 Fig. 4.4,4.6). This difference in the proteins detected indicates that there are 

differences in the response to M. ovipneumoniae antigens between the different species. As rabbits 

and mice are not the natural hosts of M. ovipneumoniae, they may be able to induce immunogenic 

responses that are able to overcome the defence mechanisms of M. ovipneumoniae. It has been 

suggested that M. ovipneumoniae infections in sheep can reduce its ability to mount an immune 

defence on a second infection [158, 159]. This may suggest that the immune response mounted by 

sheep is less able to remove or prevent the growth of M. ovipneumoniae in vitro. To further assess 

the difference between sheep and rabbits, rabbit sera could be tested for growth inhibition. 

The second difference is the strain of M. ovipneumoniae used for the assay. Isolate 16 was selected 

for testing the impact of antibodies on growth. Isolate 16 is one of the three isolates selected from 

New Zealand isolates to represent the three groups of New Zealand M. ovipneumoniae isolates. One 

of the criteria for selection of these isolates was their ability to grow faster in culture relative to the 

growth rate of some of the other isolates. This feature facilitated producing cellular fractions for the 

study. However, using a faster growing organism may have made it difficult to observe differences 

between the positive controls and the antibody treated cells. In this case a slower growth cycle over 

a longer time span may have been able to tease out any small differences resulted by the presence 

of the antibodies. There were other isolates collected at the same time as Isolates 16, 90, and 103 

which did not have the same fast growth rate. However, they would not be appropriate for this 

assay in the current form, as many of the isolates did not produce the acidic environment observed 

for other M. ovipneumoniae isolates. Without the change in pH from mycoplasma growth the assay 

would not visualise the colour change from red to yellow and the growth would not be able to be 

measured. 

6.4.4 Future work 
Further recommended work based on the experimental data collected in this chapter would be 

further optimisation of the adhesion experiments and confirmation of localisation of antigens on the 

surface of M. ovipneumoniae as shown by immunofluorescence studies. The later could be done 
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using electron microscopy. Repeating the adherence studies using the target antigen (Fn or Mn) 

rather than M. ovipneumoniae whole cells may provide a direct evaluation of the impact of 

antibodies on adherence. Alternatively, further optimisation of the adhesion assay may provide 

information on the ability of the antibodies to reduce adhesion to whole epithelial cells. Reducing 

the multiplicity of infection of M. ovipneumoniae or increasing the concentration of antibodies in the 

assay may demonstrate antibody-mediated reduction in adhesion. 

The immunofluorescence microscopy results for EF-Tu, GAPDH, P146, and WC, showing reactivity of 

antibodies produced against these proteins with M. ovipneumoniae cells provided evidence for 

surface localisation of these proteins. However, due to the limited resolution of fluorescence 

microscopy, it was not possible to determine the exact location of the proteins on the cell 

membrane. This could be determined using electron microscopy.  

6.5 Conclusion 
This chapter aimed to determine, using in vitro assays, the ability of the recombinant proteins to 

elicit a protective effect against M. ovipneumoniae infection in the host. Immunofluorescence 

microscopy was used to determine the location of the proteins on the surface of the cell. The results 

support surface localisation of EF-Tu, and GAPDH; however, HP1 and HP3 and P146 could not be 

confirmed as located on the cell surface and further analysis would be required to determine their 

location. The growth inhibition experiments did not indicate a reduction in growth of M. 

ovipneumoniae in response to antibodies. This contradicts the previous work in mice, suggesting 

that either the New Zealand isolates grow too quickly to observe an effect of the antibodies in this 

current experimental setup, or sheep antibodies do not produce the same protective effect as 

observed in the mice model [160]. Because much of the work undertaken on M. ovipneumoniae has 

been done in non-host species, distinguishing between these possibilities will determine the 

potential use of non-host model species for further experiments. 

