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Abstract 

This study aimed to extend work carried out at the University of Liverpool over the 

past decade that has been part of a revival of interest in the microbiology of the 

bacterium Mycobacterium microti and the epidemiology of the disease it causes, vole 

tuberculosis (vTS), in woodland rodents in the United Kingdom. The study utilised field 

voles (Microtus agrestis) inhabiting Kielder Forest, Northumberland, UK, which were 

surveyed in a manner that permitted the determination of both field vole population 

dynamics and M. microti transmission dynamics between 2001 and 2006. These 

surveys took place every six months, with a total of 11 being completed, however, data 

relating to M. microti infection status had only been generated for the first four. 

Hence, the first aim of this study was to extend this data are set to include another five 

surveys. The diagnosis of vTS both post mortem and, in particular, ante mortem 

remains imperfect. Hence, the study also explored new approaches to diagnosis. 

Finally, the study began exploration of the molecular epidemiology of vTS through the 

application of contemporary molecular typing methodologies developed for use on the 

closely related species Mycobacterium tuberculosis and Mycobacterium bovis. 

The voles examined in this study were captured during the five surveys between 

March 2005 and March 2007. In total 1270 animals were subjected to detailed post

mortem examination and dissection, and the presence of M. microti in their tissues 

was determined, initially, on the basis of two criteria, namely (i) the observation of 

macroscopic tuberculous lesions shown to contain acid-fast bacilli microscopically 

and/or (ii) isolation of M. microti. Subsequently, the value of histology and a PCR

based assay were explored. The general findings were that isolation of M. microti by 
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culture remained the most sensitive single approach to detection, but many cases of 

vTB in animals that did not yield a culture were also diagnosed. Histology showed 

much promise as an additional diagnostic tool, but the sensitivity of the peR assay was 

only moderate compared to M. microti isolation. Macroscopic lesions were almost 

always present in the lymph nodes of infected voles, suggesting this to be the primary 

niche of infection. The skin was the second most frequent site of lesions, then lungs, 

and these three sites were the only sites were macroscopic lesions were observed. 

However, detailed histopathological examination of voles revealed granulomas not 

only in these tissues but also in the spleen and, most frequently, the liver. 

Molecular typing was applied to a large panel of representative isolates of M. microti. 

The isolates were monomorphic when tested using deletion analysis and spoligotyping. 

However, variable number tandem repeat analysis based on the six previously 

described exact number tandem repeat (ETR) loci delineated six genotypes, albeit with 

a low allelic diversity index of 0.39. As expected the discriminatory power of each ETR 

locus varied, although the relative performance of each in discriminating among M. 

microti strains was different to that observed when the scheme has been applied to M. 

bovis. No obvious epidemiological relevance to the M. microti genotypes was 

discernible, and the epidemiology of vTB in the Kielder Forest field vole population 

appears to be characterised by a stable population of strains in circulation, with one 

genotype dominating both temporally and spatially. 

Attempts to apply an established murine interferon gamma (IFN-y) detection assay to 

the diagnosis of vTB were thwarted as preliminary experiments ind icated that 

antibodies raised against murine IFN-y did not recognise vole IFN-y. 
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Chapter 1. 

General introduction 
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1.1. Historical perspective 

Vole tuberculosis (vTB) was first described over 80 years ago, when Wells (1937) 

encountered the disease during the survey of field voles (Microtus agrestis) in 

the Scottish borders. Wells' article described the presence of caseous lesions 

filled with acid-fast bacilli that resembled Mycobacterium tuberculosis. These 

bacteria were isolated using media developed for M. tuberculosis. This discovery 

was considered remarkable as hitherto it had been generally believed that 

tuberculosis was almost entirely a disease of man and of domesticated or captive 

animals and birds (Elton, 1942). Wells (1937) speculated on the medical or 

veterinary importance of these organisms, suggesting they represented strains of 

either M. tuberculosis or Mycobacterium bovis or a new member of the genus. 

Subsequent characterisation led to differences being recognised between the 

agent of vTB and M. tuberculosis and M. bovis, thus the agent vTB was classified 

as Mycobacterium tuberculosis subspecies muris (Wells, 1953). More recently, 

following re-classification of all M. tuberculosis subspecies, the taxon was 

renamed as Mycobacterium micron and incorporated into a complex that 

includes the primary agent of human tuberculosis, M. tuberculosis, 

Mycobacterium bovis, the agent of bovine tuberculosis, also a disease of major 

veterinary and public health concern, Mycobacterium africanum, a prevalent 

cause of human TB in Africa, Mycobacterium canetH, a far rarer cause of human 

TB in Africa, and Mycobacterium pinnipedii, which has been recovered from seals 

in the southern hemisphere (Wayne & Kubica, 1986). This complex is commonly 

referred to as the M. tuberculosis complex (MtC). 
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The commentary that accompanied Wells' original article highlighted how his 

discovery resulted from an innovative collaboration between pathologists and 

ecologists and how such interdisciplinary studies represented an exciting new 

approach to scientific investigation (Anon, 1937). This collaboration was 

established to explore the potential role of parasites in regulating vole 

population dynamics (Elton, 1942) but ultimately failed to identify any links 

between parasite burden and vole declines. This failure led to the influence of 

parasites on host population dynamics being discounted for many subsequent 

years (Chitty, 1954). However, interest in the epidemiology of M. microti 

infections in UK wildlife has been revived in the last decade. In 2002, Cavanagh 

and colleagues reported studies of small mammal populations in 

Northumberland in which characteristic skin lesions had been observed on a 

small proportion of individuals. Burthe and colleagues (2008) extended these 

studies with more structured horizontal and longitudinal survey of vTB 

epidemiology among Northumbrian field voles, and were able to collate the 

effect of infection on the condition and survival of voles. 

Despite the failure of Wells' collaboration with Elton to demonstrate a role of 

vTS in vole population dynamics, their discovery of M. microti led to a great deal 

of further work. Wells (1946) reported a series of studies aimed at determining 

the geographical range of M. microti, the pathology of infection and the diversity 

of small mammal species naturally infected with the bacterium. Infected field 

vole populations were identified in many parts of the UK including Scotland, 

Wales and the Thames valley and infected bank voles (Myodes glareolus), wood 
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mice (Apodemus sylvancus) and common shrews (Sorex araneus) were also 

recorded (Wells, 1946). Post-mortem examination led to a detailed description 

of lesions in the organs and tissues of infected animals, and the use of Zeihl

Neelsen staining and isolation methods to confirm the presence of M. micron 

were described (Wells, 1946). Wells (1946) also initiated studies into the 

antigenicity of M. micron that ultimately led to the use of the species as a 

vaccine for M. tuberculosis (Wells, 1946). M. micron was introduced as a vaccine 

in 1946 and over 100,000 people in the UK were vaccinated with it before its 

withdrawal in 1961 (Hart et aI., 1977). During the same period, a M. microti 

vaccine was also used in the Czech Republic, with an estimated half million 

newborns being vaccinated (Sula & Radkovsky, 1976). The vaccine was safe and 

was found to be as effective as the M. bovis Bacillus Calmette-Guerin (BCG) 

vaccine, with a 77% protection efficacy (Hart & Sutherland, 1977). Although the 

M. microti vaccine offered some advantages over BCG, for example the species 

was naturally attenuated and could therefore be passaged in voles to maintain 

its antigenic integrity (Wells & Wylie, 1954), it was withdrawn because 3 to 17 % 

of the vaccinated patients developed a lipoid skin reaction (Wells & Wylie, 1954; 

Tuberculosis Vaccine Trials Committee, 1956). Interest in M. microti as a vaccine 

has recently been revived by Manabe and colleagues (2002), who, in an attempt 

to avoid the adverse cutaneous reactions observed earlier, tested the efficacy of 

aerosol and oral vaccination routes in a murine model. They demonstrated that 

high-dose orogastric vaccination resulted in a statistically significant 

improvement in protection against aerosol challenge with virulent M. 

tuberculosis compared with subcutaneous BCG vaccination. 

4 



Following the flurry of activity surrounding the development, evaluation and 

administration of M. micron as a vaccine for human tuberculosis, scientific 

interest in the bacterium waned. However, during the 1970s and 1980s, the 

emergence of cellular microbiology was reflected in a series of studies into the 

interactions between M. micron and macro phages. Such studies were a natural 

progression of early experimental work carried out 40 years earlier. These first 

attempts to model vTS in laboratory animals were reported by Wells (1937), 

Griffith (1941) and Wells (1946). Wells (1937) briefly reported the provocation of 

symptoms and tuberculin test reactivity in guinea pigs and rabbits inoculated 

with M. micron. Griffith (1941) produced a far more detailed report of 

experiments in which golden hamsters were inoculated with M. micron and 

developed a generalized disease resembling tuberculosis. However, although 

characteristic tuberculous lesions were formed, with bacilli abundant in the 

lesions, there was no necrosis or caseation. Furthermore, M. micron was only 

virulent when administrated in large quantities (Griffith 1941). Interestingly, 

Griffith (1939) had earlier tested the susceptibility of voles to both M. 

tuberculosis and M. bovis, finding the latter to be far more infectious than the 

former, and they cited earlier work by Robert Koch who, reportedly, infected 

continental voles (Microtus arvalis) with some of his original isolates of M. 

tuberculosis. Wells (1946) explored the route by which M. micron infected voles, 

showing that voles could acquire infection by consuming tissues of infected 

animals or by drinking contaminated water. Wells (1946) also tested the ability 

of M. micron to infect other laboratory animals, inducing infections of varying 

severity, longevity and pathology in guinea pigs, white mice, hamsters, Orkney 
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voles (Microtus orcadensis), continental voles, wood mice and bank voles. In 

addition to laboratory animals, Griffith and Darling (1940) inoculated calves with 

M. micron, demonstrating the generation of tuberculous lesions lacking 

caseation or necrosis, and Griffith (1942) reported M. micron was not virulent for 

fowl, having observed viable bacilli in the apparently unaltered spleen of high

dose inoculated birds for over four months. Somewhat later, Hejlicek (1959) 

reported experimental infection of pigs, observing that lesions were generally 

more severe than in the other animals. 

Cellular microbiological studies began in 1970, when Sula and Konradov 

presented ultrastructural studies of M. microti-infected rabbit macrophages. A 

similar study using mouse macrophages followed (Hart et aI., 1972), as part of 

the development of a model system for the study of M. tuberculosis complex 

members with their target host cell. This model system was used to explore the 

basis of mycobacterial resistance to macrophage killing (e.g. Lowrie et aI., 1975; 

Lowrie et aI., 1979; Walker & Lowrie, 1981), and other similar models were 

developed and utilised (Coates et aI., 1986; Kaye et aI., 1986; Kaye & Feldmann, 

1986). M. micron exploitation of macrophages was found to be mediated by 

inhibition of phagosome-lysosome fusion, a process that appeared to result from 

the inhibition of lysosomal movements (Hart et aI., 1987). 
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1.2. Epidemiology of M. microti infections in small mammals. 

Following on from his first description of vTB (Wells, 1937), Wells reported study 

of the epidemiology of infections in UK vole populations. He demonstrated a 

prevalence in field voles of between nine and 31%, depending on place and 

season of capture, and lower values of 11% in bank voles, 2% in wood mice and 

1.5% in shrews (Wells 1946). Wells (1946) also reported a clear seasonality to 

infections; for example at Greskine Forest in Dumfrieshire, surveys of field voles 

in spring revealed an infection prevalence of between 37 and 66%, whereas only 

between 11 and 20% of animals were symptomatic in summer and autumn 

surveys. Chitty (1954) reported more detailed survey of vTB in vole populations 

at Lake Vyrnwy in North Wales, confirming the seasonality observed by Wells 

(1946). Chitty concluded that the spring peak in vTB prevalence was because 

during this time of the year the vole population was dominated by old, 

overwintered animals in which infection had had time to progress enough to 

provoke overt symptoms. Chitty also observed that vTB was unevenly 

distributed in space, being absent from voles in some areas around the Lake, but 

very prevalent in others. 

No further studies of vTB epidemiology in voles appeared for almost 50 years, 

but then, in 2002, Cavanagh and colleagues revived interest with the description 

of vTB lesions in Northumbrian field voles and wood mice and bank voles from 

Cheshire. External lesions were observed on up to 8% of individuals within the 

various populations. The study also applied various molecular typing techniques 

to the M. micron isolates obtained to confirm their identity and compare them 
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with isolates made by Wells and colleagues during the 1930s, concluding that all 

isolates were very similar to one another (Cavanagh et aI., 2002). Two further 

reports from the same research group have followed, focusing on ecological 

aspects of vTB in vole populations that exhibit multi-annual cycles of population 

density. Cavanagh and colleagues (2004) studied vole population dynamics and 

vTB symptoms at 12 sites in Kielder Forest District (Northumberland) reporting 

that M. micron infection showed delayed density dependence in relation to vole 

population size, with a lag ofthree to six months. Subsequently, Burthe and 

colleagues (2008) carried out longitudinal and cross-sectional studies to confirm 

that vTB prevalence increased with age and that seasonality was due to a higher 

proportion of older animals in spring. This study was also able to confirm that 

external lesions only appeared during the advanced stages of infection, and that 

the body condition of individuals declined as these lesions began to appear. 

However, once lesions were present, the survival time of individuals was not 

significantly shorter than in asymptomatic animals (Burthe et aI., 2008). 

1.3. Pathology of vTB in field voles 

The course of M. micron infections in naturally-infected field voles has been 

studied in some detail. Wells (1946) performed post-mortem examination for 

macroscopic lesions (using a xlO dissecting microscope) of almost 900 field voles 

and reported encountering two courses of disease evolution. In the majority of 

cases he concluded that infection began in the lymphatic system then spread to 

other sites, most frequently the lungs. However, he also noted that infection in 

some animals was characterised by infiltration of the subcutaneous tissue, 
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usually in the axilla, groin and between the scapulae, often with further spread 

to the lungs and other organs. This form of interscapular infection was fairly 

common, and was considered noteworthy by Wells, who described the 

subcutaneous site of infection as being made up of white necrotic material 

swarming with acid-fast bacilli, with little evidence of lymphoid tissue. He also 

noted that spreading infection from this site through the outer layers of the skin 

led to the development of the characteristic external ulcerations by which vTB 

had first been recognised (Wells, 1937). Robb-Smith (1946) produced a more 

detailed pathological report that accompanied Wells' paper (1946), describing 

caseating necrotic lesions with calcification in the subcutaneous tissue and the 

muscle layers. He observed that the lesions were surrounded by macrophages, 

plasma cells and lymphocytes, with few multinucleated giant cells. 

More recently, Cavanagh and colleagues (2002) briefly reported the pathology of 

the dermal lesions of M. microti-infected voles, describing "exudative" 

tuberculosis with necrotic macro phages and large numbers of intracellular 

bacteria and "proliferative" tuberculosis with fewer intracellular mycobacteria. 

Examination of internal tuberculous lesions also confirmed a granulomatous 

pathology typical of MtC infections. 

The course of vTB has also been studied in experimentally infected animals. 

Wells (1946) reported that voles inoculated artificially via intraperitoneal 

injection were all progressively affected. Microscopically, caseation within the 

lymph nodes contained necrotic cellular material with vast number of acid fast 
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bacilli. Epithelioid cells and occasional giant cells encompassed the necrotic 

tissue. 

More recently, Manabe and colleagues (2002) reported markedly different 

infection course in BALBlc mice and Microtus ochrogaster voles. Whereas the 

mice remained relatively healthy during the study, the condition of the voles 

deteriorated dramatically, developing extensive caseous lesions containing acid

fast bacilli and macrophage infiltrations. 

1.4. M. microti pathogenicity 

The mechanisms by which M. microti is able to infect and persist within small 

mammals (and other, accidental, mammalian hosts) have yet to be explored. 

However, as the gene content of M. microti is so similar to that of other MtC 

members, it is likely that they all share common modes of virulence. Recent 

analyses of the M. microti genome have revealed the absence of some genes 

that have been implicated in M. tuberculosis virulence. Brodin and colleagues 

(2002) identified 10 regions of difference between the genomes of the type 

strains of the two species. One region missing from the M. microti genome 

overlapped with the RD1 deletion in the M. tuberculosis BeG vaccine strain, a 

deletion that is assumed to be involved in its attenuation. Also missing from the 

M. microti genome were the some of the genes encoding the early secretory 

antigenic target (ESAT-6) family proteins, which have been shown to be potent T

cell antigens, and genes encoding proteins with Pro-Glu (PE) and Pro-Pro-Glu 

(PPE) N-terminal motifs. These proteins are thought to be of immunological 
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importance as a source of antigenic variation (Cole et ai, 1998) and knockout of 

PE-PPE encoding genes leads to attenuation of M. tuberculosis in a murine model 

(Camacho et aI., 1999). Thus, the absence of ESAT-6 and PE-PPE proteins may 

playa part in the attenuation of M. micron for some species (Garcia-Pelayo et ai, 

2004). 

Interaction with macrophages is thought to playa key role in host exploitation by 

all MtC species, with the development of granulomas as much a characteristic of 

vTB pathology as that observed for human tuberculosis. Work in the 1970s and 

1980s, outlined above, explored the interaction between M. micron and 

macrophages suggesting that inhibition of phagosome-lysosome fusion was a key 

stage in this process, as observed for other MtC species (Hart et aI., 1987). M. 

tuberculosis bacteria interact with recognised macrophage surface receptor 

molecules, including complement receptor 3, and are then internalised into 

phagosomes (Ernst, 1998). However, normal maturation of this vacuole is 

disrupted. Studies have shown that molecules such as major histocompatibility 

complex (MHC) class I and II complexes and coronin 1, that are normally lost with 

maturation, continue to be expressed by M. tuberculosis containing phagosomes 

(Ferrari et ai, 1999) and have been implicated in the prevention of phagosome

lysosome fusion. Although some lysosomal glycoproteins appear to enter the 

phagosome, they are evidently ineffective against the mycobacteria. The 

unusual lipid-rich mycobacterial cell wall may play an important role in this 

resistance (Glickman et ai, 2000). Several studies have attempted to determine 

the molecular mechanisms possessed by M. tuberculosis and other 
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Mycobacterium species that underlie this parasitism. In addition to cell wall 

lipids, a number of proteins are involved in the arrest of phagosomal maturation 

(Stanley et aI., 2003). Recent micro-array based studies indicating that M. 

tuberculosis expresses a significant "differential intraphagosome transcriptome" 

affecting about 600 genes (Schnappinger et aI., 2003). Amongst these were the 

50 or so members of the dosR regulon, a regulon influenced by signals such as 

low oxygen and nitrous oxide (Park et aI., 2003). 

1.5. M. microti as a pathogen of medical and veterinary importance 

Although several early studies demonstrated the susceptibility of various 

mammal species to experimental infections due to M. micron, natural infections 

were only reported in small woodland mammals (see above). However, in 1958, 

Wagner and colleagues isolated a mycobacterium they referred to as the "dassie 

bacillus" from Cape hyraxes (Procavia capensis) in South Africa and, on the basis 

of its low virulence in various laboratory animals, considered it to be an 

attenuated strain of M. micron. This identification was supported by Smith 

(1960) on the basis of morphology and growth requirements, although Wagner 

and Bokkenheuser (1961) did find some differences in growth requirements 

between the "dassie bacillus" and M. micron. In 1994, Cousins and colleagues 

reported the isolation of a MtC strain from the lungs of a tuberculous hyrax 

(Procavia capensis) imported into Perth Zoo, Australia from South Africa, and 

used a variety of molecular methods to compare it to M. micron and the "dassie 

bacillus". Restriction fragment length polymorphism analysis indicated that their 

isolate was most similar to the dassie bacillus, but quite distinct from M. micron. 
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A similar organism was isolated from hyraxes imported into Canada (Lutze

Wallance et aI., 2006) and spoligotyping (see below) indicated it to be quite 

distinct from M. micron. Parsons and colleagues (2008) reported tuberculosis in 

free-living Cape hyraxes and again used spoligotyping to show that the 

Mycobacterium strains involved in this infection were distinct from M. micron 

and other recognised MtC members. However, others (Guden et aI., 2008) have 

suggested Cape hyrax-associated mycobacteria are strains of M. ofriconum on 

the basis of the performance of isolates in the commercial GenoType MTBC test. 

Away from this confusion, other case reports of non-rodent infections by 

(apparently) "true" M. micron strains have been published. Huitema and Vloten 

(1960) described the presence of M. micron-like organisms in tuberculous lesions 

in the lungs and lymph nodes of a cat, and Huitema and Jaartsveld (1967) 

described a similar presentation in pigs surveyed immediately after slaughter in 

laryngeal, submandiblar and mesenteric lymph nodes. Much more recently, M. 

micron (confirmed by spoligotyping) was also isolated from pigs possessing 

calcified granulomas in submandibular lymph nodes (observed on slaughter) in 

the UK (Taylor et aI., 2006). In 1970, Pattyn and colleagues reported a 

presumptive M. micron infection in a llama (Lama vicugnain) in a Belgian zoo, 

based on the observation of curved, hooked and S-shaped acid-fast bacilli in 

lesions of the lung, kidney, liver and intestine. Subsequently, M. micron 

infections have been encountered in two members of a different llama species 

(Lama lama) living in a Swiss zoo with generalised tuberculosis (Oevermann et 

aI., 2006). The identity of the infectious agent was confirmed by spoligotyping. 
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In 1998, Kremer and colleagues reported spoligotyping data to support the 

involvement of M. micron in disease in seven cats, a badger and a cow from the 

UK, and a pig, a llama and a ferret from the Netherlands. Later Jahans and 

colleagues (2004) described the isolation of M. micron from another cow. In 

2004, Deforges and colleagues reported a mycobacterial isolate from a dog with 

lesions of acute peritonitis and, on the basis of spoligotyping, identified it as M. 

micron. Following on from the study of Kremer and colleagues (1998), 

Emmanuel and colleagues (2007) diagnosed M. micron infections in two Scottish 

cats, suggesting that cats, as active hunters of rodents, may be at particular risk 

of accidental infection. The same group (Emmanuel et aI., 2007) also detected 

M. micron in a badger, a llama and a ferret from Scotland. Most recently, 

Henrich and colleagues (2007) reported multiple granulomas in three squirrel 

monkeys (Saimiri sciureus) living in a German zoo and identified M. micron as the 

causative agent by isolation and spoligotyping. Thus, as proposed by Kremer and 

colleagues (1998), "M. micron is (demonstratively) more widespread than 

previously thought". 

Although M. micron has long been perceived as being, at worst, of limited 

virulence for humans, and indeed has been successfully employed as a vaccine 

against M. tuberculosis, its ability to cause disease in humans has recently 

become apparent. In 1998, van Soolingen and colleagues retrospectively 

obtained a diagnosis of M. micron infection in four Dutch patients by using newly 

developed molecular identification tools. Three of the four patients were 

immunocompromised and suffered from generalized forms of tuberculosis. The 
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fourth patient was a 34-year-old immunocompetent male with a persistent 

cough and undefined radiographical abnormalities. The source of these 

infections was not clear. In one case, the authors found circumstantial evidence 

for transmission from rodents to a human, because this patient stored his 

dialysis fluid bags under non-hygienic conditions, where contamination with 

faecal material from mice or voles was likely to occur. For one of the other 

patients zoonotic transmission is also conceivable, as an infestation of mice 

occurred in his house a few months prior to the manifestation of tuberculous 

symptoms. For the two remaining patients no direct indications for zoonotic 

transmission were found, although one ofthe patients, a 41-year-old 

immunocompetent male, was living in a caravan camp, where the chances of 

contact with the habitat of mice may be greater than in an ordinary household. 

In 2000, Neimann and colleagues described a further two cases of M. micron 

infection causing pulmonary tuberculosis (TB) in HIV-seronegative 

immunocompetent patients in Germany. The isolates were identified as M. 

micron by spoligotyping. No source of infection could be identified for either 

patient. Another case of M. micron induced tuberculosis was reported in a 

German HIV-infected patient in 2001 (Horstkotte et aI., 2001). M. micron has 

also been implicated in immune restoration disease, a condition associated with 

highly active antiretroviral treatment (HAART) for HIV infection. Diagnosis was 

made in a UK patient undergoing HAART presenting with breathlessness, nausea, 

diarrhoea and fever, and enlarged lymph nodes were evident in the right axilla 

and over the left parotid gland. A chest radiograph showed increased shadowing 

and a computed tomographic scan of the chest showed a large solid mass in the 
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upper left chest, reported as "almost certainly a solid neoplasm". Fortunately his 

symptoms resolved with appropriate treatment (Jenkins et aI., 2006). Recently, 

retrospective diagnosis of M. micron infection was made for four Scottish 

patients with pulmonary tuberculosis, three of whom were immunocompetent. 

The authors indicated that inherited defects of interleukin receptor function are 

known to specifically predispose to intracellular infections, particularly 

mycobacterial infection, therefore, some persons with apparently normal 

immunity infected with M. microti may in fact have undetected specific immune 

defects (Emmanuel et aI., 2007). 

Several of the reports described above suggested that the underestimation of 

the prevalence of the M. micron in human cases may have been due to the 

unavailability (until recently) of suitable tools for species identification and the 

slow growth rate of M. micron in vitro. Many of the standard operating 

procedures used in tuberculosis diagnostic laboratories discard cultures after 

four weeks incubation, by which time they are considered negative for M. 

tuberculosis. However, M. micron takes at least eight weeks to grow. (van 

Soolingen et aI., 1998). 

1.6 General microbiology 

Like other members of the MtC, M. micron is a curved or rod-shaped (0.2-0.6 x 

1.0-10.0 ~m) acid-fast bacterium. It has long been suggested that, when 

observed in infected tissue, M. micron has a very characteristic morphology, 

appearing sickle-shaped, or spiral, or S-shaped, or even in a complete circle. 
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However, this pleomorphism is generally lost on axenic culture (Wells, 1946). 

The isolation of M. micron requires great patience, with colonies taking at least 

eight weeks and often as long as fifteen weeks to become visible on Lowenstein

Jensen (U) medium. Work by Pattyn and colleagues (1970) characterised the 

phenotype of the species and demonstrated phenotypic differences among MtC 

members. Subsequently, Tsukamura and colleagues (1985) applied a numerical 

taxonomic approach, incorporating 88 phenotypic characters, in an attempt to 

delineate the MtC species. Four M. micron strains were included in this analysis, 

but these, as with strains of the other MtC species, did not group together in a 

discrete cluster. 

Although U medium is perhaps the most widely used medium for cultivation of 

M. micron, others have been described and used. Middlebrook 7H9 Medium 

(Manabe et aL, 2002), MB/BacT media (Cavanagh et aL, 2002), modified Dubos 

medium (Wagner &Kubica 1980), Accuprobe culture (van Soolingen et aL, 1998), 

Dubos broth and Dubos medium with albumin (Frota et aL, 2004) have all been 

used and reportedly work adequately. 