Antibodies against WC of M. ovipneumoniae isolate 16 reduce the adhesion of M. ovipneumoniae to 

the epithelial cells used in this study. However, a reduction in adhesion was not seen due to the 

antibodies specifically produced against the recombinant proteins. This may be due to multiple sites 

of adhesion being available to M. ovipneumoniae, and antibodies against a single protein may not 

prevent adherence and hence provide a protective effect. The response to the WC antibodies 

supports the experimental design providing a basis for further optimisation. With increased 

optimisation, this assay could provide an additional method for antigens for a vaccine. 
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Chapter 7 General discussion  

7.1 Introduction to thesis and goals of thesis 

Pneumonia of sheep has been an issue in New Zealand (NZ) since the adoption of intensive farming 

with the first record noted in 1900 by John Gilruth [46]. The most common form of ovine 

pneumoniae in NZ is CNP. As the majority of lambs will be affected by some level of CNP during their 

first autumn [48], the cost of this infection is significant. Most affected lambs show few if any clinical 

signs of disease, although some animals, may have reduced weight gain, poor exercise tolerance, or 

an occasional cough [46]. Single strains have been observed to have limited pathogenic potential; 

however, the presence of multiple strains can lead to ciliostasis and allow further colonisation of 

additional bacteria [46, 61]. It was estimated that the average cost of pneumonia and pleurisy to the 

NZ sheep market was in excess of NZ$53 million in 2008 [47]. M. ovipneumoniae can be carried 

asymptomatically by domestic sheep and goats. This can make control of the disease and prevention 

of outbreaks difficult. There is currently no successful vaccination program for the control of M. 

ovipneumoniae. 

To reduce the impact of M. ovipneumoniae on the commercial sheep industry, as well as to facilitate 

programmes such as big horn sheep wildlife conservation, further knowledge on M. ovipneumoniae, 

especially pertaining to development of vaccines and better diagnostics, is required. The overall aim 

of this study was to identify immunogenic proteins of M. ovipneumoniae and determine their 

potential as diagnostic agents or as antigens for a sub-unit vaccine. The work was divided into four 

specific objectives, corresponding to the four experimental chapters of the thesis. 

1. Build and annotate the genome of NZ isolates of M. ovipneumoniae (chapter 3). 

2. Produce membrane fractions from selected isolates of M. ovipneumoniae for 

immunogenic analysis and detect immunogenic proteins of M. ovipneumoniae by 

Western blotting using sheep antisera produced against M. ovipneumoniae (chapter 4).  

3. Express and purify selected immunogenic proteins in E. coli and test their 

immunogenicity in lambs (chapter 5). 

4. Test the ability of the antisera produced against the recombinant proteins to inhibit 

growth of M. ovipneumoniae in culture, and to interfere with adhesion of the organism 

to epithelial cell monolayers (chapter 6).  

The following discusses the key findings from the experiments and their impact on the 

understanding of M. ovipneumoniae and the potential for improved vaccine and diagnostic targets. 
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7.2 Insights from genomic analysis of M. ovipneumoniae  

7.2.1 Gene and transmembrane domain analysis 
The HTS data was used to build three draft genomes of NZ isolates 16, 90, and 103. These draft 

genomes identified 971, 758, and 859 protein coding genes, respectively, constituting >90% of the 

total genes. Of them, the proteins encoded by 286, 215, and 253 genes in respective isolates were 

predicted to be having transmembrane domains (Table 3.1). These proteins have potential as 

vaccine antigens or as diagnostic targets. Further analysis to determine which proteins have single or 

multiple transmembrane domains at the start of the protein will provide the best options for targets 

and eliminate the use of proteins with multiple transmembrane domains. Proteins with just one 

transmembrane domain would be expected to be anchored in the cell membrane but with the 

majority of the protein protruding as an extracellular domain outside the cell organism [177, 178]. 

Conversely, proteins with multiple transmembrane domains interspersed throughout the protein 

sequence could impose difficulties for producing a recombinant protein. For this reason and also as 

their extracellular domains may be smaller, such proteins would be more lowly ranked candidates 

for a vaccine or diagnostics [399-401]. 