1.7 Genetic homology of MtC members 

Genetic studies have demonstrated that the species within the MtC are 

extremely similar to one another. Imaeda (1985) compared 25 strains of M. 

tuberculosis, M. micron, M. bovis and M. africanum by measuring their genome 

size and the G+C% content of their genomes, and carrying out whole genome 

restriction digests and DNA:DNA hybridisation. For the first three of these 
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measurements, the 25 strains were virtually indistinguishable, and for DNA:DNA 

hybridisation the strains shared over 85% relatedness, a level far greater than 

the 70% threshold usually used in bacteriology to delineate species, and thus, 

using this criterion alone, all MtC members would be considered members of the 

same species. Furthermore, in their survey of 165 rRNA sequence diversity 

among Mycobacteria species, Boddinghaus and colleagues (1990) reported that 

the 165 rRNA sequenced of the MtC members were almost identical. In 1997, 

5reevatsan and colleagues sequenced two megabases in 26 structural genes or 

loci in 842 strains belonging to the MtC, including nine strains of M. microti, 

revealing remarkably restricted variation. What diversity there was between 

species was largely attributed to the presence, absence and/or copy number of 

insertion sequences rather than mutations in structural genes. Further 

application of comparative genomics has supported the evolutionary homology 

of MtC members but more thoroughly differences between them. In 2002, 

Brodin and colleagues used pulsed field gel electrophoresis to examine 

differences in a set of bacterial artificial chromosome M. microti clones, revealing 

10 regions of difference (RD) of between two kilobases (kb) and 14.6 kb in size 

between M. microti and M. tuberculosis. One of these RDs, RDl mic contained 

genes that, in M. tuberculosis, encode the potent antigens E5AT-6 and culture 

filtrate protein (CFP-10), and thus its absence from M. micron was thought to 

account for the apparent attenuation ofthe species. Brodin and colleagues 

(2002) also compared RDs among nine M. microti strains, six of which were 

isolated from human beings and three of which were isolated from voles. 

Interestingly, the vole isolates all lacked three RDs that were present in all six 
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human isolates. In 2004, two microarray-based analyses of M. microti gene 

content were published. Frota and colleagues (2004) compared 12 M. microti 

isolates from a variety of hosts including voles and human beings and identified 

13 deletions that included the 10 RDs described earlier. Again, not all M. microti 

strains lacked all the RDs, and only one, RD3, was absent in all strains examined. 

The authors speculated that that there may be an association between RD 

presence/absence and host range, but that it was difficult to ascribe virulence to 

any particular M. microti RD pattern. Garcia-Pelayo and colleagues (2004) 

carried out a very similar study that compared the gene content of M. 

tuberculosis H37Rv strain with three M. microti strains. They too were able to 

confirm the earlier findings of Brodin and colleagues (2002) and identify a novel 

RD, termed MiD4, that contained genes encoding proteins belonging to the 

ESAT-6 family and the Similarly antigenic PE-PPE family. Although all these 

studies were focused on identifying genetic differences among M. microti 

isolates or differences between M. microti and M. tuberculosis, all emphasised 

the extreme limitation of these differences; the underlying observation is that 

genomes of members of the MtC share greater than 99.9% sequence identity. 

Analysis of the distribution of RDs among MtC members has provided the basis 

for the current evolutionary model for the complex in which progenitor strains 

diverged into three distinct lineages, the oldest leading to M. canetti, the second 

carrying M. tuberculosis, and the most recent carrying M. africanum, M. microti 

and M. bovis (Brosch et aI., 2002). A similar study, carried out at the same time, 

reached similar conclusions, but extended the analysis to demonstrate the 
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divergence of M. bovis from M. africanum and M. microti (Mostowy et aI., 2002). 

This work has now been extended even more by examining the patterns of loss 

of spoligotype spacer units and the distribution of single nucleotide mutations to 

produce a robust model in which all MtC species are distinguished from one 

another (Smith et aI., 2006). 

1.8 Molecular delineation of MtC strains 

Several approaches to delineating genotypes among MtC species have now been 

described, and among these, three methods have been widely adopted, namely 

156110 fingerprinting, spoligotyping and, most recently, mycobacterial 

interspersed repetitive unit-variable number tandem repeat (MIRU-VNTR) typing 

(Gillespie et aI., 2003). The relative usefulness of each of these methods in 

differing epidemiological scenarios has been explored, particularly for M. 

tuberculosis and M. bovis infections (Gillespie et aI., 2003). Also the use of these 

protocols for members of the MtC has provided powerful tools to identify 

organisms that resemble the vole bacillus, and thus those strains have been 

classified as M. microti (Niemann et aI., 2000; van Soolingen et aI., 1998). 

156110 fingerprinting remains the "gold-standard" against which other 

approaches are compared and is widely used in reference laboratories around 

the world. This approach uses the 156110 insertion element as a probe in a 

Southern blot against electrophoretically resolved restriction enzyme -digested 

genomic DNA (Eisenach et aI., 1990; Hermans et aI., 1990; Thierry et aI., 1990). 

The difference in the location and number of copies of this element is a source of 
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polymorphism among MtC strains. Most strains of the MtC species carry 

between five and 15 copies of the insertion element in different positions of the 

genome. For M. tuberculosis, M. africanum and M. bovis the approach usually 

offers a high degree of discrimination. 156110 fingerprinting has been 

standardised so results from different laboratories can be meaningfully 

compared (van Embden et aI., 1993). Nonetheless, this approach is not without 

drawbacks as it is complex, time consuming, and requires reference facilities 

where isolates can be safely grown and where high-quality DNA extractions can 

be prepared. Furthermore, in some communities, low IS6110 copy number 

strains make up a significant proportion of the M. tuberculosis population, and, 

occasionally strains will lack the insertion element altogether (Haddad et aI., 

2004) 

IS6110 typing has been applied to M. micron. Van Soolingen and colleagues 

(1998) examined 13 isolates, including five isolated from UK field voles in the 

1930s, finding that they possessed distinct yet highly similar profiles. The five UK 

vole isolates had slightly different profiles from one another. Cavanagh and 

colleagues (2002) added to this by obtaining data for four recent vole isolates. 

The profiles of these isolates were most similar to, but nonetheless different 

from those obtained from those isolates recovered from UK voles in the 1930s. 

Emmanuel and colleagues (2007) obtained IS6110 profiles from Scottish M. 

micron isolates made from various animal species, including human beings, but 

not voles. These profiles appeared to be similar to, but distinct from, those 

reported earlier (although precise comparison of profiles was difficult). 
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The technical difficulties associated with IS6110 typing provoked the 

development of other, less demanding approaches to MtC strain delineation. 

Among these, spoligotyping has emerged as the technique of choice for 

exploring global and national diversity and molecular epidemiology of MtC 

members. Spoligotyping is a define PCR-based method that exploits 

polymorphism at a hypervariable locus known as the chromosomal direct repeat 

(DR) locus, which is present in the genomes of all MtC species and which 

contains a variable number of short direct repeats interspersed with non

repetitive spacers. Strains are distinguished by their spoligotype patterns, 

characterised by the number and identity of non-repetitive spacers (van 

Soolingen et aI., 1995). The presence of spacer sequences varies among strains 

and are visualised by a spot on a fixed site of a hybridisation membrane. Unlike 

IS6110 typing, the results of spoligotyping are totally transferable, meaning that 

comparison of results obtained at different times in different places is 

straightforward. This characteristic has permitted the establishment of an 

international MtC spoligotyping database (http://www.pasteur

guadeloupeJr/tb/bd_myco.html). The most recent iteration of this database, 

SpolDB4 (Brudey et aI., 2006) contains data for almost 40,000 isolates, which 

have been delineated into over 5,000 different spoligotypes. Spoligotype results 

are available for about 40 M. micron isolates, most of which, including all those 

from UK voles, possess the "classical" ST539 spoligotype. This spoligotype is 

characterised by the presence of only spacers 37 and 38 so lacks almost all the 

43 non-repetitive spacers that are present in the most complete spoligotypes 
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(Kremer et aL, 1998; Cavanagh et aL, 2002; Emmanuel et aL, 2007). However, a 

minority of M. microti isolates from other hosts possess other spoligotypes that 

include other spacers in addition to 37 and 38. One of these spoligotypes is 

referred to as "llama type" possessing spacers 4-7, 23, 24, 37 and 38 (Kremer et 

aL, 1998) and has been isolated from llamas, cats and humans (Kremer et aL, 

1998; Emmanuel et aL, 2007). 

In most situations, the sensitivity of spoligotyping is lower than that of 156110 

typing. However, when MtC strains have a low copy number of 156110 insertion 

sequences in their genomes, spoligotyping has better resolving power 

(Kamerbeek et aL, 1997). For M. microti, about 25 isolates have been typed by 

both methods and these have been delineated into about 20156110 profiles and 

only five spoligotypes (Kremer et aL, 1998; Cavanagh et aL, 2002; Emmanuel et 

al.,2007). However, criteria for confidently distinguishing between very similar 

156110 profiles have not been evaluated for M. microti as they have for other 

Mtc species. Many of the slightly different M. microti profiles may well be 

considered "not confidently distinguishable" if these criteria were rigorously 

applied (van 500lingen et aL, 1998). 

The most recently developed approach to MtC strain delineation is variable 

number tandem repeat (VNTR) analysis. Examination of MtC genomes revealed 

the existence of much polymorphism within regions of tandemly repeated DNA. 

Polymorphism at a tandem repeat locus can occur either as a result of nucleotide 

sequence changes between individual repeat units or, more often, as a result of 
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variation in the number of repeat units, thereby creating genetic variants. VNTR 

analysis exploits variation in the number of repeat units and, as with 

spoligotyping it is PCR based and produces results that are easily transferable. 

Many different tandem repeat loci (sometimes referred to as Mycobacterium

interspersed repetitive units, or MIRUs) have been discovered in the genomes of 

MtC members, and about 30 have been used in MtC diversity studies (e.g. 

Smittipat & Pallittapongarnpim, 2000; Supply et aL, 2000). A panel of six loci has 

been adopted for international studies of M. tuberculosis diversity (Frothingham 

et aL, 1998) and the performance of this panel relative to spoligotyping and 

IS6110 profiling has been well evaluated (Kremer et aI., 1999). These and other 

VNTR panels have also been applied to the delineation of strains of other MtC 

species, in particular M. bovis (e.g. Roring et aL, 2002). In general, the combined 

discriminatory power of spoligotyping and VNTR analysis is about the same as 

IS6110 profiling, although different approaches perform with different degrees 

of power in different epidemiological circumstances (e.g. Kremer et aL, 1999; 

Allix et aL, 2006). 

1.9 Laboratory diagnosis of tuberculosis 

The isolation of M. microti remains the most reliably sensitive method available 

for the diagnosis of vTB. Processing of clinical material for culture usually 

involves firstly alkaline decontamination of samples, then inoculation of LJ 

medium, usually poured as slopes in screw-top glass tubes. M. microti is 

particularly slow-growing, hence inoculated agars need to be incubated for at 

least 12 weeks. Concern about the detrimental effect of the decontamination 
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step on recovery rates have been raised (Pfyffer et ai, 2003), but given the 

fastidious nature of M. micron, ensuring the removal of faster growing bacteria 

from the inoculum is essential. 

Although Cavanagh and colleagues (2002) used PCR to demonstrate the 

presence of M. micron in DNA extracts prepared from skin lesions, lymph nodes 

and internal caseous abscess tissues of infected voles, the use of PCR for vTB 

diagnosis in living animals that do not possess external signs of disease has not 

yet been described. PCR-based methods are becoming increasingly used in 

certain settings for the diagnosis of infections caused by other MtC species. M. 

tuberculosis DNA has been detected in a wide range of clinical samples collected 

from infected individuals. For example, Burggraf and colleagues (2005) reported 

the usefulness of numerous respiratory and non-respiratory clinical samples for 

the detection of M. tuberculosis. Non-invasive samples have also been used for 

diagnosis of tuberculosis in cattle. Vitale and colleagues (1998) tested milk 

samples for the presence of M. bovis DNA. PCR has also been employed to 

detect M. bovis DNA in environmental samples, for example in soil taken from 

farm with a history of bovine tuberculosis (Young et aI., 2005). 

Various studies have evaluated different protocols for DNA extraction from 

different tissues. Buck and colleagues (1992) and Kirschner and colleagues 

(1993) reported the value of mechanical disruption of clinical samples whereas 

others have tested a variety of biochemical methods (e.g. de Lamballerie et aI., 

1992; Wilson et aI., 1993; Amicosante et aI., 1995; Bodmer et aI., 1997). 
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Numerous different PCRs have been described and evaluated for MtC infection 

diagnosis, targeting a variety of loci around the genome (e.g. Plilkaytis et aL, 

1992; Comincini et aI., 1998; Lee et aL, 2000). More recently, real-time PCR 

technology has been applied to MtC DNA detection in clinical material (e.g. 

Torres et aL, 2000; Taylor et aL, 2001; Broccolo et aL, 2003; Parra et aL, 2007; 

Taylor et aI., 2007), although the performance of both forms of PCR in this role 

remains imperfect (e.g. Bruijinesteijn et aL, 2004; Parra et aL, 2007; Taylor et aL, 

2007). As expected, the sensitivity of PCR appears to be dependent on the sort 

of clinical sample collected. For example, Wards and colleagues (1995) 

suggested that in comparison to the large number of bacilli present in the 

sputum of M. tuberculosis infected patients, the intensity of M. bovis infection in 

various bovine tissues was low. 

Serological assays that detect circulating antibodies have shown inadequate 

sensitivity and specificity for early diagnosis of MtC infections (Rhodes et aI., 

2000). Their shortcomings are due to the nature of the immunological response 

generated in MtC infections, which is dominated by a Thl cellular response, 

although this defence is exploited by MtC bacteria to generate chronic 

inflammation and persistence (Plackett et aL, 1989). Antibodies are produced in 

abundance with the progression of disease (Dlugovitzky et aL, 2000). The 

dominance of cellular immunity during the early stages of MtC infection has 

necessitated the development of appropriate assays such as the tuberculin skin 

test (TST) and interferon gamma (IFN-Y) (Vordermeier et aL, 2004). The TST was 

developed over 100 years ago and determines cell- mediated immune response 
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by measuring the delayed-type hypersensitivity (DTH) response to intradermal 

inoculation of tuberculin purified protein derivative (PPD) (Lalvani et aL, 2007), 

which is a crude mixture of antigens many of which are shared between 

members of the M. tuberculosis complex and other Mycobacteria species 

(Andersen et aI., 2000). In the UK, the TST is now used to determine M. 

tuberculosis and M. bovis infection status in humans and cattle respectively. TST 

testing is at the centre of the UK Government's bovine TB eradication 

programme and is the international standard ante -mortem diagnosis of bovine 

TB in cattle herds and individuals. The Office International des Epizooties has 

prescribed the skin tests for the international trade of cattle (Anon, 2004). 

IFN-y is the cytokine predominantly released by Th1lymphocytes, hence is an 

ideal target for determining Th1 activity. IFN-y assays exploit the principle that T 

cells of infected individuals produce IFN-y when they re-encounter mycobacterial 

antigens (Andersen et aL, 2000). IFN-y detection and quantification assays for 

the early diagnosis of MtC infections were first developed during the early 1990s 

by scientists working with M. bovis (Rothel et aL, 1990; Wood et aL, 1990). A 

variety of antigens have been incorporated into IFN-y assays ranging from crude 

whole cell preparations to specific recombinant proteins. The specificity of IFN-y 

assays has been enhanced through the incorporation of antigens such as ESAT-6 

and CFP10, which are recognised by T cells but which are not present on 

environmental Mycobacterium species or on the attenuated M. bovis BCG strain 

widely used for vaccination (Mahairas et ai, 1996; Lalvani et aL, 1997; 

Vordermeier et aL, 1999; Pollock et aL, 2000; Buddie et aL, 2001; Chapman et aI., 
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2002; Waters et aI., 2004). Several commerciallFN-y detection assays are now 

available. Comparison of the performance of the TST and IFN-y detection assays 

for MtC infection diagnosis has been reported. IFN v-based diagnostics appear to 

identify infected individuals at an earlier stage of infection than TST assays 

(Pollock et aI., 2005). IFN Y assays also appear to detect infections in some 

individuals that do not respond to the tuberculin test (Nell et aI., 1994). 

1.10 Aims of this study 

The intention of this study was to build on previous work carried out at the 

University of Liverpool exploring the biology of M. microti infections in UK field 

voles. The majority of this work has focused on populations of field voles 

inhabiting Kielder Forest on the England/Scotland border. Since 2001, these 

populations and their M. microti infection status has been monitored in surveys 

at six-monthly intervals in which rodents are trapped at numerous sites across 

the forest and their infection status determined. For some spatial surveys (1, 5, 

6 and 7) infection status was determined solely by the observation of external 

skin lesions, but for others (2-4, 8-12), animals were collected and stored to 

allow diagnosis to be made post-mortem by a combination of pathological and 

microbiological diagnostics. Prior to this study, these diagnostics had been 

performed only on animals captured in surveys 2 to 4 (March 2002 to September 

2003). The principal aims of the study were as follows: 

i. to determine the infection status in voles trapped during spatial surveys 8 

to 12 (March 2005 to March 2007) using established post-mortem 

diagnostics. 
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ii. to describe the pathology of vole tuberculosis. 

iii. to select, adapt and evaluate a peR-based approach for the diagnosis of 

M. micron infections. 

iv. to apply molecular typing methods to a representative sample of M. 

micron isolates in order to explore the molecular epidemiology of vole 

tuberculosis in Kielder Forest field voles. 

v. to determine the suitability of an established murine IFN v- detection 

assay for use in field voles. 

It was hoped that the result of these efforts would facilitate future studies, in 

particular by providing a means of ante-mortem diagnosis of vTB. Furthermore, 

more sensitive diagnostics, and/or the ability to determine infection status 

sooner after acquisition of infection, would be extremely useful for efforts to 

better understand the epidemiology of vTB. 
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Chapter 2. 

M. microti infections in field voles at Kielder Forest 
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2.1 Introduction 

M. microti infections have been recognised in field voles inhabiting Kielder 

Forest, which lies at the England-Scotland border in the county of 

Northumberland, since before the Second World War (Wells, 1937). Kielder 

Forest is England's largest forest, covering about 620 square kilometres. 

However, the majority of the forest is managed by the Forestry Commission for 

commercial spruce production, hence, at anyone time, a quarter of the area of 

the Forest is open space. The felling of trees generates clear-fell patches of 5-12 

hectares, which are subsequently replanted and progress through grassland and 

thicket stage after 12-15 years. During this period, clear-cut patches provide 

excellent habitat for field voles. Within each clear-cut, the field vole population 

density can reach in excess of 700 voles per hectare (Burthe et aI., 2006). The 

bulk of Kielder Forest lies within three valleys, Kershope to the south west, 

Kielder in the middle and Redesdale to the north east (Figure 2.1). In was in the 

first of these valleys that Elton (1924; 1942) carried out fieldwork that resulted in 

his description of small rodent population cycles during the 1920s, and where, in 

the following decade, vole tuberculosis (vTB) was first recognised by members of 

the Bureau of Animal Population in the University of Oxford (Wells, 1937). 

Wells (1937) reported that in January 1937 a wild vole that had been held in 

captivity for one month developed, then succumbed, with symptoms of a 

tubercular disease. Diagnosis was based on post-mortem examination which 

showed "caseous areas throughout the subcutaneous tissues of the body, 

involving the glands of the neck, axillae, inguinal region, and back, with 
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ulceration of the skin round the right pinna; both lungs contained caseous areas 

with sharply defined edges; the mediastinal and mesenteric glands were much 

enlarged and caseous; the spleen was enlarged. The caseous material in the 

subcutaneous tissues contained a very large number of acid-fast bacilli, which 

have the morpholagy of Mycobacterium tuberculosis. The caseous areas in the 

lungs similarly contained a great number of acid-fast bacilli, but there was in 

section very little cellular reaction". The caseous material from this animal was 

inoculated onto suitable media and after six weeks incubation colonies with a 

morphology similar to that of M. tuberculosis appeared (Wells, 1937). Wells 

goes on to report the subsequent detection of macroscopic tuberculous lesions 

in 134 other field voles submitted to him from various parts of Great Britain. 

Furthermore, inoculation of an emulsion of caseous material into laboratory

reared voles, guinea pigs and rabbits resulted in systemic disease in the former 

two species, localised disease in the latter, and reactivity to the tuberculin skin 

test in all guinea pigs and rabbits inoculated (Wells, 1937). Subsequently, Wells 

performed post-mortem examinations on a far larger number of field voles and 

produced a far more comprehensive gross pathological study of vTB. This study 

was published in 1946 (Wells, 1946) and was based on detection of macroscopic 

lesions in the bodies of 882 infected animals. Lymph nodes were the most 

frequently affected tissues (92% of animals), and infections were observed in 

lymph nodes throughout the body. The sub-maxillary lymph nodes were those 

most often affected (66%) although often more than one site was involved (74% 

of animals). Pathology was also observed in other organs including, most 

commonly the lungs (54% of animals) (Wells, 1946). Wells (1946) highlighted the 
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unusual presentation of lesions in the interscapular region (seen in 31% of 

animals) which consisted of white necrotic material containing numbers of acid

fast bacilli, with little or no evidence of granulation tissue. He reported that 

interscapular infections spread in the subcutaneous tissue provoking ulceration 

through the skin. On the basis of his observations, Wells (1946) speculated that 

M. microti caused two types of disease in field voles: the first type of disease was 

characterized by primary infection of the lymph nodes with early spread to other 

organs, especially the lungs. The second type was characterised by lesions in the 

subcutaneous tissue, usually in the axilla, groin and between the scapulae, often 

with further spread to the lungs, liver and spleen. Robb-Smith (1946) produced a 

more detailed pathological report that accompanied Wells' paper (1946), 

describing caseating necrotic lesions with calcification in the subcutaneous tissue 

and the muscle layers. He observed that the lesions were surrounded by 

macrophages, plasma cells and lymphocytes, with few multinucleated giant cells. 

A more recent study of wild rodent populations, including wild voles, field voles 

and wood mice, was carried out in Northumberland and Cheshire (Cavanagh et 

aI., 2002) and detected external tuberculosis lesions in 8% of the animals. These 

were represented by an ulcerative dermatitis similar to that described by Wells 

(1937, 1946). In a post-mortem study of snap-trapped field voles (Cavanagh et 

aI., 2002), a 21% prevalence of tuberculosis based on external and internal 

tuberculous lesions was identified, compared to just 7% based on external signs 

only (ulcerative dermatitis). Microscopically, Cavanagh and colleagues (2002) 

identified the dermal lesions as exudative tuberculosis, with necrotic 
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macrophages and large numbers of intracellular mycobacteria, with fewer 

bacteria in macro phages. 

This study aimed to determine the dynamics of tuberculosis (vTB) and M. microti 

infection among Kielder field voles between March 2005 and March 2007, by 

diagnosing infections in animals surveyed in a structured manner at six-monthly 

intervals. The study also aimed to determine the distribution of infection in infected 

individuals on the basis of observation of macroscopic lesions and, on a subset of 

sample, on histopathological analysis of dissected tissues. 

2.2 Materials and Methods 

2.2.1 Animals 

The field voles used in this study were collected from transient grassland habitats 

("dearcuts") within Kielder Forest (Figure 2.1), as part of an ongoing, systematic 

and structured survey, described in detail elsewhere (Cavanagh et al.,2002). 

Briefly, field voles were surveyed biannually, in March and in September, at 27 

sites across Kielder Forest District (Figure 2.1). The times were chosen to reflect 

differences in the vole population structure, with the March session occurring 

pre-breeding and samples therefore consisting of over-wintered, adult animals, 

and the September session occurring towards the end of the breeding season 

and samples dominated by juvenile animals. At each site, three rodent traps 

were set within 1 metre of each corner of a 15 m x 15 m square grid. Traps were 

pre-baited with wheat and carrots for three days, then set overnight and then 

checked over three consecutive days. The animals included in this study were 
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drawn from spatial survey (55) 8 (March 200S), 559 (September 200S), SSlO 

(March 2006), 5511 (September 2006) and 5512 (March 2007). 

5 kID -

Figure 2.1 Location of Kielder Forest and relative positions of the three 
catchments and the 27 survey grids within each catchment. 

Captured animals were removed from traps and immediately euthanized by 

exposure to isofluorane (Merial Animal Health, Harlow, UK) and subsequent 

dislocation of the cervical vertebrae. Animals were frozen as soon after killing as 

possible, and kept frozen (-20°e) until dissected. 

2.2.2 Post-mortem examination 

The body of each vole was palpated to check for lumps under the skin and 

internal lesions indicative of vTB (Wells, 1937). Each vole was placed on its back 
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and, using sterile scissors, scalpel and forceps, the body was opened in the 

ventral midline by a longitudinal incision from below the chin to the anus. 

Animals were carefully dissected and the location and appearance of any gross 

lesions typical of vTS (Wells, 1937; Cavanagh et aI., 2002) or any abnormalities 

such as enlarged lymph nodes were recorded. For all animals, lymph nodes and 

lungs were removed and placed into a sterile Petri dish. Each was then cut into 

three equal-sized fragments using a sterile scalpel. One third of each tissue was 

placed into a sterile Eppendorf tube and frozen for DNA extraction, one third was 

fixed in 10% (v/v) non-buffered formalin for histological examination, and the 

remaining third was prepared for culture (see below). In addition, for animals 

trapped during spatial survey 10, the remainder of each animal's body was 

placed in 10% (v/v) formalin. 

2.2.3 Ziehl-Neelsen (ZN) stain on lesion impression smears 

Tissues from all field voles in spatial surveys 8 - 11 that exhibited gross skin or 

internal lesions suggestive of vTS were examined for the presence of acid-fast 

bacilli in impression smears. Smears were prepared from the cut surface of 

dissected lesions, lungs and/or lymph nodes then stained using the Kinyoun Cold 

method (Crookham et aI., 1991). The slides were flooded with filtered Kinyoun 

carbol fuchsin (1 g basic fuchsin in 10 ml absolute ethyl alcohol) and incubated 

for 5 min, then rinsed with tap water. Slides were then flooded with 3% (v/v) 

acid-alcohol (3% (v/v) hydrochloric acid in 95% (v/v) ethyl alcohol) and incubated 

for 5 min and subsequently rinsed with tap water. Slides were counterstained 

with Loeffler's methylene blue (0.25% (w/v) methylene blue in 1% (v/v) acetic 
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acid) for 30 sec, rinsed with tap water, blotted with paper and left to dry. The 

slides were examined by light microscopically under an oil immersion lens (1000x 

magnification). Mycobacteria exhibited a red/pink staining on a blue background 

(Crookham et aI., 1991). 