7.2.2 Diversity of NZ isolates 
Phylogenetic analysis of the P113 gene sequence in 10 NZ isolates and the type strain (ESR) 

separated the isolates 16, 90, and 103 into three different groups (Fig. 3.5). This grouping of isolates 

16, 90 and 103 was consistent with the original RFLP analysis undertaken on 93 isolates of M. 

ovipneumoniae from NZ sheep farms (unpublished). The ESR type strain (Australia) used in the P113 

analysis; however, did not fit within any of the three NZ groups supporting the use of this gene as a 

typing tool for grouping isolates of M. ovipneumoniae. This could be useful for understanding the 

distribution of different isolates in different populations of domestic animals as well as distribution 

between domestic and wild populations [249]. 

7.2.3 NZ isolates of M. ovipneumoniae are distinct from United States of America (USA) 
isolates  
Comparative phylogenetics using a multi-locus sequence typing (MLST) approach, that also included 

15 isolates from USA [265], clustered all the NZ isolates into a single group, with the ESR strain being 

the closest relative (Fig. 3.6). The separation of the NZ isolates from the USA samples [265] is not un-

expected due to the large geographical separation and suggests that there has not been recent 

movement of M. ovipneumoniae between these countries, at least regarding the isolates tested in 

this thesis. ESR was originally collected in Australia and therefore it makes sense that it is more 

closely related to NZ samples than to the USA samples. Within the NZ group, two sub-clades were 

detected. This may suggest that there has been multiple invasion events of M. ovipneumoniae in NZ. 

Further sequencing of more NZ isolates will help provide support for the sub-clades, and further 
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sequencing of more Australian isolates will help determine if there have been multiple movements 

between NZ and Australia or if there has been a single directional movement. An alternative to 

multiple invasions is that the NZ isolates have undergone divergent evolution. 

7.3 Immunogenic surface proteins of M. ovipneumoniae 

Membrane fractions containing putative surface proteins were prepared from three isolates 16, 90, 

and 103 of M. ovipneumoniae. By using both one-dimensional and two-dimensional Western 

blotting with sheep antisera produced against M. ovipneumoniae, and mass spectrometry together 

with the draft genomes of M. ovipneumoniae isolate 90 (chapter 3), the identity of five immunogenic 

proteins was revealed, either by direct comparison to M. ovipneumoniae proteins or through 

homologs in closely related species. These five proteins were elongation factor thermo unstable (ET-

Tu), Heat Shock Protein (HSP70), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), multidrug 

and toxin extrusion protein (MATE), and adhesin like protein, P146. Additionally, three hypothetical 

proteins were also identified. Both EF-Tu and HSP70 have been identified as immunogenic in mice 

[160] and HSP70 was shown to be an immunogenic protein in sheep [194]. The studies in Chapter 4 

confirmed that EF-Tu is an immunogenic protein in sheep and added six more proteins to the list of 

known proteins in M. ovipneumoniae that are immunogenic in sheep. 

For each of the eight immunogenic proteins, the protein coding sequences were obtained from the 

draft genome of isolate 90. These sequences were used as reference to obtain the sequences from 

the HTS data of the other isolates. The sequences were used to predict B lymphocyte epitopes [293], 

transmembrane domains [294, 295], and hydrophobicity of the proteins [296]. Of the eight proteins 

identified, five were selected to be produced in a recombinant form for further analysis. These were 

EF-Tu, GAPDH, P146, an epitope of HP1, and HP3. Due to the large size of HP1, only a single epitope 

of the protein predicted by the B lymphocyte epitope prediction program was produced in the 

recombinant form. This avoided the difficulties of expressing a large protein. HSP70 has been 

extensively studied as a potential vaccine target for M. ovipneumoniae [31, 160, 194, 304]; however, 

to date, there have been no reports of a successful role of HSP70 as a vaccine antigen. For this 

reason and the lack of novelty, HSP70 was not selected for the immunogenicity trial. However, 

should further information promoting the use of this protein as a vaccine target emerge, it could be 

re-examined. The decision not to continue with the MATE protein was based on the protein having 

multiple transmembrane domains. This would have made the protein difficult to express, limiting 

the use of this target as a vaccine candidate or for diagnostic purposes. HP2 was also not included in 

the list of proteins studied due to the large molecular size of the protein, and lack of a known 

function. 
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cytokine responses in general suggest that the five recombinant proteins in the study did not induce 

T-cell responses in sheep.  

Sheep vaccinated with a mixture of the WC of the three isolates of M. ovipneumoniae produced 

significant IL-17A responses to recombinant GAPDH when used as the recall antigen in whole blood 

cultures (Fig. 5.23). This ability of GAPDH to detect strong IL-17A responses in the vaccinated sheep 

indicates the potential of this protein to be used as a diagnostic target for determining the infection 

status of sheep. The over expression of IL-17A has been suspected as a cause of disease in bighorn 

sheep [116, 141] and GAPDH may be useful in identifying animals exhibiting elevated IL-17A 

responses to M. ovipneumoniae. In addition, animals vaccinated with WC of isolate 16 also produced 

a strong IL-17A response to GAPDH, although animals vaccinated with WC of isolate 90 or 103 alone 

did not produce a strong response to GAPDH. Only two animals were vaccinated with the single 

isolates so any conclusions established from the data must be made with caution; however, it may 

be useful to compare the different isolates for their ability to induce responses to GAPDH. 

Additionally, CMI responses are likely to be different following infection versus vaccination with 

bacterins and this may account for the low CMI responses detected. Therefore, the antigens should 

be further tested in infected animals to determine their functionality as diagnostic antigens. 

7.5 In-vitro studies using antisera from vaccinated sheep 

7.5.1 Surface location of the immunogenic proteins was supported by immunofluorescence 
microscopy.  
Immunofluorescence was used to confirm the predicted localisation of each of the recombinant 

proteins on the surface of the mycoplasma membrane (Fig. 5.1-5.6). While Immunofluorescence can 

visualise the detection of proteins by antibodies, it is unable to distinguish between different 

antibody-protein interactions within an individual sample. Therefore, it is important to determine 

what proteins the antibodies within a sample (sera) can detect. If purified polyclonal antibodies 

against an individual antigen are not available, then Western blot analysis can be used to determine 

if the sera is primarily detecting the recombinant protein used in the vaccination or reacting against 

additional or other mycoplasma antigens.  

As EF-Tu has been previously shown to be surface localised [160, 392-394], this protein was used as 

a positive control for the immunofluorescence protocol. As expected, M. ovipneumoniae stained 

with pre-immune sera showed limited fluorescence whereas cells stained with antisera produced 

against ET-TU clearly showed fluorescently labelled cells. A similar pattern was also observed for 

GAPDH. In contrast, no difference in fluorescent staining was observed between pre-immune and 

protein-specific antisera for both HP1 and HP3. ELISA and Western blotting, using subcellular 

fractions showed that sheep vaccinated with the recombinant form of HP1 and HP3 produced 
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antibodies that recognised both recombinant and native forms of the protein. A possible explanation 

for the apparent lack of immunofluorescence is the antibodies were unable to bind to the native 

target protein in the context of the cell envelope. For HP1, antibodies produced against the relatively 

short epitope might not access the corresponding epitopes in the native folded protein. HP3 requires 

further analysis to determine its surface location. Both pre-immune and P146 antisera produced 

relatively strong fluorescence. The Western blots in chapter 5 also showed a comparatively high 

background of immunoreactivity suggesting that the animals vaccinated with P146 may have had 

prior exposure with mycoplasma. This made it difficult to determine the localisation of P146. 

7.5.2 Bovine endometrial epithelial cells were established as a model to study adherence. 
Studies in Chapter 6 examined the ability of M. ovipneumoniae to adhere to an epithelial cell line 

and determined the ability of antibodies against M. ovipneumoniae WC or the recombinant proteins 

to inhibit adherence. M. ovipneumoniae was confirmed to adhere to the bovine -endometrial 

epithelial cells and the mycoplasma cells remained attached after washing the epithelial cells with 

phosphate-buffered saline (PBS). Pre-incubation of M. ovipneumoniae with antibodies against WC of 

isolate 16 reduced the ability of M. ovipneumoniae to adhere to the bovine endometrial epithelial 

cells. Collectively, these results confirmed the use of bovine epithelial endometrial cells as a model 

to study adherence of M. ovipneumoniae. 