2.2.4 Culture 

Isolation of M. microti was attempted on lungs and lymph nodes removed from 

all field voles and was performed in a Category 3 laboratory. Tissue samples, as 

described above, were sliced finely with a sterile scalpel blade, placed into a 

sterile 1.5 ml Eppendorf tube with an equal volume of sterile phosphate buffered 

saline (PBS), then further disrupted and mixed thoroughly using the blunt end of 

a sterile inoculation loop. An equal volume of CPC decontaminant (5 g cetyl

pyridinium chloride, 10 g sodium chloride in 1000ml water) (Sigma-Aldrich Co, 

Gillingham, UK) was added to the sample, vortexed to mix and agitated in an 

incubator at room temperature overnight. Decontaminated samples were 

centrifuged at 3000 x g for 15 min and the supernatant discarded. Sediment was 

resuspended in 250 I·d of distilled water and vortexed for 30 sec. Finally, 200 III 

of suspension was inoculated onto Lowenstein-Jensen pyruvate-based (UP) 

culture slopes (SGS Laboratory Supplies Ltd, Ellesmere Port, UK). Inoculated 

slopes were incubated at 37°C for two weeks, then examined and discarded if 

contaminated. Uncontaminated slopes were incubated for a further 26 weeks 

before being re-examined and incubations continued for up to 6 months after 

which sterile slopes were discarded and the sample scored as not infected. The 
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identity of isolates obtained was confirmed using a variety of molecular methods 

(see below and chapters 3 and 4). 

2.2.5 Histological examination 

Histological examination was carried out almost exclusively on tissues dissected 

from field voles captured during spatial survey 10, however examinations were 

also performed during the early stages of the study on a handful of symptomatic 

animals captured during spatial survey 8. Fixed tissue samples were embedded 

into paraffin wax by Veterinary Laboratory Services technical staff in the Faculty 

of Veterinary Science at the University of Liverpool, using standard procedures. 

Sections (3-5 11m thick) were stained with haematoxylin-eosin (HE) for 

histopathological assessment. From any suspected vTB lesions, subsequent 

sections were stained with the ZN stain to identify mycobacteria. 

2.3 Results 

Diagnosis of the vTB and M. microti infection was made based on the presence of 

gross and/or histological lesions consistent with tuberculosis together with the 

visualisation of acid-fast bacilli on ZN-stained lesion impression smears, and/or 

the isolation of M. microti by culture. A total of 1270 field voles were trapped 

during the five spatial surveys (Figure 2.2) and all were examined externally and 

internally for macroscopic lesions, and dissected tissues put up for M. microti 

culture. In addition, all 228 field voles trapped during 5510 were examined by 

histology. 
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Figure 2.2 Number of field voles examined grossly and by culture in each spatial 

survey included in the study. 

2.3.1 Prevalence and distribution of macroscopic lesions 

Gross lesions consistent to vTB were detected in the skin, the subcutaneous 

tissue, in lymph nodes (sub mandibular, axillary and cervical lymph nodes) and 

lungs. Whenever gross vTB lesions were detected, these included lesions in 

lymph nodes, except for one case in SSg where a gross lesion was detected in the 

lung only. Lesions in the skin were usually represented by hard, raised, circular 

scabs with a crusty surface (Figure 2.3). 
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Figure 2.3 Vole with interscapular vTB lesion in the skin, represented by a raised, 

circular scab with a crusty surface (arrow). 

These were often red-brown or dark grey/blackish in colour, and skin lumps were 

often yellow coloured. Skin lesions were often located on the leg, the chest and 

neck, dorsally in the interscapular region (Figure 2.3) and on the shoulder. 

subcutaneous lesions often appeared as foci of whitish, caseous material. Gross 

lesions in the lungs were often represented by small white nodules that 

appeared calcified upon dissection (granulomas) (Figure 2.4) . 
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Figure 2.4 Vole lung lobe containing granulomas consistent with vTB. The cut 

surface (arrow) is whitish and gritty due to the mineralisation. 

Affected lymph nodes were enlarged and exhibited whitish caseous material on 

the cut surface. A total of 68 (5.3%) of the 1270 field voles examined exhibited 

macroscopic lesions consistent with vTB. The prevalence of macroscopic lesions 

varied between surveys, ranging from <1% in S511 to >20% in 558. 

The distribution of lesions in symptomatic field voles was explored (Table 2.1). 

Lymph nodes were the most common site for macroscopic lesions, with all bar 

one animal (99%) with lesions having lymph node involvement. Skin lesions were 

more common than lung lesions (21% v 13%) and no other sites were affected by 

macroscopic lesions. 
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animals location of macroscopic lesions (%) 
spatial possessing lymph nodes lungs skin other 
survey macroscopic 

lesions 

8 37 37 3 8 0 

9 8 7 4 2 0 

10 11 11 2 4 0 

11 2 2 0 0 0 

12 10 10 0 0 0 

TOTAL 68 67 (99) 9 (13) 14 (21) 0(0) 

Table 2.1 Distribution of macroscopic lesions in different tissues. 

2.3.2 Observation of acid1ast bacilli in ZN-stained impression smears 

Acid-fast bacilli were observed microscopically in 37 (54%) of the 68 animals that 

had macroscopic lesions (Figure 2.5). The percentage of positive smears from 

organs with gross vTB lesions varied; acid fast bacilli were detected in 54% of 

lymph node tissues with gross lesions, and in 98 % of lung and skin tissues that 

exhibited gross lesions. 
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Figure 2.5 ZN-strained impression smear of lymph node containing a 

macroscopic vTB lesion. Acid fast bacilli appear as red bundles against dark blue 

tissue debris. 

2.3.3 Isolation of M. microti 

Colonies characteristic of Mycobacteria spp. were obtained from 167 of 1270 

(13%) field voles. The prevalence of the M. microti isolation varied between 

surveys (Table 2.2) 

spatial survey number of isolations number of M. microti 
attempted isolates obtained (%) 

8 175 48(27) 

9 260 20(7.6) 

10 228 11(4.8) 

11 353 11(3.1) 

12 254 77(30) 

TOTAL 1270 167 (13) 

Table 2.2 Prevalence of M microti isolation in each of the five surveys 
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Among the 167 voles that were culture positive, an isolate was obtained from 

only lung tissue of 34 voles and from only lymph node tissue of 107 voles, and 

from both lung and lymph node tissues of 26 animals. The number of voles that 

exhibited no macroscopic lesions but yielded an isolate was 133 (80%). Of those, 

87(66%) isolates were obtained from lymph nodes, 26 (19%) isolates were 

obtained from lungs and 20 (15%) were obtained from both. 

2.3.4 Histopathology 

The histological examination of the suspected vTS skin lesions in three field voles 

captured during SS8 identified a common pathology, presenting as focal, 

extensive, deep ulcerative and granulomatous dermatitis, extending into the 

deep dermis. Extensive necrosis and multifocal mineralisation was also observed 

and there were often very numerous intra- and extracellular acid fast bacilli 

(Figure 2.7). The lesions extended into the subcutaneous adipose tissue and 

underlying skeletal muscle layers. The inflammatory infiltrate was dominated by 

macrophages, epithelioid cells and fewer multinucleated giant cells, intermingled 

with lymphocytes and some neutrophils. 

Suspected vTS gross lesions in the lymph nodes were confirmed as a 

granulomatous lymphadenitis with morphological features (cellular composition, 

necrosis, mineralisation, presence of acid-fast bacilli) very similar to those 

described for the skin lesions. Suspected gross vTS lesions in the lungs were in 

all cases identified as a multifocal granulomatous pneumonia with variable 

degrees of focal necrosis and mineralisation. The number of acid-fast bacteria 

44 



within the lesions and in cells varied considerably (Figure 2.8), In addition, nine 

animals without gross vTB lung lesions were found to exhibit a mild to moderate 

multifocal granulomatous pneumonia with intra-Iesional acid-fast bacilli, thereby 

confirming that the animals had developed vTB. Isolates of M. micron were 

obtained from only three of these animals. 

The histological examination of kidneys and adrenal glands with 

perirenal/adrenal adipose tissue in the one case (from SS8) that exhibited gross 

lesions consistent with vTB in these tissues, confirmed the presence of a focal 

extensive granulomatous steatitis and focal granulomatous nephritis and 

adrenalitis with intralesional acid-fast bacteria (Figures 2.9 and 2.10). 
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Figure 2.7 Skin, interscapular region; [A] HE-stained section demonstrating 

extensive focal ulcerative and granulomatous dermatitis with extensive necrosis 

and multifocallarge areas of mineralization (white arrows) and mineralisation 

pearls (black arrows), and [8] ZN-stained section in which numerous acid-fast 

bacilli are seen intracellularly and cell-free within the inflammatory process. 
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Figure 2.8 Lung, [A] HE-stained section showing focal granulomatous pneumonia 

with central necrosis and mineralisation pearls (arrow). Numerous rod-shaped 

bacteria are seen as unstained shapes both within macrophages and cell-free in 

the necrotic area (arrowheadsL and [B] ZN-staining confirms the presence of 

numerous acid -fast bacilli in the lesion. 
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In liver and spleen, macroscopic lesions were not detected. The histological 

examination, however, detected a mild to moderate multifocal granulomatous 

hepatitis, often located adjacent to the portal areas, with acid fast bacilli (Figure 

2.11). In 16 cases, the liver lesions were either seen together with vTB lesions in 

other organs (n=10) or represented the only tuberculous lesions in an an imal 

(n=6). Five of the latter animals yielded a M. micron isolate. A multifocal 

granulomatous splenitis with acid-fast intra-Iesional bacilli was detected in nine 

animals (Figure 2.12). The granulomatous infiltrates were often located adjacent 

to the follicles. 
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Figure 2.9 Kidney, [A] HE-stained section revealing focal granulomatous nephritis 

(white arrows), and [6], ZN-staining confirms the presence of intra-Iesional acid 

fast bacteria (white arrows). 
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Figure 2.10 Adrenal gland with perirenal/adrenal adipose tissue, [A] HE-stained 
section showing focal extensive granulomatous adrenalitis (white arrows) and 
steatitis (black arrow), and [B] ZN-staining confirms the presence of intra-Iesional 
acid-fast bacteria (white arrows). 
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Figure 2.11 Liver, [AJ HE-stained section showing focal granulomatous hepatitis 

and [BJ ZN-staining confirms the presence of intra-Iesional acid -fast bacteria. 
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Figure 2.12 Spleen, [AJ HE stained section shows multifocal granulomatous 

splenitis (arrow), and [B] ZN staining confirms the presence of numerous acid 

fast bacilli in the lesion. 
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The relative performance of each of three different approaches, namely (i) the 

presence of macroscopic lesions containing acid-fast bacilli, (ii) the isolation of 

M. microti by culture, and (iii) the presence of histological TB lesions, to 

diagnosing vTB among the field voles collected during SSlO was assessed (Figure 

2.13). Of the 228 field voles included in this study, 11 exhibited macroscopic 

lesions consistent with vTB; M. microti was isolated from 11, and 19 animals 

exhibited histopathological lesions consistent with vTB. All animals with 

macroscopic lesions also had histological evidence of tuberculosis, although a 

further nine animals had histological evidence of infection in the absence of 

macroscopic lesions. Culture only confirmed two of these nine infections, but a 

further eight animals yielded an isolate despite being asymptomatic and having 

no histological evidence of infection. 

histology isolati on 

observati on 0 rn acroscopi c 
lesions & acid- ast baci lli 

Figure 2.13 Venn diagram demonstrating the relative performances of the three 

approaches to determining M. microti-infection status in the 28 field voles 

captured during SSlO with evidence of infection. 
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Diagnosis of vTS among the field voles collected during 558, 9, 11, and 12 was 

assessed by detection of macroscopic lesions, observation of acid-fast bacilli in 

tissue with macroscopic lesions using a ZN smear and isolation of M. microti by 

culture (Table 2.3). As seen for 5510, the prevalence of vTS varied according to 

diagnostic approach; in all spatial surveys the prevalence of vTS detected by 

isolation of M microti was markedly higher than that detected by observation of 

the macroscopic lesions containing acid-fast bacilli (Table 2.3). However, not all 

voles with these latter symptoms yielded an isolate; in 558, 9 and 11, for which 

data on ZN staining were available, of the 29 animals with macroscopic lesions 

containing acid-fast bacilli, only 16 yielded an isolate. 

spatial number of voles number of macroscopic number of M. microti 
survey with macroscopic lesions positive with acid isolates obtained (%) 

lesions (%) fast bacilli(%) 

8 37 (21) 19 (10) 48 (27) 

9 8 (3 ) 8 (3) 20 (8) 

11 2 (1) 2 (1) 11 (3) 

12 10 (4) NDl 77 (30) 
lnot done 

Table 2.3 Diagnosis of vTS infection in four spatial surveys by (i) detection of 

macroscopic lesions, (ii) Observation of acid fast bacilli in tissue exhibited 

macroscopic lesions using tissue smear and (iii) isolation of M microti by culture. 

2.3.5 Ecological data. 

The laboratory data obtained in this study were combined with field data 

available for all 12 spatial surveys carried out to date (beginning September 

2001) and with previously obtained laboratory data relating to 5S2, 3 and 4 

(March 2002, September 2002 and March 2003) (Burthe, 2005). In total, 3264 

field voles have been trapped at the 27 sites during these surveys (Table 2.4). 
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spatial survey number 
grid grid ref 1 2 3 4 5 6 7 8 9 10 11 12 total 
BBH 694E914N 5 10 3 16 12 16 2 6 9 12 13 9 113 

BCR 663E869N 3 0 3 8 5 16 5 8 10 7 7 16 88 

BGB 659E924N 3 7 9 7 18 5 7 15 16 11 10 15 123 

BHP 753E997N 3 19 16 17 19 16 6 13 14 12 10 14 159 

BlB 6D8E948N 2 3 16 11 18 2 7 6 5 7 18 9 104 

CRF 5D2E781N 14 6 14 19 16 4 3 18 10 9 8 3 124 

CWS 525E824N 5 18 13 18 10 15 5 6 3 3 6 7 109 

FRO 643E949N 1 2 12 14 19 10 2 10 10 8 7 6 101 

KCS 625E929N 3 1 6 4 18 2 6 6 16 11 8 8 89 

KRB 532E859N 14 9 20 22 2 0 10 9 3 6 27 22 144 

LSB 626E878N 10 9 14 22 14 5 5 14 6 11 11 4 125 

LWH 678E854N 0 3 17 7 10 3 3 3 14 7 11 7 85 

PU 674E896N 18 9 13 19 18 6 2 6 16 13 16 1 137 

QRY 786E97DN 12 2 17 15 18 3 9 2 8 12 25 3 126 

RlB 517E826N 10 14 24 19 16 14 23 7 9 11 22 9 178 

ROB 792E995N 8 14 9 14 16 6 4 4 19 11 14 9 128 

RPC 523E814N 12 13 15 8 1 13 8 4 2 5 13 9 103 

5GS 483E8D5N 7 16 17 15 8 7 6 4 7 1 2 4 94 

SlB 496E775N 7 2 1 8 14 11 12 14 7 7 5 1 89 

sac 613E957N 3 6 1S 11 10 18 14 19 9 12 12 14 143 

SWB 65DE864N 0 1 7 13 20 4 7 11 15 11 20 17 81 

SWC 745EIOO 5 13 15 20 13 9 6 8 9 11 9 14 132 

TB8 554E823N 13 5 9 22 10 24 5 10 5 3 17 16 139 

TDH 524E873N 9 13 16 14 6 19 17 9 4 4 10 17 138 

TRI 498E804 8 8 12 10 10 9 12 13 13 4 15 7 121 

WBN 783E973N 1 4 10 12 26 9 0 4 9 13 13 8 109 

WNH 687E892N 10 8 13 16 12 6 1 1 17 10 24 10 128 

TOTAL 186 215 336 381 3S9 252 187 230 265 232 362 259 3264 

Table 2.4 Number of field voles trapped on each grid during SSl-12. 

The number of captured voles is used as an indication of the relative size of the 

field vole population at each grid, in each catchment and overall across Kielder 

Forest. The size of the field vole population on all three levels was not constant, 

but rather varied seasonally and annually (Figure 2.14). Although the number of 

animals caught in the late summer surveys (1695) was very similar to that caught 

in spring surveys (1569), the number trapped each year varied markedly, for 
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example, 740 animals being trapped in 2003 but only 439 being trapped in 2004 

(Figure 2.14). The number of animals trapped on different grids ranged from a 

total of 81 at SWB to almost double, 159, at BHP (Table 2.4). 
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Figure 2.14 Total number of field voles caught during each spatial survey (dark 

grey line) and overall prevalence of M. microti infection in the vole population 

(light grey line) . 

The prevalence of the vTB infection in field voles has been assessed for only eight 

spatial surveys (2-4 and 8-12) (Table 2.5) . Assessment of vTB infection status was 

determined for a total of 1752 animals. The diagnosis of vTB has been based on 

the following criteria: (i) the observation of macroscopic caseous lesions in which 

acid fast bacilli are microscopically observed, and/or (ii) the isolation of M 

microti. The overall prevalence of the vTS infection was 14.3%, however the 

range in prevalence was from 4.2% in 553 to over 30% in 5512 (Table 2.5 and 

Figure 2.14). The prevalence of the vTB infection recorded during the spring 

surveys was 18% compared to 7% during the late summer surveys (Table 2.5) . 
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catch- spatial survey number 
site ment 2 3 4 8 9 10 11 12 TOTAL 

BBH Kielder 3/10 1/2 1/10 0/4 0/9 2/11 1/4 2/8 10/58 
BCR Kielder 0/0 0/1 1/7 2/6 1/10 0/7 0/3 6/16 10/50 

BGB Kielder 1/6 1/6 2/7 2/5 3/16 0/11 0/8 6/13 15/72 
BHP Redesdale 1/13 1/8 1/17 5/9 1/13 3/12 0/8 2/14 14/94 
BlB Kielder 1/3 1/8 0/8 1/4 1/6 2/7 1/1 4/8 11/45 
CRF Kershope 0/5 0/10 2/19 3/14 O/lD 0/5 0/4 0/3 5/70 
CWS Kershope 2/16 0/7 0/18 2/4 0/3 0/4 0/3 1/1 5/56 
FRO Kielder 0/2 0/8 0/9 2/17 2/10 1/9 0/3 2/6 7/64 
KC5 Kielder 0/0 0/5 0/4 1/5 2/15 0/11 0/5 0/5 3/50 
KRB Kershope 1/9 0/14 3/21 1/9 0/3 0/7 1/7 4/21 10/91 
LSB Kielder 0/5 0/10 0/10 2/9 0/6 0/12 0/0 0/4 2/56 
lWH Kielder 0/2 0/11 0/7 0/2 2/14 O/B 0/4 0/7 2/55 
PU Kielder 1/7 0/6 2/19 2/2 0/8 0/9 0/2 1/1 6/54 
QRY Redesdale 0/1 0/9 2/10 0/1 2/7 1/12 2/7 2/3 9/50 

RlB Kershope 0/8 0/16 2/18 1/7 0/9 0/11 1/12 1/9 5/90 

ROB Redesdale 2/9 0/7 3/10 2/3 3/17 0/11 2/9 2/B 14/74 

RPC Kershope 2/11 1/11 1/8 1/4 0/2 0/5 1/9 3/9 9/59 

SGS Kershope 0/15 0/11 0/9 0/4 0/7 0/1 0/1 1/4 1/52 
SLB Kershope 0/1 0/0 1/8 3/14 0/6 0/7 0/0 1/1 5/37 
SQC Kielder 1/5 2/12 0/10 5/8 0/9 2/12 1/2 3/15 14/73 
SWB Kielder 0/1 1/6 0/10 6/8 2/16 3/10 1/8 7/17 20/76 

SWC Redesdale 4/9 0/10 1/20 3/6 1/9 0/12 0/7 6/14 15/87 
TBB Kershope 1/5 0/6 6/20 4/11 1/5 1/3 0/11 5/16 18/77 

TDH Kershope 2/11 0/8 0/10 3/9 0/4 1/4 1/4 4/17 11/67 

TRI Kershope 2/8 0/9 0/9 1/13 0/12 1/4 0/2 0/6 4/63 
WBN Redesdale 0/0 0/7 8/12 1/3 0/9 0/12 0/4 4/8 13/55 
WHH Kielder 1/7 1/7 2/16 0/1 1/17 1/10 0/8 7/11 13/77 
TOTAL 25/169 9/215 38/326 53/182 22/252 18/227 12/136 74/245 251/1752 

Table 2.5 Number of M. microti infected voles per spatial per trapping grid. xlv, 

where x is the number of animals in which vTB was diagnosed and y is the 

number of animals for which clinical material was successfully processed. 

Comparison of the vTB prevalence at each grid also revealed marked differences. 

The overall prevalence of infection ranged from less than 2% (1 of 52 animals) at 

SGS to over 26% (20 of 76 animals) at SWB. However, even at high vTB 

prevalence grids, in some surveys no infected animals were detected, although it 

is fair to say that, in general, some sites had consistently higher vTB prevalence 

than others (Table 2.5 and Figure 2.15). Only a preliminary analysis of the spatial 

pattern to vTB occurrence or prevalence was attempted; the prevalence in each 

catchment varied, with 11% in Kershope, 15% in Kielder and 18% in Redesdale, 

and the range of vTB prevalence at the grids within each catchment varied - from 

2% to 23% in Kershope, 3.1% to 24% in Kielder, and 15% to 24% in Redesdale. A 
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further general observation is that temporal variation in the overall vTB 

prevalence was reflected across the Forest such that each catchment and, to 

some extent, each grid, was "behaving" in a similar manner. Thus, regardless of 

the overall vTB prevalence at a grid, it was still susceptible to the temporal 

dynamics experienced by the Forest as a whole (Figure 2.15). 
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Figure 2.15 The prevalence of the vTB infection among 27 sites in Kielder Forest 

during SS8 (top), 9,10,11 and 12 (bottom). 
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2.4 Discussion 

A total of 1270 field voles, trapped at Kielder Forest between March 2005 and 

March 2007, were examined for this study. Vole tuberculosis was diagnosed in 

these animals on the basis of (i) isolation of M. microti and/or (ii) observation of 

macroscopic lesions containing acid-fast bacilli. In total, 200 animals (15%) were 

found to be infected. This prevalence was slightly lower than that reported by 

Wells (1946) who found tuberculous lesions in 20% of 4309 voles from around 

the UK. Wells (1946) went on to study vTB prevalence in three geographically 

distinct sites in the UK, finding a marked difference between that at Lake Vyrnwy 

in North Wales and Geskine Forest in Southern Scotland (27-31%) compared to 

that at Newcastleton (Kershope) Forest (6%). Burthe and colleagues (2008) 

working at the same sites as used in this study, reported a vTB prevalence 11% 

(of 733 voles) on the basis of the diagnostic criteria used in this study. Cavanagh 

and colleagues (2002) reported a far lower prevalence of 2% among voles 

trapped in Cheshire and Kielder, although this low estimate is most likely due to 

the insensitivity of observation of skin lesions as a means of diagnosis. Indeed, 

Cavanagh and colleagues (2002) carried out a smaller study of 180 voles, finding 

7% with external lesions but 21% with internal lesions. Only 14 (1%) of the voles 

studied in the current study had external signs of vTB, and Burthe and colleagues 

(2008) reported skin lesions on only 5% of the voles they examined. Although 

these observations support the widely-held belief that culture is the gold 

standard for the diagnosis of MtC infections, it is important to note that for 

almost one third of the voles in the current study, a diagnosis of vTB was made 

on the basis of observation of macroscopic lesions containing acid-fast bacilli. 
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The reliability of observation of macroscopic lesions alone for the accurate 

diagnosis of vTB is debatable; in the current study, and previously, lesions 

suggestive of vTB, particularly on the skin surface, have been confused with 

wound scabs or other pathologies (Dr Sarah Burthe, University of Liverpool, 

personal communication). Hence throughout this study it was used only in 

conjunction with observation of acid-fast bacilli in ZN-stained impression smears. 

However, this conservative decision has probably compromised the sensitivity of 

this diagnostic criterion. For example, in spatial survey 8, nine M. microti isolates 

were obtained from the 18 voles found to have macroscopic lesions in which 

acid-fast bacilli could not be observed. Furthermore, in spatial survey 10 (for 

which histopathology data were available), 11 voles had macroscopic lesions, of 

which nine were found to contain acid-fast bacilli. However, the two lesions in 

which acid-fast bacilli were not observed by impression smear (and were culture 

negative) were granulomatous associated with acid-fast bacilli when examined 

histologically. Nonetheless, as demonstrated in the spatial 8 data above, for a 

significant proportion of animals with suspected vTB lesions, no other evidence 

of M. microti infection was forthcoming. A valid general conclusion is probably 

that although culture would be the method of choice if only one diagnostic 

approach was to be used, the most sensitive way of determining M. microti 

infection status is to employ a combination of approaches. The data obtained 

from spatial survey 10 suggests that a combination of culture and histology is as 

sensitive as a combination as culture, histology and observation of macroscopic 

lesions infected with acid-fast bacilli, although a larger study is required to test 

the reliability of this result. 
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In the current study, external skin lesions were most commonly found on or 

between the scapulas of the infected individuals, and subcutaneous lesions were 

often associated with the external ulcerated lesion in the skin. This apparent 

preferred location of external lesions has previously been reported by Wells 

(1946). Lymph nodes were by far the most common internal site of vTS lesions; 

only one animal that possessed internal lesions did not have evidence of lymph 

node involvement. Wells (1946) also found lymph nodes to be the most common 

infection sites. The location of affected lymph nodes were not recorded in the 

current study, however my findings do support Wells' (1946) hypothesis that M. 

microti first affects lymph nodes, then spreads to other organs. Wells (1946) 

classed lungs as the most important of these "other" organs but in the current 

study, skin lesions were more frequently observed than lung lesions. 