7.5.3 Antibodies against the immunogenic proteins did not inhibit adherence of M. 
ovipneumoniae in culture. 
While antibodies against WC of isolate 16 inhibited adherence, none of the anti-recombinant protein 

antibodies blocked adherence of M. ovipneumoniae to the epithelial cells. One limitation of these 

experiments to test antisera against individual proteins may be the presence of multiple adherence 

sites on the endometrial epithelial cells. This would limit the ability of antibodies against single 

antigenic target to reduce the adherence of M. ovipneumoniae at least in an observable manner. 

The ability of antibodies produced against WC to reduce adherence supports the idea of multiple 

sites on the endometrial epithelial cells being available for mycoplasma adherence. Further 

optimisation of this experimental protocol and use of other cell lines may clarify the effect of the 

anti-recombinant protein antibodies on the adherence ability of M. ovipneumoniae. Combination of 

antibodies against multiple recombinant proteins may cause inhibition of adherence by targeting 

multiple sites involved in adherence simultaneously. Combination of antibodies were not tested due 

to time constraints as well as issues with the cultivating the bovine endometrial epithelial cells. 

7.6 Significance of the study findings 

Despite the common presence of M. ovipneumoniae there has been limited studies on the molecular 

analysis of New Zealand isolates. A majority of the previous studies on vaccine development work 
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has focused on use of the whole cells of M. ovipneumoniae. The work undertaken in this thesis was 

completed with the approach of obtaining novel immunogenic proteins for potential vaccine or 

diagnostic targets. The combination of genomic and immunological techniques has provided a 

unique methodology to identify and test potential M. ovipneumoniae antigens for vaccines and for 

diagnostics. 

Using the genomes built in chapters 3, and two-dimensional Western blotting and mass-

spectrometry analysis (chapter 4), eight immunogenic proteins were identified, and their full 

nucleotide sequence elucidated. Two of these proteins HSP70 and EF-Tu are known immunogenic 

proteins in M. ovipneumoniae which provides support for the validation of the protocols used in this 

thesis. The other six proteins are novel immunogenic proteins in M. ovipneumoniae which are 

considered potential antigenic targets for a vaccine or diagnostics. Combining the annotated 

genome and BLAST, three of the proteins were able to be matched with named mycoplasma 

proteins, with GAPDH and MATE previously identified in M. ovipneumoniae and P146 was detected 

as a homolog of M. hyopneumoniae P146. The other three proteins with no similarity to either M. 

ovipneumoniae or other mycoplasmas proteins are currently considered as hypothetical proteins. As 

further work is completed the functions of these proteins may become understood and their role in 

pathogenesis identified. This will not only be useful for increasing the general knowledge of M. 

ovipneumoniae biology but also important in understanding the biological role of HP3 as it has 

shown potential as a diagnostic target. 

All five recombinant proteins studied in the thesis, EF-Tu, GAPDH, P146, and hypothetical proteins 1 

and 3 induced strong antibody responses but produced limited cellular responses in sheep (chapter 

5). As M. ovipneumoniae is primarily viewed as an extracellular pathogen, antibody responses may 

be sufficient for protection [98, 99]. However, further experimental analysis will be required to 

determine if antibody alone is able to provide protection against infection with M. ovipneumoniae or 

limit the severity of disease. 

P146 and HP3 showed some promise as diagnostic proteins and could be investigated further. 

Having a test based on single or multiple targets, produced as recombinant proteins and able to 

detect an immune response may allow for the design of methods for quick and accurate detection of 

infection. Lab based analysis like ELISAs can use controls such as a blank (water/PBS) or a sera 

sample of known negative infection status to deduct the non-specific binding value from the 

unknown samples [211], reducing the chances of false positives. In the field, this approach is less 

convenient and the use of binary tests, like those used in pregnancy tests, can be more efficient for 

the rapid testing of flocks [70]. However, binary tests can be susceptible to background responses of 

animals and therefore the correct target antigens as well as the optimal concentrations of the target 
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antigen as well as the sample tested will be important in reducing the effect of background 

responses [70]. 

To determine the protective effect of vaccination against diseases an expermental challenge trial is 

undertaken. However, as this introduces an animal to the live virulent version of the pathogen, it is 

recommended to have supportive data for the protective likelihood of the vaccine, ideally limiting 

the number of animals contracting the disease. In this thesis, the likely protective effect of the 

vaccination with M. ovipneumoniae was investigated, looking at the effects of antibodies on 

adherence of M. ovipneumoniae to an epithelial cell model. In the adherence assay only the 

antibodies against the WC of isolate 16 showed inhibition of M. ovipneumoniae adherence to the 

epithelial cells. This result is encouraging because if adherence of M. ovipneumoniae cells, can be 

prevented in the lungs by vaccination then establishment of infection may be prevented. Due to the 

inconclusive results obtained using the methods employed in this thesis, particularly for the growth 

inhibition studies, further analysis is needed to investigate the protective potential of the different 

proteins before proceeding to test them in challenge trials. This could involve the optimisation of the 

experiments, using different epithelial cells to better mimic sheep airways epithelium, or specific 

targets such as fibronectin or extracellular matrix, to tease out any effect of the target specific 

antibodies has adherence ability of M. ovipneumoniae.  

7.7 Study limitations 
Due to the breadth of experimentation undertaken within this thesis, the use of novel antigens, and 

the time constraints of a PhD project there are a several limitations that must be accounted for.  

The antibody responses for each of the five proteins were only measured in 1 or 2 sheep, making it 

difficult to validate the results. Increasing the number of animals vaccinated with the recombinant 

proteins will assist in reducing the effect of individual animal immune responses. Further studies 

using larger groups of animals is also required to evaluate the usefulness of HP3 and P146 for 

detecting immune responses to M. ovipneumoniae.  

Another limitation of using novel recombinant proteins as a vaccine target is determining the correct 

dosage to get an optimal immune response with minimal adverse effects. Completing additional 

vaccine trials with a range of antigen concentrations will determine if increasing the amount of 

protein in the vaccine will simulate strong antibody and also stronger cellular immune responses. 

The adjuvant used in this thesis was selected because of the strong responses observed in previous 

vaccine trials using whole cells of M. ovipneumoniae and M. haemolytica. This however does not 

necessarily correlate to strong responses in single antigen vaccines. Further work could be 

conducted to find a more suitable adjuvant for recombinant proteins. 
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Another limitation in the trials was that whole blood assays were done only at the final bleed in 

animals vaccinated with the various recombinant proteins. This meant that CMI responses for 

individual animals, post-vaccination could not be compared to those pre-vaccination to observe any 

increase in response. Collection of whole blood at multiple time points in future trials would assist in 

determining the kinetics of CMI responses. 

Another important aspect not addressed in this thesis in the long-term immune responses to the 

vaccinations. For this thesis all data was collected within 7 weeks of the first vaccination, and no 

ongoing data was collected to determine if immune responses continued to increase or waned 

significantly over time. This was not undertaken as long-term analysis was outside the scope of this 

project and the time constraints would not allow identification of target antigens and completion of 

long-term studies in the same project. 

Time constrains also limited the time available for certain experiments and analyses. Completion and 

quality assessment of sequence data was not able to be completed on all of the isolates within the 

time frame of the project, therefore it was decided to focus on the three isolates used as the 

reference strains and have them completed to a point where they could be annotated. Additionally, 

growth inhibition and cell adhesion assays were unable to be optimised within the time allocated to 

these experiments, with the cell adhesion experiments also experiencing unexpected issues with the 

culturing of the epithelial cells limiting the number of experiments available to be completed within 

the allocated time. 

An overarching limitation in the study of a pathogen in an animal host, that is usually present in the 

majority of the animals, is the potential for natural infections occurring before or during the 

vaccination periods. While with the larger trials the animals would usually be tested for antibodies to 

M. ovipneumoniae before the commencement of the trials and animals with pre-existing high 

antibody titres, suggestive of exposure or infection being excluded, the trial for recombinant 

proteins did not have additional animals available. This does appear to have resulted in some 

animals in this trial exhibiting immune responses to M. ovipneumoniae in pre-immune sera 

suggesting a natural exposure.  