Histological examination of a set of tissues (lung, lymph node, liver and spleen) 

showed that vTS infection status was well assessed by this method. Of 228 

animals subjected for histology, 19 (8.3%) exhibited histology that was consistent 

with vTS lesions (Robb-Smith (1946). Eight (42%) animals had been misclassified 

as uninfected based on gross lesions alone. The distribution of histological 

lesions consistent with vTS among infected organs was varied, in which the liver 

was mostly affected. Liver lesions were detected in 16 cases. In six of these 

animals there were no other microscopical lesions, but in the remainder, 

additional lesions were detected in the lymph nodes (10), spleen (9) and lungs 

(7). This pathology study reveals some interesting information regarding possible 

routes of infection of tuberculosis in the field voles. All the individuals with 
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lesions had macroscopic lesions in the lymph nodes of the neck, which may 

suggest that infection had arisen from the ingestion of infected material. Wells 

(1946) investigated tuberculosis transmission experimentally by introducing a 

field vole with an external tuberculous lesion into a cage of fourteen uninfected 

voles. The vole with tuberculosis was killed and consumed by the uninfected 

voles. Four voles died within the first five days of the experiment, and large 

number of acid-fast bacteria was found in the stomach contents of these 

animals. The remaining voles were killed 98 days after the introduction of the 

infected vole. Two individuals showed macroscopic tuberculous lesions in the 

lymph nodes draining the intestinal tract and the lungs. In a repeat of this 

experiment, this time with 18 uninfected voles, one vole died four days after 

consuming the infected vole and there was evidence of mycobacteria in the 

stomach. Seven of the remaining seventeen voles showed macroscopic 

tuberculous lesions in the lymph nodes draining the intestine and in the lungs 

when killed within 100 days. These experiments reveal that ingestion of 

infectious material could lead to the type of the infection observed in wild 

populations of field voles at Kielder. The involvement of the liver and spleen 

beside the lymph nodes as the most frequent organs that exhibited vTS lesions is 

indicative of the presence of systemic bacterial infection spread that may occur 

after the enteric stage of the infection. 

Lung tissue was found to be infected, which suggests that at least in some 

individuals, infection is likely to have been through the respiratory route. Field 

voles inhabit enclosed nests and tunnels in vegetation and respiratory 
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transmission could occur directly between voles during aggressive or 

reproductive interactions. Kidneys showed evidence of infection with M. micron 

indicating possible excretion via urine, although Cavanagh and colleagues (2002) 

were unable to detect M. micron DNA in urine collected from field voles. 

A small percentage of animals (0.4%) were infected with M. micron but did not 

show any evidence of tuberculosis, based on the absence of histological lesions 

in lungs, lymph nodes, liver and spleen. It is possible that these animals were in 

the early stages of infection, when number of bacteria was still too small to have 

induced vTB lesions. Alternatively, the animals showed lesions but so few and/or 

so small that they were not detected by histology. Finally, the effect of the 

freezing process on the histological sections may have affected the detection of 

early pathological lesions. 

As previously observed, the overall prevalence of vTB was greater in spring 

spatial surveys compared to late summer spatial surveys (Wells, 1946; Chitty, 

1954; Cavanagh et aI., 2004; Burthe et aI., 2008). This phenomenon appears to 

be the result of vTB being a chronic, insidious disease that manifests far more 

often in older animals, which dominate the vole population in spring, but not in 

late summer (Wells, 1946; Chitty, 1954; Cavanagh et aI., 2004; Burthe et aI., 

2008). However, the results of spatial survey 10 in the current study are contrary 

to these general observations. The reason for this may well be that vTB 

transmission dynamics has also been shown to be correlated to vole population 

density. Cavanagh and colleagues (2004) and Burthe and colleagues (2008) both 

64 



calculated that vTB showed delayed density dependence with a lag time of three 

to six months. Although statistical demonstration of this relationship was 

beyond the limits of the current study, the data presented in Figure 2.14 give a 

strong indication that this relationship is reflected in the number of voles caught 

and vTB cases diagnosed during spatial surveys 8 to 12. The spatial pattern of 

vTB during these surveys also supports previous work (Burthe et a\., 2008) that 

Kielder Forest as a whole is affected by multi-annual cycles of field vole 

population density and thus the transmission dynamics of vTB are generally the 

same across the Forest. However, some sites seem to be consistently more vTB 

"rich" than others, although this observation has yet to be rigorously tested and 

the reason for it is unclear. 

In summary, this study has extended the monitoring of M. micron infection 

status of field voles inhabiting Kielder Forest to include a further five spatial 

surveys. Infection status has been determined using a variety of diagnostic 

approaches, among which culture remains the most sensitive, but histology 

shows much promise. Histological examination of symptomatic and 

asymptomatic animals has confirmed the presence of classical tuberculous 

granulomas in a variety of tissues, most frequently the lymph nodes, which 

appear to be the primary niche of infection in the body. The dynamics of vTB in 

the Kielder field vole population surveyed during this study appear to be in 

keeping with previously established correlations. 
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Chapter 3. 

peR-based diagnosis of M. microti infections 
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3.1 Introduction 

At present, the diagnosis of M. micron infections in field voles ante-mortem can 

only be achieved by observation of external lesions. Laboratory diagnosis, using a 

range of established methods such as microscopic examination of stained tissue 

smears, isolation of bacteria, or even PCR, has only been performed on animal s' 

post-mortem. However, for other M. tuberculosis complex (MtC) members, 

numerous approaches for ante-mortem diagnosis have been described. These 

include the demonstration of a cellular and/or humoral immune response and, 

for acute-phase infections, the demonstration or isolation of bacteria in/from 

clinical samples. The identification of acid-fast bacilli by microscopic observation 

of Ziehl-Neelsen (ZN) stained smears is rapid, but does not permit identification 

of the Mycobacteria species involved and lacks sensitivity because a relatively 

large number of organisms (at least 104
) must be present to be reliably detected 

(Bates, 1979). Culture is far more sensitive and permits subsequent species 

identification, and is therefore considered the "gold standard" for tuberculosis 

diagnosiS, but its usefulness as a diagnostic tool is hindered by the slow growth 

of mycobacteria. M. tuberculosis and M. bovis typically take between 3 and 6 

weeks to grow, whereas M. micron takes at least 12 weeks. Furthermore, many 

clinical samples used for culture require alkaline decontamination which causes a 

substantial decrease in the number of colony-forming units recovered (Pfyffer et 

aI., 2003). 
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PCR-based detection methods have been the subject of much attention from 

scientists interested in mycobacterial diagnostics as they have the potential to be 

species specific, as sensitive as culture and almost as rapid as ZN staining. The 

first assays for the amplification of mycobacterial DNA appeared soon after the 

arrival of PCR technology (B6ddinghaus et aI., 1990) and since then numerous 

different PCR assays have been described in the literature for the diagnosis of 

active pulmonary tuberculosis in humans. Several commercial kits are available 

(Drobniewski et aI., 2003). Similarly, many assays for the detection of M. bovis 

infection in cattle have also been described and evaluated (Sreedevi & 

Krishnappa,2004). PCR can equally be used to confirm and identify 

mycobacterial infections post mortem. Due to the highly infectious nature of 

MtC species, rapid confirmation of infection is necessary if effective control 

measures are to be implemented. 

Although for M. tuberculosis diagnosis, sputum is by far the most commonly used 

clinical sample, the suitability of a wide range of clinical samples for PCR testing 

has been assessed. Cheng and colleagues (2005) reviewed the sensitivity and 

specificity of PCR using either in-house or commercial methods for the detection 

of M. tuberculosis from direct clinical samples. High sensitivity (>90% relative to 

culture) was obtained for sputum, bronchoalveolar lavage fluid, endotracheal 

aspirates and pleural biopsies, but assays performed less well when testing 

samples collected from other anatomical sites. Assays performed on non

invasive samples such as urine had an overall sensitivity of between 55 and 95%. 

In general, the specificities reported for all the assays were high, ranging 
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between 94 and 100% (Cheng et aI., 2005). As many different assays were 

included in this comparison, the results must be interpreted with care as 

inherent limitations of specific assays, rather than the material tested, may have 

compromised their performance. Wards and colleagues (1995) described the 

first PCR for the specific detection of M. bovis in clinical tissues. The assay was 

evaluated on a variety of clinical samples from a variety of species, as they were 

submitted for routine M. bovis isolation. Further description of the tissues used 

was not provided. Subsequently, M. bovis PCRs have been applied almost always 

to samples collected from lymph nodes, with or without visible tuberculous 

lesions. Liebana and colleagues (1995) compared a PCR with culture for the 

detection of M. bovis in lymph nodes and reported that only 71% of culture 

positive samples were PCR positive. Taylor and colleagues (2007) reported a 

similar sensitivity in a similar study but using a real-time PCR. Parra and 

colleagues (2008) described a real-time PCR for use in abattoir surveillance of 

bovine tuberculosis and reported a sensitivity (compared to culture) of 61% for 

samples with non-visible lesions and 81% for chronic lesions, with an average 

sensitivity of 74%. In their review of ante-mortem diagnosis of tuberculosis in 

cattle, De la Rua-Domenech and colleagues (2006) considered that peR diagnosis 

of infections using non-invasive or minimally-invasive clinical samples such as 

blood, urine, faeces, nasal swabs and lymph node biopsies, were unlikely to be 

particularly sensitive due to the low numbers of bacilli in these samples. Thus, 

"it is unrealistic to consider them a viable alternative to immunological tools for 

routine diagnosis of tuberculosis in live cattle" (De la Rua-Domenech et aI., 

2006). 
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The performance of MtC PCRs is not only influenced by the clinical material from 

which DNA extracts are prepared. It is also influenced by the method by which 

DNA is extracted. A number of different extraction methods have been used, 

ranging from simple boiling (Afghani & Stutman, 1996) or trapping of DNA on 

chelex resin (Heginbotham et aI., 2003) to bead disruption (Tell et aL, 2003), 

sonication (David et aI., 1984) or enzymatic digestion (Zhang et aL, 1997). Today, 

commercial kits are widely used (Aldous et aI., 2005). The relative performance 

of these various extraction methods has been evaluated. Wards and colleagues 

(1995) compared five in-house and commercial approaches. In general they 

found that a proteinase K digestion step was common to all of the most 

successful methods although the best was time consuming, involving multiple 

proteinase K digestions, disruption with detergents, the addition of tRNA 

"carrier" molecules and nucleic acid precipitations. Taylor and colleagues (2007) 

reported an in-house adaptation of a commercial extraction kit to enhance killing 

and lysis of mycobacteria in infected clinical material. Their adaptation allowed 

processing of samples outside the Category 3 facilities required for laboratory 

work with living mycobacteria. In another study, Parra and colleagues (2008) 

demonstrated that the sensitivity of their PCR was 74% when using manual 

extraction but dropped to only 48% when using an automated robotic system. 

Recently, Barcelos and colleagues (2008) have presented a study of the influence 

of different extraction methods on the relative performance of PCRs detecting 

M. tuberculosis in formalin-fixed and paraffin wax-embedded tissues. 
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Numerous loci in the genomes of MtC members have been targeted by different 

PCR assays. These include housekeeping genes such as the 165 rONA 

(B6ddinghaus et aL, 1990), hsp65 (Pai et aI., 1997), rpoB and rpoV (Whelen et aI., 

1995; Comincini et aL, 1998), non-coding regions such as the 165 rRNA-235 rRNA 

intergenic spacer (Gurtler et aL, 2006) and loci either specific to MtC members 

such as the MPB70 antigen gene (Young et aL, 2005) or loci specific to particular 

species within the complex, for example Ghadersohi and colleagues (1997) 

identified regions of M. bovis that were absent from other Mycobacterium 

species, then designed PCRs to specifically target these regions. PCRs targeting 

some of the widely recognised "regions of difference" (ROs) between MtC 

species have been described (e.g. Parsons et aI., 2002; Huard et aI., 2003) and 

have been used not only to confirm the identity of species yielding a PCR product 

but also to confirm the identity of species not yielding a PCR product (and 

therefore missing a specific RO) (Courtenay et aL, 2006). Similarly, Huard and 

colleagues (2003) reported that a PCR targeting a transposase pseudogene, 

151561', yielded amplification products for all MtC members except M. microti. 

For the PCR assays that were not species specific, several post-amplification 

steps have described to identify which Mycobacterium species has been 

detected. For example, Lee and colleagues (2000) reported that the use of the 

restriction fragment length polymorphism (RFLP) analysis of a 360 base pair 

region of rpoB to differentiate over 50 Mycobacterium species. RFLP analysis has 

also been used in conjunction with other PCRs, for example Plikaytis and 

colleagues (1992) used RFLP of hsp65 amplification products to identify all 
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Mycobacterium species, and Sansila and colleagues (1998) differentiated 

between isolates of M. tuberculosis and Mycobacterium ovium by using RFLP of 

16S-23S rRNA gene spacer sequence amplification products. Sequencing of PCR 

products has also been widely reported (e.g. Senna et aI., 2008). 

In an attempt to enhance the sensitivity of MtC PCRs, genetic loci present in 

multiple copies in the genome have been targeted. Insertion sequences make 

suitable candidates for such assays as they are often present in many copies in 

bacterial genomes (Siguier et aI., 2006). The insertion sequence IS6110 is found 

in the genomes of MtC members at a copy number ranging from one to over 20 

(McEvoy et aI., 2007). Although single copy-containing strains are common 

among M. bovis isolates, other species contain more (McEvoy et aI., 2007). The 

development of a PCR to detect M. tuberculosis IS6110 was concurrently 

described by Hermans and colleagues (1990) and Thierry and colleagues (1990) 

and numerous variations on this have been described subsequently. The 

presence of IS6110 in the genome of a M. microti representative was 

demonstrated in one ofthese early studies (Thierry et aI., 1990) at a medium 

copy number (about 10 copies), and more recently (Cavanagh et aI., 2002; 

Emmanuel et aI., 2007). 

For M. bovis, which possesses single or low copies of 156110, other insertion 

sequences have been targeted. Taylor and colleagues (2007) described peR for 

the amplification of 151081, which is present in six copies in the MtC. This assay 

proved remarkably sensitive, detecting M. bovis DNA in 91% of culture-positive 
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tuberculous lesions. The sensitivity of a PCR targeting a single copy locus run at 

the same time was only 51%. 

Real-time PCR assays have been introduced over recent years, providing a means 

of quantifying mycobacterial load as well as a more convenient and rapid tool 

(Soini & Musser, 2001). Several different assays have been described (e.g. 

Desjardin et aL, 1998; Torres et aL, 2000; Taylor et aI., 2001; Broccolo et aI., 

2003; Parra et aI., 2007; Taylor et aI., 2007), although, as with conventional PCRs, 

the sensitivity of these assays was variable. Some, however, appeared to offer a 

diagnostic advantage over other approaches. For example, Bruijnesteijn Van 

Coppenraet and colleagues (2004) tested samples collected from 67 children 

with suspected mycobacterial lymphadenitis based on a positive mycobacterial 

skin test using conventional culture and a real time PCR assay. Whereas isolates 

were obtained from only 41% of samples, the real time PCR detected 

mycobacterial DNA in 72%. 

The ultimate aim of this study was the development of a PCR-based diagnostic 

assay that could be used on living field voles to determine their M. microti 

infection status. Review of the literature suggested that a recently described 

real-time assay (Taylor et aL, 2007), targeting the multicopy 151801, was 

potentially the best assay to use. Description of this assay included a novel 

adaptation of a commercial DNA extraction kit that was reported to enhance the 

sensitivity of the peR assay. This approach was evaluated by using DNA extracts 

prepared from tissues taken from the voles described in the previous chapter for 
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which infection status had been determined by post-mortem examination, acid

fast staining and culture. 

3.2 Materials and Methods 

3.2.1 Lung and lymph node tissue 

The lung and lymph node tissues used for this study were those removed from 

field voles trapped during spatial survey carried out during the spring of 2005. 

Tissues from a total of 175 animals were analysed. At the time of their 

dissection, lungs were divided into three equal sized portions, then one portion 

was prepared for culture, the second was submerged in formalin for histological 

studies and the third was immediately frozen at -20·C and stored for use in PCR. 

The jugular, axillary and inguinal lymph nodes were also collected from all 

animals and pooled together. This pool of tissue was minced using a sterile 

scalpel then divided into three equal sized portions. Each portion was processed 

as described above for lung tissue. 

3.22Extraction 0/ DNA/rom clinical samples 

Nucleic acid extracts were prepared from all tissues using a NucliSens Kit 

(Biomerieux UK Ltd, Basingstoke, UK) according to a previously described 

amended protocol (Taylor et aI., 2007). This extraction protocol is based on the 

initial cell lysis in guanidinium buffer containing detergents followed by trapping 

of released DNA onto silica beads and partial purification with the DNA isolated 

reagents. An Eppendorf tube containing tissue was thawed, heat-killed by 
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boiling for 5 min, and then snap frozen three times by submersion in liquid 

nitrogen. A 60 III aliquot of lysis buffer was added to the tube together with a 

sterile tungsten bead. The tube was then placed in a Tissue Lyser (Qiagen Ltd 

Crawley, UK) and the tissue within the tube was homogenised at 20 Hz for 3 min. 

Next, the tube containing homogenised tissue was placed in a boiling water bath 

for 5 min then centrifuged for 5 minutes at 1100 x g. The tube was gently 

removed from the centrifuge and the lid carefully opened so not to disturb the 

pellet at its base. Using a sterile, DNA-free filtered pipette tip, the supernatant 

was removed from the tube and transferred into a clean 1.7 ml Eppendorf tube. 

An aliquot of 50 III of the silica suspension was added to the supernatant and the 

tube was agitated on a rotating wheel for 30 min at room temperature. After 

further centrifugation at 1100 x g for S min, the supernatant was removed from 

the tube and pellet was washed twice, firstly with absolute ethanol and then 

with acetone. Once the acetone was removed, the pellet was dried by leaving 

the lid of the tube open at room temperature for about 30 min. A 2S III aliquot 

of elution buffer was then added to the dried pellet and the tube with its lid 

closed was incubated at 60°C for 10 min. The tube was vortexed for 10 sec, 

centrifuged at 1100 x g for S min, and then the supernatant was transferred into 

clean Eppendorf tube and stored frozen at -20°C until required. 

Several samples were usually processed concurrently. To control for cross

contamination between these tubes, one dummy tube, that did not contain any 

tissue, was processed as described above at the same time as every 5 tubes 

containing samples. 
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3.23DNA amplification assays 

All PCRs were prepared and performed in laboratories designed for purpose. 

Reaction mixes minus DNA were stored and prepared in a laboratory into which 

DNA extracts had never been introduced. This laboratory was physically 

removed from other laboratories and was under positive air pressure reducing 

the passage of unfiltered air into the room. Once reaction mixes were prepared 

they were transferred to a laboratory designated for the addition of DNA 

templates. This laboratory was physically removed from other laboratories and 

was also under positive air pressure. Once DNA templates had been added to 

reaction mixes, tubes were transferred on ice to a third laboratory housing 

thermal cyclers. A fourth laboratory was used for downstream processing of PCR 

products. Each laboratory had dedicated lab coats and single-use disposable 

latex gloves were worn in each. 

3.24 Detection of field vole DNA 

The first PCR assay used in this study was used to confirm the success of the DNA 

extraction procedure by targeting a 450 base pair fragment of the field vole 185 

rRNA-encoding gene. The assay incorporated the primer pair MA1F (5'-CTA GAG 

CTA ATA CGT GCA AC-3') and MA2R (5'-GAT AAG Gn CAG TGG ACT TC-3'). These 

primers were manufactured commercially (Eurofins MWG Operon, Ebersberg, 

Germany) and supplied freeze-dried. Each primer was resuspended to a 

concentration of 100 pmol ~rl using sterile distilled DNA-free water. Working 

strength aliquots (100 ~I) of each primer at a concentration of 2S pmol ~rl were 

prepared from this stock solution by adding 2S ~I of stock to 7S I!I of sterile 
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distilled DNA-free water. Both working strength aliquots and stock solutions 

were stored at -20°C until required. Remnants of working strength aliquots were 

never refrozen but rather discarded after single use. 

The reaction mixture consisted of 1111 each primer at 25 pmolllrl, 12.5 III of 2x 

PCR Mastermix (Thermo Scientific Ltd, Epsom, UK) (which contains 75mM Tris

HCI (pH 8.8 at 25°C), 20mM (NH4)zS04. 1.5mM MgCI2. 0.01 %( v/v) Tween 20, 

0.2mM each of dATP, dCTP, dGTP and dTTP) and 7.5 III of sterile distilled DNA

free water. To each reaction mixture, 3 III of template DNA was added. The 

thermal programme used for DNA amplification consisted of 95°C for 5 minutes, 

followed by 35 cycles of 95°C for 10 sec, 55°C for 10 sec and noc for 50 sec. The 

programme was completed with a final elongation step of 7rc for 5 min. This 

programme was carried out on a PTC-200 DNA Engine (Bio-Rad, Hemel 

Hempstead, UK). The post-reaction mixes were then removed from the machine 

and a 5 III aliquot of each was added to one well of a 96 well round-bottom plate 

containing 5 III of sterile distilled water and 2 III of 0.5% (w/v) xylene cyanol 

solution containing 50% (v/v) glycerol. 

The success of this PCR was determined by visualisation of amplification products 

following their resolution in1.5% (w/v) agarose gels. Agarose gels were made by 

dissolving 1.5 g of agarose (Biogene Ltd, Huntingdon, UK) in Tris-Acetate-EDTA 

(TAE) buffer using a microwave oven to heat the buffer. The agarose solution 

was allowed to cool then ethidium bromide was added to it to a final 

concentration of 1.5%. The solution was then poured into a perspex gel tray, a 
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plastic well comb was placed into the solution, and it was left for 30 min to cool 

and solidify. The solid agarose gel was then transferred to an electrophoresis 

tank and submerged in TAE and the well comb was removed. A 10 III aliquot of 

each post-reaction mix/xylene cyanol/glycerol mixture was then added to each 

well in the agarose gel. A DNA size ladder (Hoelll digest of <!>X174 phage, (New 

England Biolabs, Hitchin, UK) diluted to 50 Ilg Ilrl, was also loaded into at least 

one empty well on every gel. Once all wells in the gel were loaded, an electric 

current with a potential difference of 100 volts was applied to the gel for 30 min. 

After this time, the gel was removed from the gel tank and transferred to a 

transilluminater to be visualised under UV illumination and images were stored 

digitally. 

3.25Detection of MtC DNA 

The PCR assay designed to detect MtC DNA targeted a 236 base pair fragment of 

151081, as previously described (Taylor et aI., 2007). For each sample, the 

reaction mix consisted of 1 III of primer F2 (5'-CTG CTC TCG ACG TIC ATC GCC G-

3) and 1 III of primer R3 (5' -TGG CGG TAG CCG TIG CGC -3), at a concentration 

of 25 pmolllr\ 12.5 III of 2 x Absolute qPCR SYBR Green Master Mix (Thermo 

Scientific), 7.5 III of distilled water and 3 III of template DNA. The thermal 

programme consisted of an initial denaturation step of 95°C for 3 min, then 45 

cycles of amplification were performed as follows 95°C for 10 sec, 58°C for 30 

sec, 7rC for 20 sec and acquisition of fluorescent Signal at 85°C. A final 

extension at noc for 2 min completed the programme. 
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3.3 Results 

3.3.1 Overall findings 

DNA extracts were prepared from tissues removed from 175 field voles trapped 

during spatial survey 8 (March 2005) at Kielder Forest. All 175 extracts yielded a 

450 base pair product when tested with the peR that targeted the field vole 185 

rONA fragment, confirming the success of the extraction procedure used on all 

samples. 

An overview of performance of direct peR in comparison with observation of 

macroscopic lesions and acid fast bacilli and culture, is shown in Table 3.1. 
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Table 3.1 vTB diagnostic results for 175 field voles. 

vole visible acid-fast bacilli lymph node lymph node 
number lesions observed lung culture lung PCR culture PCR culture peR 

TOlO no not tested negative negative negative negative not tested 

TOll no not tested negative negative negative negative not tested 

T01S no not tested negative negative negative negative not tested 

T01G no not tested negative negative positive negative positive 

T017 no not tested negative negative n~tive negative not tested 

T023 LN' no negative negative negative negative not tested 

T024 no not tested positive negative positive positive positive 

T02S no not tested negative negative negative negative not tested 

T02G no not tested negative negative negative negative not tested 

T027 no not tested negative negative positive negative positive 

T028 no not tested negative negative negative negative not tested 

T029 no not tested negative negative negative negative not tested 

T037 LN no negative negative _positive negative n~ative 

T039 LN yes negative negative positive positive positive 

T040 no not tested negative negative negative negative not tested 

T04l no not tested negative negative negative negative not tested 

T042 LN no negative negative n~ative n~ative not tested 

TOS8 no not tested negative negative negative n~ative not tested 

TOS9 no not tested positive negative positive negative positive 

TOGO no not tested negative negative negative negative not tested 

TOGl no not tested negative negative negative negative not tested 

TOG7 no not tested negative negative negative negative not tested 

TOG8 no not tested negative negative negative negative not tested 

TOG9 no not tested negative negative negative negative not tested 

T07l no not tested negative negative n~ative negative not tested 

T072 no not tested negative negative negative negative not tested 

T074 no not tested negative negative negative negative not tested 

T077 LN no negative negative negative negative not tested 

T078 no not tested negative negative negative negative not tested 

T079 no not tested negative negative negative negative not tested 

T08l no not tested negative negative negative negative not tested 

T082 no not tested negative negative negative negative not tested 

T084 no not tested negative negative negative n~ative not tested 

T08S no not tested negative negative negative negative not tested 

T089 no not tested negative negative negative negative not tested 

T090 LN no negative negative negative negative not tested 

T092 no not tested negative negative negative negative not tested 

T093 no not tested negative negative negative negative not tested 

TlO7 no not tested negative negative negative n~ative not tested 
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Table 3.1 continued 

vole visible acid·fast bacilli lymph node lymph node 
number lesions observed lung culture lung PCR culture PCR culture PCR 

TlOS no not tested negative negative negative negative not tested 

Tlll no not tested negative negative negative negative not tested 

TllS no not tested positive negative positive positive positive 

Tl17 no not tested negative negative negative negative not tested 

TUS no not tested negative negative negative negative not tested 

Tl22 no not tested negative negative negative negative not tested 

Tl2S no not tested negative negative negative negative not tested 

Tl29 no not tested negative negative negative negative not tested 

Tl34 no not tested negative negative negative negative not tested 

Tl41 no not tested negative negative negative negative not tested 

Tl43 no not tested negative negative negative negative not tested 

Tl45 no not tested negative negative negative negative not tested 

Tl46 no not tested negative negative negative negative not tested 

Tl49 no not tested negative negative negative negative not tested 

TlSl no not tested negative negative positive negative positive 

TlS3 no not tested negative negative negative negative not tested 

TlS5 no not tested negative negative negative negative not tested 

TlS6 no not tested negative negative negative negative not tested 

TlS7 no not tested negative negative negative negative not tested 

Tl63 no not tested negative negative negative negative not tested 

Tl64 no not tested negative negative negative negative not tested 

Tl69 no not tested negative negative negative negative not tested 

Tl7l no not tested negative negative negative negative not tested 

Tl73 no not tested negative negative negative negative not tested 

Tl78 no not tested negative negative positive negative positive 

TlS3 no not tested negative negative positive negative positive 

Tl84 no not tested negative negative negative negative not tested 

TlBS no not tested negative negative negative negative not tested 

TlBS no not tested negative negative negative negative not tested 

Tl89 no not tested negative negative positive negative positive 

Tl90 no not tested negative negative negative negative not tested 

Tl91 no not tested negative negative negative negative not tested 

T202 no not tested negative negative negative negative not tested 

T204 LN & LUNG yes negative positive negative positive not tested 

T208 LN no positive negative negative positive positive 

T209 no not tested negative negative negative negative not tested 

T210 LN yes negative negative positive positive positive 

VOO2 LN no negative negative positive negative positive 

VOO3 no not tested negative negative negative negative not tested 
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Table 3.1 continued 

vole visible acid-fast bacilli lymph node lymph node 
number lesions observed lung culture lung peR culture peR culture peR 

VOll LN yes negative negative positive positive positive 

V012 no not tested negative negative negative negative not tested 

V01S no not tested negative negative negative negative not tested 

V019 no not tested negative negative positive negative positive 

V020 no not tested negative negative negative negative not tested 

V029 no not tested negative negative negative negative not tested 

V030 no not tested negative negative positive negative positive 

V03l LN no negative negative negative negative not tested 

V032 no not tested negative negative negative negative not tested 

V033 no not tested negative negative negative negative not tested 

V034 no not tested negative negative negative negative not tested 

V039 LN yes negative negative negative positive not tested 

V040 no not tested negative negative negative negative not tested 

V04l LN no negative negative negative negative not tested 

V042 no not tested negative negative negative negative not tested 

V043 no not tested positive negative positive negative positive 

V046 LN yes positive positive positive positive positive 

V047 no not tested positive negative negative negative positive 

V04S no not tested negative negative negative negative not tested 

V049 no not tested negative negative negative positive not tested 

VOSO LN yes negative negative positive positive positive 

VOSl no not tested positive negative negative negative negative 

VOS2 LN yes negative negative negative negative not tested 

VOS3 no not tested negative negative negative negative not tested 

VOS7 no not tested positive negative negative negative negative 

VOSS no not tested negative negative negative negative not tested 

VOS9 no not tested negative negative negative negative not tested 

V062 no not tested positive negative positive negative positive 

V063 no not tested negative positive positive negative positive 

V064 no not tested positive negative negative positive positive 

V06S no not tested negative negative negative negative not tested 

V07S no not tested negative negative negative negative not tested 

V076 IN no positive positive negative positive positive 

von no not tested negative negative negative negative not tested 

V07S no not tested negative negative negative negative not tested 

V079 no not tested negative negative negative negative not tested 

VOSO no not tested negative negative negative negative not tested 

VOS3 IN no negative negative negative negative not tested 

VOS4 IN no negative negative negative negative not tested 
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Table 3.1 continued 

vole visible acid·fast bacilli lymph node lymph node 
number lesions observed lung culture lunlPeR culture peR culture peR 

V090 LN yes negative negative positive positive positive 

V09l no not tested negative negative negative positive not tested 

V092 no not tested negative negative negative negative not tested 

V093 no not tested negative negative negative negative not tested 

V094 no not tested negative negative negative negative not tested 

V106 no not tested negative negative negative negative not tested 

WOO9 no not tested negative negative negative negative not tested 

W010 no not tested negative negative negative negative not tested 

WOll no not tested negative negative negative negative not tested 

W014 no not tested negative negative negative negative not tested 

W016 no not tested negative negative positive negative positive 

W019 no not tested negative negative negative negative not tested 

W020 no not tested negative negative negative negative not tested 

won no not tested negative negative negative negative not tested 

W023 no not tested negative negative negative negative not tested 

W025 LN no negative negative positive negative positive 

W027 no not tested negative negative positive negative positive 

W028 no not tested negative negative negative nelative not tested 

W029 no not tested positive negative positive negative positive 

W033 no not tested negative negative negative negative not tested 

W044 no not tested negative negative negative negative not tested 

W048 no not tested negative negative negative negative not tested 

W049 no not tested positive negative negative negative negative 

WOSl no not tested negative negative negative negative not tested 

WOS3 no not tested negative negative negative negative not tested 

WOS4 no not tested positive negative positive negative positive 

WOS7 no not tested negative negative negative negative not tested 

W059 LN yes negative negative positive positive positive 

WOGO LN no negative negative positive negative positive 

W064 no not tested negative negative negative negative not tested 

WOGS LN yes negative negative positive negative positive 

W067 LN no positive negative positive positive positive 

won no not tested negative negative positive negative positive 

won no not tested negative negative negative negative not tested 

WOBl LN no positive positive positive negative positive 

WOB2 LN yes negative negative positive negative positive 

WOBS LN no negative negative negative negative not tested 

W094 no not tested negative negative negative negative not tested 

W096 no not tested positive negative negative negative negative 
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Table 3.1 continued 

vole visible acid·fast bacilli lymph node lymph node 
number lesions observed lung culture lung peR culture PCR culture PCR 
W09S no not tested negative negative negative negative not tested 

W099 LN yes negative negative negative positive not tested 

W100 no not tested negative negative negative negative not tested 

W107 no not tested negative negative negative negative not tested 

W108 no not tested negative negative negative negative not tested 

W109 no not tested negative negative negative negative not tested 

W114 LN no positive negative positive negative positive 

W116 LN & LUNG yes negative negative negative positive not tested 

W121 LN yes negative negative negative positive not tested 

W123 no not tested negative negative positive negative positive 

W125 LN yes negative negative positive positive positive 

W135 LN & LUNG yes negative positive positive positive positive 

W137 LN yes negative negative negative positive not tested 

W142 no not tested negative negative negative negative not tested 

Wl44 no not tested negative negative negative negative not tested 

W146 no not tested negative negative negative negative not tested 

W147 no not tested negative negative negative negative not tested 

lLN = lymph node 

A total of 26 (15%) of extracts yielded an amplification product when tested with 

the peR (Table 3.1). Evidence of M. microti infection, based on isolation of M. 

microti confirmed by peR on the isolate, or observation of macroscopic lesions 

AND microscopic observation of acid-fast bacilli in ZN-stained impression smears, 

was recorded in a total of 55 (31%) of the 175 voles (Table 3.1 and Figure 3.1). 

isolation 

observation of m .. croscopic 
lesions & acid-fast bacilli 

Figure 3.1 Venn diagram demonstrating the relative performances of the three 

approaches to determining M. microti-infection status in the 57 field voles with 

evidence of infection. 
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PCR positive PCR negative TOTAL 
"true positive" 24 31 55 
"true negative" 2 118 120 
TOTAL 26 149 175 

Table 3.2 Summary of the performance of peR relative to established ("true") 

diagnostics. 

Only 24 of 55 animals considered as "truly" infected yielded a peR product (Table 

3.2), hence the sensitivity ((true positives / true positives + false negatives) x 100) 

of peR relative to the established diagnostics was only 47%. Two animals that 

lacked macroscopic lesions and that did not yield an M. microti isolate tested 

peR positive. Thus, by comparison to the two established approaches to infection 

status determination, the specificity of the peR assay ((true negatives / true 

negatives + false positives) x 100) was estimated to be 98%. 

Estimation of the positive predictive value (i.e. the proportion of animals with 

positive peR results that are correctly diagnosed) of the peR assay was: 

24 (true positives) / 26 (true positives + false positives) x 100 = 92% 

Estimation ofthe negative predictive value (i.e. the proportion of animals with 

negative peR results who are correctly diagnosed) of the peR assay was: 

118 (true negatives) / 149 (true negatives + false negatives) x 100 = 79% 

3.3.2 Performance of peR in field voles yielding a M. microti isolate. 

An isolate of M. microti (confirmed by peR of cultured organism) was obtained 

from 48 of the 55 animals with evidence of infections (87%). Direct peR-based 
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evidence of infection was found in only 18 of these animals (38%). Twelve 

animals yielded an isolate from both lung and lymph node cultures. Of these, 6 

(50%) tested positive using the IS1081 peR. M. micron was isolated only from 

the lymph nodes of 28 animals. Of these, nine animals (32%) also tested IS1081 

peR positive. M. micron was isolated only from the lungs of eight field voles. Of 

these, three (38%) tested peR positive. Of the 20 animals yielding an isolate 

from lung tissue, nine (45%) tested peR positive. Of the 40 animals yielding an 

isolate from lymph node tissue, 15 (38%) tested peR positive. Eight animals that 

did not yield an isolate tested peR positive, however, six of these animals had 

macroscopic lesions containing acid-fast bacilli. 

3.3.3 Performance of peR in field voles with visible lesions and acid fast bacilli. 

A total of 36 of the 175 field voles studied possessed visible lesions consistent 

with vTB and for 27 of these, either acid-fast bacilli could be observed in ZN 

stained tissue smears or a M. micron isolate was obtained. A peR product was 

obtained from 19 (70%) of these animals. Three animals had visible lesions in 

both lungs and lymph nodes and all tested IS1081 peR positive. Sixteen (67%) of 

the 24 animals with lesions only in the lymph nodes tested 151081 peR positive. 

Seven animals without visible lesions yielded a IS1081 peR product; M. micron 

isolates were obtained from 5 of these animals. 
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3.4 Discussion 

This study was the first to apply real-time PCR to determining the M. micron 

infection status in field voles. The assay chosen was a generic MtC assay, 

targeting 151081 insertion sequences, as described by Taylor and colleagues 

(2007). This assay was chosen over other assays not only as a result of its 

published performance, but also following consultation with scientists routinely 

using the assay (Dr Michael Taylor, Imperial College, personal communication). 

Evaluation of the 151081 assay, although described for use in rapid detection of 

M. bovis DNA, included three M. micron strains, all of which were successfully 

detected by the assay (along with strains of other MtC member species) (Taylor 

et aI., 2007). Other assays targeting ISI081 have been frequently used for 

detection of MtC species, either directly in infected clinical material or to confirm 

the identity of isolates. For example, Shin and colleagues (1995) used an 151081-

targetting assay to detect M. tuberculosis in a captive orang-utan in Korea. Also, 

Ahmed and colleagues (1998) used a similar assay to detect M. tuberculosis in 

blood from immunocompetent patients with pulmonary tuberculosis. Finally, 

Fatolahzadeh and colleagues (2007) used 151081 PCRs to diagnose M. 

tuberculosis infections in pleural fluid samples from Iranian patients with 

tuberculous pleuritis. In this final report, the performance of the 151081 assay 

was compared to an assay targeting an rpoB fragment. The sensitivity, 

specificity, positive predictive value and negative predictive value for the 151081 

PCR were 94%,56%,37% and 97%, respectively, which were generally better 

than values of 94%,26%,26% and 94% obtained for the rpoB assay (results of 

both assays were compared to traditional diagnostic approaches) (Fatolahzadeh 
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et aI., 2007). Interestingly, the presence of 151081 in multiple copies in the 

genome of MtC species, which is one reason why it is a popular PCR target, did 

not enhance the sensitivity of the assay used by Fatolahzadeh and colleagues 

when compared to the (single copy) rpoB assay. Taylor and colleagues (2007) 

compared the performance of their 151081 assay (i.e. that used in this study) 

relative to an assay targeting a fragment of the single copy RD4 region. The 

former assay was able to detect at least five times less MtC DNA (genome copies) 

than the latter, and when applied to M. bovis-infected lymph nodes, the 

detection rate (compared to culture) was found to be 91% using the 151081 assay 

and only 59% using the RD4 assay (Taylor et aI., 2007). 

Only one previous attempt to detect M. micron in infected field voles by PCR has 

been reported. Cavanagh and colleagues (2002) prepared DNA extracts from 

various clinical samples and used these as templates for spoligotyping. Twenty 

four of the 60 samples tested yielded a PCR product. The make-up of these 

samples is not entirely clear, but it is reported that amplification products were 

obtained from skin and internal macroscopic lesions and lymph nodes, but not 

from faeces, urine or lungs. No attempt to evaluate the performance of the PCR 

compared to isolation of other approaches to diagnosis was made (Cavanagh et 

al.,2002). 

The performance of the 151081 assay in this study was far from perfect, with a 

sensitivity of only 47% compared to a combination of the two established 

approaches of culture and presence of visible lesions containing acid-fast bacilli. 

88 



When individual approaches were compared, culture was the best, identifying 48 

of the 55 infected animals encountered in the survey. Twenty seven ofthese 

animals possessed macroscopic lesions associated with acid-fast bacilli and only 

24 yielded a PCR product. However, clearly, no one method was capable of 

identifying all the infected animals. Although diagnosis by PCR and observation 

of macroscopic lesions associated with acid-fast bacilli identified a similar 

proportion of infected animals, there was not congruence between the two 

approaches, with only 19 animals being diagnosed by both. This observation is at 

odds with other studies that have reported good agreement between the two 

approaches. In their study using a LightCycier assay for detection of M. 

tuberculosis in clinical samples, Burggraf and colleague (2005) reported that all 

the samples yielding a PCR product were found to contain acid-fast bacilli. 

Similarly, Dalovisio and colleagues (1996), in their comprehensive comparison of 

the various commercial and in-house approaches to nucleic-acid amplification of 

M. tuberculosis DNA in respiratory specimens, reported high levels of agreement 

between PCR results and those obtained from examination of ZN-stained 

bronchial smears. Neither of these reports, or others, quantified the number of 

acid-fast bacilli observed, and this quantification was not done during the current 

study. Thus, I can only speculate that better agreement between PCR and smear 

results were obtained in these studies because patients had overt disease and 

thus more intense infections. However, as the animals in the current study were 

included because they were caught rather than because they were ill, this 

explanation is plausible. 
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The inadequacy of the sensitivity of PCR diagnostics when compared to culture 

for MtC diagnosis is well recognised, and no reference could be found to a 

molecular assay that out-performed culture in this respect. For example, even in 

the study by Taylor and colleagues (2007), which involved only lymph nodes with 

macroscopic lesions, the IS1081 assay only detected DNA in 91% of 109 samples 

from which aM. bovis isolate was obtained. It appears that the reason for this 

shortfall is the difficulty associated with extracting mycobacterial DNA from 

infected tissues rather than the presence of PCR inhibitors (Taylor et aI., 2007). 

My finding that vole DNA could be amplified from all extracts goes some way to 

supporting this hypothesis. The lysis of mycobacterial cells to release DNA is 

well-recognised as being problematic and results from the robust cell wall they 

possess (Brennan & Nikaido, 1995). As highlighted in the Introduction, a wide 

variety of approaches have been developed and employed, and none has been 

proven to be the best. The methodology chosen in this study was shown by 

Taylor and colleagues (2007) to have good efficiency. 

Despite its position as the diagnostic "gold standard", isolation of MtC is not 

100% sensitive (as already discussed in Chapter 2). In this study, seven animals 

had evidence of M. micron infection but did not yield an isolate. DNA extracts 

derived from six of these animals produced a product when tested in the IS1081 

PCR. Taylor and colleagues (2007), working with macroscopic lesions, found nine 

that yielded an IS1081 PCR product but no isolate. They concluded that this 

finding probably reflects amplification by mycobacterial DNA from dead 

organisms, although, in our study at least, the presence of intact acid-fast bacilli 
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suggests this argument may not always be correct. Other studies have also 

reported this situation. Liebana and colleagues (1995) found that tissue samples 

from two animals were negative when they were cultured but were positive 

when tested by PCR. These samples were from skin-test positive cattle, which, 

on post-mortem examination, were found to possess caseous lesions containing 

acid-fast bacilli. The authors considered that their finding resulted from the 

effects of the harsh decontaminates which are routinely used to remove 

contaminating bacteria from suspected MtC-infected tissue samples. A similar 

explanation is possible for this study. Among the MtC, M. micron is the most 

difficult to isolate, requiring prolonged incubation times. Furthermore, 

anecdotal evidence (Dr James Dale, TS laboratories, VLA Weybridge, personal 

communication) suggests that different strains of M. micron grow better on 

different media, so my use of only lowenstein-Jensen agar may have 

compromised the efficiency of the isolation approach. 

Interestingly, in this study, a PCR product was obtained from the lymph nodes of 

two animals for which no other indication of M. micron infection was obtained. 

Cautiously, these results have been treated as false positives. However, no 

reports of a lack of specificity from IS1081 PCRs have been forthcoming. 

Furthermore with these samples, as with all others reported in this study, 

negative control dummy samples processed concurrently did not yield a PCR 

product, thus there was no apparent cross-contamination between samples. 

One feasible explanation is that these samples did indeed contain M. micron 

DNA, but this DNA was not associated with viable and/or intact bacteria. 
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Alternatively, knowing the shortfalls in the sensitivity of culture and, in 

particular, ZN staining, for M. micron diagnosis, these samples may have 

contained infectious bacteria that were missed by the established diagnostic 

approaches. 

In summary, the PCR used in this study showed good specificity but only 

moderate sensitivity. This result is not entirely surprising given the low numbers 

of viable bacteria recovered from infected tissues by isolation (the majority of 

samples yielded less than 10 bacteria). However, despite this shortfall, the 

application of peR does permit the rapid detection of M. micron in some 

samples. This is particularly appealing for a bacterium that typically takes up to 

three months to grow. The sensitivity of PCR is similar to that obtained when 

observing macroscopic lesions and associated acid-fast bacilli - this approach is 

widely considered of value for MtC diagnosis. For all MtC infections, it is clear 

that although culture remains the most sensitive means of assessing infection 

status, the inclusion of other, often more convenient, approaches enhances 

overall diagnostic sensitivity. 
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Chapter 4. 

Molecular epidemiology of tuberculosis among 

Kielder Forest field voles 
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4.1 Introduction 

The earlier chapters in this thesis have focused on pathology associated with vole 

tuberculosis (vTB) and diagnosis of infection. This chapter addresses a different 

area by applying contemporary molecular tools to study the genetic diversity 

among M. microti isolates recovered from field voles, and using these results to 

explore the epidemiology of vTB in the Kielder Forest. 

A wide variety of molecular approaches has been used to explore the genetic 

diversity of M. tuberculosis complex (MtC) species (Haddad et aL, 2004). 

However, as discussed in Chapter 1, the MtC is characterised by extreme genetic 

homology and clonality (Brosch et aL, 2002). A consequence of this second 

characteristic is that once DNA is lost from a genome, it cannot return, hence 

relatedness between strains can be deduced by evaluating the presence or 

absence of specific genomic regions. Brosch and colleagues (2002) exploited 

deletions together with single nucleotide polymorphisms (SNPs) to infer the 

phylogenetic relatedness between MtC species. This study indicated that M. 

microti was closely allied to M. pinnipedii within the lineage leading from M. 

tuberculosis to M. bovis. Both M. microti, M. pinnipedii and M. bovis were all 

found to lack several genetic regions (RDs) present in M. tuberculosis, termed 

RD7, RD8, R09 and R010, however the former two species had RD4, RD12 and 

RD13, all of which were missing from M. bovis (Brosch et aL, 2002). The deletion 

of RD4 appears to distinguish M. bovis from the goat species M. caprae (Smith et 

aL, 2006). Three further RDs, RDl, RD2 and RD14, were found to be present in 

some M. bovis strains, but not others, for example, RD14 was missing from the 
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M. bovis BCG Pasteur vaccine strain (Brosch et aL, 2002). Differences between 

M. micron and M. pinnipedii were identified by Huard and colleagues (2003) who 

identified a number of M. micron-specific SNPs within RD13 and the 16S rRNA

encoding gene. Brodin and colleagues (2002) also explored MtC RDs and found 

some, including RD
mic 

that were missing from all nine M. micron isolates they 

included in their study. RD
mic 

is a 14 kilobase region that, in M. tuberculosis, 

includes the genes encoding the potent T-cell antigens ESAT-6 region (Tekaia et 

aL, 1999) and CFP-10 (Harboe et aL, 1998). Brodin and colleagues (2002) also 

identified another RD, termed MiD1 that was missing from all M. microti strains 

studied. This RD lay within the direct repeat-containing locus targeted by 

spoligotyping (see below), and this RD was responsible for the reduced 

spoligotype pattern that is characteristic of M. microti (Brodin et aL, 2002). The 

determination of the presence or absence of RDs is now considered a key genetic 

means of differentiating between MtC members and for assigning strains to 

species within the complex (Smith et aL, 2006). RD analysis is also widely used 

for intra-species delineation, particularly among M. tuberculosis strains on a 

global scale (e.g. Lazzarini et aL, 2007; Thwaites et aL, 2008), although for MtC 

species in which many of the RDs present in M. tuberculosis are missing, this 

approach has less sensitivity hence other methods are required. 

Spoligotyping is probably the most widely used approach to ge netic intra-species 

differentiating between MtC members and has been applied to all species within 

the complex (Kamerbeek et aL, 1997). Unlike other contemporary MtC typing 

schemes, spoligotyping quantifies genetic variation in a single genomic region 
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called the direct repeat (DR) locus (Kamerbeek et aI., 1997). This locus comprises 

of multiple, virtually identical, 36 base pair regions interspersed with unique DNA 

spacer sequences of a similar size, termed direct variant repeats (DVRs). The 

sequences of different DVRs are dissimilar and each DVR exists only in the DR 

locus (van Embden et aI., 2000). The number of DVRs within the DR locus may be 

as many as 60, however, 43 have been selected and are now used in the 

international standard application of spoligotyping. This application exploits PCR 

to amplify the DR locus of a particular MtC strain, then Southern blotting using 

oligonucleotides specific to each of the 43 DVRs to probe for their presence or 

absence in the amplified DR locus (Kamerbeek et aI., 1997). Genetic variation at 

the DR locus results from the deletion of single or multiple DVRs, giving rise to a 

huge number of variants. These variants are catalogued on international 

databases. SpolDB4 is the latest iteration of the M. tuberculosis spoligotype 

database (Brudey et aI., 2006), which contains information about almost 40,000 

isolates obtained from 122 different countries. For MtC strains other than M. 

tuberculosis, the www.Mbovis.orgdatabaseisused.This resource now contains 

almost 2,000 distinct spoligotype patterns. 

M. microti was not included in the original description of a standardised 

spoligotyping protocol (Kamerbeek et aI., 1997), but the following year, van 

Soolingen and colleagues (1998) published the first application of spoligotyping 

for the species. Their study included 13 isolates including five obtained from 

voles in the UK during the 1930s and six more recent isolates made from non

rodent hosts, including human beings, a pig and a ferret in The Netherlands. 
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These 11 isolates all possessed the same spoligotype, referred to as S80118 in 

the www.Mbovis.org database, which is characterised by the possession of only 

two DVRs, 37 and 38 and is now considered as the "classic" M. micron 

spoligotype (Emmanuel et aI., 2007). The study also included two other isolates, 

the "dassie bacillus", which is no longer considered as M. micron (Mostowy et 

aI., 2004) and an isolate obtained from a llama in a Belgian zoo. The spoligotype 

of this isolate contained DVRs 37 and 38, but also seven additional DVRs. In a 

follow-up study, Kremer and colleagues (1998) reported spoligotype data for 11 

more M. micron isolates. Four of these isolates possessed SB0118 or a very 

similar spoligotype comprised of DVR 4,37 and 38. Six of these isolates 

possessed a spoligotype that differed only by the absence of DVR 26 from the 

spoligotype of the isolate obtained from the Belgian llama. The final isolate also 

possessed a spoligotype that differed by the absence of a single DVR from the 

llama isolate, but the missing DVR was 38, one of those also present in SBOl18 

(Kremer et aI., 1998). Brodin and colleagues (2002) also reported spoligotyping 

of nine M.micron strains and encountered SB0118 and the profile obtained from 

the Belgian llama. However several, if not all, of these isolates were the same as 

those previously typed. These data confirmed the existence of rather more 

spoligotype diversity among M. micron strains than was previously thought, and 

suggested the existence of two genetically different groups of strains within the 

speCies, the "vole type" and the "llama type". All of the five vole isolates (all 

probably from Kielder) studied up to this point possessed the same "vole type" 

spoligotype, but otherwise the epidemiological significance of these two types 

remained unclear. In 2002, Cavanagh and colleagues reported detecting the 
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5B0118 spoligotype in infected tissues collected from 24 vTB symptomatic field 

voles at Kielder Forest in 1998 and 1999. Similarly, Burthe (2005) reported the 

same spoligotype in 35 M. microti isolates obtained from 29 voles trapped at 

Kielder Forest during 2001 and 2002. 

Variable number tandem repeat (VNTR) typing is another PCR-based approach to 

delineation of bacterial strains. It is very much akin to mini-satellite typing widely 

used in eukaryotic population genetics (Haddad et aI., 2004) as it measures 

variation in the number of repeats of specific DNA motifs at a series of loci 

dispersed throughout the genome (Jeffreys et aL, 1985). These loci tend to be 

non-coding and contain what is often referred to as "junk" DNA. Each DNA motif 

is, typically, 10 to 20 base pairs long and may exist as a single copy or in multiple 

repeats, ranging from two to several dozen (Riley, 2004). A PCR is designed to 

bridge the entire VNTR region and variation in the size of the amplification 

product obtained is used as the basis of strain differentiation. Usually several 

different VNTR loci are included in a typing scheme to increase its sensitivity. 

VNTR analysis has been applied to numerous bacterial pathogens, particularly 

those which are considered of limited genetic diversity such as Yersinia pestis 

(Adair et aL, 2000), Bacillus anthracis (Jackson et a/., 1998) and M. tuberculosis 

(Frothingham et a/., 1998). VNTR analysis is widely considered a highly sensitive 

means of distinguishing between highly related strains of a pathogen species, 

and is therefore often used to unravel epidemiological issues on a local scale 

(e.g. Jackson et a/., 1998; Sola et aL, 2001). 
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VNTR analysis was first described from M. tuberculosis in 1998 (Frothingham & 

Meeker-O'Connell, 1998) and this approach has subsequently been applied to 

other members of the MtC (Frothingham et aL, 1999; Roring et aL, 2002; 2005; 

Moser et aL, 2008). VNTR analysis is now widely used in conjunction with 

spoligotyping as a means of obtaining a sensitive genetic identifier for a 

particular MtC member. The use of VNTR analysis has, to some extent, replaced 

another form of genotyping, which is based in Southern blotting 

electrophoretically-resolved genomic digests with a probe for the IS6110 

insertion sequence. IS6110-based genotyping of MtC members was developed in 

the early 1990s (Cave et aL, 1991) and rapidly became the gold-standard. 

However, this approach is problematic as it is technically demanding, requires a 

large biomass of bacteria from which to isolate sufficient DNA, and requires 

extensive use of standards to obtain profiles that are meaningfully comparable 

with one another (Kanduma et aI., 2003). Both VNTR and IS6110-based 

genotyping are widely used, particularly for M. tuberculosis molecular 

epidemiological studies. However, for other MtC members, and a subset of M. 

tuberculosis strains, the low copy number of IS6110 elements present in the 

genome restricts the usefulness of this approach (Haddad et aI., 2004). For M. 

bovis in particular, the copy number of 156110 is low, with some strains 

possessing only a single copy of the insertion sequence (Haddad et aL, 2004). 