7.8 Further research 
The results presented in this thesis suggest several avenues for further research. One area of interest 

would be to further investigate the ability of specific antibodies to the recombinant proteins to 

inhibit growth of M. ovipneumoniae and adherence to host cells. One such approach would be to 

test different combinations of antibodies to single recombinant proteins to determine if different 

combinations are able to inhibit growth or adherence. Additionally, the use of a slower growing 

strain of M. ovipneumoniae may be useful in the growth inhibition assay. If a combination is found to 
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be effective at inhibition the next step would be to vaccinate sheep with the combined recombinant 

proteins and determine if the combination of antigens produces protective antibodies. If antisera 

from animals vaccinated with combinations of recombinant proteins are found to be effective in the 

in vitro assays, the next step would be to test the vaccine efficacy in a challenge model of ovine 

pneumoniae. The use of purified polyclonal antibodies (potentially in rabbits) to recombinant 

proteins would remove the effect of natural infections limiting responses to only the recombinant 

proteins. This would be useful for confirming the localisation of the recombinant proteins on the 

membrane using immunofluorescence microscopy or electron microscopy. Purified antibodies would 

also be useful in the growth inhibition and cell adhesion analysis experiments. Antigens or 

combinations thereof, shown to have potential to provide protection would require additional long-

term immunogenicity trials. Undertaking trials with large sample sizes, different dose rates, and 

different adjuvants would provide the completest picture of the potential of the recombinant 

proteins as vaccine targets.  

Increasing the number of genomes of New Zealand isolates as well as isolates of Australia, the 

location of the type strain, will increase the confidence in the phylogenetic positioning of New 

Zealand isolates and further evidence on likely invasion events into and out of New Zealand. 

Additionally, further genomic sequencing, especially by the use of long read length (Pacbio) 

methods, of the NZ isolates of M. ovipneumoniae already sequenced will aid in the completion of the 

genomes.  

Another area of interest would be to conduct further studies to determine the suitability of P146 

and HP3 as diagnostic reagents. In particular, investigate the potential use of these antigens for a 

rapid point-of-care test for the detection of M. ovipneumoniae infection under field conditions. This 

would require the use of animals naturally or artificially infected with M. ovipneumoniae to 

determine if these antigens were able to detect antibodies in response to infection, and not just 

antibodies in response to vaccination. Also, for the production of a point of care device, additional 

methods for obtaining antibodies, that do not require the bleeding of the animals and collection of 

sera, such as nasal secretions, saliva, tear fluid, would be required. 

7.9 Final conclusions from the thesis 
Combining an empirical approach to ide47ntify immunogenic surface proteins with genomic analysis 

of M. ovipneumoniae has resulted in the identification of six novel immunogenic proteins. Of the six 

novel proteins, two proteins, P146 and HP3, have shown potential as diagnostic reagents. Genomic 

sequencing and bioinformatic analysis have resulted in producing three draft genomes of the New 

Zealand isolates 16, 90, and 103. These three genomes have been annotated and will provide a large 

pool of information for further analysis. Bovine endometrial epithelial cells have been used to design 
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an adherence inhibition assay which has been validated through the use of antibodies against WC16. 

Further optimisation of this assay may be useful for determining the effect of antibodies to different 

vaccine antigens in inhibiting adherence, providing additional tools for assessing the potential of 

vaccine combinations in absence of challenge trials. GAPDH has been shown to have potential as a 

diagnostic protein for the measurement of IL-17 responses in sheep. 
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Appendix 1 Genome paper published on data produced in Chapter 3 
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Amino acid sequences and nucleotide sequences of proteins identified in Chapter 4 
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Appendix 2 Peptide sequence for HSP70 from isolate 90 

 

Appendix 3 Peptide sequence for EF-Tu from isolate 90 
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Appendix 4 Peptide sequence for GAPDH from isolate 90 
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Appendix 5 Peptide sequence for MATE from isolate 90 
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Appendix 6 Peptide sequence for P146 from isolate 90 
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Appendix 7 Peptide sequence for Hypothetical protein 1 from isolate 90 
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Appendix 8 Peptide sequence for Hypothetical protein 2 from isolate 90 

 

 
































































