Comparison of the relative performances of IS6110 and VNTR typing have 

yielded conflicting results (Allix et aI., 2006; Hanekom et aL, 2008) but, in the 

majority of epidemiological settings, the two approaches appear to be of similar 

sensitivity and yield congruent results (Allix et aL, 2006; Oelemann et aL, 2007; 
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Allix-Beguec et aI., 2008). These observations support the usefulness of VNTR 

typing as a convenient and discriminatory technique for the analysis of the 

population structure of MtC members, particularly non-M. tuberculosis species, 

and when fine-scale discrimination is required. 

Several different types of VNTRs have been described and exploited for the 

development of VNTR typing of MtC members. Hermans and colleagues (1992) 

detected and characterised a "major polymorphic tandem repeat" (MPTR) in the 

M. tuberculosis genome, made up of a 10-bp sequence that was tandemly 

repeated and invariably separated by 5 bp unique spacer sequences. The authors 

demonstrated the presence of this feature in the genome of other 

Mycobacterium species and discussed its potential usefulness in the 

epidemiology of mycobacterioses, although no further exploration of MPTR in 

this role has been published. The first description of the VNTR scheme most 

widely used today for M. tuberculosis and M. bovis was published by 

Frothingham and Meeker-O'Connell in 1998. In this study, 11 tandem repeat loci 

in the M. tuberculosis genome were analysed. These comprised of five major 

polymorphic tandem repeat (MPTR) loci, characterised by 15 bp repeats with 

substantial sequence variation in adjacent copies, and six exact tandem repeat 

(ETR) loci, characterised by large (40-100 bp) DNA repeats with identical 

sequences in adjacent repeats. Exploration of these loci in 48 MtC strains 

revealed one of the five MPTR loci and all six ETR loci had length polymorphisms 

corresponding to insertions or deletions of tandem repeats, and each ETR locus 

had multiple alleles in the panel. Combined analysis identified 22 distinct allele 
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profiles in 25 wild-type MtC strains and five allele profiles in 23 M. bovis BCG 

strains. The study also found that allelic profiles were reproducible and stable, 

as demonstrated by analyses of multiple isolates of particular reference strains 

obtained from different laboratories. Additional VNTR loci, termed 

Mycobacterium interspersed repetitive units (MIRUs) were first described by 

Supply and colleagues (2000). These authors found 41 MIRU loci in the M. 

tuberculosis H37Rv chromosome, some of which corresponded to the ETR loci 

previously described. After PCR and sequence analyses ofthese loci in 31 MtC 

strains, 12 of them were found to display variations in tandem repeat copy 

numbers. Even more VNTR loci have been described subsequently (e.g. Roring et 

al.,2002). Numerous studies have evaluated the relative discriminatory power 

of various sets of VNTR loci in relation to one another and other mycobacterial 

typing schemes such as spoligotyping and IS6110 typing. In the UK, the six VNTR 

loci described by Frothingham and Meeker-O'Connell (1998) are routinely used 

(by the VLA) to type M. bovis, and the discriminatory power and epidemiological 

relevance of VNTR typing of M. bovis on this country has been well documented 

(e.g. Smith et aL, 2003; Smith et aL, 2006; Evans et aL, 2007). 

This study aimed to explore the local diversity of M. micron and the 

epidemiology of vTB among Kielder field voles by applying contemporary 

molecular fingerprinting (spoligotyping and VNTR) to isolates derived from 

structural spatial surveys of the area. The study aimed to explore the 

evolutionary relatedness among M micron isolates and other members of the M 

tuberculosis complex using deletion analysis. 
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4.2 Materials and methods 

4.2.1 Exploring regions of difference (RD) 

4.2.1.1 M. microti isolates 

Eighteen representatives were selected from the archive of M. microti isolates 

obtained from field voles at Kielder Forest since 2001. For each isolate, a sweep 

of colonies was harvested from UP agar slopes into a sterile Eppendorf tube 

containing 50 III of sterile water. This cell suspension was then held at 100"C on 

a heating block for 10 min to kill and lyse bacteria. M. tuberculosis and M. bovis 

control strains (M. tuberculosis H37RVb & M. bovis BCG) were prepared in the 

same way. 

4.2.1.2 peR amplification of RDs 

Three previously-described PCR assays were used to determine the presence or 

absence of three RDs, namely RDmic
, RD4 and RD14 (Brosch et aI., 2002). Each 

reaction mix consisted of 0.5 III of a 25 pmolllr1 solution of each primer (see 

Table 4.1), 10 III of HotStart Taq Mastermix (Qiagen), 7 III of sterile distilled 

water and 2 III of template DNA. Reaction mixes were subjected to the following 

thermal programme: an initial denaturation at 9s"C for 15 min, then 35 cycles of 

94°C for 60 sec, 61°C for 60 sec and 72°C for 150 sec, then a final elongation step 

at 72°C for 10 min. Each PCR run included, in addition to test strains, the two 

control strains and a reagent-only (no DNA added) negative control. 

Amplification products were electrophoretically resolved on 1.5% agarose gels 

containing 711g mrl ethidium bromide in Tris-acetate-EDTA (rAE) buffer, then 

visualised under UV illumination. 

102 



region of expected 
difference primer sequences fragment size (bp) 
RD4 forward 5'-etg gte gaa ggc cae taa ag-3' 447 

reverse 5' -aag geg aac aga tte age at-3' 

RD1
m,c forwa rd 5' -gea gtg eaa agg tge aga ta-3' 642 

reverse 5' -gca gtg caa agg tge aga ta-3' 

RD14 forward 5' -ega tgg tgt ttc ttg gtg ag-3' 481 
reverse 5' -gga tcg gct cag tga ata cc-3' 

Table 4.1 Sequences of primers used in PCR amplification of RDs as described by 
Brosch et aI., 2002. 

4.2.2 Spoligatyping 

4.2.2.1 M. micron isolates 

Thirty nine representatives were selected from the archive of M. micron isolates 

obtained from field voles inhabiting Kielder Forest District since 2001. Isolates of 

diverse provenance were chosen, by selecting strains infecting voles in different 

areas of the District and from different years (April 2002 to September 2005), as 

described in Table 4.2. For each isolate, a sweep of colonies was harvested from 

UP agar slopes into a sterile Eppendorf tube containing 50~1 of sterile water. 

This cell suspension was then held at 100·C on a heating block for 10 min to kill 

and lyse bacteria. M. tuberculosis and M. bovis control strains were prepared in 

the same way. 
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survey date isolate grid catchment 
April 2002 A016 SWC Redesdale 

A031 BGB Kielder 
A061 PU Kielder 
A085 WNB Kielder 
A097 SWB Redesdale 
A102 BlB Kielder 
B009 TBB Kershope 
B022 TBB Kershope 
B042 TOH Kershope 
B063 RPC Kersho~e 

B091 RPC Kershope 
B103 KRB Kersh~e 

B198 KRB Kershope 
September 2002 C040 BlB Kielder 

C167 LSB Kielder 
C183 BlB Kielder 
0036 WNH Kielder 
0037 WNH Kielder 

April 2003 E004 LSB Kielder 
E069 BBH Kielder 
E088 PU Kielder 
F003 QRY Redesdale 
F010 WBN Kielder 
F030 CWS Kersh~e 
F148 KRB Kershope 
F182 TBB Kershope 
F186 TBB Kershope 

April 2005 TlOO CWS Kershope 
Tl15 TBB Kershope 
Tl89 KRB Kershope 
V007 SQC Kielder 
VOS7 BBH Kielder 
W060 BHP Redesdale 
W099 WBN Kielder 
W123 PU Kielder 
W135 CWS Kershope 

September 2005 AA101 KCS Kielder 
AA368 LSB Kielder 
AC068 TBB Kersho~e 

Table 4.2 Provenance of M. microti isolates on which spoligotyping was 

performed. 

4.2.2.2 peR amplification of the DR region 

peR-based amplification of the DR region was achieved using a previously-

described assay (Kamerbeek et al., 1997). Each reaction mixture comprised 2 III 
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of a 25 pmoll1r1 solution of biotinylated primer ORa (5'-ggt ttt ggg tct gac gac-3'), 

2111 of a 25 pmoll1r1 solution of primer ORb (5'-ccg aga ggg gac gga aac-3'), 12.5111 

of HotStart Taq Mastermix (Qiagen), 5.5111 of sterile distilled water and 5111 of 

boiled cell suspension. Reaction mixes were subjected to the following thermal 

programme: an initial denaturation at 95°C for 15 min, then 35 cycles of 96°C for 

60 sec, 55°C for 60 sec and 7rc for 50 sec, then a final elongation step at 72"C 

for 10 min. Each PCR run included, in addition to test strains, two positive 

control strains (M. tuberculosis H37RVb and M. bovis BeG) and a reagent-only 

(no DNA added) as a negative control. 

4.2.2.3 Attachment of DR spacer oligonucleotides to the spoligotype membrane. 

Oligonucleotides corresponding to 43 unique DR spacer regions, were 

synthesized commercially (Eurofins MWG Operon) with a 5'-terminal amino 

group modification, permitting their covalent linkage to a negatively charged 

nylon membrane. Each oligonucleotide was diluted to a pre-determined optimal 

concentrations (typically 125 to 5000 pmol) in 150111 of 500mM NaHC03, pHB.4. 

A negatively charged nylon membrane (Biodyne C, Pall Europe, Portsmouth, UK) 

was cut to the appropriate size and activated by a 10 min incubation in 16% 

(w/v) 1-ethyl-3(3-dimethyaminpropyl) carbodiimide (EOAC) in distilled water in a 

rolling hybridisation bottle at room temperature. The activated membrane was 

then placed on a support foam cushion (PC200, Immunetics, Cambridge, UK) and 

the two layers were sandwiched in a clean miniblotter system (MN45, 

Immunetics) with the membrane on the slatted side of the apparatus. After 
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removal of residual liquid, 150111 of each of the 43 oligonucleotides was added to 

the different slats spanning the membrane. After 1 min incubation, excess 

oligonucleotide was removed from each slat by aspiration, the membrane was 

removed from the miniblotter using forceps and inactivated by soaking in 100 

mM NaOH in a rolling bottle at room temperature for 8 min. The membrane was 

washed in 250ml of primary buffer (2xSSPE [0.18 M Na CI, 10 mM Na H2 P04, 1 

mM EDTA (pH7.7)], 0.1% SDS) for 5 min at GO°C then stored at 4°C until required. 

4.224 Hybridisation of peR products to membrane-bound oligonucleotides 

A 150 ~I aliquot of the primary buffer was dispensed into each well of a 9G well 

microtitre plate, then 20~1 of PCR product was added to each well. The plate 

was sealed and heated to 96°C for 10 min to denature the PCR product. 

The membrane with DR spacer oligonucleotides attached was removed from the 

fridge and equilibrated in 250ml of pre-warmed primary buffer for 10 min in the 

GOoC oven on the shaking platform. The membrane was placed on a foam 

cushion and the two layers were sandwiched in the miniblotter as before, 

ensuring that the lines of oligonucleotides ran perpendicular to the slats. An 

aspirator was used to remove any residual fluid from the slats. The denatured 

PCR products were removed from the heating block onto ice, then each was 

aliquoted into one of the slats on the miniblotter, which was then hybridized for 

GO min at 600 e on a horizontal surface without shaking. Next, excess PCR 

products were removed from each slat by aspiration and the membrane was 

transferred into 250ml of secondary buffer (2XSSPE-O.5% SDS) using forceps. The 
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membrane was washed in this buffer twice at 60·C for 10 min on a shaking 

platform before being transferred to a rolling bottle containing distilled water 

and allowed to cool. The distilled water was discarded and replaced with 2.51l1 of 

streptavidin-peroxidase conjugate (500U ml"l) (Boehringer ltd, Bracknell, UK) 

diluted in 10ml of secondary buffer. The membrane was incubated at 42·C for 

60 min then was removed from the bottle and placed in a plastic container 

containing 250ml of secondary buffer. The membrane was washed twice in this 

buffer for 10 min at 42·C on a shaking platform, then twice with 2X SSPE for 5 

min at room temperature. The membrane was transferred to a plastic pouch to 

which 15 ml of chemiluminescent peroxidase substrate (ECl Solution, Amersham 

Biosciences, Little Chalfont, UK) was added. After 2 to 10 min, the membrane 

was removed from the pouch and wrapped in clingfilm. In a dark room the 

membrane was placed in contact with X-ray film in an autorad cassette case and 

exposed at room temperature for between 20 min to overnight, depending on 

signal strength. Following exposure, the X-ray film was developed using an 

automatic X-ray developer and results were read by placing the developed film 

on a light box. 

4.2.3 Variable number of tandem repeat (VNTR) analysis 

4.2.3.1 M. microti isolates 

One hundred and twenty one representatives were selected from the archive of 

M. microti isolates obtained from field voles inhabiting Kielder Forest District 

since 2001. Isolates of diverse provenance were chosen, by selecting strains 

infecting voles in different areas of the District and from different years (April 
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2002- September 2005), as described in Table 4.3. For each isolate, a sweep of 

colonies was harvested from agar slopes into a sterile Eppendorf tube containing 

50111 of sterile water. This cell suspension was then held at 1000 e on a heating 

block for 10 min to kill and lyse bacteria. M. tuberculosis and M. bovis control 

strains were prepared in the same way. 

survey date isolate grid catchment 

Apr-02 A016 SWC Redesdale 

Apr-02 A03l BGB Kielder 

Apr-02 A06l PU Kielder 

Apr-02 A063 RPC Kershope 

Apr-02 A08S WNH Redesdale 

Apr-02 A097 SWC Redesdale 

Apr-02 A100 RPC Kershope 

Apr-02 A10l RPC Kershope 

Apr-02 A102 BLB Kielder 

Apr-02 B022 TBB Kershope 

Apr-02 B042 TOH Kershope 

Apr-02 B063 RPC Kershope 

Apr-02 B091 RPC Kershope 

Apr-02 B103 KRB Kershope 

Apr-02 B148 KRB Kershope 

Apr-02 B198 KRB Kershope 

Sep-02 C167 LSB Kielder 

Sep-02 C183 BLB Kielder 

Sep-02 0037 WNH Redesdale 

Apr-03 E004 BGB Kielder 

Apr-03 E036 BCR Kielder 

Apr-03 E069 BBH Kielder 

Apr-03 E088 PU Kielder 

Apr-03 FOO3 QRY Redesdale 

Apr-03 F010 WBN Kielder 

Apr-03 F016 ROB Redesdale 

Apr-03 F018 ROB Redesdale 

Apr-03 F022 ROB Redesdale 

Apr-03 Fl17 TBB Kershope 

Apr-03 F120 TBB Kershope 

Apr-03 F12l TBB Kershope 

Apr-03 F148 KRB Kershope 

Apr-03 F182 TBB Kershope 

Apr-03 F18S TBB Kershope 

Apr-03 Fl86 TBB Kershope 

Apr-OS T016 TRI Kershope 

Apr-OS T024 CGF Kershope 

Apr-OS T027 CGF Kershope 

Apr-OS T037 SLB Kershope 

Apr-OS T039 SL B Kershope 

Apr-OS TOS9 RPC Kershope 

Apr-OS TlOO CWS Kershope 

Apr-OS TllS TBB Kershope 

Apr-OS TlSl CGF Kershope 
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survey date isolate grid catchment 
Apr-OS T178 CGF Kershope 
Apr-OS T183 TBB Kershope 
Apr-OS T20B TDH Kershope 
Apr-OS T2l0 TDH Kershope 
Apr-OS VOO2 SQC Kielder 
Apr-OS VOO7 SQC Kielder 
Apr-OS VOll SQC Kielder 
Apr-OS V019 BLB Kielder 
Apr-OS V022 BLB Kielder 
Apr-OS von BlB Kielder 
Apr-OS V027 KCS Kielder 

Apr-OS V029 KCS Kielder 
Apr-OS V030 KCS Kielder 
Apr-OS V040 SLB Kershope 
Apr-OS V043 BCR Kielder 
Apr-OS V046 SWB Kielder 
Apr-OS V047 SWB Kielder 

Apr-OS V048 SWB Kielder 

Apr-OS VOSO SWB Kielder 

Apr-OS VOSl SWB Kielder 

Apr-OS VOS7 BBH Kielder 

Apr-OS V062 SQC Kielder 

Apr-OS V063 SQC Kielder 

Apr-OS V064 SQC Kielder 

Apr-OS VOS7 BBH Kielder 

Apr-OS V073 LSB Kielder 

Apr-OS V076 lSB Kielder 

Apr-OS VOBS BCR Kielder 

Apr-OS V090 SWB Kielder 

Apr-OS V097 SQC Kielder 

Apr-OS W016 RlB Kershope 

Apr-OS W02S CWS Kershope 

Apr-OS W027 CWS Kershope 

Apr-OS W029 TBB Kershope 

Apr-OS W037 WBN Redesdale 

Apr-OS W042 WBN Redesdale 

Apr-OS WOS4 CWS Kershope 

Apr-OS WOSS CWS Kershope 

Apr-OS WOS9 BHP Redesdale 

Apr-OS WOGO BHP Redesdale 

Apr-OS WOG2 BHP Redesdale 

Apr-OS WOGS BHP Redesdale 

Apr-OS WOG7 CWS Kershope 

Apr-OS W073 FRD Kielder 

Apr-OS WOBl CHS Kielder 

Apr-OS W082 CHS Redesdale 

Apr-OS W08S CHS Redesdale 

Apr-OS W09G ROB Redesdale 

Apr-OS W097 ROB Redesdale 

Apr-OS W098 SWC Redesdale 

Apr-OS W099 WBN Kielder 

Apr-OS W114 FRD Kielder 

Apr-OS W12S PU Kielder 

Apr-OS W12G PU Kielder 

Apr-OS W13S CWS Kershope 

Sep-OS AA012 QRY Redesdale 
Sep-OS AA062 SWC Redesdale 
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survey date isolate grid catchment 
Sep-OS AA10l KCS Kielder 
Sep-OS AA102 KCS Kielder 
Sep-OS AA103 KCS Kielder 
Sep-OS AA146 ROB Redesdale 
Sep-OS AA1S2 ROB Redesdale 
Sep-OS AA1S6 ROB Redesdale 
Sep-OS AA183 BlB Kielder 
Sep-OS AA261 CHS Redesdale 
Sep-OS AA267 PU Kielder 
Sep-OS AA366 SWB Kielder 
Sep-OS AA368 lSB Kielder 
Sep-OS AA369 BCR Kielder 
Sep-OS AC068 TBB Kershope 
Sep-OS AC090 RlB Kershope 
Apr-06 BA042 TBB Kershope 
Apr-06 BA08l SWB Kielder 
Apr-06 BA123 WBN Redesdale 
Apr-06 BB09S SWB Kielder 
Sep-06 CBOS2 ROB Redesdale 

Table 4.3 Provenance of M. micron isolates on which VNTR typing was 

performed. 

4.2.3.2 peR-based amplification of VNTR loci 

PCR-based amplification of six VNTR loci was performed according to a 

previously-described protocol (Frothingham et aI., 1998). Each 25,.d reaction 

mixture comprised of Illl of a 25 pmolllr1 solution of the forward primer, 1111 of 

a 25 pmolllr1 solution of the reverse primer (Table 4.4 ), 2x PCR Mastermix 

(Thermo Scientific), 9111 of sterile distilled water and 3111 of boiled cell suspension. 

Reaction mixes were subjected to the following thermal programme: an initial 

denaturation at 95°C for 3 min, then 45 cycles of 96°C for 10 sec, 58°C for 10 sec 

and 7rC for 60 sec, then a final elongation step at 7rC for 10 min. Each PCR 

run included, in addition to test strains, two positive control strains (M. 

tuberculosis H37RVb and M. bovis BCG and a reagent-only (no DNA added) as a 

negative control. PCR products were analysed either by fragment analysis, 

sequencing (see below) or by UV illumination following electrophoretic 
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resolution through a 1.5% (w/v) agarose gel containing 7~g mrl ethidium 

bromide in TAE buffer. 

VNTR locus primers 

ETR-A forward 5'-aaa tcg gtc cca tca cet tct ta-3' 
reverse 5' -cga agc ctg ggg tgc ccg cga ttt-3' 

ETR-B forward 5' -gcg aac acc agg aca gca tea tgg gtt 
reverse 5'-gge atg ccg gtg atc gag tgg cta ta-3' 

ETR-C forward 5' -gtg agt cgc tge aga ace tgc ag-3' 
reverse 5' -ggc gte ttg ace tcc aeg agt g-3' 

ETR-O forward 5'-eag gte aea acg aga gga aga ge-3' 
reverse 5' -gcg gat cgg eca geg act eet e-3' 

ETR-E forward 5'-ctt cgg cgt ega aga gag cctc-3' 
reverse 5'-egg aae get ggt cae cae cta ag-3' 

ETR-F forward 5' -ggt gat ggt ceg gce ggt cae-3' 
reverse 5' -gtg ctc gac aac gcc atg cc-3' 

Table 4.4 Oligonucleotide primers used for VNTR analysis 

4.2.3.4 Fragment analysis of VNTR amplification products 

Fragment analysis was performed commercially on peR products amplified as 

described above except that the forward primer used in each reaction was 

fluorescein-labelled. Products of these reactions were submitted directly to a 

commercial service. 

4.2.3.5 Sequencing of VNTR amplification products 

Amplification products were purified for sequencing using the QIAquick peR 

clean-up kit (Qiagen). Briefly, 50 ~I of peR product was added to 250 III of PBI 

buffer, mixed thoroughly then added to a spun column. The column was then 

centrifuged at 13,000 x g for 60 sec and the flow-through discarded. Next, 750~1 

of the PE buffer was added to the column, which was then spun centrifuged 
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again at 13,000 x g for 60 sec. The flow-through was discarded and the column 

re-centrifuged as before. The column was then placed in a sterile 1.7ml 

Eppendorf tube and 15111 of sterile distilled water was added to it. The column 

was centrifuged for a final time and the purified DNA solution that was eluted 

from the column was collected. The success of this protocol was assessed by UV 

illumination of a 1.5% (w/v) agarose gel containing 5 Ilg mrl ethidium bromide in 

TAE buffer on which 1111 of purified peR product had been electrophoretically 

resolved. Provided a strong band was visible on this gel, the peR product was 

submitted to a commercial sequencing service. Sequencing reactions were 

performed with the same primers as used for amplification of the VNTR locus. 

4.3 Results 

4.3.1 Exploring regions of difference 

Eighteen M. microti representatives were tested for the presence/absence of 

three regions of difference, RD
mic

, RD 4 and RDI4. The same result was obtained 

for allIS isolates (Table 4.5), with RD
mic 

being absent but RD4 and RD14 being 

intact. The two control strains used in this assay also gave anticipated results. 
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Strain ROmic R04 R014 
A100 deleted intact intact 
6042 deleted intact intact 
F016 deleted intact intact 
F120 deleted intact intact 
T210 deleted intact intact 
V047 deleted intact intact 
VOSO deleted intact intact 
V062 deleted intact intact 
V076 deleted intact intact 
W054 deleted intact intact 
W060 deleted intact intact 
W067 deleted intact intact 
W096 deleted intact intact 

W099 deleted intact intact 

AA010 deleted intact intact 

6A012 deleted intact intact 

6609S deleted intact intact 
C6052 deleted intact intact 
M.tuberculosis H37RVb intact intact intact 
M. bovis 6eG intact deleted deleted 

Table 4.5 RD analysis in 18 M. microti strains and M. tuberculosis and M. bovis 

controls. 

4.3.2 Spoligotyping 

Spoligotyping was attempted on 39 M. microti isolates. A clear signal was 

obtained for 32 of these isolates, with all possessing the spoligotype, 580118, 

which comprised of DVRs 37 and 38 only (Figure 4.1). 

113 



.~~" •••• , •• t ... .... . ........ 
5 10 15 20 25 30 35 3738 40 

ID1Rw 
AI 6 
Al l 
A6 1 
A8S 
A97 
AI 02 

101 
AAJ68 
A 68 
0 009 
8 022 
0042 
B063 
0091 
01 03 
B lq 

().lO 
167 
183 
36 

DOJ7 
E()()4 

E069 
E8B 
FOO 
POl O 
FOlO 
FI48 
Fill 
FI86 
TIOO 
T II S 
Tl 89 
V7 
VS7 
W60 
W99 
Wi ll 
Wl l! 
I IJ7RVb 

Figure 4.1 Spoligotyping patterns for M micron isolates from field voles. All 

isolates possess the same pattern in which only two spacers (spacers 37 and 38) 

are present. The pattern from a reference strain (M. tuberculosis H37RVb) is 

shown at the top and bottom of the blot. 

4.3.3 VNTR analysis 

VNTR analysis was attempted on 121 M . micron isolates, and a complete profile 

was obtained for 79 of these isolates (Table 4.6). 
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survey date isolate grid catchment VNTR genotype 
Apr-02 AOl6 SWC Redesdale KFMM1 
Apr-02 A03l BGB Kielder KFMM1 
Apr-02 A061 PU Kielder KFMM1 
Apr-02 A063 RPC Kershope NR' 
Apr-02 A08S WNH Redesdale NR' 
Apr-02 A097 SWC Redesdale KFMM1 
Apr-02 A100 RPC Kershope KFMMl 
Apr-02 Al01 RPC Kershope KFMM2 
Apr-02 Al02 BlB Kielder KFMM1 
Apr-02 B022 TBB Kershope KFMMl 
Apr-02 B042 TDH Kershope KFMM3 
Apr-02 B063 RPC Kershope NR' 
Apr-02 B091 RPC Kershope KFMM1 
Apr-02 B103 KRB Kershope KFMM3 
Apr-02 B148 KRB Kershope NR' 

Apr-02 B198 KRB Kershope KFMM1 
Sep-02 C167 LSB Kielder KFMMl 

Sep-02 C183 BlB Kielder KFMMl 

Sep-02 0037 WNH Redesdale NR' 

Apr-03 E004 BGB Kielder KFMMl 

Apr-03 E036 BCR Kielder NR 

Apr-03 E069 BBH Kielder KFMM1 

Apr-03 E088 PU Kielder NR 

Apr-03 F003 QRY Redesdale KFMMl 

Apr-03 FOlO WBN Kielder KFMMl 

Apr-03 F016 ROB Redesdale KFMMl 
Apr-03 F018 ROB Redesdale KFMM2 

Apr-03 F022 ROB Redesdale KFMM1 

Apr-03 F1ll TBB Kershope KFMM9 

Apr-03 Fl20 TBB Kershope KFMMI 

Apr-03 F12l TBB Kershope KFMM2 

Apr-03 F148 KRB Kershope KFMM1 

Apr-03 F182 TBB Kershope KFMM1 

Apr-03 F18S TBB Kershope KFMM1 

Apr-03 Fl86 TBB Kershope KFMM1 

Apr-OS TOl6 TRI Kershope NR' 

Apr-OS T024 CGF Kershope KFMM1 

Apr-OS T027 CGF Kershope NR' 

Apr-OS T037 SlB Kershope KFMM1 

Apr-OS T039 Sl B Kershope KFMM1 

Apr-OS TOS9 RPC Kershope KFMM1 

Apr-OS TlOO CWS Kershope KFMMl 

Apr-OS TllS TBB Kershope KFMM1 

Apr-OS TlS1 CGF Kershope NR' 

Apr-OS Tl78 CGF Kershope KFMMl 

Apr-OS Tl83 TBB Kershope NR' 

Apr-OS T208 TDH Kershope KFMMl 

Apr-OS T210 TDH Kershope KFMM7 

Apr-OS V002 SQC Kielder KFMMl 

Apr-OS V007 SQC Kielder KFMM1 

Apr-OS VOll SQC Kielder KFMM1 

Apr-OS VOl9 BlB Kielder NR' 

Apr-OS V022 BlB Kielder NR' 

Apr-OS V023 BlB Kielder NR 

Apr-OS V027 KCS Kielder NR 

Apr-OS V029 KCS Kielder NR 

Apr-OS V030 KCS Kielder NR 

Apr-OS V040 SlB Kershope NR 
Apr-OS V043 BCR Kielder KFMM1 
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survey date isolate grid catchment VNTR genotype 
Apr-OS V046 SWB Kielder KFMMl 
Apr-OS V047 SWB Kielder KFMM4 
Apr-OS V048 SWB Kielder KFMMl 
Apr-OS VOSO SWB Kielder KFMMS 
Apr-OS VOSl SWB Kielder NR' 
Apr-OS VOS7 BBH Kielder KFMM6 
Apr-OS V062 SQC Kielder KFMM4 
Apr-OS V063 SQC Kielder KFMMl 
Apr-OS V064 SQC Kielder KFMMl 
Apr-OS V073 lSB Kielder NR 
Apr-OS V076 lSB Kielder KFMMl 
Apr-OS V08S BCR Kielder NR 
Apr-OS V090 SWB Kielder KFMM4 
Apr-OS V097 SQC Kielder NR 
Apr-OS WOl6 RlB Kershope KFMMl 
Apr-OS W02S CWS Kershope KFMMl 
Apr-OS W027 CWS Kershope KFMMl 
Apr-OS W029 TBB Kershope KFMMl 
Apr-OS W037 WBN Redesdale NR 
Apr-OS W042 WBN Redesdale NR 
Apr-OS WOS4 CWS Kershope KFMMl 
Apr-OS WOSS CWS Kershope KFMM2 

Apr-OS WOS9 BHP Redesdale KFMMl 

Apr-OS W060 BHP Redesdale KFMMl 
Apr-OS W062 BHP Redesdale NR 
Apr-OS W06S BHP Redesdale KFMMl 
Apr-OS W067 CWS Kershope KFMMl 
Apr-OS W073 FRD Kielder NR 

Apr-OS W08l CHS Kielder KFMMl 
Apr-OS W082 CHS Redesdale NR 
Apr-OS W08S CHS Redesdale NR 

Apr-OS W096 ROB Redesdale KFMM3 
Apr-OS W097 ROB Redesdale KFMM8 
Apr-OS W098 SWC Redesdale KFMMS 
Apr-OS W099 WBN Kielder KFMMl 
Apr-OS W1l4 FRD Kielder KFMMl 
Apr-OS Wl2S PU Kielder NR 

Apr-OS Wl26 PU Kielder NR 

Apr-OS W13S CWS Kershope KFMMl 

Sep-OS AAOl2 QRY Redesdale NR 

Sep-OS AA062 SWC Redesdale KFMMl 

Sep-OS AAlOl KCS Kielder KFMMl 

Sep-OS AAI02 KCS Kielder KFMM2 

Sep-OS AAlO3 KCS Kielder NR 

Sep-OS AAl46 ROB Redesdale KFMMl 

Sep-OS AAlS2 ROB Redesdale NR 

Sep-OS AAlS6 ROB Redesdale NR 

Sep-OS AAl83 BlB Kielder NR 

Sep-OS AA26l CHS Redesdale NR 
Sep-OS AA267 PU Kielder NR 
Sep-OS AA366 SWB Kielder NR 
Sep-OS AA368 LSB Kielder KFMMl 
Sep-OS AA369 BCR Kielder NR 
Sep-OS AB084 LWH Kielder NR 
Sep-OS AC068 TBB Kershope KFMMl 
Sep-OS AC090 RLB Kershope NR 
Apr-06 BA042 TBB Kershope KFMMl 
Apr-06 BA08l SWB Kielder KFMMl 
Apr-06 BA123 WBN Redesdale KFMMl 
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survey date isolate grid catchment VNTR genotype 
Apr-06 BB095 SWB Kielder KFMMS 
Sep-06 CB052 ROB Redesdale KFMM1 
Sep-06 CB031 QRY Redesdale NR ,1_ 

NR - No results 

Table 4.6 Results of VNTR typing on 121 M. micron isolates. 

A total of nine VNTR profiles were distinguished among these 79 isolates. The 

most common profile was encountered in 61 isolates, 5 strains possessing the 

second most common profile, three profiles encountered 3 isolates each, and 

four profiles being encountered only once (Table 4.7). The discriminatory power 

of the VNTR typing scheme was quantified by measuring allelic diversity (the 

probability of identifying different types in two isolates chosen at random) using 

the equation h = 1- IXj2 (n / n-l) where n is the number of isolates and Xl the 

frequency of the ith allele (Selander et aI., 1986). Using this equation, the allelic 

diversity among the 79 isolates determined using VNTR was 0.385. 

N° of VNTR locus allelic 
isolates 

ETR-A ETR-B ETR-C ETR-D ETR-E ETR-F 
profile 

61 5 5 5 4 2 3.3 KFMMl 

5 5 5 5 6 2 2.2 KFMM2 

3 5 4 5 4 2 3.3 KFMM3 

3 4 5 5 4 2 3.3 KFMM4 

3 3 5 5 4 2 3.3 KFMMS 

1 5 5 5 4 2 3.2 KFMM6 

1 5 5 5 4 2 3.4 KFMM7 

1 5 5 5 3 2 3.3 KFMM8 

1 3 4 5 4 2 3.3 KFMM9 

Table 4.7 Details of the Nine VNTR profiles distinguished in this study 

117 



Amplification of the ETR-A locus yielded three different sized fragments of 575 

bp, 500 bp and 420 bp (Figure 4.2), representing 3, 4 and 5 copies of the 75 bp 

repeat respectively. Seventy two of the 79 isolates possessed 5 repeats, whereas 

three possessed 4 repeats and four possessed 3 repeats. The allelic diversity 

among the isolates using this locus only was 0.16. 

1 2 3 4 5 6 7 8 9 10 11 12 

Figure 4.2 ETR-A peR products obtained from a representative panel of M. 

micron isolates. Lane 1-4: isolates have ETR-A allele A3,Ianes 5-7: ETR-A allele A4, 

and lanes 8-11: ETR-A allele AS. Lane 12 contains Hindlll digest of cpx174 size 

marker (400bp and 603 bp bands indicated). 

Amplification of the ETR-B locus yielded two different sized fragments of 330 bp 

and 360 bp size, representing 4 and 5 copies of the 57 bp repeat respectively. 
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Seventy five of the isolates possessed 5 repeats and for isolates possessed 4 

repeats. The allelic diversity among the isolates as determined by solely this 

locus was 0.11. 

Amplification of the ETR-O locus yielded three different size products of 305bp 

and 381bp and 538bp, representing 3, 4 and 6 copies of the 77 bp repeat 

respectively. Seventy two of the isolates possessed 4 repeats, five possessed 6 

repeats and 1 possessed 3 repeats. The allelic diversity as determined by this 

locus was 0.15. 

Amplification of the ETR-F locus yielded four different sized products of 375 bp, 

445 bp, 502 bp and 559 bp, representing 55 bp tandem repeat and 79bp tandem 

repeat. Seventy two of the isolates possessed 3.3 repeats,S possessed 2.2 

repeats, and 3.2 and 3.4 were each encountered in one isolate. The allelic 

diversity determined for the isolates using only this locus was 0.16). The three 

alleles consisted of 3.2, 3.3 and 3.4 tandem copies of the 79 &55 bp repeat unit. 

As this locus can contain various permutations of 55bp and 79bp tandem 

repeats, distinguishable by only small size differences, PCR products can prove 

difficult to size, hence, to confirm the results above, some sequencing was done 

(see below). 

Amplification of the ETR-C and ETR-E loci yielded products of 305 bp and 170 bp 

respectively for all 79 isolates, hence neither locus was discriminatory (allelic 

diversity = 0). 
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4.3.4 Sequencing of VNTR amplification products 

On occasion, the results of fragment analysis and/or agarose gel-based estimates 

of VNTR PCR product size were unexpected. To help clarify their identity, 

nucleotide base sequencing was performed. ETR-F was investigated in this 

manner, with amplification products from the previously-unseen F2.2 allele 

being sequences from four isolates (Tll0, V057, V062 and C8052). An 

indistinguishable sequence was obtained from all four isolates and comparative 

analysis of this sequence confirmed it contained two pairs of tandem repeats, 

one of 55 bp and one of approximately 80 bp (Figure 4.3) . 

V062 
CBOS2 
T2l0 
VOS? 

V062 
CBOS2 
T2l0 
VOS? 

V062 
CBOS2 
T2 10 
VOS? 

V062 
CBOS2 
T2 10 
VOS? 

1 
1 
1 
1 

61 
61 
61 
61 

GTGAGCCTGCAAGCCGCCCCCCACCACCTCGACTTCGGGCAGCTCGGGCATI CCAGTGAT0 
GTGAGCCTGCAAGCCGCCCCGCACCACCTCGACTTCGGGCAGCrCGGGCAT CCAGTGATO 
GTGAGCCTGCAAGCCGCCCCCCACCACCTCGACTTCGGGCAGCTCGGGCAT CCAOTGATO 
GTGAGCCTCCAAGCCCCGCCGCACCACCTCGACTTCGGGCAGCTCGGGCAT CCAOTGATO 

ATCGCAAGCGCGGCGAAGCCGGGCGCAGCGGGTCATCACCATCGAAI CCAOTGATGATCOC 
ATCGCAAGCGCGGCGAAGCCGGGCGCAGCGGOTCATCACCATCGAA CCAOTGATGATCGC 
ATCGCAAGCGCGGCGAAGCCGGGCGCAGCGGGTCATCACCATCGAA CCAGTGATGATCGC 
ATCGCAAGCGCGGCGAAGCCGGGCGCAGCGGGTCATCACCATCGAA CCAGTGATGATCOC 

12 1 AAGCGCGGCGAAGCCGGGCGCAGCGGGTCATCACCATCGAAI CCAGTGATGATCGCAAGCG 
12 1 AAGCGCGGCGAAGCCGGGCGCAGCGGGTCATCACCATCGAA CCAGTGATGATCGCAAGCO 
12 1 AAGCGCGGCGAAGCCGGGCGCAGCGGGTCATCACCATCGAA CCAGTGATGATCGCAAGCG 
121 AAGCGCGGCGAAGCCGGGCGCAGCGGGTCATCACCATCGAA CCAGTGATGATCGCAAGCO 

16 1 CGGCGAAGCCGGGCGCAGTCCCCCGCAAOCOGGAGOTGCCCCCAGGTCATCACCATCGAAI 
18 1 CGGCGAAGCCGGGCGCAGTCCCCCGCAAGCGGGAGGTGCCCCCAGGTCATCACCATCGAA 
18 1 CGGCGAAGCCGGGCGCAGTCCCCCGCAAGCGOGAOGTGCCCCCAOOTCATCACCATCGAA 
161 COGCGAAOCCGOGCOCAGTCCCCCGCAAOCGOGAOOTOCCCCCAOOTCATCACCATC~ 

V062 241 CCAGTGATGATCGCAAGCGCGGCGAAGCCGGGCGCAGTCCCCCGCAAGCGCGOCAAAOCC 
CBOS2 24 1 CCAGTGATGATCGCAAGCGCGGCGAAGCCGGGCGCAOTCCCCCGCAAGCOCOOCAAAGCC 
T2 10 24 1 CCAGTGATGATCGCAAGCOCGGCGAAGCCGGGCGCAGTCCCCCOCAAOCGCOOCAAAOCC 
VOS? 241 CCAGTGATGATCGCAAGCGCGOCGAAGCCGGGCGCAGTCCCCCGCAAGCGCGOCAAAocc 

V062 
CBOS2 
T2 10 
VOS? 

30 1 GGCGCCCCCAGGTCATCACCATCAAI TCCAGTTAGGCGGAGGTTTTGCCC 
30 1 GGCGCCCCCAGGTCATCACCATCAA TCCAGTTAGGCGGAGGTTTTGCCC 
30 1 GGCGCCCCCAGGTCATCACCATCAA TCCAGTTAGGCGGAGGTTTTGCCC 
30 1 GGCGCCCCCAGGTCATCACCATCAA TCCAGTTAGGCGGAGGTTTTGCCC 

Figure 4.3 Alignment of ETR-F sequences for the four isolates studied. Tandem 

repeats are in bold and junctions between them are marked with II. The ETR 

contains two identical copies of a 55 bp repeat, then two near-identical copies of 

an 80/86bp repeat. Regions of difference between the copies ofthe second 

tandem repeat are underlined. 
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4.3.5 Molecular epidemiology of M. microti in Kielder Forest 

The VNTR data obtained for the 79 M. micron isolates was compared to 

epidemiological data were relating to the provenance of these isolates. For each 

isolate, details were available regarding the date and location where the animal 

was trapped. Population level data were relating to the size of the field vole 

population on a local and forest-wide scale was also available. 

One M. micron VNTR type, KFMMl dominated the population. At least 75% of 

the samples tested from each spatial survey possessed KFMMl and this 

genotype was present (Table 4.8), at some pOint, in each of the three Kielder 

catchments and even on all of the 24 grids where M. microti-infected animals 

were trapped. 

spatial voles TB voles KFMM genotype allelic 
survey caught % sampled diversity 

1 2 3 4 5 6 7 8 9 

2 215 13 12 9 1 2 0 0 0 0 0 0 0.355 
3 336 4 2 2 0 0 0 0 0 0 0 0 NT 
4 381 12 14 11 2 0 0 0 0 0 0 1 0.313 
8 230 29 40 30 1 1 3 2 1 1 1 0 0.410 
9 265 9 6 5 1 0 0 0 0 0 0 0 NT 

10 232 8 4 3 0 0 0 1 0 0 0 0 NT 
11 362 9 1 1 0 0 0 0 0 0 0 0 NT 

total 2021 11 79 61 5 3 3 3 1 1 1 1 0.385 

Table 4.8 Details of VNTR typing during each spatial survey 

Four genotypes were encountered infrequently, but more than once. Among 

these KFMM2 was encountered five times in four different spatial surveys, and at 

five different sites spread across all three catchments. KFMM3 was encountered 

three times in 2 spatial surveys at different sites in two catchments. KFMM4 was 

121 



also encountered three times, but all isolates were made during the same spatial 

survey and all of them were from Kielder catchment, two of them were from the 

same grid. KFMM5 was encountered three times in two different spatial surveys 

and at two grids in two different catchments (Table 4.9). 

genotype strain spatial survey catchment grid 

KFMM2 A101 2 (April 2002) Kershope RPC 

F018 4 (April 2003) Redesdale ROB 

F121 4 Kershope TBB 
W055 8 (April 2005) Kershope CWS 
AA102 9 (Sept 2005) Kielder KCS 

KFMM3 B024 2 Kershope TDH 
B103 2 Kershope KRB 

W096 8 Redesdale ROB 

KFMM4 V047 8 Kielder SWB 
V062 8 Kielder SQC 
V090 8 Kielder SWB 

KFMM5 V050 8 Kielder SWB 
W098 8 Redesdale SWC 
BB095 10 (April 2006) Kielder SWB 

Table 4.9 Provenance of the 14 isolates possessing uncommon VNTR genotypes. 

The diversity of genotypes present at different times during the study period and 

at different places across the study sites was also explored. Estimates of allelic 

diversity were made for spatial surveys in which more than 10 isolates yielded a 

complete VNTR profile. In April 2002 the allelic diversity was 0.355, in April 2003 

it was 0.313 and in April 2005 it was higher, at 0.410. These values compare to 

an allelic diversity of 0.385 for all 79 M. micron isolates studied (Table 4.8). For a 

spatial perspective, the allelic diversity in each catchment was calculated (Table 

4.10). Kielder had the highest allelic diversity, 0.439, and Kershope and 

Redesdale had similar values of 0.356 and 0.347 respectively. 
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catchment total KFMM genotype allelic diversity 
1 2 3 4 5 6 7 8 9 

Kershope 33 26 3 2 0 0 0 1 0 1 0.356 

Kielder 28 21 1 0 3 2 1 0 0 0 0.439 

Redesdale 18 14 1 1 0 1 0 0 1 0 0.347 

total 79 61 5 3 3 3 1 1 1 1 0.385 

Table 4.10 Allelic diversity in three of catchments in Kielder Forest. 

4.4 Discussion 

This is the first study to quantify the genetic diversity of M. micron strains 

circulating in field vole populations inhabiting Kielder Forest, and to use these 

typing data to attempt to explore the molecular epidemiology of vTB infections 

in endemically infected animals. Two of the typing methods used in this study, 

deletion analysis and spoligotyping, have been previously applied to a handful of 

M. micron isolates, but VNTR analysis has not previously been used in 

conjunction with this species other than during the development and evaluation 

of the methodology (Frothingham & Meeker-O'Connell, 1998). 

As expected, deletion analysis revealed that all M. micron strains studied lacked 

RDmic but were intact for the RD4 and RD14. Although the usefulness of deletion 

analysis for delineating MtC species and, in some instances, important lineages 

within species, is well-established (Brosch et aI., 2002; Smith et aI., 2006), to 

date, only a few M. micron strains have been included in these studies (Brosch et 

aI., 2002; Brodin et aI., 2002). The 18 isolates analysed in this study more than 

doubles the number of M. micron strains for which published deletion analysis 

data are available. Although the provenance of previously studied M. microti 
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strains is not absolutely clear, several were isolated from field voles in the UK 

during the 1930s, undoubtedly as part ofthe surveys reported by Wells (1946). 

Thus, our results provide evidence for a genomic stability in terms of retention of 

RD4 and RD14, among the M. microti population circulating in UK field voles over 

a 70 year period. 

All 32 M. microti isolates for which spoligotyping data were obtained possessed 

the same spoligotype, which comprised of DVRs 37 and 38 only. This spoligotype 

is considered the "classic" M. microti spoligotype and has previously been 

obtained from 24 field voles captured in Kielder and Cheshire in the late 1990s 

(Cavanagh et aL, 2002) and from UK field voles captured in the 1930s (van 

Soolingen et aL, 1998). It is tempting to assume that all M. microti strains 

circulating in field voles are likely to possess this spoligotype. However, as most 

strains examined were derived from animals that may well have been trapped in 

the same geographic location (Le. Kielder Forest), this assumption may be 

premature. In the UK, M. microti strains with this spoligotype have been 

recovered from mammals other than field voles, including cats, cows and 

badgers (Kremer et al., 1998; Emmanuel et aL, 2007). It is therefore reasonable 

to speculate that these animals acquired their infection following interaction 

with field voles. Cats and even badgers can actively hunt field voles so are among 

the species that more likely to acquire accidental infections. Field voles also 

inhabit pasture margins and thus may come into contact with cattle. The 

prevalence of M. microti infections in populations of "professional" field vole 
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hunters such as weasels or mink has not yet been assessed, but such studies may 

be worthwhile. 

Interestingly, a proportion of the M. microti strains for which spoligotypes data 

have been published possessed markedly different spoligotypes to that found in 

field voles (Kremer et aL, 1998; van Soolingen et aL, 1998; Emmanuel et aL, 

2007). The natural reservoir for these spoligotypes is not yet known, but, as 

suggested above, to dismiss field voles would be foolhardy. M.bovis spoligotypes 

in the UK are not randomly distributed geographically but rather show strong 

geographical localisation (Smith et aI., 2003) and the same may be true for M. 

microti. 

The application of VNTR, using the six loci described by Frothingham and 

Meeker-O'Connell (1998) was able to delineate genotypes among the 79 M. 

microti isolates from which a complete VNTR profile was obtained. The 

"sensitivity" of VNTR typing, as assessed by calculating allelic diversity, was 0.39. 

This value is low compared to previous studies in which VNTR typing has been 

applied to other MtC species. For example, Raring and colleagues (2002) 

calculated an allelic diversity of 0.67 when the ETR VNTRs were examined among 

42 M. bovis strains from Ireland. However, these isolates were selected on the 

basis of being epidemiologically unrelated to one another, unlike the M. microti 

isolates included in this study, many of which came from animals sampled in the 

same location at the same time. In a different epidemiological setting, Hilty and 

colleagues (2005) explored the discriminatory power of VNTR typing based on 12 

MIRUs,3 ETRs and VNTR 3232 among 67 M. bovis strains collected sequentially a 
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slaughterhouse in Chad. They concluded that VNTR typing was highly 

discriminative with an overall allelic diversity of 0.922. Perhaps more akin to the 

epidemiological situation found in the current study, Jeon and colleagues (2008) 

applied VNTR typing to distinguish M. bovis isolates obtained from cattle 

inhabiting a region of South Korea. A total of 59 strains were included in the 

study, collected over a two year period from 20 farms. The ETR VNTR panel 

discriminated these isolates into five allelic profiles with an allelic diversity of 

0.57. The most common profile was obtained from 35 isolates, and on most of 

the farms included only one or two allelic profiles. As with spoligotyping, VNTR 

genotypes of M. bovis are geographically localised in the UK (Smith et aI., 2006) 

such that a single allelic profile can dominate an area of 250 km 2
• The pattern of 

allelic diversity observed among M. microti isolates from field voles across 

Kielder Forest therefore appears similar to that observed on a local scale among 

the UK M. bovis population. 

The discriminatory power of individual ETR loci among the M. microti isolates 

were, as expected, varied. Several studies focused on VNTR discrimination of M. 

bovis have observed the same (Sola et aI., 2003; Roring et aI., 2004). For 

example, in the study described above, Hilty and colleagues (2005) reported that 

ETR-A and ETR-B were "highly discriminatory" with an allelic diversity of >0.25, 

whereas other loci showed no polymorphism at all. In the current study, ETR-A 

and ETR-F were the most discriminatory loci, whereas ETR-C and ETR-E had no 

discriminatory power. This finding is somewhat at odds with what is observed 
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from M. bovis in the UK where ETR-E and ETR-F are virtually monomorphic 

(Smith et aI., 2003). 

The application of M. microti genotyping to the study of vTS molecular 

epidemiology at Kielder did not reveal any dramatic findings. The dominant VNTR 

type (KFMM1) dominated the population in all three catchments and during all 

seven surveys. Its distribution was ubiquitous, being present on all grids where 

infected field voles were trapped. Generally, there were no obvious 

epidemiological links between the few animals that were infected with 

uncommon VNTR genotypes. For example, the five strains with a KFMM2 

genotype were encountered during four different spatial surveys at sites spread 

across all three catchments. The only exception was KFMM4 that was 

encountered three times in total and twice in two animals caught on the same 

grid at the same time. The diversity of M. micron genotypes was not obviously 

proportional to the size of the field vole population. A slightly elevated diversity 

was observed in one survey (SS8, April 2005) compared to others, but this survey 

was also the one from which the largest sample was available. There was also no 

obvious difference in strain diversity among isolates obtained from animals living 

in different catchments. Strains from Kielder were slightly more diverse than 

those from either of the two other catchments but the significance of this 

observation is unclear. 

In summary, molecular typing using methods of proven value among other MtC 

members, were applied to a large panel of representative isolates of M. microti 
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from Kielder field voles. As expected these isolates were monomorphic when 

tested using deletion analysis and spoligotyping. VNTR analysis, however, was 

discriminatory, delineating the isolates into six genotypes with an allelic diversity 

index of 0.39. This pattern is akin to that observed on a parish-scale for M. bovis 

in the UK. Comparison of the relative discriminatory power of individual ETR loci 

indicates expected variation, but the relative performance of each locus for M. 

microti discrimination is different to that observed for M. bovis discrimination. 

The molecular epidemiologic picture for vTB at Kielder suggests a stable 

population of strains in circulation, with one genotype dominating both 

temporally and spatially. No evidence of epidemic or geographically localised 

genotypes could be found. 

128 



Chapter 5. 

Immunological response to M. microti infection in 

field voles 
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5.1 Introduction 

M. microti infections have, to date, been diagnosed solely by clinical signs or 

post-mortem examination. Work reported in this thesis and elsewhere (Burthe 

et aI., 2008) has demonstrated the insensitivity of a clinical approach to diagnosis 

compared to post-mortem pathology and microbiology. The absence of a 

sensitive means of detecting infections in living animals represents a significant 

hindrance to efforts aimed at better understanding the epidemiology of vole 

tuberculosis. In an earlier Chapter (3), attempts to develop and evaluate a PCR

based approach to vTB diagnosis were described. However, for other M. 

tuberculosis complex (MtC) members at least, tests for cellular immunity have 

long represented an important means of ante-mortem diagnosis (de la Rua

Domenech et aI., 2006). This chapter therefore reports on attempts to adapt a 

commercial assay used for the detection of interferon gamma in response to 

MtC stimulation in mice, for use in voles. 

M. microti, like other MtC species is an intracellular pathogen of monocytic cells. 

The predominant immunological response in MtC-infected hosts is effected by T 

lymphocytes, and the Th1 response provoked is both the mechanism of host 

defence (Walker & Lowrie, 1981) and the cause of the chronic granulomas that 

characterise the pathology of MtC infections (Pritchard, 1988). Interferon 

gamma (IFN-V) is a cytokine predominantly secreted by activated Th1 cells, which 

represent a subset of CD4+ T cells. T cell differentiation towards the Th1 subset 

is itself driven by interleukin 12 and IFN-y produced by natural killer cells in 

response to antigenic (in this case mycobacterial) stimulation (Benjamini et aI., 
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1996). The production of IFN-y and other cytokines including interleukin 2, by 

Th1 cells activates a cellular immune response dominated by CD8+ T cells, 

natural killer cells and macrophages. The absence of Th2 cells and associated 

cytokines such as interleukin 4 and interleukin 5, particularly during the early 

stages of mycobacterial infection, results in no B- cell activation, hence no 

humoral response. Antibodies are produced only during the advanced stages of 

disease or when a host is exposed to a high infective dose (Welsh et aI., 2005). 

Two forms of test for cellular immunity to MtC are widely used, the intradermal 

tuberculin test and the IFN-y detection assay. The former of these tests detects 

a delayed-type hypersensitivity reaction to intradermal inoculation of tuberculin, 

which is a generic name for a crude protein derivative prepared from one or 

other MtC members (Snider, 1982). The latter assay detects the release of IFN-y 

in whole blood cultures stimulated, most commonly, with tuberculin using an 

enzyme-linked immunosorbent assay (ELISA) (Rothel et aI., 1990). Around the 

world, the tuberculin skin test (or Heaf/Mantoux test) is used as the principle 

means of determining infection status in human beings (for M. tuberculosis) and 

livestock (for M. bovis). For the latter species, disease control programmes, 

based on the systematic testing of cattle herds accompanied by slaughter of 

reactors, have eradicated bTB from many countries such as Australia and most of 

the EU member states (Caffrey, 1994; Cousins et aI., 1998). 

Although the tuberculin skin test is cheap and simple to do, increasing concerns 

about its performance (de la Rua-Domenech et aI., 2006) resulted in the 

131 



development of ancillary diagnostic tests such as the IFN-y test. This assay was 

first developed in Australia in the late 1980s for the diagnosis of bovine TS in 

cattle (Woods et aL, 1991). In this assay, aliquots of whole blood collected from 

a test animal are incubated with bovine tuberculin, avian tuberculin and a no 

antigen control for 16 to 24 hours, after which the amount of IFN-y in plasma 

supernatants harvested from each mixture are quantified using an ELISA. Several 

commercial ELISA kits are now available for the detection of IFN-y from humans, 

cattle and, increasingly, other species. Numerous evaluations and trials have 

demonstrated the value of IFN-y assays for the diagnosis of MtC infections. For 

example, for M. bovis diagnosis in cattle, the test is as sensitive as and perhaps 

even more sensitive than the skin test and it can detect infections earlier in their 

course. Furthermore, it is amenable to the inclusion of more defined antigens 

than tuberculin, thereby allowing the differentiation of IFN-y responses to 

infecting IIpathogenic" strains from those resulting from exposure to sensitising 

environmental mycobacteria or attenuated vaccines (e.g. Pollock & Andersen , 

1997; Waters et aL, 2004). Antigens such as ESAT-6 and CFP10 have been 

proposed as alternatives to tuberculin (Lalvani et aL, 1997). 

Animal models are widely used to study molecular, cellular, immunological and 

pathological aspects of MtC infections (e.g. Dharmadhikari & Nardell, 2008; 

Nuermberger, 2008). Rodents are most commonly used, particularly mice, 

rabbits and guinea pigs, the latter species being extremely vulnerable to M. 

tuberculosis infection. Mice, although generally resistant to TB infection 

compared to guinea pigs and IInatural" hosts such as humans or cattle, are often 
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used for experiments on immune responses to tuberculosis (Dharmadhikari & 

Nardell, 2008). Although mice develop an atypical pathology following 

experimental inoculation (Rhoades et aI., 1997), the chronic nature of this 

infection has helped scientists explore T-cell function in response to prolonged 

exposure to mycobacteria (Lazarevic et aI., 2005). The murine immune response 

to tuberculosis has been carefully explored (reviewed by Orme, 2003) thanks to 

the wide selection of antibodies and assays for cytokines and immune cells that 

are available for mice, which include IFN-y tests. Antibodies for detecting IFN-y 

are also available for rats, rabbits and guinea pigs and numerous non-rodent 

species, but not for voles. 

The initial aim of this study was to determine the suitability of currently available 

rodent MtC IFN-y assays for use in field voles. If these assays proved suitable, 

then a further aim was to determine the extent of IFN-y production by field vole 

splenocytes in response to first non-specific, then MtC specific stimulants. 

S.2 Materials and methods 

5.2.1 Experiment 1 

Two Balblc mice were obtained from Biomedical Services Department, 

University of Liverpool. Two field voles were obtained from captive colonies 

maintained by the Faculty of Veterinary Science, University of Liverpool. Each 

animal was euthanized using an overdose of isoflurane (Merial Animal Health) 

and exsanguination by cardiac puncture. Whole blood samples were collected 
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into heparin-coated Vacutainers (Becton-Dickinson Biosciences Ltd, Oxford, UK) 

and these tubes were transferred to a laminar flow cabinet to reduce the risk of 

environmental contamination. Next, an equal volume of Dulbecco's Modified 

Eagles Medium (DMEM) (Invitrogen Ltd, Paisley, UK) supplemented with 10% 

(v/v) foetal calf serum (Invitrogen), 2% (v/v) penicillin (10 units) and 

streptomycin (lOOug/ml) was added to each blood sample. Six 2S~1 aliquots of 

each blood/supplemented DMEM mixture was added to six wells of a 96 well 

round-bottomed tissue culture plate (Corning Inc, NY, USA) and to three of these 

wells an equal volume of supplemented DMEM containing 0.2 mg mrl of 

staphylococcal enterotoxin B (Sigma-Aldrich Ltd) was added. To the three 

remaining wells, 25~1 of supplemented DMEM alone was added. The plate was 

incubated at 37°C in a 5% CO2 atmosphere overnight. After this incubation, the 

plate was centrifuged at 4°C at 300xg for 5 min. The supernatant was then 

removed from each well and placed into a sterile Eppendorf tube. These tubes 

were frozen at -80°C until tested. 

5.2.2 Experiment 2 

Two Balb/C mice and two field voles were obtained and euthanized as described 

above. The body of each animal was placed on its back and, by using sterile 

scissors, scalpel and forceps; the ventral side of the body was opened by a 

longitudinal incision. The spleen was located and removed intact and transferred 

into a 50 ml polypropylene tube (Corning Inc) containing 10 ml of ice-cold 

supplemented DMEM held on ice. Tubes were moved into a laminar flow 

cabinet to reduce the risk of environmental contamination. Next, the tissue and 
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media were transferred to 4SIlm pore-size sterile cell strainer (Becton-Dickinson 

Biosciences Ltd) placed within a sterile Petri dish. Using the sterile end of a 

plunger removed from a 2ml syringe, the tissue was worked through the strainer 

into the Petri dish below. The Petri dish was tipped to an angle and, by using a 

sterile pipette, the media and cells were carefully aspirated and added to a fresh 

SOml tube containing 30ml of supplemented DMEM. This tube was centrifuged 

at 4°C at 1100xg for 10 min. The supernatant was carefully discarded and the 

pellet of cells was resuspended in 1ml of supplemented DMEM. A Sill aliquot of 

this cell suspension was were added to 45 III of white cell counting fluid (Becton

Dickinson Biosciences Ltd) and this diluted suspension was added to a cytometric 

microscope slide and observed at 40x magnification to enumerate the 

splenocytes. On the basis of this count, the remaining cell suspension was 

adjusted to Sx106 cells mrl with supplemented DMEM. 

A 1ml aliquot of the splenocyte suspension was added to each of the wells of a 

48 well cell culture plate (Corning Inc). Concanavalin A (Sigma-Aldrich Ltd) was 

added to three wells to a final concentration of 51lg mrl, phytohaemagglutinin 

(Sigma-Aldrich Ltd) was added to three more wells to a final concentration of 

10llg mrl, and pokeweed mitogen (Sigma-Aldrich Ltd) was added to three 

further wells to a final concentration of lOllg mrl. Nothing was added to the 

final three wells. The plate was incubated at 37°C in an atmosphere containing 5 

% CO2 for 24 hours. After this time, the plate was centrifuged at 4°C at 300xg for 

5 min and the supernatant was removed from each well into a sterile Eppendorf 

tube and immediately frozen to -80°C and stored until tested in the IFN-y ELISA. 
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523 Detection of IFN-V by ELISA 

The ELISA used for this study was based on the mouse DuoS ELISA development 

system (DY485, R&D Systems Ltd, Abingdon, UK) and incorporated monoclonal 

antibodies specific to murine IFNy both as capture and detection antibodies. 

ELiSAs were performed by Dr Phillip Hogarth, TB Research Group, Veterinary 

Laboratories Agency, Weybridge. 

Capture antibody, AN-18, a monoclonal antibody raised against mouse IFN-y 

(Prat et aI., 1984) was diluted in 1ml of sterile phosphate buffer saline (PBS) to a 

concentration of 720 ~g mrl then aliquoted into 100 ~I volumes and stored at -

20°C. Detection antibody, a biotin conjugate of R4-6A2, a monoclonal antibody 

raised against mouse IFN-y (Spitalny & Havell, 1984) was diluted in 1ml of 

reagent diluent (0.1% (w/v) bovine serum albumin, 0.05% (v/v) Tween20 in Tris 

buffered saline (2.42 g Trizma base, 8.7 g NaCI in 1000 ml distilled H20) to a 

concentration of 72 ~g mrl then aliquoted into 100 ~I volumes and stored at -

20°e. IFN-y standards were diluted in 500 ~I of reagent diluent to a 

concentration of 45 ng mrl, then aliquoted into 50 ~I volumes and stored at -

A volume of 100 ~I of diluted capture antibody diluted to 4 ~g ml"l in sterile 

coating buffer (0.05M NaC03- Na HC03 in deionised H20) was added to each well 

of a Maxisorp 96 well ELISA plate (Corning Inc). The plate was wrapped in tinfoil 

to protect it from light, and incubated overnight at 4°C. The capture antibody 

136 



was removed and replaced with 200 III of blocking buffer (1% (w/v) Bovine 

serum albumin (BSA) ,5% (w/v) sucrose, 0.05% (w/v) NaN3 in PBS), and the plate 

was incubated at 37"C for 1 hour wrapped in tinfoil. The wells were washed 

using washing buffer (PBS with 0.05% (v/v) Tween 20) three times then plates 

were blotted dry. A volume of 100 III of each test sample was added to each 

well. To each plate, a series of IFNy standards (100 III volumes) was added to 8 

wells at 2 fold dilutions beginning with 2000 pg mrl (diluted in reagent diluent). 

An aliquot of 100 III of reagent diluent only served as a blank. The plate was 

incubated at 37"C for 1 hour wrapped in tinfoil. The plate was washed three 

times as described above. Next, 100 III of detection antibody was added to each 

well and the plate was incubated at 37°C for 1 hour wrapped in tinfoil. The plate 

was washed again, as described above, then 100 III of streptavidin-horseradish 

peroxidise conjugate, diluted in reagent diluent (typically 1; 200), was added to 

each well and the plate was incubated at 37° C for 20 min wrapped in tinfoil. The 

plate was washed again, then 100 III of substrate solution (1:1 mixture of H20 2 

and tetramethylbenzidine) was added to each well. The plate was incubated at 

37"C for 20 min wrapped in tinfoil then 50 III of stop solution (2N H2S04) was 

added to each well. The plate was taped gently to ensure the content of each 

well was fully mixed, then the colour intensity in each well was assessed 

spectrophotometrically at 450 nm wavelength. 

137 



5.3 Results 

5.3.1 Experiment 1 

No detectible signal was produced by any of the samples tested. Hence, blood 

samples from both mice and voles, either stimulated with the addition of 

staphylococcal enterotoxin B or not, contained insufficient IFN-y to be detected 

by the assay. 

5.3.2 Experiment 2 

IFN-y was detected in murine splenocytes stimulated with both 

phytohaemagglutinin and pokeweed mitogen but not concanavalin A (Figure 

5.1). Splenocytes from one mouse produced high levels of IFN-y, with >500pg 

mrl being detected. Splenocytes from the other mouse produced lower levels of 

IFNy, but nonetheless at a concentration markedly higher than that produced by 

unstimulated murine splenocytes (Figure 5.1). However, splenocytes derived 

from both voles used in this study did not produce IFN-y that was detectible in 

this assay. For both voles, the signals obtained for stimulated splenocytes were 

not greater than those obtained from unstimulated cells (Figure 5.1). 
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IFNy levels in splenocyte culture supernatants 
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Figure S.lIFN-y detected for mouse and vole splenocytes either unstimulated 

(no mitogen) or stimulated with pokeweed mitogen (PWM), 

phytohaemagglutinin (PHA) or concanavalin A (ConA). Each test was performed 

in triplicate and the mean value obtained is presented . 
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5.4 Discussion 

The first experiment attempted involved the stimulation of T cells in whole blood 

using a generic stimulant staphylococcal enterotoxin B. No evidence of IFN-y 

production was obtained from any blood samples, including blood samples 

collected from the "positive control" Balb/c mice. The failure of the stimulated 

Balb/C bloods to produce detectible IFN-y to be detectible was surprising. 

Numerous previous studies have demonstrated the efficiency of the ELISA used 

to detect murine IFN-y in peripheral blood samples (e.g. Hempel et aI., 2002) and 

staphylococcal enterotoxin B is a well recognised superantigen with the capacity 

to stimulate a large subset of the T-cell population (Marrack & Kappler, 1990; 

Buenopane et aI., 2007). Relatively small volumes of blood samples were used, 

and this, coupled with the frozen storage of stimulated bloods and the necessity 

of their transportation from Liverpool to the VLA laboratories in Weybridge, may 

have had a detrimental effect on the performance of the assay. 

The failure of the initial experiment necessitated the identification of a more 

reliable, richer source of IFN-y producing cells, hence I attempted to culture field 

vole and Balb/C mouse splenocytes. The culture of field vole splenocytes has not 

been reported previously, but proved relatively straight-forward using the 

generic protocol chosen. Microscopic observation of splenocyte cultures derived 

from both mice and field voles revealed healthy cells of differing morphologies, 

probably representing lymphocytes and cells of the myeloid lineage. Good 

growth was obtained within 24 hours of isolation and cultures remained intact 
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for at least one week. Thus, stimulation assays were performed on cell cultures 

that were between 48 and 72 hours old. 

Stimulation of mouse splenocytes using either pokeweed mitogen (PWM), 

phytohaemagglutinin (PHA) produced expected results, with significant amounts 

of IFN-Y being detected from both animals tested. The reliability of these two 

mitogens to stimulate cells of the immune system is well documented (e.g. 

Lieberman et aI., 2007). However, concanavalin A (ConA) failed to provoke IFN-V 

production by murine splenocytes, an unexpected finding since, like PWM and 

PHA, this mitogen is widely recognised as a reliable stimulator of murine 

splenocytes (e.g. Prat et aI., 1984; Spitalny & Havell, 1984; Fenaux et aI., 200S). 

The use of an inactive reagent or experimental error is therefore the most likely 

explanation; no attempt to repeat the experiment was made, hence this was not 

investigated further. 

Despite the detection of IFN-y production by stimulated murine splenocytes, the 

ELISA failed to detect IFN-y in supernatants collected from stimulated field vole 

splenocytes. Two alternative explanations are most feasible, firstly, the 

mitogens used failed to stimulate field vole splenocytes or secondly, the ELISA 

used failed to detect field vole IFN-y. As PWM and PHA are recognised as generic 

stimulants of immune cells (Lieberman et aI., 2007) from many different hosts, 

including human beings (Winek et aI., 2008) the first of these explanations seems 

unlikely. Far more plausible is the second explanation. The ELISA used 

incorporated two monoclonal antibodies against murine IFN-y {Prat et aI., 1984; 
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Spitalny & Havell, 1984) that are likely to be specific to this host species. In the 

original description of these antibodies, their inactivity with human and rat IFN-y 

was recorded (Prat et aI., 1984; Spitalny & Havell, 1984). Cross-reactivity 

between these monoclonal antibodies and arvicolar IFN-y has not been studied. 

Although there are no data yet available regarding the sequence of the field vole 

IFN-y encoding gene, or indeed field vole IFN-y structure itself, the extent of 

variation between IFN-y in different hosts is recognised. Gray & Goeddel (1983) 

reported that the nucleotide homology between the murine and human IFN-y 

genes is only 60-65%, whereas the encoded proteins are only 40% homologous. 

This suggests that inter-species IFN-y variation is marked, and thereby provides 

evidence to support the likely murine-specificity of the antibodies used in this 

study. No details on the epitopes for the two antibodies could be found. 

The unavailability of field vole specific reagents prevented further work 

characterising IFN-y production in field voles. However, given more time, a 

number of alternative approaches could have been attempted. Other anti-IFN-y 

antibodies have been described either for mice (e.g. XMG12, Pharmigen) or for 

other murine rodents such as Rattus and Sigmoden species (R&D Systems Ltd). 

However, perhaps a more successful approach would be to develop assays to 

determine IFN-y transcription. Similar assays have been used in studies involving 

other wild rodent species (Schountz et aI., 2007), and ongoing work in Liverpool 

has resulted in the development of field vole specific reverse-transcriptase-PCR 

(RT-PCR) assays for various cytokines (Dr Richard Birtles, personal 
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communication). The detection of IFN-y transcription has been described for the 

diagnosis of MtC infections in multiple animal species, including wildlife 

(Harrington et aI., 2007). 
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Chapter 6. 

General discussion 
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6.1 The nature of vTB skin lesions 

In this study and previous work by Cavanagh and colleagues (2002) and Wells 

(1946), skin lesions were detected in voles infected with vTB. However, the 

origin of these lesions is not clear. An insight of their possible provenance can 

perhaps be gained from studying the presentation of disease caused by M. 

tuberculosis complex members, and other Mycobacterium species, in other 

hosts. Tuberculosis affecting the skin in humans can divided into two broad 

categories: cutaneous TB (mycobacterium infection of the skin) and tuberculids 

(cutaneous reactions to extracutaneous TB) (Burgin et aI., 2004). Cutaneous TB 

can also be subdivided according to the organism i.e. exogenous or endogenous 

(Burgin et aI., 2004). Exogenous sources of mycobacteria can cause warty TB and 

tuberculous chancres. Endogenous infections may arise secondary to lymphatic 

or haematogenous dissemination. Infection of the skin may also occur following 

autoinoculation from the underlying infected tissue or from bodily excretions. 

These are known by names such as lupus vulgaris, acute miliary TB of the skin, 

tuberculous gumma, orificial TB or scrofuloderma (Burgin et aI., 2004). 

Inoculation into skin injuries is also a well known route of infection in humans. 

The lesions that develop at the inoculation site can progress to form secondary 

lesions along draining lymphatics and regional lymphadenopathy but the 

infection is usually self-limiting (Grange & Zumla, 2002). In humans, a major 

form of cutaneous mycobacterium is leprosy, caused by M. leprae. Cutaneous 

leprosy occurs due to a lack in T cell mediated immune response whereas 

tuberculoid leprosy is a paucibacillary disease with an intense T cell-mediated 

response (Samuelson, 1999). M.leprae is also capable of infecting nine-banded 
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armadillos, which could act as a reservoir for human infection (Paige et aL, 2002). 

The mode oftransmission of M. /eprae is unclear; the main portal of entry and 

exit seems to be the respiratory system, particularly the nose. However, 

dissemination from skin lesions may also have some importance, although there 

is currently little evidence to suggest that direct entry of the organism through 

the skin plays a significant role (Visschedijk et aL, 2000). 

Skin lesions are also a common presentation of M. micron and M. bovis 

infections in cats (Gunn-Moore et aL,1996). The cutaneous form of the classical 

tuberculosis in cats causes non-healing lesions on the face, neck and shoulders 

with lymphadenopathy and draining sinus tracts. lesions are thought to arise 

from infected bites or scratches, or by local or even haematogenous spread 

(Snider et aL, 1971). Feline leprosy is primarily a cutaneous disease involving 

multiple ulcerated nodules on the head and limb (Schieffer & Middleton 1983). 

It can be caused by M./epraemurium or other Mycobacterium species, including 

M.avium (Barrs et aI., 1999), and, as with its human equivalent, delineation of 

feline tuberculoid or lepromatous leprosy has been proposed (Barrs et aL, 1999), 

although this partition was not be supported in the later studies (Kipar et aL, 

2003). Systemic disease only develops occasionally, but regional 

lymphadenopathy is common (Gunn-Moore et aL,1996). Atypical mycobacterial 

infection, thought mainly to the enter via skin wounds, generally only causes 

cutaneous lesions with variable regional lymphadenopathy (Kipar et aL, 2003). 

Feline (muco)cutaneous mycobacteriosis cases have been attributed to 

mycobacterium of the MtC (Kipar et aL,2003); these pyogranulomatous lesions, 
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with variably sized areas of necrosis, exhibit multinucleated giant cell and 

lymphocyte infiltration with many acid fast bacilli (Kipar et al.,2003). 

The lesions observed in cats with cutaneous mycobacterium infections appear 

similar to the lesions observed in naturally infected M microti-infected voles. As 

it is strongly suspected that cutaneous mycobacteriosis infections can be 

acquired via the skin in cats and humans, that the same mechanism also 

provokes these symptoms in voles is feasible. Furthermore, subsequent 

systematic spread of infection, as observed in cats, may also provoke the 

widespread foci of infections observed in voles. However, the observations 

presented in this thesis and elsewhere indicate that lymphatic and respiratory 

foci for vTB are far more common in voles than cutaneous lesions, suggesting 

that the latter may well result from dissemination of infection established at the 

former sites (Wells, 1946; Cavanagh et aI., 2002). However, acquisition of M. 

microti by various routes is also a possibility, including via the skin and via the 

respiratory and/or digestive tracts. Furthermore, the skin may be an important 

route by which M. microti is shed by voles. Kipar and colleagues (2003) noted 

that although the axillary lymph nodes draining the ulcerated interscapular tissue 

were frequently affected, the crust material overlying these areas also contained 

mycobacteria. However, salivary glands and pulmonary exudates of voles with 

pneumonia associated with M microti infection have also been shown to contain 

mycobacteria (Kipar et aI., 2003). Consequently, it seems conceivable to 

hypothesise that excretion of the organisms in saliva, pulmonary exudates and 

skin lesions may lead to the spread of infection within the family group. 
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Wells' descriptions of lesions in the interscapular region of voles with M micron 

infection (1946) has recently lead to further investigation into the inoculation 

process required to produce such lesions (Kipar et al 2003). In this study, 

interscapular lesions, exhibiting large necrotic areas containing mycobacteria, 

were demonstrated in 53% of infected animals (compared to 31% described by 

Wells in 1946 and 21% in this study). Given the lack of lymphoid tissue in this 

area it is not understood why these lesions form in the wild voles. There is the 

possibility that infection could occur directly into the areas through damage or 

abrasion to the skin surface. Field voles, particularly males, are aggressive, yet 

fighting alone would produce generalized skin damage rather than the localised 

lesions observed. An alternative hypothesis could be the introduction of M 

micron into the scruff of the neck of off-spring via the saliva of infected mothers, 

who lift and carry their off-spring by clasping this region of the body in their 

mouths. However, the extent to which the skin of off-spring is damaged during 

these manoeuvres is uncertain, although only superficial damage may be 

necessary to introduce bacteria into a naIve host. 

6.2 M. microti as an emerging zoonotic pathogen 

The feasibility of transmission of M. microti from voles to other wild or 

domesticated animals, including humans, has been demonstrated by a handful of 

case reports in the literature (e.g. Huitema & Jaartsveld, 1967; Taylor et aI., 2006; 

Oevermann et aI., 2006; Emmanuel et aI., 2007). However, contrary to these 

observations, we have failed to detect tuberculous lesions on the skin on 
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numerous weasels trapped at sites in Kielder where vTB is present in the vole 

populations that represent the diet of these predators (unpublished 

observations). This observation suggests that some species, perhaps specifically 

those evolved to prey on field voles, are not susceptible to M. micron infection. 

Conversely, M. micron infections in cats are being increasingly reported (Smith et 

aI., 2009); perhaps this is the result of feline tuberculosis now being a reportable 

disease ( as a result of cat's susceptibility to M. bovis), however it may also 

reflect a variety of epidemiological changes such as (i) the spread of vTB to 

rodent populations where it was previously absent, (ii) the increasing size of 

infected rodent populations nationally, (iii) an increased prevalence of infection 

in affected populations, (iv) increased hunting of/contact between cats and 

infected rodent populations, or (v) a combination of all of the above. Perhaps of 

relevance is that the amount of grassland, the preferred habitat of field voles, is 

rapidly increasing in the UK. The reversion of pasture to grassland, as favoured 

by the Government's "green" agenda, is likely to lead to a significant increase in 

the size and distribution of the UK's field vole population, and with this may 

come the increased risk of the opportunistic transmission of M. micron infection 

to non-reservoir species. 

6.3 M. microti as a confounder of bovine tuberculosis epidemiology 

A recent study has demonstrated an apparent mutual geographic exclusivity 

between M.bovis and M. micron infections in the UK (Smith et aI., 2009). 

Although this observation can only be considered preliminary, since the M. 

micron infections were documented in domestic cats, which are an accidental 
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host, rather than in field voles and other woodland rodents, its remarkable 

nature warrants discussion. 

The reliability of the evidence presented by Smith and colleagues (2009) was 

supported by a relatively large dataset of 141 feline M. micron isolates that were 

submitted to the Veterinary Laboratories Agency over a 14 year period to 2008. 

Of these 140 isolates, details of geographic provenance were available for 67, 

and although this provenance was widely distributed across Eastern and 

Northern England, North Wales and Scotland, only one originated in a part of the 

UK affected by bTB. Counter to this, 34 of 35 cats infected with M. bovis for 

which geographic data were available, lived in parts of the UK where bTB was 

present in cattle. 

It is interesting to speculate what biological processes might underlie this 

geographic exclusion, and one possible explanation centres on the importance of 

badgers (Me/es me/es) in bTB epidemiology. Badgers are recognised as reservoir 

hosts for M. bovis in the UK (Donnelly et aI., 2007), however, as omnivores, their 

diet consists partly of rodents. Thus, in places where M. micron infections 

circulate in rodent communities, badgers may well consume infected rodents as 

prey thereby risking being exposed to, or even infected by M. micron. However, 

although such infections may induce morbidity in badgers, the relatively benign 

nature of M. microti means that infections are unlikely to be as severe as M. 

bovis. Furthermore, exposure to M. micron is likely to lead to cross-protection 

against M. bovis. Indeed, as described in Chapter 1, M. micron has, historically 
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been used as a vaccine against other MtC members including M. tuberculosis 

and M. bovis. (Manabe et aL, 2002). Thus, badgers living in regions of the UK 

where M. microti infections are common in rodents may have the opportunity to 

acquire natural resistance to M. bovis, thereby preventing M. bovis infections 

becoming established in these areas. An extension of this hypothesis is that the 

presence of infected field voles on the fringes of pasture, may lead to exposure 

of cattle to M. microti, thereby offering them some protection from M. bovis. 

There is some evidence that MtC members can persist in the environment 

(Sweeney et aL, 2007) having been shed from infected hosts, so direct contact 

between rodents and cattle or badgers may not be necessary. Clearly, the 

hypotheses presented above require thorough testing, but should these tests 

yield support for them, the use of M. microti, or M. microti-infected rodent 

populations may serve as a natural vaccination against M. bovis. Indeed, the 

presence of M. microti in rodents inhabiting farmland may contribute to control 

of bTB in livestock. Intriguingly, bTB appears to be less prevalent on wildlife

friendly farms (Mathews et aL, 2006). 
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